
Edited by  

Yunfei Xu, Zongli Zhang, Hongda Liu and 

Xuesong Gu

Published in  

Frontiers in Oncology

Molecular markers and 
targeted therapy for 
hepatobiliary tumors

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/research-topics/21543/molecular-markers-and-targeted-therapy-for-hepatobiliary-tumors
https://www.frontiersin.org/research-topics/21543/molecular-markers-and-targeted-therapy-for-hepatobiliary-tumors
https://www.frontiersin.org/research-topics/21543/molecular-markers-and-targeted-therapy-for-hepatobiliary-tumors


June 2024

Frontiers in Oncology frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-4721-2 
DOI 10.3389/978-2-8325-4721-2

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


June 2024

Frontiers in Oncology 2 frontiersin.org

Molecular markers and targeted 
therapy for hepatobiliary tumors

Topic editors

Yunfei Xu — Shandong University, China

Zongli Zhang — Qilu Hospital of Shandong University, China

Hongda Liu — Nanjing Medical University, China

Xuesong Gu — Beth Israel Deaconess Medical Center, Harvard Medical School, 

United States

Citation

Xu, Y., Zhang, Z., Liu, H., Gu, X., eds. (2024). Molecular markers and targeted 

therapy for hepatobiliary tumors. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-4721-2

This ebook is split into several files; this is part one of the ebook, please see 

the overview text of the Research Topic page to access the second part of 

the ebook.

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4721-2


June 2024

Frontiers in Oncology frontiersin.org3

06 Prognostic Value of Peripheral Whole Blood Cell Counts 
Derived Indexes in Gallbladder Carcinoma: A Systematic 
Review and Meta-Analysis
Bowen Xu, Zhiqiang Chen, Jing Zhang, Jianhua Chang, Wei Zhao, 
Zhaoru Dong, Xuting Zhi and Tao Li

15 Exosomal Cripto-1 Serves as a Potential Biomarker for 
Perihilar Cholangiocarcinoma
Chunxiao Hu, Yanli Zhang, Mengjiao Zhang, Tingting Li, Xin Zheng, 
Qining Guo and Xin Zhang

27 The Mechanism and Clinical Significance of Circular RNAs in 
Hepatocellular Carcinoma
Ziyue Huang, Haoming Xia, Shuqiang Liu, Xudong Zhao, Risheng He, 
Zhongrui Wang, Wenguang Shi, Wangming Chen, Pengcheng Kang, 
Zhilei Su, Yunfu Cui, Judy Wai Ping Yam and Yi Xu

43 Identification of a Ferroptosis-Related Signature Model 
Including mRNAs and lncRNAs for Predicting Prognosis and 
Immune Activity in Hepatocellular Carcinoma
Zi-An Chen, Hui Tian, Dong-Mei Yao, Yuan Zhang, Zhi-Jie Feng and 
Chuan-Jie Yang

60 circRPS16 Promotes Proliferation and Invasion of 
Hepatocellular Carcinoma by Sponging miR-876-5p to 
Upregulate SPINK1
Shuwen Lin, Ye Lin, Zhongshi Wu, Wuzheng Xia, Chenglong Miao, 
Tianyi Peng, Zhen Zhao, Chenggang Ji, Zhikang Mo, Xi Liu and 
Zhixiang Jian

72 Dual-Specificity Phosphatase 11 Is a Prognostic Biomarker of 
Intrahepatic Cholangiocarcinoma
Lin Xu, Peng Wang, Wei Zhang, Weiran Li, Tao Liu and Xu Che

82 Exploring the Expression and Prognostic Value of the TCP1 
Ring Complex in Hepatocellular Carcinoma and 
Overexpressing Its Subunit 5 Promotes HCC Tumorigenesis
Jiahui Liu, Ling Huang, Yi Zhu, Yongyin He, Weiyun Zhang, Ting Lei, 
Junfeng Xuan, Bin Xiao, Linhai Li, Quan Zhou and Zhaohui Sun

99 Improving Outcomes of Tyrosine Kinase Inhibitors in 
Hepatocellular Carcinoma: New Data and Ongoing Trials
Lisha Mou, Xiaohe Tian, Bo Zhou, Yongqiang Zhan, Jiao Chen, 
Ying Lu, Jing Deng, Ying Deng, Zijing Wu, Qi Li, Yi’an Song, 
Hongyuan Zhang, Jinjun Chen, Kuifeng Tian, Yong Ni and Zuhui Pu

110 Surgery After Conversion Therapy With PD-1 Inhibitors Plus 
Tyrosine Kinase Inhibitors Are Effective and Safe for 
Advanced Hepatocellular Carcinoma: A Pilot Study of Ten 
Patients
Wenwen Zhang, Bingyang Hu, Jun Han, Zhanbo Wang, Guangyu Ma, 
Huiyi Ye, Jing Yuan, Junning Cao, Ze Zhang, Jihang Shi, Mingyi Chen, 
Xun Wang, Yinzhe Xu, Yanshuang Cheng, Lantian Tian, 
Hongguang Wang and Shichun Lu

Table of
contents

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/


June 2024

Frontiers in Oncology 4 frontiersin.org

121 Integrin-β6 Serves as a Potential Prognostic Serum Biomarker 
for Gastric Cancer
Zequn Li, Yuqi Sun, Jianfei Xu, Hao Yang, Xiaodong Liu, Yulong Tian, 
Shougen Cao and Yanbing Zhou

132 Identification and Validation of TYMS as a Potential 
Biomarker for Risk of Metastasis Development in 
Hepatocellular Carcinoma
Shuai Li, Jingyuan Zhao, Linlin Lv and Deshi Dong

143 Norcholic Acid Promotes Tumor Progression and Immune 
Escape by Regulating Farnesoid X Receptor in Hepatocellular 
Carcinoma
Yihang Gong, Kun Li, Yunfei Qin, Kaining Zeng, Jianrong Liu, 
Shaozhuo Huang, Yewu Chen, Haoyuan Yu, Wei Liu, Linsen Ye and 
Yang Yang

155 Long Noncoding RNA SNHG1 Regulates LMNB2 Expression 
by Sponging miR-326 and Promotes Cancer Growth in 
Hepatocellular Carcinoma
Wentao Mu, Lingyu Guo, Yang Liu, Hui Yang, Shanglei Ning and 
Guoyue Lv

170 Loss of FBP1 by aPKC-ι/Snail Pathway-Mediated Repression 
Promotes Invasion and Aerobic Glycolysis of Intrahepatic 
Cholangiocarcinoma
Meng Gao, Chengjie Mei, Yonghua Guo, Peng Xia, Hao Zhang, 
Yinyi Liu, Ye Yao, Xiang Jiang, Yufeng Yuan and Yawei Qian

183 A Retrospective Study of Lenvatinib Monotherapy or 
Combined With Programmed Cell Death Protein 1 Antibody 
in the Treatment of Patients With Hepatocellular Carcinoma 
or Intrahepatic Cholangiocarcinoma in China
Sihui Zhu, Chenxi Liu, Yanbing Dong, Jie Shao, Baorui Liu and 
Jie Shen

190 A New Antitumor Direction: Tumor-Specific Endothelial Cells
Jing Liang, Shouqi Wang, Guowei Zhang, Baoyu He, Qingli Bie and 
Bin Zhang

205 Anti-Hepatocellular Carcinoma Effect and Molecular 
Mechanism of the Estrogen Signaling Pathway
Yusheng Guo, Guohui Wu, Junrong Yi, Qin Yang, Wengong Jiang, 
Shaoqiang Lin, Xiaorong Yang, Xiangsheng Cai and Liufeng Mao

219 Profiling and Integrated Analysis of Differentially Expressed 
MicroRNAs as Novel Biomarkers of Hepatocellular Carcinoma
Yuwei Xie, Yixiu Wang, Weijie Xue, Hao Zou, Kun Li, Kui Liu, Wei Zhao, 
Chengzhan Zhu and Jingyu Cao

229 ARID1A Downregulation Predicts High PD-L1 Expression and 
Worse Clinical Outcome in Patients With Gallbladder Cancer
Lingxi Nan, Changcheng Wang, Jie Wang, Shulong Zhang, Xiaobo Bo, 
Yueqi Wang and Houbao Liu

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/


June 2024

Frontiers in Oncology frontiersin.org5

239 ABCC6 Knockdown Fuels Cell Proliferation by Regulating 
PPARα in Hepatocellular Carcinoma
Zhicong Zhao, Zhenjun Zhao, Jianye Wang, He Zhang, Zhifeng Xi and 
Qiang Xia

254 Abnormal ECA-Binding Membrane Glycans and 
Galactosylated CAT and P4HB in Lesion Tissues as Potential 
Biomarkers for Hepatocellular Carcinoma Diagnosis
Ying Kong, Hao Chen, Mengyu Chen, Yongshuai Li, Jiarong Li, Qi Liu, 
Huan Xiong, Tangxi Guo, Yan Xie, Yufeng Yuan and Xiao-Lian Zhang

266 A Panel of Bile Volatile Organic Compounds Servers as a 
Potential Diagnostic Biomarker for Gallbladder Cancer
Xin Zhang, Xinru Gui, Yanli Zhang, Qi Liu, Liqiang Zhao, Jingxian Gao, 
Jian Ji and Yi Zhang

274 The Prognostic Value and Immune Infiltration of USP10 in 
Pan-Cancer: A Potential Therapeutic Target
Dacheng Gao, Zhiwen Zhang, Rui Xu, Ziyang He, Fangyi Li, Yan Hu, 
Hui Chen, Jiawei Lu, Xingguo Cao, Yali Liu and Zengguang Xu

289 ACYP1 Is a Pancancer Prognostic Indicator and Affects the 
Immune Microenvironment in LIHC
Lingyi Zhou, Zheng Fu, Shuai Wang, Jing Jia, Yumeng Cheng, 
Yunxiang Zheng, Ningning Zhang, Wei Lu and Zhi Yao

303 The Acquired Vulnerability Caused by CDK4/6 Inhibition 
Promotes Drug Synergism Between Oxaliplatin and 
Palbociclib in Cholangiocarcinoma
Orawan Suppramote, Sunisa Prasopporn, Satinee Aroonpruksakul, 
Ben Ponvilawan, Jiradej Makjaroen, Monthira Suntiparpluacha, 
Krittiya Korphaisarn, Komgrid Charngkaew, Rawisak Chanwat, 
Trairak Pisitkun, Seiji Okada, Somponnat Sampattavanich and 
Siwanon Jirawatnotai

316 LncRNA USP2-AS1 Promotes Hepatocellular Carcinoma 
Growth by Enhancing YBX1-Mediated HIF1α Protein 
Translation Under Hypoxia
Shi-Ping Chen, Gui-Qi Zhu, Xiao-Xia Xing, Jing-Lei Wan, 
Jia-Liang Cai, Jun-Xian Du, Li-Na Song, Zhi Dai and Jian Zhou

328 Designer Exosomes for Targeted Delivery of a Novel 
Therapeutic Cargo to Enhance Sorafenib-Mediated 
Ferroptosis in Hepatocellular Carcinoma
Xiaoju Li, Qianqian Yu, Runze Zhao, Xinyan Guo, Chenlin Liu, 
Kuo Zhang, Wangqian Zhang, Jinghan Liu, Jinzheng Yu, 
Shuning Wang, Qiang Hao, Weina Li, Wei Zhang, Meng Li, 
Yingqi Zhang, Cun Zhang and Yuan Gao

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/


Frontiers in Oncology | www.frontiersin.org

Edited by:
Xuesong Gu,

Beth Israel Deaconess Medical Center
and Harvard Medical School,

United States

Reviewed by:
Qi Pan,

Fudan University, China
Guoming Shi,

Fudan University, China
Liang Liu,

Fudan University, China

*Correspondence:
Tao Li

litao7706@163.com
Zhiqiang Chen

chenzhq1982@hotmail.com

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to

Cancer Molecular Targets
and Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 10 May 2021
Accepted: 08 June 2021
Published: 28 June 2021

Citation:
Xu B, Chen Z, Zhang J, Chang J,
Zhao W, Dong Z, Zhi X and Li T

(2021) Prognostic Value of Peripheral
Whole Blood Cell Counts Derived

Indexes in Gallbladder Carcinoma: A
Systematic Review and Meta-Analysis.

Front. Oncol. 11:707742.
doi: 10.3389/fonc.2021.707742

SYSTEMATIC REVIEW
published: 28 June 2021

doi: 10.3389/fonc.2021.707742
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Background: Gallbladder carcinoma (GBC) is a rare gastrointestinal malignancy with
poor prognosis. Adequate pre-treatment prediction of survival is essential for risk
stratification and patient selection for aggressive surgery or adjuvant therapeutic
strategy. Whole blood cell count (WBCC) derived indexes are broadly used as
prognosticative biomarkers in various cancer types, but their utility in GBC needs to
be validated.

Methods: An extensive literature review was conducted in line with PRISMA guideline
until June 31 2020, to identify original studies concerning WBCC-derived indexes as
prognostic indicators in GBC. All relative parameters were extracted and pooled for
statistical analyses.

Results: Fourteen studies incorporating 2,324 patients were included with a high quality
and low risk of biases. All 14 studies evaluated the prognostic value of NLR showing a
significant correlation with OS in GBC patients (HR = 1.94, P <0.001). Elevated NLR was
revealed to correlate with TNM stage (stages III and IV, OR = 4.65, P <0.001), tumor
differentiation (OR = 2.37, P <0.042), CA 19-9 (SMD = 0.47, P = 0.01), but no significance
was found with age, sex and CEA. Positive indicative value of MLR and PLR were also
confirmed with a HR of 2.06 (P <0.001) and 1.34 (P <0.001), respectively.

Conclusion: The WBCC-derived indexes including NLR, MLR/LMR and PLR were
validated to be useful prognostic parameters for predicting survival outcomes in GBC
patients. These series of indexes, especially NLR, could improve risk stratification and
facilitate better patient selection for surgical resection or aggressive chemotherapy in the
decision making of GBC patients.

Keywords: gallbladder carcinoma (GBC), neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-monocyte ratio
(LMR), platelet-to-lymphocyte ratio (PLR), prognosis
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INTRODUCTION

Gallbladder carcinoma (GBC) is a relatively rare gastrointestinal
malignancy with an estimated incidence rate about 1.0–3.0/
100,000 in the United States and China (1, 2). It is unique in
its characteristics that if diagnosed at an early stage (T1a and
T1b, before invading beyond gallbladder mucosa), a nearly 100%
5-year survival could be achieved after surgery, but at its later
stage (T2 especially T3 and T4, tumor penetrating beyond
muscular layer), the long-term survival becomes dismal with
only 25% of patients who could undergo potentially curative
surgery and just 12–23% could survive for more than 5 years (3,
4). At present, no consensus has been achieved on the optimal
treatment of GBC, and multidisciplinary therapy of surgery
combined with adjuvant therapy may play a better role in
prolonging the survival of patients with advanced GBC (3, 5).

Pathologic TNM staging from the American Joint Committee
on Cancer (AJCC) is now the most widely adopted accurate and
effective prognosis predicting system for various cancers
including GBC (6). However, it could only be assessed after
surgery which may account for only a minority of patients
suffering GBC. Therefore, it is necessary to pursue preoperative
biological markers that could predict survival outcomes of
patients, aid in risk stratification and personalized decision
making on whether patient could get potential benefits from
more aggressive therapies (3).

There is growing evidence that systemic inflammation
response (SIR) plays an important role in cancer development
and progression, thus various SIR-related biomarkers have been
developed and evaluated as prognostic indicators in different
cancer types (7, 8). One series of SIR-related biomarkers is
derived from peripheral whole blood cell counts (WBCC)
which include neutrophil-to-lymphocyte ratio (NLR),
lymphocyte-to-monocyte ratio (LMR) or monocyte-to-
lymphocyte ratio (MLR), and platelet-to-lymphocyte ratio
(PLR). These WBCC-derived indexes showed some great
advantages over other pathology related markers, such as easy
to perform, good replicability, low cost and preoperative
application etc. (7, 8).

Despite the robust and growing data regarding the utility of
these WBCC-derived indexes, findings are not uniform across all
publications. Furthermore, previous studies mainly focused on
colorectal, pancreatic, prostate, lung, esophageal-gastric and
breast cancers (7), only few studies conducted investigations
on GBC until recently (9–22). Based on the available data, we
aimed to systematically review and rationalize the evidence for
the prognostic value of these WBCC-derived indexes in
predicting outcomes of GBC patients.
MATERIALS AND METHODS

This study was conducted in line with the PRISMA and
AMSTAR guidelines that were well defined protocols for
systemic reviews and meta-analysis (23, 24).
Frontiers in Oncology | www.frontiersin.org 27
Inclusion and Exclusion Criteria
The inclusion criteria of studies in this meta‐analysis were
defined as: (i) randomized controlled trials (RCT), cohort
studies or case control studies; (ii) patients diagnoses of GBC
were confirmed by pathology; and (iii) any of the WBCC-derived
markers (including NLR, PLR, MLR or LMR) were investigated
objects of the studies, and clear cut-off values were given or could
be extracted from the Kaplan–Meier curves. The exclusion
criteria were: (i) basic researches or animal trials; (ii) abstracts,
meta-analysis, case reports, letters, expert comments or reviews;
(iii) hazard ratio (HR) investigating correlation between
prognostic markers and overall survivals unavailable or cannot
be extracted from the K–M curve; and (iv) patients suffered from
other primary tumors or with severe infections.

Search Strategy
PubMed, Medline, Web of Science, Scopus, CNKI, and China
Biology Medicine disc (CBMdisc) were searched by two
independent researchers from inception to June 31 2020
without any other limits. The medical subject headings
(MeSH) terms and free text terms were used to locate articles,
combined with the Boolean operators to make an appropriate
search strategy. The MeSH terms included “Gallbladder
Neoplasms”, “Lymphocytes”, “Neutrophils”, and the free text
terms included “Neutrophil-lymphocyte (Ratio)”, “Neutrophil
(to) Lymphocyte (Ratio)”.

Quality Assessment and Data Extraction
After eliminating duplicates, two researchers read titles and
abstracts, then by reading full-texts to identify eligible literatures
that met the inclusion and exclusion criteria for meta-analysis.
The qualitative assessment of RCTs was based on Cochrane
risk of bias tool. The Newcastle–Ottawa Scale (NOS) was used
to assess risk of bias in non-RCTs. Two researchers used
standardized Excel sheets to extract information from the final
included studies, including basic information of the study (title,
first author, year of publication, study types and number of
patients), demographics (patient age and gender), oncology
information (tumor types, predominant treatment arms, follow-
up time, disease-free survival (DFS), overall survival (OS), hazard
ratio (HR) and 95% confidence interval (95% CI), NLR, PLR,
LMR and other tumor markers). In the absences of vital data
from a study, the corresponding author of the study was inquired
by email.

Statistical Analysis
In this meta-analysis, we mainly focused on the efficacy of NLR,
MLR/LMR and PLR on predicting patient survival, and HR with
95% CI was employed to make analysis, as HR incorporates the
impact of time-to-event outcomes and is more reliable to reflect
survival status of patients over other statistical measures (25).
Engauge Digitizer (version 10.8) and method described by
Tierney et al. was used to calculate HR from available statistics
and Kaplan–Meier curves if the included studies did not provide
HR (26). The odds ratio (OR) was chosen to evaluate the
association between NLR, MLR/LMR, PLR and clinical
June 2021 | Volume 11 | Article 707742
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features. The numerical data were expressed as means ± standard
deviations (SD), and was calculated by using the method from
Wan et al. and Luo et al., if the original studies only provided
medians and interquartile ranges (27, 28). Heterogeneity between
studies was evaluated by Chi-squared (c2) Q test, and the extent of
heterogeneity was quantified by I2 index. The random-effects model
was applied when the heterogeneity was low (I2 <50%), otherwise,
the fixed effects model was adopted (I2 >50%). In addition,
sensitivity and subgroup analyses were used to find the source of
heterogeneity. The publication bias was assessed by Begg’s funnel
plot and Egger’s test. All the statistical data were analyzed with
STATA 12.0 (Version 12.0, Stata Corp LP, College Station, TX). A
value of P <0.05 was considered statistically significant.
RESULTS

Search Results and Study Characteristics
The study selection was carried out in accordance with PRISMA
flowchart (Figure 1). A total of 221 potentially relevant studies
were identified from six databases by using the formulated search
strategy. After removal of duplicates, we browsed the titles and
abstracts of the remaining 134 studies, and 107 studies were
excluded according to the inclusion and exclusion criteria. Then
we assessed full-text review of the remaining 27 studies, another
13 studies were excluded and finally 14 retrospective cohort
Frontiers in Oncology | www.frontiersin.org 38
studies were included for meta-analysis (9–22). Basic
characteristics of included studies were listed in Table 1. There
were 2,324 patients in total from all studies with a mean NOS
score of 7.6 ± 0.69, indicating a low risk of bias. NLR was
evaluated by all the 14 studies enrolled, while MLR/LRM and
PLR were investigated by only six and eight studies, respectively.
Although we could calculate or directly withdraw HR data from
all studies, it needs to be noted that different cut-off values were
employed, as well as calculation methods for cut-off value among
which ROC curve analysis was the mostly adopted by majority
of authors.

Prognostic Value of NLR and Its
Association With Clinical Features
NLR was evaluated in all 14 studies enrolled and HR data could
be extracted directly from 14 studies and calculated from K–M
curve from one study using the method as described above (26).
The heterogeneity was not significant (P = 0.184, I2 = 25%)
among studies, so the fixed effect model was used for meta-
analysis evaluating prognostic value between high NLR and low
NLR groups. Compared with lower NRL group, higher
pretreatment NLR was significantly correlated with shorter OS
in GBC patients as shown in Figure 2 with a HR value of 1.94
(95% CI=1.71–2.19, P <0.001).

As most included studies investigated the association between
NLR and various clinical parameters including TNM stage, tumor
differentiation, CA199 and CEA etc., we then summarized the
FIGURE 1 | Flow diagram following the PRISMA template of the search strategy for studies included in this meta-analysis.
June 2021 | Volume 11 | Article 707742
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pooled OR of these parameters. As shown in Table 2, elevated NLR
had significant correlation with TNM stage (stages III and IV, OR =
4.65, 95% CI = 1.96–11.03, P <0.001), tumor differentiation (OR =
2.73, 95% CI = 1.04–7.18, P <0.042), CA 19-9 (SMD = 0.47, 95%
CI = 0.11–0.82, P = 0.01), but no significance was found with age,
sex and CEA. Due to the significant heterogeneity between studies,
random-effects models were used for analysis.

The Prognostic Value of MLR/LMR
Three studies incorporating 421patients reported the prognostic
value of MLR in GBC patients (14–16). As shown in Figure 3,
high MLR was significantly correlated with shorter OS in GBC
patients compared to low MLR group, with a pooled HR of 2.06
(95% CI = 1.51–2.82, P <0.001). The heterogeneity was not
significant (P = 0.193, I2 = 39.2%) among studies, and the fixed
effect model was used for meta-analysis. Another three studies
enrolling 586 patients reported the relationship between LMR and
OS in GBC patients (17, 18, 21). The primary results showed that
there was no significant correlation between LMR and prognosis
of GBC patients with a HR of 1.08 (95% CI = 0.58–2.07, P = 0.814,
I2 = 70%). Due to the high heterogeneity, we performed sensitivity
analysis and revealed that the heterogeneity decreased
significantly after excluding the study by Deng et al. (17), but
the final result did not change either (HR = 0.73, 95% CI = 0.46–
1.15, I2 = 0%, P = 0.176). By re-reading the study by Deng et al.,
we found that they set the lower LMR group as experimental
group instead of control group as the other two enrolled studies
Frontiers in Oncology | www.frontiersin.org 49
(18, 21). Therefore, we re-calculated the reciprocal of HR and 95%
CI with a correction of pooled HR of 0.68 (95% CI = 0.51–0.91,
I2 = 0%, P = 0.011), showing significant correlation between
low LMR and poor OS in GBC patients.

The Prognostic Value of PLR
Eight studies incorporating 1,325 patients investigated
prognostic value of PLR in GBC patients (11, 14–18, 20, 21).
No significant heterogeneity between groups was observed (I2 =
33.4%, P = 0.162), and the pooled HR showed that low PLR
group had significant better OS than high PLR group (Figure 4,
HR = 1.34, 95% CI = 1.14–1.57, P <0.001).

Subgroup Analyses and Publication Bias
Our meta-analyses result above confirmed that NLR, LMR/MLR
and PLR could be used as prognostic predictor of OS in GBC
patients. Although there was no significant heterogeneity
between groups, we still performed subgroup analysis in case
of patient selection bias. Three stratification parameters were
selected for subgroup analysis, that include cut-off value (≤3, 3–5
and ≥5), sample size (>100 and ≤100) and geographic area
(Asian and America). Due to sample size and data availability,
the subgroup analysis was only performed in NLR group, which
confirmed a positive result as ungrouped analysis (Figure 5).

In the end, we run Begg’s and Egger’s test to examine the
main effect indicators of this study. The results showed that there
was no significant publication bias among included studies,
TABLE 1 | Basic characteristics of included studies.

Study Country Patients (n) Sex (M/F) TNM stage (n) cut-off value with HR (P value) calculation method for
cut-off value

NOS

NLR MLR/LMR PLR

Wu (9) China 85 NR I/II/III/IV (21/13/47/6) 2.3 1.77 (0.016) NR NR median value of effect size 9
Gao (10) China 90 47/43 I/II/III/IV (54/11/23/2) 5 3.09 (0.027) NR NR refer to others 8
Zhang (11) China 145 68/77 I/II/III/IV (7/12/75/51) 1.94 NR 113.3 ROC curve 8

2.73 (0.001) 1.74 (0.001)
Beal (12) America 187 NR NR 5 NR NR refer to others 8

3.52 (0.02)
Zhang (13) China 316 215/101 I–II/III–IV (28/288) 2.61 NR NR ROC curve 8

1.65 (0.008)
Cui (14) China 159 NR I/II/III/IV (13/27/50/69) 4.39 0.30/NR 181 ROC curve 8

1.57 (0.01) 1.61 (0.006) 1.24 (0.23)
Tao (15) China 84 28/56 III/IV (35/49) 3.2 0.25/NR 117.7 ROC curve 9

2.348 (0.002) 2.42 (0.001) 1.859 (0.024)
Du (16) China 220 122/98 NR 5.1 NR/2.92 178 X‐tile software 7

1.38 (0.62) 0.69 (0.03) 0.75 (0.44)
Choi (17) South Korea 178 95/83 III/IV (39/139) 2 0.24/NR 108 refer to others 9

2.06 (0.001) 2.53 (0.001) 1.69 (0.019)
Deng (18) China 169 55/114 I/II/III/IV (16/37/76/40) 2.61 NR/2.66 145.3 ROC curve 8

3.30 (0.008) 1.55 (0.027) 1.221 (0.376)
Liu (19) China 90 NR I–II/III–IV (20/70) 4.33 NR NR mean value of effect size 7

3.84 (0.01)
Navarro (20) South Korea 197 83/114 II/III/IV (148/41/8) 2.4 NR/4 148 ROC curve 8

1.80 (0.44) 1.25 (0.739) 0.53 (0.432)
You (21) South Korea 173 87/86 III/IV/IV (1/8/164) 3 NR 190 refer to others 8

1.65 (0.017) 1.19 (0.405)
Mady (22) America 231 72/159 NR 5 NR NR refer to others 9

1.70 (0.003)
June 2
021 | Volume 11 | Article 70
TNM, tumor/node/metastasis stages; HR, Hazard Ratio; NLR, neutrophil-to-lymphocyte ratio; MLR, monocyte-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to-
lymphocyte ratio; NR, not reported; ROC, receiver operating characteristic; NOS, Newcastle–Ottawa Scale.
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and the funnel plot was symmetrical (Figure 6, Begg’s test P =
0.373, Egger’s test P = 0.225).
DISCUSSION

GBC is rare and one of the most aggressive cancers with poor
prognosis worldwide (29). Up to date, pathological TNM
(pTNM) staging is still the gold standard risk stratification
system and reversely correlated with survival of GBC patients,
but with a limitation of being only assessable after surgery (6).
Surgery still remains the only potentially curative therapy, but
only a minority of patients has the chance of getting radical
operation and adjuvant therapy still has its position in GBC
treatment (3, 30). Thus, efficient pre-operative or pre-treatment
parameters/indexes for prediction of prognosis should be
pursued, as they may help identifying patients who might
benefit from more aggressive adjuvant therapies (31, 32).
Frontiers in Oncology | www.frontiersin.org 510
There are some kinds of predictive parameters/indexes
advocated by different authors to be used for pre-treatment
evaluation of survival in various cancer types (21, 33–39).
These markers were derived mainly on the basis of three major
groups of clinical parameters, specifically reflecting nutrition
status (glucose, albumin and cholesterol), immune status
(lymphocyte, monocyte), inflammation status (neutrophil,
platelet and C-reactive protein) and their cross combinations.
Examples may include GLR (glucose to lymphocyte ratio) (21),
CONUT (controlling nutritional status score, calculated from
albumin, lymphocyte and cholesterol) (34), PNI (prognostic
nutritional index, calculated from albumin and lymphocyte)
(35), GPS (Glasgow prognostic score, calculated from C-
reactive protein and albumin) (38), SII (systemic immune-
inflammation index, derived from platelet, neutrophil and
lymphocyte) (39) and so on. Compared to pTNM or other
pathology-based evaluators, these markers share similar
advantages, such as easy to assess and replicable, low cost and
FIGURE 2 | Forest plot for the association between neutrophil-lymphocyte ratio (NLR) and overall survival of patients with Gallbladder carcinoma (GBC).
TABLE 2 | The association between elevated neutrophil-to-lymphocyte ratio (NLR) and clinical features.

Clinical parameter Number of
studies

Number of
participants

Pooled results P value

Effect Size 95% CI

Age (>60 years) 2 180 OR: 1.17 0.45–3.03 0.29
Age (>65years) 2 243 OR: 0.62 0.25–1.51 0.749
Gender (Male) 9 1,378 OR: 1.33 0.95–1.87 0.099
CEA (High) 3 320 SMD: 0.025 −0.198–0.249 0.826
CA-199 (High) 4 498 SMD: 0.47 0.11–0.82 0.01
TNM stage (III and IV) 7 969 OR: 4.65 1.96–11.03 <0.001
Tumor differentiation
(Poor and undifferentiated)

5 726 OR: 2.73 1.04–7.18 0.042
June 2021 | Volume 11 | Article
OR, odds ratio; CI, confidence interval; CEA, carcinoembryonic antigen; CA-199, carbohydrate antigen 199; TNM, tumor/node/metastasis stage; SMD, Standard mean difference.
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preoperative applicability etc. (7, 8). Although there were
growing evidence of using these markers to predict survival in
various cancers, no worldwide consensus has been achieved and
concerns rise about the efficiency and accuracy of these makers,
and thus their clinical utilities are still suspended and limited.

In the present review, we focused on the prognostic value of
one series of the most easily accessible and investigated markers
that is WBCC-derived indexes including NLR, LMR/MLR and
PLR in GBC patients. Our meta-analysis showed that all these
indexes could be used as prognostic factors for GBC patients,
which was in compliance with results in other cancer types (31).
And we also pooled available data together and revealed that
Frontiers in Oncology | www.frontiersin.org 611
elevated NLR was significantly correlated with TNM stage,
tumor differentiation and CA19-9, which could explain in part
the mechanisms of these indexes being used as prognostic
markers for GBC patients.

Although WBCC-derived indexes are certified to be useful
parameters for predicting prognosis in various cancer types, the
underlying mechanisms largely remains to be elucidated. First of
all, the theoretical foundation of their usage as prognostic
biomarker lies in that different types of peripheral blood cells
could be considered to reflect host immune and inflammation
status, which play important role in systemic inflammatory
response (SIR), carcinogenesis, tumor microenvironment
FIGURE 3 | Forest plot for the association between lymphocyte-to-monocyte ratio (LMR) or monocyte-to-lymphocyte ratio (MLR) and overall survival of patients with
Gallbladder carcinoma (GBC).
FIGURE 4 | Forest plot for the association between platelet-to-lymphocyte ratio (PLR) and overall survival of patients with Gallbladder carcinoma (GBC).
June 2021 | Volume 11 | Article 707742

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Prognostic Indexes for Gallbladder Carcinoma

Frontiers in Oncology | www.frontiersin.org 712
modulation and progression (40–42). Indeed, inflammatory
microenvironment has been proposed as one hallmark of
cancer (43), infiltrating immune and inflammatory cells are
increasingly accepted to be generic constituents of tumors, and
they exert conflicting ways for tumor development: tumor-
antagonizing effect as for lymphocytes while tumor-promoting
effect as for neutrophils and monocytes (37, 39). More
specifically, infiltrating lymphocytes are major antitumor
components that may induce cancer cell apoptosis via
interaction of CD4+ and CD8+ T cells (44, 45). In contrast, low
lymphocytes within or around tumor area may be responsible for
an insufficient immune surveillance that leads to tumor
progression and inferior survival of patient (44). On the other
hand, neutrophils and monocytes play a tumor-promoting role
in malignancies. In short, neutrophils, as another key component
of SIR, are recruited to tumor area, produce various kinds of
cytokines and chemokines that are implicated in promoting
tumor progression via all kinds of pathophysiological process,
such as matrix degradation, immunosuppression, angiogenesis
etc. (43, 46, 47). Besides, peripheral monocytes are known for
their association with the level of tumor-associated macrophages
(TAMs) which could also produce cytokines and enzymes with
protumoral functions, including tumor cell migration, invasion,
metastasis as well as immunosuppression (48, 49). On the other
hand, Deng and collogues revealed in their study that SIR
biomarkers were significantly correlated with tumor
differentiation, TNM stage or anemia, this could partially
explain the positive correlation between SIR biomarkers and
prognosis (17).

As we summarized above, most studies concluded with a
favorable and positive results on prognosis predictive value of
these WBCC-related biomarkers, but there are some limitations
in these studies. Firstly, the cut-off value was discrepant through
studies and different methods were employed to get it defined
(Table 1). The receiver operating characteristic (ROC) curve
A

B

C

FIGURE 5 | Forest plot and subgroup analysis for (A) cut-off value,
(B) sample size and (C) geographic area of the correlation between
neutrophil–lymphocyte ratio (NLR) and overall survival of patients with
Gallbladder carcinoma (GBC).
FIGURE 6 | Funnel plots for detecting publication bias of the association
between neutrophil–lymphocyte ratio (NLR) and overall survival of Gallbladder
carcinoma (GBC).
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analysis was the mostly adopted method and the accuracy of it
was determined by sample size and subjective populations (as
parameters vary among different tumors, stage, treatment etc.)
(50). So future large volume investigations among different
populations should be considered to identify the optimal cut-
off values for each index. Secondly, the WBCC parameters are
continuous variables which may present quite different values,
especially before and after treatment. For example, the
neutrophils are more susceptible to antibiotics usage, and may
differ greatly from before and after surgery. So dynamic
observations at different time point or analysis on trend should
be more significant and encouraged for future investigations.
Thirdly and finally, it is impossible to have one index fit to all
situations, and the prognostic value of each index varies between
different tumors, and even between different stages and
treatment strategies in same tumor. So, the accuracy and
reliability of single index may be challenged and an optimized
mathematical model should provide some benefits to solve this
issue. For example, Deng and collogues proposed a predictive
nomogram using all the significant independent predicators to
predict the patient survival (17). Each variable could be assigned
a weighted number of points in the model, and the sum of points
for each patient could be used to predict prognosis.

There were some limitations in this meta-analysis. Firstly, all
studies were retrospective with low quality of evidence, further
high quality RCT studies should be designed for future
investigations. Secondly, the cut-off value was different through
studies. Although we performed sub-group analyses, a single
defined cut-off value would provide better comparison between
studies. Thirdly, although there was no significant heterogeneity
among most included studies, the patient inclusion criteria
varied through studies, such as operation method, tumor
staging, chemotherapy strategy etc. Due to the limited sample
size, subgroup analysis was not practicable. Finally, all the
included 14 studies investigated NLR as prognosis marker for
GBC, while only few studies investigated MLR, PLR, so the
statistics for these latter meta-analyses are under-powered, and
Frontiers in Oncology | www.frontiersin.org 813
future studies on these markers should be expected and included
for further meta-analysis.

In conclusion, our meta-analysis validated that WBCC-
derived indexes including NLR, MLR/LMR and PLR could be
used as prognostic parameters for predicting survival outcomes
in GBC patients. These series of indexes, especially NLR, could
improve risk stratification and facilitate better patient selection
for surgical resection or aggressive chemotherapy in the
management of GBC.
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Perihilar cholangiocarcinoma (PHCCA) has a poor prognosis, mainly due to diagnosis at
an advanced stage. Cripto-1 functions as an oncogene and is highly expressed in several
human cancers, however, its clinical application in PHCCA is poorly understood. Herein,
we identified that Cripto-1 was released by PHCCA cells via exosomes in vitro and in vivo.
Furthermore, an ELISA method was developed to detect exosomal Cripto-1 in the serum
of 115 PHCCA patients, 47 cholangitis patients and 65 healthy controls, and it was found
that exosomal Cripto-1 was increased in PHCCA patients and associated with
metastasis. Compared with traditional serum tumor markers, CA19-9 and CEA,
exosomal Cripto-1 demonstrated a larger area under ROC curve for PHCCA diagnosis.
The cutoff value of exosomal Cripto-1 was 0.82, achieving a sensitivity of 79.1% and a
specificity of 87.5%. As expected, exosomal Cripto-1 levels in immunohistochemically
Cripto-1-high cases were significantly elevated compared to in Cripto-1-low cases. When
measured 1-week postoperatively, Cripto-1 levels decreased on average from 1.25(0.96-
3.26) to 0.85(0.62-1.82). Immunohistochemistry analysis showed Cripto-1 expression
was negatively correlated with E-cadherin and was an independent prognostic biomarker
for poor survival in PHCCA patients. In conclusion, exosomal Cripto-1 in sera can reflect
its expression in the tissue of PHCAA patients and has the potential be a non-invasive
biomarker for diagnosis and prognosis of PHCCA.

Keywords: exosomes, biomarker, diagnosis, prognosis, perihilar cholangiocarcinoma, Cripto-1
INTRODUCTION

Perihilar cholangiocarcinoma (PHCCA), also known as a Klatskin tumor, is a subtype of CCA,
arising at or near the confluence of the right and left hepatic duct. It accounts for more than 50% of
total CCA cases and is characterized by high surgical difficulty and poor prognosis (1–3). Even for
those patients who undergo curative intent resection, the 5-year overall survival rate is only about
30% (4). Moreover, due to a lack of clear symptoms, most PHCCA patients are diagnosed at an
advanced stage at which surgical treatment is not a viable option (5). If PHCCA could be diagnosed
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before jaundice or intrahepatic biliary dilatation on imaging,
patients might have better outcomes (6). However, until now
there are no reliable biomarkers for early diagnosis of PHCCA.

Cripto-1, also known as teratocarcinoma-derived growth
factor1 (TDGF-1), is a member of the epidermal growth factor/
Cripto-1-FRL-1-Cryptic family (7). It is isolated and cloned from
the human teratocarcinoma cDNA library of NTERA-2, and is
indispensable for early embryonic development and maintenance
of the pluripotency of embryonic stem cells (8). Recently, Cripto-1
has been reported to be an oncogene that plays an important role
in the initiation and progression of several types of human cancers
(9). Some studies have shown that Cripto-1 is involved in the
epithelial-mesenchymal transition (EMT), whereby it enhances the
invasion and metastasis of tumor cells (10, 11). Cripto-1 can also
trigger mitogen activated protein kinase and Akt signaling
pathways, to promote cell survival and migration via specific
binding to Glypican-1 (12). In addition, overexpression of Cripto-
1 enhances the proliferation of human endothelial cells. The
subsequent increase in microvessel formation levels was detected
by a directed angiogenesis assay in vivo, which confirmed the role of
Cripto-1 in regulating tumor angiogenesis (13). Simultaneously,
inhibition ofCripto-1 expression, by anti-Cripto-1 antibody (14) or
microRNA-15b (15), exhibits a potential to suppress growth of
cancer cells. Thus, Cripto-1 may represent a novel molecular target
for diagnosis and prognosis of cancers.

Exosomes are cell-secreted bilayered membrane vesicles with
a diameter of 30-120 nm (16). They originate from
multivesicular bodies(MVB)/late endosomes inside the cell and
are released into the external space upon fusion of MVBs with
the cell membrane (17). Until now, it has been well-documented
that almost all tumor cells secrete exosomes, and the presence of
exosomes has been confirmed in a wide variety of body fluids,
such as plasma/serum, urine, saliva, and bile (18). Moreover, it
has been reported that cancer cell-secreted exosomes can be
transferred to recipient cells and promote tumor progression by
enhancing immunosuppression, angiogenesis and metastatic
dissemination (19). More importantly, these extracellular
vesicles contain specific components, such as lipids, proteins,
and nucleic acids, mirroring their cellular origin (20). Thus, it is
feasible that detection of enriched and specific molecules in
cancer exosomes could serve as a liquid biopsy to aid in the
diagnosis of malignancies. For instance, CKAP4 is detected in
exosomes harvested from the serum of patients with pancreatic
cancer and reflects its expression in tumor lesions, which may
represent a biomarker for pancreatic cancer (21). However,
whether Cripto-1 can be released from cancer cells, and its
potential utility to act as a biomarker for detection of PHCCA,
remain largely unclear.

In this study, exosomal Cripto-1 was quantitatively
determined in a large number of patient serum samples by an
exosome enzyme linked immunosorbent assay (exoELISA)
method that was developed herein. The serum samples were
collected from healthy control (HC) individuals, cholangitis
patients and PHCCA patients. Furthermore, by analyzing a
cohort of PHCAA patients with matched sera and tissues
samples, we explored whether exosomal Cripto-1 in sera could
Frontiers in Oncology | www.frontiersin.org 216
be a surrogate of tissue biopsy. Finally, this study sought to assess
the significance of Cripto-1 in prognosis in a retrospective cohort
of PHCCA patients.
MATERIALS AND METHODS

Cell Culture
Human PHCAA cells, QBC-939 and FRH-0201 were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and maintained in Dulbecco’s Modified
Eagle medium supplemented with 10% exosome-depleted fetal
bovine serum in a humidified atmosphere containing 5% CO2.

Tumor Xenograft Models
Four-week-old BALB/c nude mice were purchased from
GemPharmatech (Nanjing, China). A total of 3×106 QBC939
cells transfected with an empty vector or the Cripto-1-OE vector,
were subcutaneously injected into the flank of nude mice (24
mice for each group). Tumor diameters were measured every 2
days, and tumor volume was calculated as follows: volume=
(length×width2)/2. After 2, 4 and 6 weeks, the mice were
sacrificed, and their blood and solid tumors were collected. All
procedures were approved by the Animal Management
Committee of Shandong University.

Patients and Samples
We obtained the approval of the local ethical committees, and all
subjects gave written informed consent to participate. Three
cohorts of subjects from Qilu Hospital of Shandong University
and Shandong Provincial Third Hospital were enrolled in this
study. In the first cohort, pre-operation serum samples were
collected from a group of 217 cases with HC (n=65), cholangitis
(n=47) and PHCCA (n=115). The PHCCA cases were newly
diagnosed and previously untreated; their tumors were
confirmed by postoperative histopathological analyses. In the
second cohort, sera and matched tissue was collected from 34
PHCCA patients. Moreover, postoperative sera were collected
from 15 of the PHCCA cases in the second cohort. The third
cohort was comprised of 105 PHCCA patients with available
formalin-fixed tumor tissues. These patients underwent radical
resection and were followed up regularly. PHCCA was staged
according to the 7th AJCC/UICC tumor-node-metastasis
(TNM) classification system.

Serum was separated by 2-step centrifugation (1,600g for 10
minutes followed by 16,000g for 10 minutes as previously
described (22). Tissues were embedded in paraffin and cut into
4mm sections. For tissue microarray (TMA) construction, core
tissues of 1.5 mm in diameter from each tumor block, as
confirmed by hematoxylin and eosin staining, were re-
embedded into the recipient TMA block as we described
previously (2).

Exosome Isolation and Identification
Exosomes were isolated from conditioned medium (CM) and
serum using ultracentrifugation. CM was collected with
August 2021 | Volume 11 | Article 730615
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centrifugation of 800g for 10 min and 2,000g for 10 min. Next,
the CM supernatant, or cell-free serum diluted with D-PBS, was
filtered through a 0.22mm filter and then ultracentrifuged at
120,000g for 70 min at 4°C. The pellets were washed with D-PBS
and purified by further ultracentrifugation at 120,000 g for
70 min at 4°C. Exosomal markers CD81, TSG101 and
Calnexin were detected by western blotting assay.

Western Blotting
Cellular and exosomal lysates were prepared using RIPA buffer
(Life Technologies) and quantified using a Pierce™ BCA Protein
Assay Kit (Thermo Scientific). Proteins were separated by SDS-
PAGE and transferred to PVDF membranes (Millipore). After
blocking in 5% skimmed milk for 30 min, the membrane was
incubated with primary antibodies overnight at 4°C. The
following primary antibodies were used: CD81 (Abcam,
ab79559, 1:1000 dilution), TSG101 (Abcam, ab83, 1:1000
dilution), Calnexin(Abcam,ab133615, 1:1000 dilution) and
Cripto1 (Abcam, ab108391, 1:1000 dilution). Afterwards, an
HRP-conjugated secondary antibody (Beyotime, Shanghai,
China) was added at 1:5000 before incubation for 1h at room
temperature. Chemiluminescence signal was detected using
enhanced ECL Reagent (Vazyme, Nanjing, China) on the
FluorChem E Chemiluminescent System (Cell Biosciences,
Santa Clara, CA, USA).

ELISA Detection of Exosomal Cripto-1
The levels of exosomal Cripto-1 were detected using a Human
Cripto-1 DuoSet ELISA kit (R&D) with some methodological
alterations. In brief, 96 well-plates were coated with 100 ml of
anti-CD81antibody (Abcam, ab79559, 1:250 dilution) per well,
instead of the Capture Antibody in the kit, before incubation
overnight at room temperature. After blocking plates with 300
ml/well Reagent Diluent for at least 1 h, 100 ml exosomes were
added and incubated for 2 h at room temperature. Subsequently,
we added 100 ml of the Detection Antibody before incubation for
2h, 100ml Streptavidin-HRP for 20 min, and then 100 ml
Substrate Solution for 20 min. After blocking with 50 ml Stop
Solution, the optical density (OD) of each well was determine
immediately at 450 nm on an ELISA plate reader (Thermo
Scientific, United States).

Carbohydrate Antigen 19-9 (CA19-9) and
Carcinoembryonic Antigen (CEA) Assays
Serum CEA and CA19-9 levels were detected using an
electrochemiluminescence method on the Cobas E601
Analyzer (Roche Diagnostics GmbH, Germany); the upper
limits were defined as 5 ng/ml and 37 U/ml according to the
manufacturer’s directions.

Immunohistochemistry (IHC)
Slides were immersed in 3% hydrogen peroxide to inactivate
endogenous peroxidase and incubated in EDTA buffer (pH = 9.0)
for antigen retrieval. After blocking by 1% bovine serum albumin,
sections were incubated with primary antibodies overnight at 4°C.
Subsequently, the slides were incubated in secondary antibody
prior to 3,3’-diaminobenzidine solution (Zsbio, Beijing, China),
Frontiers in Oncology | www.frontiersin.org 317
which enable visualization. The following primary antibodies
were used: Cripto-1 Antibody (R&D, MAB2772, 1:100
dilution), Ki-67 (CST, #9027, 1:400 dilution), E-Cadherin (CST,
#3195, 1:400 dilution). The IHC results were evaluated using the
Quant Center software and calculated by a histochemistry score
(H-score) system (23). The formula for the H-score was: H-
score=(percentage of cells of weak intensity×1)+(percentage of
cells of moderate intensity×2)+percentage of cells of
strong intensity×3).

Statistical Analysis
A Kruskal-Wallis test was employed for global comparison of
Cripto-1, CEA or CA19-9 level among multiple groups, and
further post hoc multiple comparisons were examined using a
Mann–Whitney U test. A chi-square test was used for
comparison of categorical variables. Logistic regression
modelling was performed to combine biomarkers and
generated predicted probability value. The correlation between
Cripto-1 and E-cadherin expression was assessed by spearman
correlation analysis. Survival curves were generated using the
Kaplan-Meier method, and compared by a log-rank test. A Cox
regression model was applied for identifying the independent
prognostic factors. All above statistical analyses were performed
by SPSS software, 22.0 and figures were prepared using
GraphPad Prism, 9.1. The area under the curve (AUC) was
calculated on the receiver operating characteristic (ROC) curve
and compared using MedCalc 9.3.9.0. The cutoff point was
determined based on the Youden index (sensitivity+specificity-
1). Statistical significance was defined as two-sided P<0.05.
RESULTS

Cripto-1 Is Secreted With Exosomes
From PHCCA Cells
We isolated exosomes from the CM of two sets of PHCAA cells,
QBC-939 and FRH-0201. Exosomes purified from PHCAA cells
showed enrichment of exosomal markers, CD81 and TSG101,
compared to total cell lysis, and had no Calnexin expression, an
endoplasmic reticulum marker known to be absent in exosomes
and present in cells lysis (Figure 1A). Western blotting analysis
also showed Cripto-1 was expressed both in PHCAA cells and
their exosomes (Figure 1A).

To observe whether Cripto-1 was released with exosomes in
vivo, we subcutaneously injected QBC-939 cells into nude mice
to establish a PHCCA mouse model. After 2 weeks, 4 weeks and
6 weeks post-injection the mice were bled, and tumors were
harvested. As shown in Figure 1B, the concentration of serum
exosomal Cripto-1 was gradually increased in mice xenografted
QBC-939 cells (treated group), but not detected in normal mice
(control group). Levels of exosomal Cripto-1 at 4 weeks and 6
weeks in the treated group were significantly higher than those in
the control group and at 0 weeks in the treated group. IHC
analysis showed the xenograft tumors had high Cripto-1 and ki-
67 expression (Figure 1C), confirming exosomal Cripto-1 come
from injected QBC-939 cells.
August 2021 | Volume 11 | Article 730615

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Hu et al. Cripto-1 as Biomarker for PHCCA
Evaluation of exoELISA Method for
Exosomal Cripto-1 Detection
An exoELISA method was developed for detection of exosomal
Cripto-1 in serum as shown in Figure 2A. Repeat measurements
of 3 serum samples, from the same batch or different batches,
resulted in an average intra-assay coefficient of variation (CV)
and inter-assay CV of 4.27% and 5.52% (Figure 2B). Then, the
serum samples were evaluated following repeated freezing and
thawing, with different lengths of room temperature incubation;
the results of this experiment showed no significant changes to
the levels of exosomal Cripto-1 (Figures 2C, D).

Levels of Exosomal Cripto-1 Were
Increased in PHCCA Patients’ Sera
By analyzing a large number of serum samples, measuring levels of
exosomal Cripto-1 in serum showed a significant difference among
HC, cholangitis and PHCCA groups (Table 1). Moreover, Cripto-1
levels were independent of age and sex (Table 1). Further pairwise
comparison demonstrated exosomal Cripto-1 was significantly
Frontiers in Oncology | www.frontiersin.org 418
increased in the sera of the PHCCA group compared with the
HC and cholangitis groups (both at P<0.001), whilst there was no
significant difference between the HC and cholangitis groups
(Figure 3A). In PHCCA patients, the levels of exosomal Cripto-1
increased as the TMN stage increased (Figure 3B). Further analysis
showed exosomal Cripto-1 levels were significantly elevated in
patients with lymph nodes metastasis (Figure 3C) or distant
metastasis (Figure 3D), but not an advanced T stage (Figure 3E).
Meanwhile, there were no significant differences observed when
PHCCA cases were stratified by differentiation (Figure 3F), tumor
size (Figure 3G) and neural invasion (Figure 3H). Cripto-1 showed
no obvious association with age and sex (Table S1). Correlations
between levels of exosomal Cripto-1 and clinicopathological
characteristics are shown in Table S1.

Diagnosis Performance of Serum
Exosomal Cripto-1 for PHCCA Patients
ROC curve analyses realized that exosomal Cripto-1 was robust
in discerning PHCCA patients (n=115) from cholangitis (n=47)
A

C

B

FIGURE 1 | Cripto-1 is secreted with exosomes from PHCCA cells. (A) Western blotting analysis of the exosomal markers (CD81, TSG101 and Calnexin) and
Cripto-1 in PHCCA cells and exosomes isolated from CM of cells. (B) ELISA analysis of exosomal Cripto-1 purified from serum in BALB/c athymic nude mice
(control) or mice subcutaneously injected with QBC-939 cells (treated). The levels of exosomal Cripto-1 at 4 week and 6 week in treated group were significantly
higher than those in control group and at 0 week in treated group. **P < 0.01(student’s t-test). Data are presented as mean ± standard deviation. (C) Xenograft
tumor and the corresponding immunohistochemistry of Cripto-1 and Ki-67 at 4 week and 6 week in treated group. Scale bars, 50mm.
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and HC subjects (n=65), with an AUC of 0.87 4 (Figure 4A).
When the Youden index reached a maximum from the ROC
curve, the corresponding cutoff value of exosomal Cripto-1 for
diagnosing PHCCA was 0.82, achieving a sensitivity of 79.1%
and a specificity of 87.5%. Moreover, it was highly capable in
discerning different TNM stage of PHCCA patients from
cholangitis and HC subjects (Figure S1). In contrast, exosomal
Cripto-1 levels could not distinguish cholangitis cases from
healthy controls (Figure S2). And, exosomal Cripto-1 had
limited differential diagnosis value for PHCCA with or without
lymph nodes metastasis (Figure S3).
Frontiers in Oncology | www.frontiersin.org 519
To better understand the diagnostic performance of exosomal
Cripto-1 for PHCCA, the levels of traditional serum tumor
markers, CA19-9 and CEA, were assessed in all subjects. As
shown in Table 1, there were significant differences between the
HC, cholangitis and PHCCA groups. Further, CA19-9 in the
PHCCA group was increased compared to the cholangitis and
HC groups (both at P< 0.001), while CEA was only significantly
higher than patients in the cholangitis group (P< 0.01) (Figure S4).
The AUC values of CA19-9, CEA and the combined CA19-9 and
CEA for PHCCA diagnosis were 0.773 (Figure 4B) and 0.596
(Figure 4C) and 0.773 (Figure 4D), much lower than that of
A C

B D

FIGURE 2 | Evaluation of exoELISA method for exosomal Cripto-1 detection. (A) Schematic representation of the established exoELISA set for exosomal Cripto-1
detection; (B) Coefficient of variation for the exoELISA; (C) Serum samples under re-peated freezing and thawing; (D) Serum samples incubating at room
temperature for different time.
TABLE 1 | Characteristics and levels of biomarker of subjects.

Healthy control Cholangitis PHCCA

Cases 65 47 115
Gender(Male/Female) 40/25 31/16 73/42
Age(y) a 59.4 ± 14.5 57.6 ± 14.9 61.3 ± 9.7
CEA (ng/ml) bc 2.78 (1.64-3.80) 2.63 (1.09-3.40) 3.12 (1.65-4.60)
CA19-9 (U/ml) bc 22.1 (13.3-31.0) 17.7 (7.98-23.3) 103 (22.1-441)
Cripto-1(pg/10mg) bc 0.44 (0.32-0.73) 0.34 (0.27-0.62) 1.03 (0.85-3.89)
August 2021 | Volume 11
aData are presented as mean ± standard deviation.
bData are presented as median (interquartile range).
cDate are compared using Kruskal-Wallis test, P < 0.001.
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exosomal Cripto-1. When the combined exosomal Cripto-1,
CA19-9 and CEA levels were used, the AUC was 0.888
(Figure 4E), not significantly enhanced compared to exosomal
Cripto-1 alone. Since exosomal Cripto-1 had no significant
association with CA19-9 and CEA, and no significant difference
was observed between CA19-9 or CEA positive and negative
groups (Figure S5), its diagnosis performance was assessed for
CA19-9 or CEA negative individuals. As shown in Figure 4F, the
exosomal Cripto-1 also had a high diagnostic capacity in subjects
where diagnosis was missed in clinics. The diagnostic performance
characteristics of exosomal Cripto-1, CA19-9 and CEA for
PHCCA, such as sensitivity, specificity, positive likelihood ratio
and negative likelihood ratio, are shown in Table 2.

Levels of Exosomal Cripto-1 in Sera
of PHCAA Patients Reflects Their
Expression in Tissues
To explore the relationship between Cripto-1 in the exosomes of
sera and tissues, 34 pairs of tumor tissues and sera were collected
from PHCCA patients who underwent radical resection. Western
blot analysis showed Cripto-1 was increased in PHCCA tissues
compared to the corresponding normal bile duct tissues
(Figure 5A). Then, the expression of Cripto-1 in 34 PHCCA
tissue samples was detected by immunohistochemical staining
and classified into low and high Cripto-1 expression groups,
according to median of H-score (Figure 5B). The corresponding
sera detected by exoEILSA showed that exosomal Cripto-1 levels
Frontiers in Oncology | www.frontiersin.org 620
in immunohistochemically Cripto-1-high cases, were significantly
higher than in Cripto-1-low cases (Figure 5C). Among the
aforementioned cases, 15 further cases were detected 1-week
post surgery. The quantitative assay showed that after surgery,
the median levels of exosomal Cripto-1 decreased from 1.25
(0.96-3.26) to 0.85(0.62-1.82) (Figure 5D).

Expression and Prognostic Significance
of Cripto-1 in PHCCA Tissues
Anti-Cripto-1 was used for immunohistochemical staining, in a
retrospective cohort of 105 cases with PHCCAwho had underwent
radical resection. By evaluating the H-scores, the patients were
divided into subgroups with low or high expression of Cripto-1
(Figure 6A). Data from Table S2 showed Cripto-1 expression
significantly associated with lymph nodes metastasis, whilst there
was no relationship with other clinicopathological factors, such as
gender, age, differentiation, tumor size, T stage and neural invasion.
As patients with high exosomal Cripto-1 expression in tissues or
serum tended to have metastasis and EMT was a critical event
involved in tumormetastasis (10, 11), the expression of E-cadherin,
a known EMT marker, was assessed (Figure 6B). As shown in
Figure 6C, the Cripto-1 expression negatively correlated with E-
cadherin expression and patients with high Cripto-1 expression
lowly expressed E-cadherin.

To investigate the prognostic properties of PHCCA, univariate
analysis was performed using a Kaplan–Meier survival curve. As
shown in Figure 6D, patients with high Cripto-1 expression had
A C DB

E G HF

FIGURE 3 | Levels of exosomal Cripto-1 in PHCCA patient sera. (A) Levels of exosomal Cripto-1 were compared in sera among healthy control (HC) individuals,
cholangitis patients and PHCCA patients. Comparison analysis of exosomal Cripto-1 between different TNM stage (B), lymph nodes metastasis (C), distant
metastasis (D), T stage (E), differentiation (F), tumor size (G), neural invasion (H) in PHCCA patients. *P < 0.05, **P < 0.01, ***P < 0.001(Mann–Whitney U test). Data
represents the median (interquartile range).
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significantly lower survival rates than patients with low Cripto-1
expression. Moreover, patients with high Cripto-1 and low E-
cadherin expression had the lowest probability of survival
(Figure 6E). However, there were no significant survival differences
between patients with low and high E-cadherin expression (Figure
S6). In addition, patients with advanced T stage or positive lymph
nodes metastasis had poor overall survival (Figure S7). Cripto-1
expression, along with the clinicopathological factors, was subjected
to Cox model for multivariate analysis; except for T stage, Cripto-1
was identified as an independent prognostic biomarker (Table 3).
DISCUSSION

In the current study, it was first reported that Cripto-1 was released
via exosomes by PHCCA cells. Next, an exoELISA method was
Frontiers in Oncology | www.frontiersin.org 721
developed and 3 cohorts were used to evaluate the clinical
application value of Cripto-1. The study has achieved several new
results. Firstly, exosomalCripto-1were increased in sera ofPHCCA
patients and associated with metastasis. Compared with traditional
serum tumor markers, CA19-9 and CEA, exosomal Cripto-1
demonstrated as a more appropriate marker for PHCCA
diagnosis. Secondly, it was found that exosomal Cripto-1 levels in
sera reflect the expression in the tissues of PHCAA patients.
Thirdly, it has been demonstrated in a prospective cohort analysis
that Cripto-1 might be an independent factor for identifying poor
prognosis in patients with PHCAA. Together, these findings verify
that exosomal Cripto-1 is a potential biomarker for the diagnosis
and prognosis of PHCCA.

In recent years, exosomes have emerged as an important
liquid biopsy tool for a variety of malignant tumors (24). With
the development of mass spectrometry and other detection
A CB
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FIGURE 4 | Diagnostic significance analysis of exosomal Cripto-1 and traditional serum markers. ROC curves analysis for the detection of PHCCA using exosomal
Cripto-1 (A), CA19-9 (B), CEA (C), combined CA19-9 and CEA (D), and combined exosomal Cripto-1, CA19-9 and CEA (E) in all subjects. (F) ROC curves analysis
for the detection of PHCCA using exosomal Cripto-1 in both CA19-9 and CEA negative individuals.
TABLE 2 | The diagnosis performance of Cripto-1, CA19-9 and CEA for PHCCA.

Index AUC 95% CI Sensitivity Specificity +LR -LR

Cripto-1 0.874 0.824-0.914 79.1 87.5 6.33 0.24
CA199 0.773 0.713-0.826 65.2 87.5 5.22 0.40
CEA 0.596 0.529-0.660 33.0 85.7 2.31 0.78
CA199+CEA 0.773 0.713-0.825 66.1 86.6 4.93 0.39
Cripto-1+CA199+CEA 0.888 0.840-0.926 82.6 78.6 3.86 0.22
August 2021 | Vo
lume 11 | Article 73
AUC, Area under curve; CI, Confidence interval; +LR, Positive likelihood ratio; -LR, Negative likelihood ratio.
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technologies, the protein composition of exosomes has been
constantly identified; some of these are already used as tumor
biomarkers due to their stability and specificity (20, 25).
Amongst them, Glycosyl-Phosphatidyl-Inositol (GPI) anchored
proteins (GPI-APs) are attractive as a source of exosomal
candidates (26). This is because GPI-APs are preferentially
embedded into lipid rafts through their GPI anchor and the
lipid raft microdomains are believed to be involved in exosome
biogenesis (27, 28). For example, Glypican-1 has been found in
pancreatic carcinoma cell derived exosomes and can serve as a
potential non-invasive diagnostic biomarker to facilitate the early
detection of pancreatic cancer (29). CD24, located in lipid rafts
through its GPI anchor, is demonstrated to be found in high
levels in exosomes isolated from ovarian cancer cells, compared
to other tumor biomarkers such as CA-125, EGFR and MUC18
(30). Since Cripto-1 has been reported as a cell surface GPI-
linked glycoprotein (31), this study tested whether it can be
found in exosomes. Cripto-1 was found in exosomes from the
culture medium of PHCCA cell lines and the peripheral blood of
mice implanted PHCCA cells. Thus, exosomal Cripto-1 might
provide a noninvasive biomarker for the detection of PHCCA.
Frontiers in Oncology | www.frontiersin.org 822
In previous studies, Cripto-1 has been detected at the mRNA
or protein levels in tissues of several human solid cancers.
Furthermore, Cripto-1 protein levels are also increased in
serum/plasma obtained from patients with glioblastoma (32),
renal cell carcinoma (33), colon cancer and breast cancer (34). In
the present study, Cripto-1 levels were quantitatively determined
in the exosomes of serum samples and showed increased levels in
PHCCA patients compared to cholangitis patients and healthy
controls. Moreover, the results are reliable, with batch
differentiation, repeated freeze thawing and different lengths of
incubation proving to have no significant effect on the result. To
better assess the application of exosomal Cripto-1 as a potential
diagnosis marker, the study compared its ability to detect
PHCCA with current diagnostic tools CA19-9 and CEA, the
traditional serum tumor markers routinely used in clinic. As
shown in this data, exosomal Cripto-1 demonstrated improved
sensitivity and specificity, associated with a markedly larger
AUC, in distinguishing PHCCA from cholangitis patients and
healthy controls. Furthermore, exosomal Cripto-1 also had a
high diagnostic capacity in CA19-9 and CEA negative
individuals. However, combined detection of Cripto-1, CA19-9
A
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B

FIGURE 5 | Levels of exosomal Cripto-1 in sera of PHCAA patients reflects their expression in tissues. (A) Western blotting analysis of Cripto-1 expression in PHCCA
tissues and adjacent normal tissues. (B) Immunohistochemistry analysis of Cripto-1 expression in PHCCA tissues. PHCCA patients were classified into low and high
Cripto-1 expression groups according to median of histochemistry score (H-score). Scale bars, 50mm (C) exoELISA was performed to compare the levels of exosomal
Cripto-1 in sera between PHCAA patients with low and high Cripto-1 expression in tissues. *P < 0.05 (Mann–Whitney U test). Data represents the median (interquartile
range). (D) Preoperative and perioperative levels of exosomal Cripto-1 in sera were compared in PHCAA patients. *P < 0.05 (Wilcoxon matched-pairs signed rank test).
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and CEA did not enhance diagnostic performance compared to
Cripto-1 alone. Another interesting finding of the current study
is that exosomal Cripto-1 levels increased as the PHCCA TNM
stage progressed. However, this phenomenon was not observed
in CA19-9 or CEA. Thus, it can be concluded that exosomal
Cripto-1 may detect PHCCA patients at an earlier stage.

Our previous study has reported that several long noncoding
RNAs in exosomes of serum are associated their expression in
tumor tissues (35). To better understand whether circulating
exosomal Cripto-1 is represented in tissue biopsies, Cripto-1
expression was further examined in the tissues of PHCAA
patients. Data from this study showed that Cripto-1 levels were
increased in PHCCA tissues compared with the corresponding
normal bile duct tissues. Exosomal Cripto-1 levels were
especially elevated in immunohistochemically Cripto-1-high
cases. These results infer that exosomal Cripto-1 levels in
patient sera can reflect expression in tissues of PHCCA
patients. Moreover, levels of exosomal Cripto-1 were decreased
after surgery, which is conducive to monitoring disease
status. Due to the limited follow-up time of collected serum,
Frontiers in Oncology | www.frontiersin.org 923
the prognostic value of Cripto-1 was analyzed using a previously
established tissue microarray. It was found that patients with
high expression of Cripto-1 had poor survival, which was an
independent prognostic biomarker. This phenomenon is similar
to some studies on other cancers, such as non-small cell lung
cancer (36), hepatocellular carcinoma (37) and esophageal
squamous cell carcinoma (38).

In the present study, it was demonstrated that Cripto-1
expression in both serum and tissues significantly associated
with metastasis. Several studies have showed Cripto-1 plays an
important role during developmental EMT. For example, the
over-expression of Cripto-1 down-regulates E-cadherin whilst
up regulating b-catenin in prostate cancer cells, thus inducing
EMT through activation of the Wnt/b-catenin signaling pathway
(39). In clear cell renal cell carcinoma, Cripto-1 promoted EMT
properties, including the down-regulation of E-cadherin and the
up-regulation of Vimentin, N-cadherin, ZEB-1, and Snail (33).
EMT has been reported to increase the motility and invasiveness
of cholangiocarcinoma cells (40–42). Functional loss of E-
cadherin has been considered a hallmark of EMT (43) and this
A
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B

FIGURE 6 | Expression and prognostic significance of Cripto-1 in PHCCA tissues. (A, B) Immunohistochemistry analysis of Cripto-1 and E-cadherin expression in
PHCCA tissues. PHCCA were classified into low and high Cripto-1/E-cadherin expression groups according to median of H-score. Scale bars, 50mm (C) Correlation
analyses between Cripto-1 and E-cadherin expression in PHCCA tissues. (D) Kaplan–Meier curve for overall survival in PHCCA patients stratified according to
Cripto-1 expression. (E) Kaplan–Meier curve for overall survival in PHCCA patients stratified according to Cripto-1 expression and E-cadherin expression.
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study showed that Cripto-1 expression negatively correlated with
E-cadherin expression in PHCCA tissues; this suggests that
Cripto-1 may also play a role as an EMT inducer to promote
PHCCA cell migration and invasion. Additionally, it has also
been shown that the combination of Cripto-1 and E-cadherin
improved the power of the survival prediction.

Although the findings of this study are promising, some
limitations need to be addressed. Firstly, it was found that there
were increased exosomal Cripto-1 levels in some healthy
individuals or cholangitis patients. The cause of this is not clear
and whether these subjects develop tumors remains to be seen.
Secondly, the prognostic value of exosomal Cripto-1 levels in the
sera of PHCCApatients needs to be further studied, although it has
been shown to correlate with tissue biopsies in this study. Thirdly,
since currently there are not enough follow up serum samples for
analysis, further ongoing perspective studies are necessary to
address whether exosomal Cripto-1 can identify patients with
reoccurring tumors. This is of particular importance for PHCCA
patients because of the high recurrence rate (44).

In conclusion, this study developed a convenient and sensitive
assay to detect exosomal Cripto-1 and for the first time
demonstrated exosomal Cripto-1 as a potential noninvasive
maker for PHCCA diagnosis and monitoring. Moreover, Cripto-
1 shows promise as an independent predictor of poor prognosis for
PHCCA patients. Since Cripto-1 has many advantages over
conventional cancer markers, further multi-center prospective
studies are needed to confirm whether exosomal Cripto-1 can be
incorporated into routine clinical practice.
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Hepatocellular carcinoma (HCC) is one of the most prevalent malignant tumors worldwide.
In view of the lack of early obvious clinical symptoms and related early diagnostic
biomarkers with high specificity and sensitivity, most HCC patients are already at the
advanced stages at the time of diagnosis, and most of them are accompanied by distant
metastasis. Furthermore, the unsatisfactory effect of the follow-up palliative care
contributes to the poor overall survival of HCC patients. Therefore, it is urgent to
identify effective early diagnosis and prognostic biomarkers and to explore novel
therapeutic approaches to improve the prognosis of HCC patients. Circular RNA
(CircRNA), a class of plentiful, stable, and highly conserved ncRNA subgroup with the
covalent closed loop, is dysregulated in HCC. Increasingly, emerging evidence have
confirmed that dysregulated circRNAs can regulate gene expression at the transcriptional
or post-transcriptional level, mediating various malignant biological behaviors of HCC
cells, including proliferation, invasion, metastasis, immune escape, stemness, and drug
resistance, etc.; meanwhile, they are regarded as potential biomarkers for early diagnosis
and prognostic evaluation of HCC. This article reviews the research progress of circRNAs
in HCC, expounding the potential molecular mechanisms of dysregulated circRNAs in the
carcinogenesis and development of HCC, and discusses those application prospects in
the diagnosis and prognosis of HCC.

Keywords: circular RNAs, hepatocellular carcinoma, sponge, biomarker, diagnosis, prognosis
INTRODUCTION

Hepatocellular carcinoma is the sixth most common hepatic malignancy and causes severe burden
of mortality, making it rank as the third leading cause of cancer-associated deaths worldwide, with
approximately 906,000 new cases and 830,000 deaths (1, 2). Epidemiological and experimental
studies have demonstrated that the initiation and progression of HCC may be caused and promoted
by hepatitis B virus (HBV) or hepatitis C virus (HCV), aflatoxin-contaminated foods, non-alcoholic
fatty liver disease (NAFLD), excessive drinking, genetic factors, smoking, excess body weight, type 2
diabetes (3). At present, there are still many limitations to existing diagnostic methods for HCC.
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On the one hand, the classical biomarkers for clinical diagnosis
lead to some false-positive and false-negative results in HCC
diagnosis, such as alpha-fetoprotein (AFP) was widely used in
early detection of HCC, but it may also appear in varying degrees
in liver diseases such as hepatitis and liver cirrhosis (LC); on the
another hand, liver electronic computer tomography (CT) and
magnetic resonance imaging (MRI) show unclear nodules <2 cm
(4, 5). Currently, the main methods of treatment for HCC are
liver resection, liver transplantation, percutaneous thermal
ablation, radiotherapy, chemotherapy, and immunotherapy (6).
Among them, surgical resection is the first-choice treatment for
HCC. Because of the lack of effective biomarkers and insidious
early clinical symptoms, most HCC patients are at the advanced
stage when diagnosed, losing the opportunity of radical
resection; furthermore, other palliative treatment options
remain no satisfactory survival benefits, leading to the poor
clinical prognosis of HCC patients. Therefore, it is extremely
necessary to clarify the molecular mechanisms of the
oncogenesis and development of HCC, find accurate and
potent biomarkers for early diagnosis and prognostic
prediction, and formulate effective HCC treatment strategies.

Approximately 93% of the DNA sequences of the eukaryotic
organism genome can be transcribed into RNA, of which only
2% can be translated into protein, while 98% are non-coding
RNAs (ncRNAs) with no protein coding capability or very low
coding capability. The development of high-throughput RNA
sequencing led to the discovery of a large number of ncRNAs.
The number of identified ncRNA genes exceeds that of coding
transcripts (7–10). According to the length of the transcript,
ncRNAs can be divided into short ncRNAs (<200 nucleotides)
and long non-coding RNAs (lncRNAs, >200 nucleotides) (11).
Researches have shown that the dysregulated lncRNAs and short
ncRNAs can play a vital role in regulating malignant tumor-
related genes. For example, lncRNAs can interact with DNA,
RNAs, or proteins, regulating gene expression at the
transcription and post-transcriptional levels (12–14).
MicroRNAs (MiRNAs) can specifically bind to target mRNAs,
leading to mRNA degradation or inhibiting protein
translation (15).

Over the past few years, circRNA, as a new type of ncRNA,
has been widely concerned. Unlike traditional linear RNA,
circRNA has a covalently closed, continuous loop structure
without a 5’ cap and a 3’ tail, which makes it resistant to
ribonuclease cleavage and expresses itself in a stable manner
(16–19). Meanwhile, most circRNAs show high tissue specificity
and developmental stage-related expression patterns, as well as a
high conservation among species (20–22). Based on these
characteristics, circRNAs also have great potential in disease
diagnosis, progress monitoring, prognosis prediction, etc.
CircRNAs are exon or intron sequences spliced in reverse from
the precursor mRNA (pre-mRNA), which can be classified as
exon circular RNAs (EcircRNAs), intron circular RNAs
(ciRNAs), and exon-intron circular RNAs (EIciRNAs) (21).
Among them, EcircRNAs account for the majority of
circRNAs, which mainly exist in the cytoplasm, acting as
miRNA sponge (23, 24), interacting with RNA binding protein
Frontiers in Oncology | www.frontiersin.org 228
(RBP) (25), or encode proteins (26); while ciRNAs and EIciRNAs
are widely present in the nucleus, which can act as transcription/
translation regulators (27) or affect the selective splicing of pre-
mRNA (28) (Figure 1).

Additionally, emerging evidence have indicated that
circRNAs are involved in mediating the tumorigenesis and
development of various tumors, exhibiting great potential as a
molecular target of cancer therapy. For example, circSEPT9
regulated by E2F transcription factor 1 (E2F1) and eukaryotic
translation initiation factor 4A3 (EIF4A3) pushes the cancerous
derivation of triple-negative breast cancer through the
circSEPT9/miR-637/Leukemia Inhibitory Factor (LIF) axis
(29). CircNRIP1 acts as a microRNA-149-5p sponge to
promote gastric cancer progression through the AKT1/mTOR
pathway (30). CircMRPS35 can specifically bind to the forkhead
box protein O1/3a (FOXO1/3a) promoter region to activate its
transcription, subsequently triggering the expression of
downstream target genes p21, p27, Twist1, and E-cadherin,
thereby inhibiting the malignant biological behaviors of tumors
(31). In this review, we summarized the functions and
mechanisms of circRNAs in the oncogenesis and malignant
progression of human HCC.
ROLE OF CircRNAs IN HCC

It is reported that circRNA, which is unregulated expressed in
tumor tissues, plays a role in the promotion or suppression in the
development of tumors. CircRNAs can participate in the
mediation of tumorigenesis, cell proliferation and apoptosis,
invasion and metastasis, cell cycle, epithelial-mesenchymal
transition (EMT), immune escape, drug resistance, metabolic
reprogramming, and other malignant biological behaviors in
HCC patients, and can be used as HCC potential biomarkers
for early diagnosis and clinical prognostic prediction (Figure 2).
In the following section, the role of circRNAs in the oncogenesis
and development of HCC and the molecular mechanisms
involved will be briefly described, and the application prospects
of circRNAs in HCC diagnosis and prognostic evaluation will be
described (Table 1).

Regulation of Tumorigenesis
Tumorigenesis is a progressive process. Normal cells gradually
transform into tumor cells, involving the accumulation of
multiple cascades and genetic mutations, among which
circRNAs play a crucial role.

E1A binding protein p300 (EP300) and WD repeat domain
5 (WDR5) are recruited to the circSOD2 promoter, stimulating
the H3K27ac and H3K4me3-mediated modification to
upregulate circSOD2, which further acts as a molecular
sponge to inhibit the expression of miR-502-5p, in order to
mediate the overexpression of its downstream target gene DNA
methyltransferase 3 alpha (DNMT3a). Highly expressed
DNMT3a reduces the expression of suppressor of cytokine
signaling 3 (SOCS3) by promoting the over-methylation of
CpG islands in the SOCS3 promoter, thereby activating the
September 2021 | Volume 11 | Article 714665
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Janus kinase 2/signal transducer and activator of transcription 3
(JAK2/STAT3) signaling pathway to drive the tumorigenesis of
HCC. Meanwhile, STAT3 can combine with the circSOD2
promoter to form a positive feedback loop, persistently
activating its transcription and maintaining a high-expression
status (32). Hepatocyte nuclear factor 4 alpha (HNF4a) can bind
to the circ_104075 promoter to activate its transcription, then
upregulating YAP through sponge miR-582-3p to advance the
process of HCC (33). circTMEM45A relieves the inhibition of
insulin like growth factor 2 (IGF2) expression by interacting with
miR-665 to promote HCC tumorigenesis (34). Knocking down
circ_0001955 can significantly suppress the proliferation of HCC
Frontiers in Oncology | www.frontiersin.org 329
cells and subcutaneous xenografts growth in vivo, showing a
smaller size and weight. Circ_0001955 can directly bind to miR-
516a-5p as a competing endogenous RNA (ceRNA), which
further mediates the upregulation of oncogenes TNF receptor
associated factor 6 (TRAF6) and mitogen-activated protein
kinase 11 (MAPK11) (35). Hsa_circ_0016788 also promotes
the tumorigenesis of HCC through hsa_circ_0016788/miR-
486/cyclin dependent kinase 4 (CDK4) axis (36). Functional
assays revealed that overexpressed circSETD3 can restrain the
proliferative capacity of HCC cells, as well as inducing G1/S
phase arrest in vitro. Simultaneously, circSETD3 knockdown
could effectively accelerate the growth rate of subcutaneous
FIGURE 1 | The biogenesis and biological functions of circRNA. 1) The biogenesis of circRNA. CircRNAs are exon or intron sequences spliced in reverse from the
pre-mRNA. 2) Some biological functions of circRNA. (A) CiRNAs interact with RNA Pol II, and EIciRNAs interact with RNA Pol II and U1 snRNP and further promote
the transcription of their parental genes. (B) CircRNAs affect the selective splicing of pre-mRNA. (C) CircRNAs act as miRNA sponge. (D) CircRNAs act as RBP
sponge. (E) CircRNAs bind to IRES to generate functional proteins.
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xenografts in vivo. CircSETD3 suppress the tumorigenesis of
HCC through the circSETD3/miR-421/mitogen-activated
protein kinase 14 (MAPK14) pathway (37).

Regulation of Malignant
Biological Phenotypes
Affected by continuous proliferation signals, tumor cells with
infinite growth potential can escape programmed cell apoptosis,
accelerate the cell cycle process to achieve the long-term survival.
Next, tumor cells originating from the primary tissues colonize
other sites through body cavities, blood vessels, or lymphatic
tracts, forming metastatic lesions. It is reported that circRNAs
play an important regulatory role in the malignant biological
behaviors of HCC cells.

Through binding to the 3’untranslated region (UTR) of
stearoyl-CoA desaturase (SCD) mRNA, RNA binding motif
protein 3 (RBM3) increases the production of SCD-circRNA 2,
which enhances the phosphorylation of extracellular regulated
protein kinase (ERK) and promotes the proliferation of HCC
cells (38). Overexpressed circBACH1 activates the transport of
Frontiers in Oncology | www.frontiersin.org 430
human antigen R (HuR) from the nucleus to the cytoplasm,
inhibiting p27 translation by abolishing the internal ribosome
entry site (IRES) located at the 5’-UTR of p27, thereby
promoting the proliferation of HCC cells and accelerating the
cell cycle process (39). Has_circ_0000204 can sponge miR-191 to
upregulate downstream target kruppel like factor 6 (KLF6),
further promoting HCC cell proliferation and cell cycle
transition (40). Exogenous knockdown of exosomal circRNA-
100,338 can inhibit the invasive ability of HCC cells and the
growth rate of xenografts, reducing the microvessel density in
tumors and the number of lung metastatic nodules. Transported
to human umbilical vein endothelial cells (HUVECs), exosomal
circRNA-100,338 can stimulate the cell proliferation, and destroy
the tight junctions between HUEVCs to affect their permeability.
Meanwhile, the interaction with NOVA alternative splicing
regulator 2 (NOVA2) induces angiogenesis and transfer ability
of HCC cells (41). Enriched in HCC cell-derived exosomes
characterized by high metastatic potential, circPTGR1 can
upregulate MET proto-oncogene (MET) by competitively
binding miR-449a, activating the metastatic activity of HCC
FIGURE 2 | Functions and brief mechanism of circRNAs in HCC tumorigenesis and progression. Aberrantly expressed circRNAs in HCC can participate in the
mediation of tumorigenesis, cell proliferation and apoptosis, invasion and metastasis, cell cycle, EMT, immune escape, drug resistance, metabolic reprogramming,
and stemness.
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TABLE 1 | Representative circRNAs and related signaling pathways in HCC.

CircRNA Current
circBase ID

Genomic
position

Spliced
length
(bp)

Expression Biological functions Regulatory axis References

circSOD2 hsa_circ_0004662 chr6:160103505-
160109274

462 up promotes tumorigenesis miR-502-5p/DNMT3a/JAK2/
STAT3

(32)

circ_104075 hsa_circ_0075736 chr6:17669523-
17669777

162 up promotes tumorigenesis miR-582-3p/YAP (33)

circTMEM45A hsa_circ_0066659 chr3:100274052-
100296285

1254 up promotes tumorigenesis miR-665/IGF2 (34)

circ_0001955 hsa_circ_0001955 chr15:64495280-
64508912

815 up promotes tumorigenesis miR-516a-5p/TRAF6/MAPK11 (35)

hsa_circ_0016788 hsa_circ_0016788 chr1:228581376-
228594517

2691 up promotes tumorigenesis miR-486/CDK4 (36)

circSETD3 hsa_circ_0000567 chr14:99924615-
99932150

683 down inhibits tumorigenesis miR-421/MAPK14 (37)

SCD-circRNA 2 / / / up enhances proliferation SCD-circRNA 2/ERK (37)
circBACH1 hsa_circ_0061395 chr21:30698379-

30702014
1542 up promotes proliferation, controls

cell cycle
HuR/p27 (39)

hsa_circ_0000204 hsa_circ_0000204 chr10:1117078-
1118233

1155 up promotes proliferation, controls
cell cycle

miR-191/KLF6 (40)

circRNA-100,338 / / / up promotes angiogenesis,
migration

circRNA-100,338/NOVA2 (41)

circPTGR1
isoform

hsa_circ_0003731 chr9:114341075-
114348445

442 up promotes invasion, migration miR-449a/MET (42)

hsa_circ_0008043 chr9:114332370-
114348445

670

hsa_circ_0088030 chr9:114337013-
114348445

551

circASAP1 hsa_circ_0085616 chr8:131370262-
131374017

229 up promotes proliferation, invasion,
migration, colony formation, TAM
infiltration

miR-326/miR-532-5p/MAPK1/
ERK1/2,miR-326/miR-532-5p/
CSF-1

(43)

circMAST1 hsa_circ_0049613 chr19:12962747-
12963209

303 up promotes proliferation, invasion miR-1299/CTNND1 (44)

circDYNC1H1 hsa_circ_0033351 chr14:102499401-
102507010

1862 up promotes proliferation, migration miR-140-5p/SULT2B1 (45)

circSLC3A2 hsa_circ_0022587 chr11:62650379-
62653080

669 up promotes proliferation, invasion miR-490-3p/PPM1F (46)

circHIPK3 hsa_circ_0000284 chr11:33307958-
33309057

1099 up promotes proliferation, migration miR-124/AQP3 (47)

hsa_circ_0001955 hsa_circ_0001955 chr15:64495280-
64508912

815 up promotes proliferation, invasion,
migration

miR-145-5p/NRAS (48)

circ-TCF4.85 / / / up promotes proliferation, invasion,
migration, cell cycle, inhibits
apoptosis

miR-486-5p/ABCF2 (49)

circZNF566 hsa_circ_0141434 chr19:36940300-
36940903

603 up promotes proliferation, invasion,
migration

miR-4738-3p/TDO2 (50)

hsa_circRNA
103809

hsa_circ_0072088 chr5:32379220-
32388780

693 up promotes proliferation, migration,
cell cycle

miR‐377‐3p/FGFR1 (51)

hsa_circ_104348 / / / up promotes proliferation, invasion,
migration, inhibits apoptosis

miR-187-3p/RTKN2/Wnt/b-
catenin

(52)

circRNA-104718 / / / up promotes growth, migration miR-218-5p/TXNDC5 (53)
circFBLIM1 hsa_circ_0010090 chr1:16084668-

16113084
3935 up promotes growth, invasion,

inhibits apoptosis
miR-346/FBLIM1 (54)

circ-DB hsa_circ_0025129 chr12:6450941-
6451283

342 up promotes growth, invasion,
modulates DNA damage

miR-34a/USP7/Cyclin2 (55)

circRASGRF2 hsa_circ_0073181 chr5:80338695-
80409739

2182 up promotes proliferation, invasion,
migration, cell cycle, inhibits
apoptosis

miR-1224/FAK (56)

circ-LRIG3 hsa_circ_0027345 chr12:59277301-
59308117

1080 up promotes proliferation, invasion,
migration, inhibits apoptosis

circ-LRIG3/EZH2/STAT3 (57)

circRHOT1 hsa_circ_0005397 chr17:30500849-
30503232

233 up promotes proliferation, invasion,
migration, inhibits apoptosis

circRHOT1/NR2F6 (58)

circb-catenin hsa_circ-0004194 chr3:41265511-
41268843

1129 up promotes proliferation, invasion,
migration, inhibits apoptosis

GSK3b/Wnt/b-catenin (59)

(Continued)
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TABLE 1 | Continued

CircRNA Current
circBase ID

Genomic
position

Spliced
length
(bp)

Expression Biological functions Regulatory axis References

circDLC1 hsa_circ_0135718 chr8:12945995-
12948941

552 down inhibits migration KIAA1429/DHX9/HuR/MMP1 (60)

cSMARCA5 hsa_circ_0001445 chr4:144464661-
144465125

269 down inhibits proliferation, migration miR-17-3p/miR-181b-5p/
TIMP3

(61)

circARSP91 hsa_circ_0085154 chr8:101721360-
101721451

91 down inhibits colony formation and
tumor growth

AR/ADAR1/circRNAARSP91 (62)

circ-ADD3 hsa_circ_0020007 chr10:111876016-
111886261

1274 down inhibits migration CDK1/EZH2 (63)

circ-102,166 hsa_circ_0004913 chr17:62248459-
62265775

495 down inhibits proliferation, invasion miR-182/miR-184/FOXO3a/
MTSS1/SOX7

(64)

circMTO1 hsa_circ_0007874 chr6:74175931-
74176329

318 down inhibits proliferation, invasion,
induces apoptosis

miR-9/p21 (65)

circNFATC3 hsa_circ_0000711 chr16:68155889-
68160513

1298 down inhibits proliferation, invasion,
migration, induces apoptosis

miR-548I/JNK/c-jun/AKT/
mTOR

(66)

hsa_circ_0091570 hsa_circ_0091570 chrX:131516205-
131526362

711 down inhibits proliferation, invasion,
migration, induces apoptosis

miR-1307/ISM1 (67)

circ ADAMTS13 hsa_circ_0089372 chr9:136302868-
136303486

270 down inhibits proliferation, induces
apoptosis

miR-484 (68)

circADAMTS14 hsa_circ_0018665 chr10:72468343-
72496549

929 down inhibits proliferation, invasion,
migration, induces apoptosis

miR-572/RCAN1 (69)

circZKSCAN1 hsa_circ_0001727 chr7:99621041-
99621930

668 down inhibits proliferation, invasion,
migration, stemness

FMRP/CCAR1/Wnt/b-catenin (70, 71)

circ-0051443 hsa_circ_0051443 chr19:45667421-
45668228

202 down induces apoptosis, controls cell
cycle

miR-331-3p/BAK1 (72)

circ-0004277 hsa_circ_0004277 chr10:1125950-
1126416

161 up induces EMT HuR/ZO-1 (73)

circ-0003998 hsa_circ_0003998 chr20:47570092-
47580435

304 up induces EMT miRNA-143-3p/FOSL2 (74)

circ10720 hsa_circ_0018189 chr10:35321362-
35338693

747 up promotes proliferation, invasion,
migration, induces EMT

Twist1/circ10720/miRNA-490-
5P/Vimentin

(75)

circRNA-5692 hsa_circ_0005692 chr16:4382215-
4383520

411 down inhibits EMT miRNA-328-5p/DAB2IP (76)

circPTK2 hsa_circ_0008305 chr8:141799572-
141840625

584 down inhibits EMT miR-92a/E-cadherin (77)

circUHRF1 hsa_circ_0048677 chr19:4941539-
4945977

625 up mediates immune escape miR-449c-5p/TIM-3 (78)

circMET hsa_circ_0082002 chr7:116339124-
116340338

1214 up induces EMT, participates in
immune regulation

miR-30-5p/Snail/DPP4 (79)

circTRIM 33-12 / / / down inhibits proliferation, metastasis,
mediates immune escape

miR-191/TET1 (80)

hsa_circ_0007456 hsa_circ_0007456 chr17:11984672-
12016677

595 down mediates immune escape miR-6852-3p/ICAM-1 (81)

circARNT2 hsa_circ_0104670 chr15:80767350-
80772264

4914 up enhances drug resistance miR-155-5p/PDK1 (82)

circRNA-SORE hsa_circ_0087293 chr9:82267504-
82268990

222 up enhances drug resistance YBX1/AKT/Raf1/ERK/c-Myc/
TGF-b,miR-103a-2-5p/miR-
660-3p/Wnt/b-catenin

(83, 84)

circFN1 hsa_circ_0058124 chr2:216270960-
216274462

864 up enhances drug resistance miR-1205/E2F1 (85)

circ_0005075 hsa_circ_0005075 chr1:21377358-
21415706

205 up promotes proliferation, invasion,
migration, inhibits apoptosis,
induces drug resistance

miR-335/MAPK1 (86)

circMA T2B hsa_circ_0074854 chr5:162940560-
162944680

576 up promotes metabolic
reprogramming

miR-338-3p/PI3K/AKT/mTOR/
PKM2

(87)

circ-MALAT1 hsa_circ_0002082 chr11:65271199-
65272066

867 up enhances stemness miR-6887-3p/JAK2/STAT3/
PAX5

(88)

circZNF609 hsa_circ_0000615 chr15:64791491-
64792365

874 up enhances proliferation,
metastasis, stemness

miR-15a-5p/15b-5p/GLI2 (89)
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cells with low or no metastatic potential, thereby destroying the
tumor microenvironment homeostasis and promoting the
invasion and metastasis of HCC cells (42). Silencing
circASAP1 can restrain the proliferation, migration, and
invasion of HCC cells, as well as impeding the growth and
lung metastasis rate of xenografts. circASAP1 stimulates the
expression of mitogen-activated protein kinase 1 (MAPK1)
through sponging miR-326 and miR-532-5p, which further
activates the ERK1/2 signaling pathway to promote the
proliferation and invasion of HCC cells; additionally, MAPK1
de-inhibits colony stimulating factor 1 (CSF-1) and promotes the
proliferation and chemotactic migration of tumor-associated
macrophages (TAMs), mediating TAM infiltration into the
tumor bed, which is benefit for the tumor metastasis (43).
Through directly sponging miR-1299, circMAST1 rescues the
expression suppression of catenin delta 1 (CTNND1), inducing
the proliferation and invasion of HCC cells. Silencing
circMAST1 reduces the growth rate of xenografts, while the
expression levels of proliferating cell nuclear antigen (PCNA)
protein and cell cycle-related proteins such as cyclin A, cyclin E,
CDK1, and CDK2 are significantly decreased (44).
CircDYNC1H1 negatively regulates the expression of miR-140-
5p, relieving the expression inhibition of sulfotransferase family
2B member 1 (SULT2B1) mediated by miR-140-5p, further
enhancing the proliferative and metastatic capacity of HCC
cells (45). Highly expressed circSLC3A2 promotes the
proliferation and invasion of HCC cells by circSLC3A2/miR-
490-3p/protein phosphatase, Mg2+/Mn2+ dependent 1F
(PPM1F) axis (36). CircHIPK3 acts as a miR-124 sponge to
regulate its downstream target gene aquaporin 3 (AQP3),
promoting the proliferation and metastasis of HCC cells, while
silencing circHIPK3 inhibits the proliferation and migration of
HCC cells in vitro and delaying the growth rate of subcutaneous
xenografts in vivo (47). Hsa_circ_0001955 promotes the
proliferation, invasion, and migration of HCC tumor cells
through the miR-145-5p/NRAS pro-oncogene (NRAS) axis
(48). Exogenous silencing circ-TCF4.85 can effectively inhibit
the proliferation, invasion, and migration of HCC cells, as well as
blocking the cell cycle process (49). Through competitively
binding miR-4738-3p, circZNF566 blocks the direct interaction
of miR-4738-3p and the 3’-UTR of tryptophan 2,3-dioxygenase
(TDO2) mRNA, which further leads to the upregulation of
TDO2, thereby promoting the proliferation, invasion, and
metastasis of HCC cells, while cancer-promoting effect can be
reversed by the knockdown of circZNF566 (50). Hsa_circRNA
103809 directly binds to miR-377-3p and negatively regulates its
expression, releasing the inhibition of fibroblast growth factor
receptor 1 (FGFR1), and then promotes the proliferation,
metastasis, and cell cycle progression of HCC cells (51).
Hsa_circ_104348 can act as a ceRNA of miR-187-3p, blocking
its binding to the downstream target gene rhotekin 2 (RTKN2)
to achieve the same trend expression of RTKN2 and
hsa_circ_104348, and further activating the Wnt/b-catenin
pathway, thereby affecting tumor cell proliferation, invasion,
metastasis, and anti-apoptosis ability (52). Analogously,
circRNA-104718 can also act as a ceRNA to directly bind to
Frontiers in Oncology | www.frontiersin.org 733
miR-218-5p, reducing the inhibition mediated by miR-218-5p
upon its target gene thioredoxin domain containing 5
(TXNDC5), thereby promoting the growth and metastasis of
HCC (53). CircFBLIM1 can acts as a miR-346 sponge through
the ceRNA mechanism to regulate the expression of filamin
binding LIM protein 1 (FBLIM1) and promote the progress of
HCC (54). The expression of exosomal circ-DB is significantly
upregulated in HCC patients with higher body fat ratio. The
adipocyte-derived exosomes of HCC patients act as carriers of
circ-DB, promoting the growth and reducing DNA damage via
the suppression of miR-34a and the act ivation of
deubiquitination-related ubiquitin specific peptidase
(USP7) (55).

Overexpressed circRASGRF2 promotes the malignant
biological behaviors of HCC through the circRASGRF2/miR-
1224/focal adhesion kinase (FAK) signal axis. Moreover,
knocking down circRASGRF2 can effectively suppress the
proliferation, invasion, and migration of HCC tumor cells, and
induce cell cycle arrest and apoptosis, as well as significantly
slowing down the growth rate of xenografts in nude mice and
inhibit the lung metastasis effect of tumors (56). Circ-LRIG3 can
interact with enhancer of zeste homolog 2 (EZH2) and STAT3,
acting as a scaffold to increase STAT3methylation and subsequent
phosphorylation induced by EZH2. Activated STAT3 can directly
bind to the circ-LRIG3 promoter to enhance the transcriptional
activity of circ-LRIG3, and then forms positive feedback loop to
promote the progress of HCC (57). CircRHOT1 recruits Tat
interactive protein 60 (Tip60) to the nuclear receptor subfamily
2 group F member 6 (NR2F6) promoter, subsequently recruiting
NuA4 complex-related components to stimulate the expression of
NR2F6. Meanwhile, the circRHOT1/Tip60/NR2F6 axis may
partially activate the notch receptor 2 (NOTCH2) signaling
pathway (58). b-catenin-370aa competitively interacts with
glycogen synthase kinase 3b (GSK3b) and acts as a decoy,
antagonizing GSK3b-induced b-catenin phosphorylation and
degradation to stabilize full-length b-catenin, thereby activating
the Wnt/b-catenin pathway to promote the malignant phenotypes
of HCC (59). CircRNAs can also act as a tumor suppressor to
inhibit the malignant biological behaviors of HCC. As a novel
downstream effect target of m6A modification mediated by
KIAA1429, the expression of circDLC1 in HCC can be inhibited
by DExH-box helicase 9 (DHX9). Through interacting with HuR,
circDLC1 reduces the stability of matrix metallopeptidase 1
(MMP1) mRNA and downregulates its expression to restrain
HCC metastasis (60). DHX9 can also downregulate
cSMARCA5, which promotes the expression of tissue inhibitor
of metalloproteinase 3 (TIMP3) by sponging miR-17-3p (61).
Androgen receptor (AR) suppresses the expression of circARSP91
by stimulating adenosine deaminase acting on RNA 1 (ADAR1) in
combination with the ADAR1 promoter. CircARSP9 can act as a
tumor suppressor in HCC to inhibit tumor growth (62). Circ-
ADD3 can enhance the interaction between CDK1 and EZH2,
mediating the increase of EZH2 ubiquitination, which mediates
the degradation of EZH2. Reduced EZH2 significantly increases
the expression of a series of antimetastatic genes, including circ-
ADD3, by reducing the level of H3K27me3 in the promoter region
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to form a regulatory circuit, thereby inhibiting the metastasis of
HCC (63). By releasing the tumor-suppressor genes miR-182 and
miR-184, circ-102 and circ-166 reduce the expression of
downstream target genes FOXO3a, MTSS I-BAR domain
containing 1 (MTSS1), and SRY-box transcription factor 7
(SOX7), as well as increasing the levels of c-myc protein and Rb
phosphorylation, thereby inhibiting the proliferation and invasion
of HCC cells (64). CircMTO1 promotes the expression of p21 by
acting as a sponge for the oncogene miR-9 to inhibit the
proliferation and invasion of HCC. Knocking down circMTO1
can effectively promote the proliferation and invasion of HCC cells
and inhibit cell apoptosis. Meanwhile, the growth rate of
xenografts in the knockdown group also significantly accelerates
(65). CircNFATC3 acts as a ceRNA combined with miR-548 to
protect the maternal gene nuclear factor of activated T cells 3
(NFATc3). NFATc3 and circNFATC3 can synergistically interfere
with the phosphorylation of the c-Jun NK2-terminal kinase
(JNK)/c-jun/serine/threonine kinase (AKT)/mechanistic target of
rapamycin kinase (mTOR) cascade to inhibit the progression of
HCC, while overexpressed circNFATC3 can inhibit the
proliferation of HCC cells, inducing cell apoptosis and
weakening the ability of invasion and migration; meanwhile, the
size and weight of xenografts in the overexpression group were
significantly reduced than those in the knockdown group, and the
lung metastasis effect was inhibited (66). Hsa_circ_0091570 can
also act as a ceRNA to bind miR-1307 and upregulate the
expression of isthmin 1 (ISM1) to inhibit tumor progression
(67). Circ ADAMTS13 can sponge miR-484 to inhibit the
proliferation of HCC cells and induce apoptosis (68).
CircADAMTS141 can competitively bind to miR-572 and
inhibit its transcriptional activity, thereby promoting the
expression of the downstream target gene regulator of
calcineurin 1 (RCAN1) (69). Kyoto encyclopedia of genes and
genomes (KEGG) enrichment analysis showed that after knocking
down cirZKSCAN1, differentially expressed genes are more likely
to be enriched in phosphatidylinositol 3-kinase (PI3K) pathway,
migration pathway, actin cytoskeleton pathway, adhesion
pathway, cytokine interaction pathway, and other tumor-related
signal pathways. Zinc finger with KRAB and SCAN domains 1
(ZKSCAN1) mRNA regulates cell metabolism, suggesting that
ZKSCAN1 mRNA and circZKSCAN1 may suppress HCC
progression through interaction. The overexpression of
cirZKSCAN1 can effectively inhibit cell proliferation, invasion,
and migration. The xenografts in the knockdown group shows
growth inhibitory effect (70). Exosomes transfer circ-0051443
from normal cells to HCC cells. Through competitive binding of
miR-331-3p, circ-0051443 mediates the upregulation of
downstream target gene BCL2 antagonist/killer 1 (BAK1),
further promoting cell apoptosis, blocking cell cycle in G0/G1
phase, and inhibiting malignant biological behaviors of HCC
cells (72).

Regulation of Epithelial-Mesenchymal
Transition Process
EMT refers to the biological process in which differentiated
epithelial cells transform into cells with a mesenchymal
Frontiers in Oncology | www.frontiersin.org 834
phenotype, which endows malignant tumor cells with abilities
such as invasion and migration, stem cell characteristics,
and immunosuppression.

Exogenous silencing circ-0004277 inhibits HCC cell
proliferation and migration, mediating smaller volume and
weight and lung metastasis inhibitory effect of xenografts.
Studies have shown that circ-0004277 competitively binds to
HuR, blocking its binding with zonula occludens-1 (ZO-1)
mRNA, downregulating ZO-1, and stimulating the EMT
process. Exosome circ-0004277 derived from HCC cells can
mediate the communication between surrounding normal cells
and HCC cells, stimulating the EMT process of surrounding
normal cells, and promote the progress of HCC invading into
surrounding normal tissues (73). Overexpressed circ-0003998
can promote the proliferation of HCC cells, significantly
promoting the lung metastasis, while knockdown of circ-
0003998 inhibits the opposite results. Circ-0003998 can act as
a ceRNA of miRNA-143-3p to impair the expression inhibition
of FOS-like antigen 2 (FOSL2) (EMT-related stimulator);
meanwhile, circ-0003998 can also combine with poly(rC)
binding protein 1 (PCBP1) to increase the expression of
CD44v6 (EMT-related genes), then promote the EMT process
of HCC (74). Twist1 directly binds to the cullin 2 (Cul2)
promoter to activate its transcription and selectively promotes
the expression of circ10720 in Cul2. Circ10720 induces EMT in
HCC cells by sponging miRNA and upregulating the expression
of the target gene Vimentin (75). The overexpression of
circRNA-5692 significantly increased the expression of E-
cadherin, while reducing the expression of Vimentin and Snail.
CircRNA-5692 restrain the proliferative and invasive ability of
tumor cells, as well as inducing apoptosis. Overexpressed
circRNA-5692 can serve as ceRNA to spongy miRNA-328-5p,
reducing its inhibitory effect on DAB2 interacting protein
(DAB2IP) expression and promoting the demethylation of
DAB2IP gene to weaken the EMT process (76). Similarly,
circPTK2 can be used as ceRNA to absorb miR-92a, so as to
upregulate E-cadherin and inhibit the EMT process of HCC (77).

Regulation of the Immune System
The immune escape of tumor cells is an important part of the
progression of tumors. After cancer cells evade the body’s
immune surveillance and attack through various mechanisms,
malignant biological behaviors such as proliferation, invasion,
and metastasis are further enhanced, resulting in the loss control
of tumor cell growth upon body’s immune system.

CircUHRF1 was upregulated in HCC tissues and cancer cell–
derived exosomes. Overexpressed plasma exosome circUHRF1
was associated with a decreased natural killer cell (NK)
proportion and reduced NK cell tumor infiltration. HCC cell-
derived exosomes can transfer circUHRF1 into peripheral NK
cells and inhibit its activity by sponging miR-449c-5p to achieve
the high expression of downstream target gene T-cell
immunoglobulin mucin 3 (TIM-3), thereby inhibiting the
secretion of interferon-g (IFN-g) and tumor necrosis factor-a
(TNF-a) from NK cells, leading to impaired function and
phenotypic exhaustion of NK cells to promote immune escape
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of HCC cells (78). Highly expressed circMET can induce EMT or
degrade C-X-C motif chemokine ligand 10 (CXCL10) via the
circMET/miR-30-5p/Snail/dipeptidyl peptidase 4 (DPP4) axis to
reduce CD8+ T lymphocyte transport, thereby enhancing the
formation of the immunosuppressive tumor microenvironment
to promote tumor progression (79). CircTRIM 33-12 acts as
ceRNA and upregulates tet methylcytosine dioxygenase
1 (TET1) expression by competitively binding miR-191,
promoting the expression of tumor-suppressor genes [WWC
family member 3 (WWC3), tumor protein p53 nuclear protein
1 (TP53INP1), UL16 binding protein 1 (ULBP1), jumonji
C domain containing hiatone demethylase 1 homolog D
(JHDM1D)] in HCC cells , and reducing 5-hydroxy
methylcytosine (5hmC) content, subsequently inhibiting the
proliferation and metastasis of HCC cells and inducing
immune evasion (80). The expression of hsa_circ_0007456 in
HCC cell lines and clinicopathological tissues was significantly
downregulated, which interferes with the sensitivity of HCC cells
to NK cells by reducing the binding of NK cells and tumor cells.
Hsa_circ_0007456 can also interact with miRNAs and
endogenously adsorb miR-6852-3p, blocking its binding to the
downstream target gene intercellular adhesion molecule 1
(ICAM-1) 3’-UTR, affecting the expression of ICAM-1 and
promoting the immune escape of tumor cells (81).

Regulation of Drug Resistance
Chemotherapy is one of the main methods of tumor treatment,
which can effectively reduce the recurrence and metastasis of
tumors. While molecular targeting chemotherapy have recently
experienced rapid progress, the existence of chemotherapy
resistance still limits the advancement of long-term survival.
Therefore, understanding the underlying molecular mechanism
of HCC chemoresistance and developing mechanism-based
therapies are urgently needed. CircRNA has been shown to be
involved in the development of drug resistance.

CircARNT2 is upregulated in HCC tissues, cell lines, and
cisplatin-resistant cells, and knocking down circARNT2 can
significantly inhibit tumor cell proliferation and aggravate
cisplatin-induced apoptosis. CircARNT2 can act as ceRNA to
competitively bind miR-155-5p, regulating the autophagy
induced by pyruvate dehydrogenase kinase 1 (PDK1) and then
promoting the cisplatin resistance of HCC cells (82). circRNA-
SORE is upregulated in sorafenib-resistant HCC cells.
Knockdown of circRNA-SORE can significantly enhance the
cytotoxicity of sorafenib, leading to cell morphology
destruction and increased apoptosis. CircRNA-SORE binds to
Y-box binding protein 1 (YBX1) in the cytoplasm to prevent it
from translocating to the nucleus, thereby inhibiting PRP19-
mediated ubiquitination and degradation of YBX1, affecting the
expression of YBX1 downstream gene targets AKT, Raf1, ERK, c-
Myc, and TGF-b1, thereby inducing the sorafenib resistance.
CircRNA-SORE can also achieve the diffusion of sorafenib-
resistant in HCC cells through the enrichment and
transferation of HCC cell-derived exosomes (83). The increase
in the expression level of m6A at the specific binding site of
circRNA-SORE increases the stability of RNA, which in turn
upregulates the expression level of circRNA-SORE in HCC
Frontiers in Oncology | www.frontiersin.org 935
sorafenib-resistant cells. The highly expressed circRNA-SORE
acts as ceRNA to specifically sponge miR-103a-2-5p and miR-
660-3p, activating Wnt/b-catenin pathway to induce sorafenib-
resistant (84). Overexpression of circFN1 can positively regulate
the expression of E2F transcription factor 1 (E2F1) by interacting
with miR-1205 to achieve sorafenib-resistance in HCC cells,
whereas silencing circFN1 can promote the expression of
phosphatase and tensin homolog (PTEN) protein and inhibit
the activation of AKT in HCC cells, enhancing sorafenib
sensitivity in HCC cells (85). Circ_0005075 can bind to miR-
335 and antagonize the inhibitory effect of miR-335 on the
downstream target gene MAPK1, thereby enhancing the
proliferation, migration, invasion, and anti-apoptotic abilities
of HCC cells (86).

Regulation of Metabolic Reprogramming
Tumor cells adjust glucose metabolism from oxidative
phosphory la t ion to g lyco lys i s through metabo l i c
reprogramming to adapt to hypoxic stress. Even in the case of
sufficient oxygen supply, cancer cells still preferentially use
glycolysis instead of the tricarboxylic acid cycle pathway of
mitochondrial to decompose glucose, providing ATP and
glycolysis intermediates for the metabolism and biosynthesis of
cancer cells, as well as developing a tumor microenvironment
suitable for cancer cells to survive, thus avoiding the immune and
apoptotic procedures of the body, creating advantages for tumor
cells to proliferate and metastasis (90).

In vivo and in vitro functional experiments have shown that
siRNA-circMA T2B can inhibit the glycolysis capacity and rate
of HCC cells, forming a low glucose uptake, low lactate
production status, and reduced ATP levels of tumor cells.
Meanwhile, it also activates mitochondrial oxidative
phosphorylation, causing higher oxygen consumption of cells
in the basal and maximum respiration state; under hypoxic
stress, siRNA-circMA T2B can significantly suppress the
proliferation, invasion, and migration of HCC cells and induce
increased apoptosis. In the knockdown group, xenografts exhibit
glycolysis, growth, and lung metastasis inhibitory effects,
showing a lower level of glycolysis-related organic acids, a
slower growth rate, and fewer lung metastasis nodules. Highly
expressed circMA T2B acts as a sponge of miR-338-3p and
inhibits its transcriptional activity, thereby increasing the
expression of the target gene kinesin family member C1
(KIFC1), activating the PI3K/AKT/mTOR signaling pathway
and upregulating the expression of pyruvate kinase M2
(PKM2), subsequently promoting glycolysis and malignant
phenotypes of HCC cells under hypoxic conditions (87).

Regulation of Cellular Stemness
Cancer stem cells (CSCs) have the ability to self-renew and
differentiate into different cell types. They can participate in the
mediation of tumor initiation, metastasis, chemotherapy
resistance, and recurrence, closely related to poor prognosis (91).

Under the mediation of AU-rich element RNA-binding factor
1 (AUF1), circ-MALAT1 was upregulated in HCC CSCs. Highly
expressed circMALAT1 reduces the inhibitory effect of miR-
6887-3p on JAK2 through molecular sponge action, thereby
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upregulating the expression levels of JAK2 and enhancing its
phosphorylation, then activating the JAK2/STAT3 signaling
pathway to promote the self-renewal of HCC CSCs;
meanwhile, circMALAT1 can also combine with ribosomal
and paired box 5 (PAX5) mRNA coding sequences to form a
specific ternary complex (ribosome-circRNA-mRNA) to exert
mRNA braking. It directly hinders the translation of PAX5
mRNA and affects PAX5-related cell functions to promote the
self-renewal of HCC CSCs (88). The expression of circZNF609 is
higher in HCC tissues than in normal tissues. Knocking down
circZNF609 represses the expression level of transfer-related
proteins [matrix metalloproteinase (MMP2), (MMP7)],
stemness-related transcription factors (OCT4 and Nanog),
EMT-related proteins (N-cadherin, Twist), while the
proliferation and spheroidizing ability of HCC cells are
significantly inhibited. Further studies have shown that
circZNF609 activates the Hedgehog pathway by inhibiting the
expression of miR-15a-5p/15b-5p and upregulating the
expression of GLI family zinc finger 2 (GLI2), a downstream
target of miR-15a-5p/15b-5p, thereby enhancing proliferation,
metastasis, and stemness of HCC cells (89). circZKSCAN1 is
downregulated by Quaking (QKI) in HCC. CircZKSCAN1
blocks the binding of fragile X mental retardation protein
(FMRP) to cell division cycle and apoptosis regulator 1
(CCAR1) mRNA by competitively binding to FMRP, and
subsequently inhibits the transcriptional activity of the Wnt/b-
catenin signaling pathway, thereby inhibiting the malignant
biology behaviors of HCC cells by regulating the stemness of
HCC cells (71).

CircRNAs as Indicators for
Patient Outcomes
Dysregulated expression of circRNAs is closely related to the
clinicopathological characteristics of HCC patients. Accurately
predicting the clinical prognosis of HCC patients can help guide
decision-making in HCC treatment, thereby effectively
improving the survival benefits of patients. At the same time,
due to the high abundance and high stability in HCC clinical
samples, circRNA can be used as a potentially effective biomarker
for the clinical prognosis of HCC patients.

Nine circRNAs, were greatly upregulated in HCC tissues,
namely, circARNT2, circRASGRF2, circFN1, circRNA-104718,
circSLC3A2, circ-10720, circSOD2, circ_0005075, and
circRHOT1 (32, 46, 53, 56, 58, 75, 82, 85, 86). All these highly
expressed circRNAs have been confirmed to be potential
prognostic biomarkers for poor outcome in HCC by Kaplan-
Meier (KM) analysis. Clinically, the expression of circARNT2
was closely related to tumor size, TNM stages, and distant
metastasis (82), while the expression of circFN1 was correlated
with HCC tumor size, TNM stages, and vascular infiltration (85).
Higher expression of circRASGRF2 in HCC tissues indicates
poor tumor differentiation, later tumor stages, larger tumor size
(>5 cm), and the presence of microvascular infiltration (MVI)
(56). circRNA-104718 expression was correlated with vascular
infiltration (53); circ-10720 expression was related to serum AFP
level and hepatitis B markers (75). Increased circSOD2
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expression was associated with higher grade tumors (32). High
expression of circRNAs not only in HCC tissues but also in HCC
cell lines was also identified to be potential prognostic
biomarkers for poor OS, circZNF566, has_circ_104348,
circRNA_103809, and circBACH1, respectively (39, 50–52);
simultaneously, highly expressed circZNF566 was negatively
correlated with disease-free survival (DFS) (50). In terms of
clinicopathological characteristics, upregulated circZNF566 was
positively correlated with tumor size, tumor differentiation, and
M stage (50). The expression of has_circ_104348 was further
correlated with tumor size, lymph node invasion, and TNM
stages (52), while circBACH1expression was associated with
tumor size and histological differentiation (39). In other
studies, higher expression of four circRNAs could predict poor
prognosis of HCC patients by KM analysis, including circRNA-
SORE, circMET, SCD-circRNA 2, circASAP1 (38, 43, 79, 84); in
addition, HCC patients with high expression of circRNA-SORE
have poor recurrence-free survival (RFS), so did SCD-circRNA 2.
Moreover, patients in the high-expression group of circMET
have higher cumulative recurrence rates (38, 79, 84). Clinically,
circMET expression was closely correlated with MVI, multiple
tumors, the presence or absence of tumor envelope, as well as
advanced stages, while SCD-circRNA 2 expression was
associated with serum AFP levels, alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) levels. Besides,
circHIPK3 was reported to be upregulated in HCC tissues, and
its expression was related to the degree of tumor differentiation,
TNM stages, HBV-DNA replication, and the presence of LC
(47). High circ0003998 expression has been observed in HCC
tissues, which is also correlated with advanced TNM stages and
high leve l of serum AFP (74) . The express ion of
hsa_circ_0001955 in HCC tissues and cell lines was
significantly elevated and positively correlated with larger
tumor size and advanced TNM stages (48).

Except for HCC tissues and cell lines, several circRNAs
upregulated in plasma, serum, and exosomes (serum-derived
or cancer cell-derived) were identified as potent non-invasive
prognostic biomarkers by KM analysis, such as circTMEM45A,
circ-LRIG3, circUHRF1, circRNA-100,338, circPTGR1 (34, 41,
42, 57, 78). Among them, circTMEM45A expression was
remarkably correlated with tumor size, TNM stages, vascular
infiltration, and survival time of HCC patients (34). Patients in
the high-expression group of circLRIG3 have larger tumor size,
more vascular invasion, higher Edmondson’s grade, TNM stages,
and shorter OS and DFS. Multivariate analyses revealed that the
expression of circLRIG3 may be used as an independent risk
prognostic assessment factor (57). Higher expression of
circUHRF1 was shown to be associated with larger tumor size,
fewer NK cells in the blood, and more capillaries infiltration, and
worse clinical prognosis. Moreover, circUHRF1 was confirmed
to be an independent indicators of OS and postoperative
recurrence in the disease by multivariable analyses (78).
Interest ingly , univariate and multivar iate analyses
demonstrated that the continuous high expression of circRNA-
100,338 in the serum of HCC patients undergoing radical
hepatectomy may serve as a risk factor of lung metastasis and
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poor prognosis predictor (41). Similarly, circMA T2B was
identified to be independent prognostic indicators for HCC
patients by multivariable analyses. In addition, circMA T2B
expression was related to tumor size, vascular infiltration,
tumor multiplicity, tumor envelope, lymph node metastasis, as
well as Edmonson stage (87).

Accumulating evidence has certificated that compared with
these upregulated circRNAs, lower expression of other circRNAs
could predict poor outcome of HCC patients. For instance, 12
circRNAs—namely, circDLC1, circ-102,166, circ-ADD3,
circADAMTS13, circZKSCAN1, cSMARCA5, hsa_circ_0091570,
circSETD3, circNFATC3, circTRIM33-12, hsa_circ_0007456,
circMTO1—were significantly downregulated in HCC tissues
and cell lines (37, 60, 61, 63–68, 70, 80, 81). Kaplan-Meier (KM)
analysis demonstrated that lower expression of all these 12
circRNAs was associated with poor OS of HCC. Moreover, the
first six lessened expression of circRNAs were correlated with
shorter RFS of HCC patients as well. Of course, downregulated
circRNAs were also associated with the clinicopathological
characteristics of HCC patients. The low expression of circRNA-
5692 was closely correlated with abnormally high levels of AFP,
history of LC, larger tumor size, and distant metastasis (76). Other
research shows that the expression of circ-102,166 significantly
correlated with tumor size, TNM stages, Barcelona Clinic liver
cancer (BCLC) stages, and vascular infiltration (64); lower
expression of circ-ADD3 was correlated with vascular
infiltration, intrahepatic metastasis, distant metastasis, and
progression-free survival (PFS) (63). Lower expression of
hsa_circ_0091570 was related to Edmondson Grade, portal vein
tumor thrombus (67), while lower expression of circSETD3 was
significantly associated with larger tumor size, poor tumor
differentiation (37). Lower expression of circADAMTS13 was
associated with the absence of LC, larger tumor size, and
advanced BCLC stages (68). circZKSCAN1 was related with
number of tumors, LC, tumor grade, and MVI (70, 71).
Reduced expression of circTRIM33-12 was related to larger
tumor size, multiple tumors, encapsulation invasion, and MVI,
as well as elevated AFP levels (80), while decreased expression of
cSMARCA5 is closely related to poor tumor differentiation,
advanced tumor stage, larger tumor size, and MVI. Interestingly,
multivariate analyses demonstrated that the expression of
circTRIM33-12 and cSMARCA5 may serve as independent
prognostic evaluation index for HCC patients (61). Similarly,
multivariate analyses indicated that low circDLC1 and
circNFATC3 expression in HCC tissues can be used as
independent risk factors of poor prognosis for HCC patients
(60, 66).

CircRNAs as Diagnostic Biomarkers
for HCC
Insidious onset and lack of accurate and effective biomarkers for
early diagnosis of HCC are the main reasons for low OS in HCC
patients. Traditional diagnostic markers, such as AFP, AFP-L3, a-
L-fucosidase (AFU), and protein induced by vitamin K absence or
antagonist-II (PIVKA-II), have low sensitivity and specificity for
the diagnosis of HCC. Studies have shown that lncRNAs and
Frontiers in Oncology | www.frontiersin.org 1137
miRNAs have been reported as potential biomarkers for the
diagnosis of HCC. Based on the high abundance of circRNA in
HCC tissues, body fluids, and exosomes, the resistance to
ribonuclease, and the highly conservative and specific
expression of evolution, circRNA can be used as an ideal
biomarker for the early diagnosis of HCC (Table 2).

In HCC tissues, nine upregulated circRNAs, namely,
circRASGRF2, circBACH1, circFN1, circ-LRIG3, circTCF4.85,
hsa_circ_0016788, hsa_circ_0005075, hsa_circ_0128298, circ-
CDYL (36, 39, 49, 56, 57, 85, 93–95), constitute potential
diagnostic biomarkers in HCC. Among them, the first seven
circRNAs reached higher area under the receiver operating
characteristic curve (AUC) value of 0.882, 0.8506, 0.878,
0.8681, 0.891, 0.851, 0.94, respectively. At the same time, the
sensitivity of circTCF4.85 to distinguish HCC patients from
healthy controls was 86.8%, and the specificity was 87.0%, and
the sensitivity and specificity of hsa_circ_0005075 were 83.3 and
90.0% (48, 93). In contrast, the upregulation of hsa_circ_0128298
(AUC value: 0.668, sensitivity: 0.674; specificity: 0.805) and circ-
CDYL (AUC value: 0.64, sensitivity: 0.333; specificity: 0.928)
demonstrated relatively poorer diagnostic value (94, 95). The
downregulated expression of circRNAs in HCC tissues also has
high diagnostic value. The AUC values of hsa_circ_0091570,
circZKSCAN1, circADAMTS13, and hsa_circ_0004018 are
0.736, 0.834, 0.987, 0.848, respectively (50, 67, 68, 96). Among
them, the sensitivity and the specificity of circZKSCAN1 as a
diagnostic biomarker for HCC were 82.2 and 72.4%, as well as
the sensitivity and the specificity of hsa_circ_0004018 were 71.6
and 81.5% (70, 96).

The expression of circRNAs was dysregulated not only in
HCC tissues but also in serum, plasma, and exosomes, indicating
that it may be used as a non-invasive circulating biomarker for
HCC diagnosis. Study has shown that the expression levels of
hsa_circ_000244 (AUC value: 0.974, sensitivity: 0.956;
specificity: 0.927) and circ_104075 (AUC value: 0.973,
sensitivity: 0.969; specificity: 0.983) in HCC tissues and serum
were significantly higher than that of healthy individuals and
showed a significant diagnostic value (33, 97). While four others
circRNAs, namely, circ-0051443, circ-ADD3, cSMARCA5,
hsa_circ_000520, and hsa_circ_001565, were reported to be
downregulated in HCC tissues and serum/plasma of HCC
patients and achieved diagnostic potential with AUC values of
0.8089, 0.8878, 0.938, 0.943, and 0.839, respectively (63, 72, 92,
97). Among them, the sensitivities of hsa_circ_000520 and
hsa_circ_001565 as diagnostic biomarkers were 97.1 and
73.5%, the specificities were 89.6 and 82.3%, respectively. The
sensitivity and specificity of cSMARCA5 were 86.7 and 89.3%
(92, 97). In addition to the above circRNAs, dysregulated
circRNAs in exosomes of HCC patients have potential
diagnostic value as well. For example, upregulated exosomes
circ-0004277 and exosomes circTMEM45A reached potent AUC
values of 0.816, 0.818, respectively (34, 73). Moreover, the
sensitivity and specificity of circ-0004277 used to distinguish
HCC patients from healthy controls are 58.3 and 96.7%.

Combined detection can significantly improve the accuracy of
HCC diagnosis. By a microarray screening and quantitative real-
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time polymerase chain reaction (qRT-PCR) in a multicenter
study, a circPanel containing three HBV-related HCC plasma
upregulated expressions of circRNA (hsa_circ_0000976,
hsa_circ_0007750, and hsa_circ_0139897) was identified.
circPanel is superior to AFP in the diagnosis of HCC and
small HCC. It can also effectively identify AFP-negative HCC
and AFP-negative small HCC (AUC are greater than 0.80) (98).
Studies have shown that the expression of circ_0009582,
circ_0037120, and circ_0140117 in HBV-related HCC tissues is
significantly higher than that in chronic hepatitis and healthy
subjects. The combined detection of these three circRNA and
alpha-fetoprotein has higher sensitivity and specificity (99).
CONCLUSION

HCC is one of the most malignant tumors, and the high mortality
rate makes it urgent to develop effective tools for early diagnosis
and clinical treatment. Emerging evidence reveals that the
dysregulated circRNA expression in HCC clinical specimens was
closely related to the clinicopathological characteristics of HCC
patients and can act as a miRNA sponge, interact with RBP or a
transcriptional regulator, and then participate in the regulation of
the HCC cells tumorigenesis, proliferation and anti-apoptosis,
invasion and metastasis, EMT, immune escape, drug resistance,
metabolic reprogramming, and other biological processes. So,
targeting of circRNA in HCC patients may reverse the progress
of HCC, so as to develop new therapeutic strategies for HCC. For
example, targeting of circRNA-SORE in sorafenib-treated HCC
patients as a novel targeted therapy for advanced HCC, circRNA-
SORE can sequester miR-103a-2-5p and miR-660-3p by acting as
a miRNA sponge, thereby competitively activating the Wnt/b-
catenin pathway and inducing sorafenib resistance (84). AR could
suppress the formation of HCC vasculogenic mimicry (VM) by
Frontiers in Oncology | www.frontiersin.org 1238
downregulating circRNA7/miRNA7-5p/VE-Cadherin/Notch4
signaling pathways in HCC, which will help in the design of
novel therapies against HCC (100). In another study, under
hypoxic conditions, AR can suppress HCC invasion/metastasis
by targeting CIRC-LNPEP/miR-532e3p/RAB9A signal axis (101).
Estrogen receptor a (ERa) can suppress HCC cell invasion via
altering the ERa/circRNA-SMG1.72/miR-141-3p/GSN signaling,
and targeting this newly identified signaling with small molecules
may help in the development of novel therapies to better suppress
the HCC progression (102). Except this, there are certain small
molecular activators or inhibitors targeting the circRNAs signaling
pathways in the treatment of HCC, including HNF4a, RBM3,
KIAA1429, DHX9, Twist1, nudix hydrolase 21 (NUDT21),
andQKI5 (33, 38, 60, 61, 71, 75, 103). However, the technique
of specifically targeting a specified circRNA in HCC patients
still needs further study, and development of novel targeted
therapies remains the priority in hepatocellular carcinoma
(HCC) treatments.

High stability and abundant circRNAs in tissues and various
body fluids make it able to serve as biomarker for early diagnosis
and prognosis prediction of HCC patients. At the same time,
exosomes can carry circRNAs from tumor cells to recipient cells
mediate cell–cell communication to regulate the behavior of
recipient cells, suggesting that circRNAs can be used as non-
invasive circulating biomarkers for cancer diagnosis. However,
only a small number of functional circRNAs have been identified
in HCC, and most of these studies have focused on miRNA
sponge or ceRAN mechanism. Therefore, identifying functional
circRNAs; clarifying their biogenesis, cell location, and function;
further understanding the relationship between circRNA and the
etiology, development, and molecular mechanism of HCC;
screening target genes and corresponding signal pathways will
help to improve HCC diagnosis and prognosis prediction and
provide practical and reliable basis for clinical therapy.
TABLE 2 | CircRNAs as diagnostic biomarkers for HCC.

CircRNA Expression Samples AUC Sensitivity Specificity Youden index (YI) Confidence interval (CI) References

circRASGRF2 up tissues 0.88 / / / 0.814–0.950 (56)
circBACH1 up tissues 0.85 / / / / (39)
circFN1 up tissues 0.88 / / / 0.794–0.963 (85)
circ-LRIG3 up tissues 0.87 / / / 0.7843–0.9519 (57)
circTCF4.85 up tissues 0.89 0.868 0.870 0.738 0.820–0.962 (49)
hsa_circ_0016788 up tissues 0.85 / / / / (36)
hsa_circ_0091570 down tissues 0.74 / / / / (67)
circZKSCAN1 down tissues 0.83 0.822 0.724 0.546 / (60)
circADAMTS13 down tissues 0.99 / / / / (68)
circ_104075 up tissues, serum 0.97 0.969 0.983 0.943 0.780–0.995 (33)
circ-0004277 up serum exosomes 0.82 0.583 0.967 0.55 0.741–0.891 (73)
circTMEM45A up serum exosomes 0.89 / / / 0.823–0.954 (34)
circ-0051443 down tissues, plasma 0.81 / / / / (72)
circ-ADD3 down tissues, plasma 0.89 / / / 0.8094–0.9662 (63)
cSMARCA5 down plasma 0.94 0.867 0.893 0.76 0.910–0.966 (92)
hsa_circ_0005075 up tissues 0.94 0.833 0.9 0.733 / (93)
hsa_circ_0128298 up tissues 0.67 0.674 0.805 0.479 0.503–0.794 (94)
circ-CDYL up tissues 0.64 0.333 0.928 0.261 0.55–0.72 (95)
hsa_circ_0004018 down tissues 0.85 0.716 0.815 0.531 0.803–0.894 (97)
hsa_circ_000244 up tissues, serum 0.97 0.956 0.927 0.883 0.948–0999 (97)
hsa_circ_000520 down tissues, serum 0.94 0.971 0.896 0.876 0.902–0.984 (97)
hsa_circ_001565 down tissues, serum 0.84 0.735 0.823 0.555 0.771–0.907 (97)
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Background: Ferroptosis is a novel form of regulated cell death involved in tumor
progression. The role of ferroptosis-related lncRNAs in hepatocellular carcinoma (HCC)
remains unclear.

Methods: RNA-seq and clinical data for HCC patients were downloaded from The
Cancer Genome Atlas (TCGA) Genomic Data Commons (GDC) portal. Bioinformatics
methods, including weighted gene coexpression network analysis (WGCNA), Cox
regression, and least absolute shrinkage and selection operator (LASSO) analysis, were
used to identify signature markers for diagnosis/prognosis. The tumor microenvironment,
immune infiltration and functional enrichment were compared between the low-risk and
high-risk groups. Subsequently, small molecule drugs targeting ferroptosis-related
signature components were predicted via the L1000FWD and PubChem databases.

Results: The prognostic model consisted of 2 ferroptosis-related mRNAs (SLC1A5 and
SLC7A11) and 8 ferroptosis-related lncRNAs (AC245297.3, MYLK-AS1, NRAV, SREBF2-
AS1, AL031985.3, ZFPM2-AS1, AC015908.3, MSC-AS1). The areas under the curves
(AUCs) were 0.830 and 0.806 in the training and test groups, respectively. Decision curve
analysis (DCA) revealed that the ferroptosis-related signature performed better than all
pathological characteristics. Multivariate Cox regression analysis showed that the risk score
was an independent prognostic factor. The survival probability of low- and high-risk patients
could be clearly distinguished by the principal component analysis (PCA) plot. The risk score
divided HCC patients into two distinct groups in terms of immune status, especially
checkpoint gene expression, which was further supported by the Gene Ontology (GO)
biological process, and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. Finally,
several small molecule drugs (SIB-1893, geldanamycin and PD-184352, etc) targeting
ferroptosis-related signature components were identified for future reference.
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Conclusion:We constructed a new ferroptosis-related mRNA/lncRNA signature for HCC
patients. The model can be used for prognostic prediction and immune evaluation,
providing a reference for immunotherapies and targeted therapies.
Keywords: hepatocellular carcinoma, LASSO regression analysis, ferroptosis-related mRNA and lncRNAs, tumor
microenvironment, immune infiltration
INTRODUCTION

According to epidemiological studies, hepatocellular carcinoma
(HCC) is considered the seventh most common malignancy and
the second most common cause of cancer-related death (1).
Many factors, including chronic infection with HBV/HCV,
alcohol abuse, long-term obesity or exposure to aflatoxin, have
been reported to be related to the progression of HCC (2).
Considering that the early monitoring methods for HCC are still
limited and that the tumor easily metastasizes and has a poor
prognosis, it is necessary to develop new detection methods and
identify new therapeutic targets for HCC.

Ferroptosis is a unique form of regulated cell death associated
with iron metabolism, which is different from apoptosis,
necrosis, and autophagy (3). Although the detailed mechanism
underlying the role of ferroptosis in tumors is still unclear,
several studies have reported that ferroptosis is involved in
various cancers, including breast cancer (4–6), pancreatic
cancer (7), ovarian cancer (8), and HCC (9–12). Compared to
normal nontumor cells, cancer cells have a higher level of iron,
which indicates the potential of ferroptosis inducers in new
antitumor strategies (13, 14). For example, the triterpene
saponin ardisiacrispin B and epunctanone exert cytotoxic
effects on cancer cells with multiple drug resistance partly via
ferroptosis (15, 16). In addition to ferroptosis-inducing agents,
an increasing number of ferroptosis-related genes have been
identified and found to be involved in the progression of
cancers by serving as mediators of ferroptosis-related pathways.
In HCC, CISD1 and a polymorphism of the TP53 gene (the S47
variant) are reported to negatively regulate ferroptosis, which
proves that ferroptosis-related genes play a role in tumor
progression (17, 18). In addition, several ferroptosis-related
genes, including MI1G, NRF2, and Rb, were found to protect
HCC cells from sorafenib-induced ferroptosis (19–21).

Based on the existing findings, we have noticed that
ferroptosis plays a pivotal role in the progression of HCC;
however, the specific function of ferroptosis-related long
noncoding RNAs (lncRNAs) in HCC has not been fully
elucidated. lncRNAs are a class of noncoding transcripts more
than 200 nucleotides in length (22). It has been proved that
lncRNAs serve as pivotal players in posttranscriptional
regulatory mechanisms that target mRNA splicing, stability, or
translation, the scope of which is still expanding (23). Dynamic
alterations in the expression and mutation of lncRNAs are
closely associated with tumorigenesis, tumor progression,
metastasis, and cancer immunity indicating the emerging roles
of lncRNAs as new biomarkers and therapeutic targets for cancer
treatment strategies (24–26). Therefore, investigating lncRNAs
244
related to ferroptosis and HCC is essential to our understanding
of the mechanisms of tumor development. Recently, a model
containing 3 ferroptosis-related lncRNAs was reported; however,
it exhibited low predictive power for HCC with an area under the
curve (AUC)=0.7 (27).

In this study, we constructed a new ferroptosis-related
signature including mRNAs and lncRNAs by both weighted
gene co-expression analysis (WGCNA) and least absolute
shrinkage and selection operator (LASSO) regression analysis.
We evaluated the predictive value of the ferroptosis-related
signature and investigated the differential immune response in
a variety of ways, including tumor microenvironment (TME)
analysis and single-sample gene set enrichment analysis
(ssGSEA). Furthermore, functional enrichment analysis was
performed to clarify the biological functions of these
differentially expressed genes (DEGs). Based on the DEG
results, several small molecule drugs targeting ferroptosis-
related signature components were identified via the
L1000FWD database, and SIB-1893, geldanamycin and PD-
184352 were visualized by PubChem.
MATERIAL AND METHODS

Data Collection and Preprocessing
The RNA sequencing (FPKM) and clinical data of HCC patients
were downloaded from The Cancer Genome Atlas (TCGA)
Genomic Data Commons (GDC) portal (https://portal.gdc.
cancer.gov/repository). To reduce errors caused by
confounding factors, we exclude samples with patient follow-
up time < 30 d (n = 29) and without survival information (n = 1).
Detailed information on the clinical data of the 377 samples is
shown in Table 1. A list of 267 ferroptosis-related genes was
compiled based on the FerrDb website (http://www.zhounan.
org/ferrdb/) and previous literature (12, 13, 28–30)
(Supplementary Table 1). The flowchart of this research is
exhibited in Figure 1.
WGCNA
WGCNA was performed to identify coexpressed gene modules
and investigate the relationships between gene networks and
clinical traits. WGCNA was conducted with the “WGCNA”
package. Pearson correlation tests were performed to construct
a matrix to establish the module-trait relationships between
ferroptosis-related genes and vital status according to the b
value (soft-threshold value). The modules with a p<0.05 were
September 2021 | Volume 11 | Article 738477
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considered associated with vital status and were selected for
further research.

Construction of the LASSO Cox
Regression Model and Survival Analysis
Before establishing the model, the ferroptosis-related genes from
WGCNA were tested by univariate Cox regression analysis
(p <0.001). Furthermore, ferroptosis-related lncRNAs co-
expressed with ferroptosis-related genes were screened by
Pearson correlation test (correlation coefficient >0.4, and
p <0.001). The lncRNAs were further screened by univariate
Cox regression analysis (p <0.001). Then, the selected ferroptosis-
related genes and lncRNAs were merged to establish the model. A
network containing the ferroptosis-related mRNA-lncRNA network
was constructed and visualized by Cytoscape (version 3.7.2)

HCC patients from the TCGA liver hepatocellular carcinoma
(LIHC) cohort were randomly divided into a training group, and
another 50% were set as the test group. The LASSO Cox
regression algorithm was applied to select the ferroptosis-
related signature. Finally, a formula for the risk score was
established, and we calculated the risk score for each patient
as follows:

RiskScore =on
i=1Coef i � Xi

Coefi indicates the correlation coefficient of each ferroptosis-
related signature, and X indicates the level of gene expression.
The median risk score in the training cohort was set as the cutoff
value, and the training group and test group were divided into
high-risk and low-risk groups according to the cutoff.
Frontiers in Oncology | www.frontiersin.org 345
Determination of Immune Score, Stromal
Score, and ESTIMATE Score
The Estimation of STromal and Immune cells in MAlignant
Tumors using Expression data (ESTIMATE) algorithm was used
to evaluate the ratio of the immune-stromal component in
the TME by utilizing the “estimate” R package, which
calculated three scores: the immune score (representing the
level of immune cell infiltration), stromal score (representing
the amount of stroma), and ESTIMATE score (representing the
sum of both). A higher score indicated a larger ratio of the
corresponding component in the TME.

Estimation of the Immune Cell Infiltration
To evaluate immune cell infiltration, ssGSEA was used to
quantify the tumor-infiltrating immune cell subgroups and
immune function between the two groups. The expression of
potential immune checkpoint and m6A genes was also
determined according to previous literature.

Functional and Pathway Enrichment
Analysis
The DEGs between the low- and high-risk groups were then
screened out by the “limma” package using the criteria false
discovery rate (FDR) < 0.05 and |log2 fold change (FC)| ≥ 1. We
then applied the “limma” and “clusterProfiler” packages to
perform Gene Ontology (GO) analys is and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis.

Identification of Potential Compounds
DEGs based on the ferroptosis-related signature were divided
into up- and downregulated gene groups. The two groups of
genes were then uploaded to the L1000FWD website (https://
maayanlab.cloud/L1000FWD/), and then permuted results were
obtained. The results were further visualized by the PubChem
website (pubchem.ncbi.nlm.nih.gov).

Statistical Analysis
The data were analyzed with R software version 4.0.4. For
comparisons, data conforming to normal and nonnormal
distributions were assessed using the unpaired Student’s t-test
and theWilcoxon test, respectively, and the statistical significance
threshold was set at p <0.05. The survival of HCC patients based
on the ferroptosis-related signature was assessed using Kaplan-
Meier survival analysis. The receiver operating characteristic
curve (ROC) and decision curve analysis (DCA) were
performed with the timeROC and ggDCA packages, respectively.
RESULTS

Preprocessing of RNA Sequencing Data
and Clinical Data
The RNA sequencing and clinical data of HCC patients were
downloaded from the TCGA GDC portal on April 30, 2021
TABLE 1 | Clinical characteristics of patients in the TCGA LIHC cohort.

Characteristic N = 348

Age Median 61
Range 16-90
Male 238

Sex Female 110
G1 53
G2 164

Grade G3 113
G4 13
NA 5
Stage I 165
Stage II 78

Clinical stage Stage III 81
Stage IV 3
NA 21
T1 172
T2 85

T stage T3 75
T4 13
NA 3
M0 250

M stage Ml 3
NA 95
NO T6

N stage N1 3
NA 101
Alive 223

Vital status Dead 125
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(https://portal.gdc.cancer.gov/repository). After data curation,
30 cases were removed from the dataset (29 cases for survival
time <30 d, 1 case for lack of survival information). The clinical
data for 348 cases are listed in Table 1. A total of 267 ferroptosis-
related genes were extracted from HCC patient datasets for
further WGCNA.

Identification of Modules Associated With
Survival Traits by WGCNA
The gene coexpression networks of the TCGA-LIHC dataset were
established via the WGCNA package and are shown in Figure 2.
To establish scale-free networks, the soft thresholding power was
set to b=5 based on scale independence and mean connectivity
(Figures 2A, B). The dynamic tree cut package was used to
generate a gene cluster dendrogram containing 5 co-expression
Frontiers in Oncology | www.frontiersin.org 446
models (Figure 2C). The coexpression models are shown in blue,
turquoise, brown, yellow and gray and contain 63, 110, 32, 28, and
15 genes, respectively (Supplementary Table 2). p <0.05 was
considered to indicate a significant module-trait relationship
between ferroptosis-related genes and vital status (Figure 2D).
Based on these analyses, the blue, brown, yellow modules
containing 123 genes were selected for further analysis.

Identification of Prognostic Ferroptosis-
Related Genes and lncRNAs
According to the univariate Cox regression analysis, a total of 38
prognostic ferroptosis-related genes were screened. Then, by
ferroptosis-related lncRNA co-expression analysis, we
identified 526 ferroptosis-related lncRNAs (p <0.001,
correlation coefficient >0.4). Univariate Cox regression analysis
FIGURE 1 | Flowchart of overall study design.
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was further performed, and 70 prognostic ferroptosis-related
lncRNAs were screened.

Construction and Validation of the
LASSO-Cox Model
The prognostic ferroptosis-related genes and lncRNAs were
merged and served as candidates for establishing the LASSO
model (Supplementary Table 3). The HCC cohort was
randomly divided into an equal training group and a test
group. After the model reached the minimum lambda, a
prognostic ferroptosis-related signature with 10 components
was built (Figures 3A, B). In the training group, the median
risk score classified patients into a high-risk group and a low-risk
group and was calculated as follows: risk score = [expression level
of AC245297.3×(0.003128)] + [expression level of MYLK-
AS1×(0.086099)] + [expression level of NRAV×(0.061838)] +
[expression level of SREBF2-AS1×(0.059227)] + [expression
level of AL031985.3×(0.079650)]] + [expression level of
ZFPM2-AS1×(0.028512)] + [expression level of AC015908.3×(-
0.38804)] + [expression level of MSC-AS1×(0.161449)] +
[expression level of SLC1A5×(0.023153)] + [expression level of
SLC7A11×(0.090097)]. The correlations between ferroptosis-
related genes and lncRNAs were used to construct a network,
which was visualized in Cytoscape (Figure 3C). Among these,
MSC-AS1, ZFPM2-AS1, NRAV and AL031985.3 have a co-
expression relationship with more ferroptosis-related genes.
Frontiers in Oncology | www.frontiersin.org 547
Prognostic Value of the Ferroptosis-
Related Signature Model in the Training
and Test Groups
Examination of the survival curves for the low-risk and high-risk
patient groups was performed using the Kaplan-Meier method in
both the training and test cohorts. The results from both cohorts
showed that patients in the high-risk group had a statistically
lower probability of survival (p<0.001 in both cohorts)
(Figures 4A, B). The AUC for 1-year overall survival (OS) was
0.830 in the training cohort (Figure 4C) and 0.806 in the test
cohort (Figure 4D).

The Ferroptosis-Related Signature is an
Independent Prognostic Factor for HCC
Both univariate and multivariate analyses were performed to
identify prognosis-related factors in the training group
(Figures 5A, B). Stage, T stage and risk score were considered
risk factors in the univariate analysis; however, only the risk
score was an independent risk factor in the multivariate analysis.
Therefore, the risk score calculated according to the 10-
component ferroptosis-related signature was independently
associated with the prognosis of patients (HR=3.038, 95%
CI=2.023-4.563).

The distribution and status of OS were then analyzed by
ranking the risk scores (Figures 5C, D). The results showed that
patients with higher risk scores were more likely to be deceased.
A B

DC

FIGURE 2 | Identification of the weighted gene coexpression network analysis (WGCNA) hub module and assessment of module-trait relationships. (A, B) Soft
threshold selection to identify the WGCNA module. (C) The cluster dendrogram of 5 colored modules based on a dissimilarity measure (1-TOM) in HCC patients.
(D) Correlation between the gene module and clinical traits, including survival time (futime), vital status (fustat), age, gender, grade, stage and T stage.
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The differential expression profiles of the 10 ferroptosis-related
signature are listed in the heatmap of Figure 5E between the low-
risk group and the high-risk group. The principal component
analysis (PCA) also proved that the ferroptosis-related signature
prognostic model had the power to distinguish two separate
subgroups of HCC patients (Figure 5F).

Verification of the Ferroptosis-Related
Signature Model in the Testing Group
We next evaluated the prognostic efficiency of the ferroptosis-
related signature by analyzing the data in the test cohort.
Univariate and multivariate Cox regression analyses were
performed to investigate the role of the ferroptosis-related
signature in the prognosis of HCC patients (Figures 6A, B).
Stage, T stage and risk score were risk factors in the univariate
regression, and both T stage (HR=6.658, 95%CI=1.377-32.183)
and risk score (HR=2.824, 95%CI=1.532-5.207) were further
listed as risk factors in the multivariate regression. Similar to
the results from the training group, the distribution and status of
OS and the expression profiles of the risk-associated ferroptosis-
related signature components were also analyzed by ranking the
risk scores in the high-risk and low-risk HCC patient groups
Frontiers in Oncology | www.frontiersin.org 648
from the test cohort (Figures 6C, D). In addition, the expression
trend of 10 ferroptosis-related signature components between
the two groups was similar to that of the training group
(Figure 6E). The PCA plot also showed that the HCC patients
were divided into two subgroups by the ferroptosis-related
signature model (Figure 6F). Overall, the accuracy of the
ferroptosis-related signature model was confirmed in the
independent validation liver cancer cohorts.

Evaluation of the Relationship Between
Clinicopathological Characteristics and
the Ferroptosis-Related Signature
To evaluate the differences between prediction methods, ROC
curves were generated for the risk score and clinicopathological
characteristics, as shown in Figure 7A. The AUC of the
ferroptosis-related signature in HCC patients was higher than
that of the clinical indexes (AUC=0.822, 1 year). DCA was
performed and further showed that the risk score served as a
better prognostic indicator than other variables in clinical
decision-making (Figure 7B).

We next investigated the clinical and pathological features of
the low-risk and high-risk groups. The heatmap in Figure 7C
A B

C

FIGURE 3 | Least absolute shrinkage and selection operator (LASSO) Cox regression analysis was conducted based on the ferroptosis-related signature.
(A) LASSO coefficient profiles. (B) Candidate ferroptosis-related genes and lncRNAs from the univariate Cox regression analysis were filtered by the LASSO
algorithm. (C) The network containing ferroptosis-related lncRNAs and mRNAs was visualized with Cytoscape. The green nodes indicate ferroptosis-related mRNAs,
while the blue nodes indicate ferroptosis-related lncRNAs.
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shows the clinicopathological characteristics in both the high-
risk and low-risk groups (grouped according to the ferroptosis-
related signature score). The results showed a significant
difference between the two groups with respect to HCC grade,
stage, and T stage (all p<0.001).
Differential Immune Cell Infiltration
and Function in the Low- and
High-Risk Groups
Next, we investigated whether the expression of the ferroptosis-
related signature components was associated with the TME. To
determine the relationship between the proportion of immune
and stromal components and the expression of ferroptosis-
related signature components, the stromal score, immune score
and ESTIMATE score were assessed in the low-risk and high-risk
groups by using the ESTIMATE R package. The results showed
no difference in stromal score (Figure 8A, p=0.23) but showed a
significant difference in immune score (Figure 8B, p=0.0021)
and ESTIMATE score (Figure 8C, p=0.01) between groups.

We next evaluated the relationship between immune
infiltrates and the ferroptosis-related signature. The results
showed activated dendritic cells (aDCs), immature dendritic
cells (iDCs), macrophages, Th2 cells and Treg cells were
Frontiers in Oncology | www.frontiersin.org 749
distinct between high- and low-risk groups (all P <0.001).
Besides, NK cells, plasmacytoid dendritic cells (pDCs) (both
P <0.01), mast cells, T follicular helper (Tfh) cells, Th1 cells (all
P <0.05) were also different in two groups (Figure 9A). Furtherly,
almost all immune-related functions such as APC co-
stimulation, APC co inhibition, CCR, and so on, were also
different in the two groups (Figure 9B). In summary, the
results from immune infiltration by ssGSEA showed that the
immune status between low- and high-risk groups was totally
different, which can be further elucidated to develop tumor
immunotherapy in HCC.

Notably, the checkpoint pathway was significantly different
between the low-risk and high-risk groups. Considering the clinical
potential of checkpoint inhibition for immune therapy, we further
explored the difference in the expression of immune checkpoints
between the low- and high-risk groups. We observed a statistically
significant difference between the two groups in terms of the
expression of all checkpoint genes, most of which were more highly
expressed in the high-risk group (Figure 9C). In addition, we
investigated the expression of m6A-related genes between the low-
risk group and the high-risk group, and the results showed that the
expression of YTHDC1, FTO, YTHDF2, YTHDF1, WTAP,
HNRNPC, METTL3, RBM15, and YTHDC2 in the high-risk group
was obviously higher than that in the low-risk group (Figure 9D).
A B

DC

FIGURE 4 | The predictive value of the prognostic model in both the training and test groups. Kaplan-Meier curves were depicted based on the ferroptosis-related
signature scores in the training group (A) and test group (B). The receiver operating characteristic (ROC) curves of 1-year survival for HCC patients in the training
group (C) and test group (D).
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Functional Analysis
To investigate the biological functions and pathways associated
with the risk score, the DEGs between the high-risk and low-risk
groups were used to perform GO-BP enrichment and KEGG
pathway analyses. Interestingly, the results showed that as many as
856 GO-BP terms and 63 KEGG pathways were identified between
low- and high-risk groups (adj p<0.05, Supplementary Table 4
and Supplementary Table 5), and the mainly enrichment results
were listed in Figure 10. As expected, the DEGs were enriched in
ferroptosis-associated pathways, such as the PI3K-Akt signaling
pathway (31, 32), which is also one of the most frequently altered
signaling pathways in human cancers (33–35). On the other hand,
the DEGs were also obviously enriched in many immune-related
biological processes, such as leukocyte migration, the humoral
immune response and B cell-mediated immunity.
Frontiers in Oncology | www.frontiersin.org 850
L1000FWD Analysis Identifies
Candidate Compounds
To identify the potential drugs for HCC, we uploaded the
upregulated and downregulated DEGs to the L1000FWD
database. As a result, 10 significant candidate drugs were
considered as potential drugs for HCC treatment. The mainly
results were showed in Table 2. We can discover that these drugs
were enriched in the glutamate receptor antagonist, HSP90
inhibitor, MEK inhibitor, c-Met inhibitor and so on. These
mechanisms of action and potential small molecule drugs might
provide reference for developing potential novel drugs targeting
HCC. Among the highly correlated compounds, the structure of
SIB-1893, geldanamycin, and PD-184352 were furtherly depicted
in Figure 11. The 3D structure of geldanamycin isn’t displayed
since too many undefined stereocenters.
A B

D

E F

C

FIGURE 5 | Evaluation of the ferroptosis-related signature in the training group. Independent prognostic effects of the risk score model were assessed by univariate
Cox regression analysis (A) and multivariate Cox regression analysis (B). High- and low-risk group risk score rank (C), survival status distribution (D), expression of
ferroptosis-related signature (E) and principal component analysis (PCA) plots (F).
September 2021 | Volume 11 | Article 738477
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DISCUSSION

In this study, we explored the role of the ferroptosis-related
signature, which includes mRNAs and lncRNAs, in HCC. A
prognostic model including 10 ferroptosis-related mRNAs/
lncRNAs was first constructed and tested in the TCGA-LIHC
dataset. Furthermore, immune analysis, including analysis with
various bioinformatics tools, indicated obvious differences in the
TME and immune cell infiltration between the low-risk and
high-risk groups, especially in terms of checkpoint genes and
m6A-associated genes. Functional analysis revealed that many
tumor-related pathways were enriched. These findings strongly
implied the great potential roles of ferroptosis in HCC.

The rapid progression of cancer is accompanied by the
transformation and acceleration of a variety of metabolic
pathways, which often means that a large number of metabolic
byproducts, such as oxygen free radicals, accumulate in tumor
cells to activate the oxidative stress pathway. Although tumor cells
should have been vulnerable to ferroptosis, it has been found that
cancer cells can acquire their resistance to ferroptosis through
alteration of gene expression (36, 37). However, reactivation of
Frontiers in Oncology | www.frontiersin.org 951
the ferroptosis-related pathway in tumor cells may provide new
therapeutic targets for tumor therapy. Although current
therapeutic strategies, including surgical intervention, tumor-
targeted drugs, immunotherapeutic agents or antiviral
treatment, have improved OS in HCC patients in an inspiring
way, their applications are still limited by tumor heterogeneity
(38) and the development of drug resistance (39, 40).

The prognostic model in our study integrated 10 ferroptosis-
related components, including 2 genes (SLC1A5 and SLC7A11)
and 8 lncRNAs (AC245297.3, MYLK-AS1, NRAV, SREBF2-AS1,
AL031985.3, ZFPM2-AS1, AC015908.3, MSC-AS1). Solute
carrier family 1 member 5 (SLC1A5) is reported to be a driver
gene of ferroptosis that mediates the uptake of glutamine, a
conditionally essential amino acid in rapidly proliferating tumor
cells (41, 42). In erastin- and RSL3-induced ferroptosis,
glutamine importation and metabolism induce lipid ROS
generation and promote cell death (43). Suppression of
SLC1A5 by miR-137 or the small molecular inhibitor GPNA
strongly inhibits glutaminolysis to cause ferroptotic cell death
(44). As SLC1A5-mediated glutamine transport plays a key role
in tumor cell metabolism, proliferation, and ferroptosis, blocking
A B

D

E F

C

FIGURE 6 | Evaluation of the ferroptosis-related signature in the test group. The independent prognostic value of the risk score model was assessed by univariate
Cox regression analysis (A) and multivariate Cox regression analysis (B). Risk score rank (C), survival status distribution (D), ferroptosis-related signature component
expression (E) and PCA plots (F) for the high- and low-risk groups.
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SLC1A5 has been shown to successfully prevent tumor cell
proliferation in melanoma (45), non-small-cell lung cancer (46,
47), prostate cancer (48) and acute myeloid leukemia (49). Solute
carrier family 7 member 11 (SLC7A11) is a pivotal protein
component of system Xc- that is responsible for maintaining
redox homeostasis by importing cystine, where it is then reduced
to cysteine and used to synthesize the major antioxidant GSH
(50, 51). Numerous experiments have demonstrated its high
expression in various cancers and multiple effects on cancer
growth, invasion, metastasis and unfavorable prognosis (52–60).
It has been demonstrated that SLC7A11 confers resistance to
ferroptosis in cancer cells by importing cystine for the synthesis
of GSH and indirectly relieving lipid ROS stress by activating the
essential enzyme GPX4 to reduce lipid hydroperoxides (50, 61).
Moreover, SLC7A11 has been demonstrated to be involved in the
resistance to anticancer treatments, which was supported by
experiments in which therapeutic resistance was reversed by
directly targeting SLC7A11 (59, 60, 62–66). Therefore, targeting
Frontiers in Oncology | www.frontiersin.org 1052
SLC7A11 exhibits good potential for the treatment of cancer, and
several drugs targeting SLC7A11 are being prepared for clinical
testing (54–58).

As the factor with the highest positive correlation coefficient
in the prognostic model, lncRNAMSC-AS1 has been reported to
be involved in HCC (67), lung adenocarcinoma (68), laryngeal
cancer (69) and kidney renal clear cell carcinoma (70). It acts
sponging miR-33b-5p to upregulate GPAM (68). Another study
indicated that it activates the Wnt/b-catenin pathway to regulate
tumor proliferation and migration via miR-3924/WNT5A (70).
MYLK-AS1 was reported to be associated with tumor
progression and angiogenesis in HCC. The mechanism
involves targeting the miR-424-5p/E2F7 axis and activating the
VEGFR-2 signaling pathway (71) or stimulating the EGFR/
HER2-ERK1/2 signaling pathway (72). LncRNA NRAV has
been reported to be involved in the antiviral immune response
(73, 74). In addition, several independent bioinformatics
analyses have demonstrated that it is a valuable clinical
A B

C

FIGURE 7 | Evaluation of the relationship between clinicopathological characteristics and the ferroptosis-related signature. (A) The AUC values of the risk factors
and clinicopathological characteristics. (B) DCA of the risk factors and clinicopathological characteristics. (C) Heatmap of the ferroptosis-related lncRNA prognostic
signature and clinicopathological features in HCC patients. ***p < 0.001.
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prognostic biomarker in HCC (75, 76) and lower-grade glioma
(77). ZFPM2-AS1 is reported to be involved in numerous
tumors, including lung adenocarcinoma (78), renal cell cancer
(79), gastric carcinoma (80) and HCC (81). Mechanistically, it is
reported to attenuate the p53 pathway by stabilizing MIF (80) or
regulating miR-139/GDF10 (81).

Few studies have investigated lncRNA MSC-AS1,
AL031985.3, and AC245297.3. However, they are indicated by
different bioinformatics analyses to have prognostic value [MSC-
AS1 (82, 83), AL031985.3 (84–86) in HCC, and AC245297.3 (87,
88) in breast cancer]. Therefore, these factors may be involved in
multiple mechanisms in HCC and breast cancer, and their
specific regulation mechanisms still further study. In particular,
MSC-AS1 was the only protective lncRNA in the model and had
a high correlation coefficient. There are no studies on lncRNA
SREBF2-AS1 at present, so it needs further study. Notably,
although several identified ferroptosis-related lncRNAs have
not been well studied, in our study, the lncRNAs were closely
co-expressed with many ferroptosis-related genes (Figure 3C).

The results from both immune infiltration analysis and
enrichment analysis indicate that a higher level of APCs and
humoral immunity including B cells and the complement system
in the high-risk group. Besides, results from both difference in
APC co-stimulation and co-inhibition appears contradictory in
the immune microenvironment. However, we found the results
are somewhat similar to the researches about ferroptosis-related
signature in other cancers (6, 89–91). Though the mechanisms
illustrating tumor susceptibility to ferroptosis have been an
Frontiers in Oncology | www.frontiersin.org 1153
intense area of research in past decades, the complex
relationship between tumor immunity and ferroptosis remains
elusive. Tumor-infiltrating lymphocytic B cells (TIL-B) have
been reported to be a main component of TILs in ovarian and
breast cancers, which may be correlated with improved survival
(92, 93). However, tumor development is enhanced when B cells
are present have been reported in several mouse models (94, 95).
For pancreatic carcinoma, several researches have demonstrated
that TIL-Bs in supporting both early and more advanced stages
of pancreatic tumorigenesis by multiple mechanisms, including
suppression of other immune cells (e.g., CD8+ T cells and
macrophages) in the tumor microenvironment and promoting
pancreatic cancer cell proliferation (96).

Based on the DEGs between high- and low-risk groups,
several small molecule drugs targeting ferroptosis-related
signature components were identified via the L1000FWD
database which was mainly enriched in the glutamate receptor
antagonist, HSP90 inhibitor, MEK inhibitor and so on. As
described above, glutamate metabolism was involved in the
SLC1A5-induced ferroptosis, which may be inhibited by
glutamate receptor antagonist, such as SIB-1893. HSP90-
associated chaperone-mediated autophagy has been
demonstrated to obviously promote ferroptosis (97, 98), which
could be reduced by geldanamycin. The activation of the Raf-
MEK-ERK pathway plays an important role in the proliferation,
differentiation, invasion and metastasis of cancer cells (99). PD-
184352 was the first MEK inhibitor to enter the clinical trial. It
was terminated in phase II clinical trial because of its poor
A B

C

FIGURE 8 | Estimation of stromal and immune cells in malignant tumor tissues using expression data. Violin plots of tumor purity for the low- and high-risk groups
according to the stromal score (A), immune score (B) and ESTIMATE score (C).
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solubility, low oral bioavailability and large individual differences
(100). Though the application of MEK inhibitor is limited by
clinical efficacy and drug resistance, the development of novel
MEK inhibitor is still one of the promising directions of anti-
cancer treatment (101–103).

The model exhibited several advantages. 1) The prognostic
model showed excellent performance in the ROC curve analysis,
with AUCs as high as 0.830 and 0.806 in the training and test
groups, respectively. As depicted in the DCA, the ferroptosis-
related signature had better predictive value than all pathological
characteristics. The risk score was identified as an independent
risk factor, with HR=3.038 in the training group and 2.824 in the
test group. Therefore, the model showed excellent clinical
Frontiers in Oncology | www.frontiersin.org 1254
prognostic value. 2) According to the risk score from the
model, the HCC patients were divided into two distinct
groups. Analysis of the TME and immune infiltration showed
that there were numerous variables with statistically significant
differences between the two groups, especially the expression of
checkpoint genes. These differences were consistent with the
differences observed in the GO and KEGG analysis. Therefore,
immunotherapies targeting the 10 components of the
ferroptosis-related signature are promising methods for anti-
tumor treatment. 3) Considering that there are frequent updates
in the field of ferroptosis research, a large number of studies and
ferroptosis-related databases were assessed (12, 13, 28–30). As
many as 267 candidate ferroptosis-related genes were included in
A B

D
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FIGURE 9 | The immune status difference between high-risk and low-risk HCC patients. (A) Comparison of immune cell abundance between the high-risk and low-
risk groups of HCC patients. (B) Comparison of immune-related functions between the high-risk and low-risk groups of HCC patients. (C) Comparison of the
expression of immune checkpoints between the high- and low-risk groups. (D) Comparison of the expression of m6A-associated genes between the high- and low-
risk groups. *P < 0.05; **P < 0.01; ***P < 0.001. ns, no significance.
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the analysis. To our knowledge, this is the largest ferroptosis-
related gene list used for bioinformatics analysis at present.

There are also some limitations to this study. Due to the
limited knowledge of ferroptosis, most of the signature
components in our research are involved not only in
ferroptosis-related pathways but also in other pathways, such
as immunity and autophagy. This may be more common for
lncRNAs, which have nonspecific functions in biological
processes. Therefore, it is difficult to evaluate the exact role of
ferroptosis alone in HCC with our risk score. These results
should be further validated in external HCC cohorts from
multicenter research. In another attempt to investigate the role
of ferroptosis-related in other cancers, we performed the survival
analysis of SLC7A11, MSC-AS1 and MYLK-AS1 in
gastrointestinal cancer including colon cancer, esophageal
Frontiers in Oncology | www.frontiersin.org 1355
cancer, liver cancer, pancreatic cancer and stomach cancer
(Supplementary Figure). Most of results showed that they are
only play a specific role in liver cancer.

In conclusion, our research established a 10-component
ferroptosis-related signature including mRNAs and lncRNAs
for predicting the prognosis of HCC patients. The ferroptosis-
related signature showed excellent performance in predicting
clinical prognosis. The signature can be used to calculate the risk
score, which accurately reflects the tumor environment and
immune filtration of patients, thereby providing a reference for
clinical treatment. Therefore, the ferroptosis-related signature is
expected to be a new biomarker for both diagnosis and treatment
decision making. Further investigation of the role and
mechanism of the 10-component ferroptosis-related signature
in the progression of HCC is still needed.
A

B

FIGURE 10 | Functional enrichment analysis of the ferroptosis-related signature. (A) GO-BP analysis. (B) KEGG analysis.
TABLE 2 | The mainly potential drugs identified by L1000FWD database.

Rank Drug Similarity Score p-value q-value Z-score Combined Score MOA

1 SIB-1893 -0.0763 4.29E-20 2.59E-17 1.67 -32.29 glutamate receptor antagonist
2 geldanamycin -0.0671 2.45E-16 7.08E-14 1.62 -25.31 HSP inhibitor
3 PD-184352 -0.0624 4.33E-15 9.56E-13 1.75 -25.2 MEK inhibitor
4 PF-04217903 -0.0509 3.27E-09 0.000000191 1.77 -15.06 c-Met inhibitor
5 PD-0325901 -0.0509 2.55E-09 0.000000154 1.68 -14.47 MEK inhibitor
6 FCCP -0.0486 0.000000042 0.00000183 1.64 -12.06 Unknown
7 PD-198306 -0.0474 3.88E-08 0.00000171 1.68 -12.42 MAP kinase inhibitor, MEK inhibitor
8 BI-2536 -0.0474 0,000000161 0.00000612 1.74 -11.84 PLK inhibitor
9 PAROXETINE -0.0462 0,000000554 0.0000179 1.63 -10.21 selective serotonin reuptake inhibitor (SSRI)
10 BRD-A66861218 -0.0462 0,000000199 0.00000733 1.76 -11.82 anti-inflammatory agent
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to Upregulate SPINK1
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The roles of serine protease inhibitor Kazal type 1 (SPINK1) in multiple types of cancers have
been significantly documented. However, its specific roles in hepatocellular carcinoma (HCC)
remain to be investigated. This study found that SPINK1 is upregulated in HCC and its
upregulation correlates with poor prognosis. Besides, functional assays revealed that SPINK1
promotes cell proliferation, cell cycle, and invasion in vitro. Through bioinformatics analysis, we
speculate that circRPS16 regulates SPINK1 expression by sponging miR-876-5p. This was
further verified by the dual-luciferase reporter and fluorescent in situ hybridization (FISH)
assays. Subsequently, rescue assays verified that circRPS16 promotes cell proliferation, cell
cycle, and invasion through miR-876-5p. Importantly, silencing circRPS16 inhibited tumor
growth by downregulating SPINK1 expression in vivo. Collectively, our results confirm that
SPINK1 is a downstream target of circRPS16. Besides, circRPS16 and SPINK1 are
oncogenic factors in HCC progression; they provide novel diagnostic and therapeutic
targets for HCC patients.

Keywords: hepatocellular carcinoma (HCC), circRPS16, miR-876-5p, SPINK1, proliferation, invasion, ceRNA
INTRODUCTION

Hepatocellular carcinoma (HCC) is the most prevalent primary liver cancer that has emerged as a
critical global medical problem. Furthermore, HCC has ranked the fourth most common cause of
cancer-related deaths and the sixth leading type of cancer in terms of incidence (1). Unlike that of
the four major cancers, i.e., lung, breast, prostate, and colorectal cancers, whose mortality rates are
reportedly declined, the death rate of HCC is still increasing worldwide (2).
Abbreviations: HCC, hepatocellular carcinoma; SPINK1, serine protease inhibitor Kazal type 1; FISH, fluorescent in situ
hybridization; TATI, tumor-associated trypsin inhibitor; PSTI, pancreatic secretory trypsin inhibitor; GEO, Gene Expression
Omnibus; ceRNA, competing endogenous RNAs; IHC, immunohistochemistry; ATCC, American Type Culture Collection;
DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; qRT-PCR, quantitative reverse transcription PCR;
CCK-8, Cell Counting Kit-8; PI, propidium iodide; NC, negative control; SD, standard deviation; TCGA, The Cancer Genome
Atlas; AGO, Argonaute.
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Circular RNAs (circRNAs) are a novel class of noncoding
RNAs that exert critical regulatory roles in physiological and
pathological processes. Unlike the linear RNAs, circRNAs are
characterized by covalently closed-loop structures formed
through a specific back-splicing mechanism of 5′ and 3′end
(3). This specific structure enables circRNAs to tolerate RNase R
digestion (4). Therefore, circRNAs have a longer half-life than
linear RNA (5). Previous studies have reported abundant and
conserved circRNAs across species showing tissue and
development-stage-specific expression (6, 7). Based on the
above characteristics, circRNAs may serve as potential
diagnostic biomarkers and therapeutic molecules. Recent
studies revealed the important roles of circRNAs in the
progression of HCC. Nonetheless, its molecular mechanisms
are not yet fully understood. Therefore, functional exploration
of circRNAs may provide a novel diagnostic and therapeutic
strategy for HCC.

Serine peptidase inhibitor, Kazal type1 (SPINK1) encodes a
79-amino acid peptide which is located at the chromosomal
region 5q32 (8). It belongs to the family of protease inhibitors,
also known as tumor-associated trypsin inhibitor (TATI) or
pancreatic secretory trypsin inhibitor (PSTI) (9). SPINK1 was
originally discovered in the urine of ovarian cancer patients (10).
Subsequent studies indicate that SPINK1 has been detected in
multiple types of cancers including bladder, renal, colorectal,
prostate, and liver cancers (8, 11). For HCC, high SPINK1
expression acts as prognostic and diagnostic biomarkers that
promote cell proliferation and metastasis (12, 13). This denotes
the important roles of SPINK1 in HCC progression. Nonetheless,
the regulatory mechanisms promoting the aberrant expression of
SPINK1 remain to be investigated.

Herein, we found SPINK1 upregulation in HCC tissues and its
high expression was closely associated with poor prognosis of
HCC patients. Notably, functional assays revealed the oncogenic
roles of SPINK1. Through bioinformatics analysis, we predicted
that circRPS16 may regulate SPINK1 expression by sponging
miR-876-5p; this was confirmed by mechanistic investigations
and rescue assays. Additionally, in vivo assays demonstrated that
circRPS16 knockdown inhibited tumor growth by inhibiting
SPINK1 expression. In summary, our research provides
potential diagnostic and therapeutic biomarkers for HCC patients.
MATERIALS AND METHODS

Bioinformatic Analysis
The microarray dataset (GSE14520) (14) analyzing gene
expression patterns in tumor and paired nontumor tissue of
HCC patients was downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds).
The heatmap of the differentially expressed genes was performed
using R studio. Kaplan-Meier Plotter (http://kmplot.com/
analysis) was used to investigate the significance of SPINK1
expression and the survival of HCC patients (15). The miRWalk
2.0 (http://zmf.umm.uni-heidelberg.de) and starBase (http://
Frontiers in Oncology | www.frontiersin.org 261
starbase.sysu.edu.cn/) databases were used to predict the
competing endogenous RNAs (ceRNA) networks (16). The
immunohistochemistry (IHC) results of SPINK1 in normal
and HCC tissues were obtained from the Human Protein Atlas
(http://www.proteinatlas.org) (17).

Tissue Specimens and Cell Lines
A total of 25 paired HCC and adjacent noncancer tissues obtained
from patients of the Guangdong Provincial People’s Hospital,
Guangdong Academy of Medical Sciences (Guangdong, China)
were used to perform quantitative reverse transcription PCR
(qRT-PCR) assays. All the specimens were confirmed through
pathological examination. The patients signed the informed
consent before surgery. This study was reviewed and approved
by the Research Ethics Committee, Guangdong Provincial
People’s Hospital, Guangdong Academy of Medical Sciences.
The specimens were preserved in liquid nitrogen after resection.
Two HCC cell lines (Huh7 and HepG2) were procured from the
American Type Culture Collection (ATCC). The cells were
regularly cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Gibco Invitrogen, Grand Island, NY, USA) in a
humidified 5% CO2 atmosphere at 37°C.

RNA Extraction and qRT-PCR
Total RNA was extracted from HCC tissues using TRIzol reagent
(Invitrogen, Camarillo, CA, USA) following the manufacturer’s
instruction; exactly 1 ml TRIzol was used per 30 mg of HCC
tissue or 106 cells. After the concentration determination, the
total RNA was stored at −80°C to prevent degradation. For qRT-
PCR, PrimeScript RT reagent kit (Takara, Kusatsu, Japan) and an
SYBR Premix Ex Taq II (Takara) were used for SPINK1 and
circRPS16. b-Actin was used as an endogenous control.
Meanwhile, Mir-X™ miRNA First-Strand Synthesis Kit
(Takara) and SYBR® Premix Ex Taq™ II (Takara) were used
for miR-876-5p, and RNU6-2 was used as an endogenous
control. RiboBio (Guangzhou, China) synthesized the bulge-
loop miRNA qRT-PCR primer sets specific for miR-876-5p.
Sangon Biotech (Shanghai, China) synthesized the SPINK1 and
circRPS16 primers. All the procedures were conducted according
to the manufacturer’s instructions. Primers for circRPS16: 5′
GCCCATCGTGACTCAAAACT 3 ′ (forward) and 5 ′
TTTTGGACTCGCAGCG AC 3′ (reverse). Primers for miR-
876-5p included 5′ CGCGTGGATTTCTTT GTGAATCACCA-
3′. Primers for SPINK1 included 5′ CCTGTCTGTGGGACTGA
TGGAAATAC 3′ (forward) and 5′ TGAATGAGGATAGA
AGTCTGGCGTTTC 3′ (reverse). Primers for RNU6-2: 5′
TGGCACCCAGCACAATGAA 3′ and 5′ CTAAGTCATAG
TCCGCCTAGAAGCA 3′ (reverse). Primers for b-actin: 5′
CCTGGCACCCAGCACAAT 3′ (forward) and 5′ GGGCC
GGACTCGTCATAC 3′ (reverse).

Transfection
Lentiviral-circRPS16-RNAi (Hanbio, Shanghai, China) was
transfected to inhibit cicRNA RPS16 expression (10 ml, 1 × 108

TU/ml). circRPS16 siRNA (RiboBio, Guangzhou, China), (5 ml,
20 mM), circRPS16 overexpression plasmid (Hanbio, Shanghai,
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China) (2 mg), miR-876-5p mimics (RiboBio, Guangzhou,
China) (5 ml, 20 mM), miR-876-5p inhibitor (RiboBio,
Guangzhou, China) (5 ml, 20 mM), SPINK1 siRNA (RiboBio,
Guangzhou, China) (5 ml, 20 mM), and SPINK1 overexpression
plasmid (Hanbio, Shanghai, China) were obtained for transient
transfection. The Lipofectamine 3000 (Invitrogen, Camarillo,
CA, USA) was used for transfection fol lowing the
manufacturer’s instructions. The siRNA sequences against
SPINK1 included 5′ TGGCCCTGTTGAGTCTATCTGGTAA
3′ (sense), sequence 5′ TTACCAGATAGACTCAACAGG
GCCA′ (antisense). Meanwhile, siRNA sequences against
circRPS16 included 5′ TTCAAGAAATGTGGATGAG 3′
(sense), 5′ CTCATCCACATTTCTTG AA 3′ (antisense).

Protein Extraction and Western Blot
Protein lysates were extracted using RIPA (Beyotime Institute of
Biotechnology, Shanghai, China) following the manufacturer’s
instructions. The concentrations of protein lysates were qualified
by the BCA kit (Beyotime Institute of Biotechnology, Shanghai,
China). Protein lysates were separated in 10% SDS-PAGE gel
then transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA). After incubation of primary
and secondary antibodies, the belts were visualized under
enhanced chemiluminescence reagents. The primary antibodies
included anti-SPINK1 at dilution rate of 1:5,000 (Abcam,
Shanghai, China), anti-b-actin at dilution rate of 1:5,000
(Proteintech, Wuhan, China), and secondary antibody at
dilution rate of 1:2,000 (Proteintech, Wuhan, China).

CCK-8 Assay
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
(Shanghai, China). Based on the manufacturer’s instructions,
5,000 cells were seeded into 96-well plates, 4 h before detection,
then 10 ml CCK-8 solution was added to each well. The OD values
at 24, 48, 72, and 96 h were recorded for subsequent analyses.

EdU Assay
The EdU kit was purchased from Ribobio (Guangzhou, China),
and the assay was conducted based on the manufacturer’s
instructions. In the present study, 105 cells were seeded into
96-well plates and incubated with EdU regents for 2 h. After
fixation with 4% paraformaldehyde, the cells were incubated with
Appllo® regents. The Hoechest® was then used for DNA dyeing.
The pictures were collected with a fluorescence microscope.

Flow Cytometry
Flow cytometry was used to analyze the cell cycle. After
transfection, HCC cells were fixed with 70% ethanol and
stained with propidium iodide (PI) (Kaiji, Nanjing, China).
Thereafter, the fixed cells were analyzed using a flow cytometer
(Beckman FC500, Los Angeles, CA, USA).

Transwell Assay
The invasion assay was performed using Matrigel Invasion
Chambers (8 mm) (MilliporeSigma, Burlington, MA, USA)
following the manufacturer’s instructions. Exactly 20,000 cells
Frontiers in Oncology | www.frontiersin.org 362
were seeded onto the upper chambers with serum-free DMEM;
then DMEM with 10% FBS was added to the lower chambers.
After 24 h incubation, cells on the upper surface of the insert
chamber were eliminated. Cells migrating to the bottom of the
insert membrane were fixed with 4% paraformaldehyde and
stained with crystal violet.

Fluorescence In Situ Hybridization
Cell climbing was fixed in 4% paraformaldehyde. Then,
proteinase K was used for digestion. After blocking with rabbit
serum, hybridization in HCC cells were performed overnight
using miR-876-5p, circRPS16 probes. Specimens were analyzed
using positive fluorescence microscope. The miR-876-5p probe
for fluorescent in situ hybridization (FISH) was 5′-TGGTGAT
TCACAAAGAAATCCA-3′, whereas the circRPS16 probe for
FISH was: 5′-AGCCTCATCCACATTTCTTGAAACTTTAA-3′.

Dual-Luciferase Reporter Assay
For the validation of circRPS16 and miR-876-5p combination,
the wild and mutant types of the circRPS16 were directly
synthesized into the psi-check2 vector. Then, 0.16 µg
circRPS16 wild/mutant-type vector and 5 pmol miR-876-5p
mimics/NC were cotransfected. For the validation of miR-876-
5p and SPINK1 combination, the wild and mutant types of the 3′
UTR sequence of SPNK1 were directly synthesized into the psi-
check2 vector. Subsequently, 0.16 mg plasmid comprising the
wild/mutant types of SPINK1-3′UTR and 5 pmol miR-876-5p
mimics/NC were cotransfected. After 48 h, firefly luciferase
(internal reference) and Renilla luciferase activities were
measured using the Promega Dual-Luciferase system.

Animal Experiment
Four-week female nude mice were obtained from the Peking
University Animal Center (Beijing, China). After acclimatization
for 1 week, 2 × 106 HepG2 cells transfected with either Lentiviral-
circRPS16-RNAi or negative control (NC) were subcutaneously
injected into the right back of each mouse. After four weeks, the
mice were killed and tumor weights were measured then
recorded in grams. The animal study was reviewed and
approved by the Institutional Animal Care and Use Committee
of the Guangdong Provincial People’s Hospital, Guangdong
Academy of Medical Sciences.

Immunohistochemistry
The tumor tissues were fixed by 4% paraformaldehyde. After
paraffin embedding and pathological section, the slides were
incubated with primary antibodies overnight at 4°C and then
incubated with secondary antibodies at room temperature for
2 h. The expression was evaluated using a composite score
obtained by multiplying the values of staining intensities (0, no
staining; 1, weak staining; 2, moderate staining; 3, strong
staining) and the percentage of positive cells (0, 0%; 1, <10%;
2, 10%–50%; 3, >50%). IHC kit was purchased from MXB®

(Fuzhou, China), and the experiment was performed under the
manufacturer’s instructions.
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Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7
software. Quantitative data were presented as mean ± standard
deviation (SD). The paired or unpaired t-test was used for
quantitative data. Differences with p-values (*p < 0.05; **p <
0.01; ***p < 0.001) were considered statistically significant.
RESULTS

Upregulation of SPINK1 in HCC Is
Associated With Poor Prognosis
Based on the GSE14520 dataset, we found that the SPINK1
mRNA levels were significantly upregulated in tumor samples
(Figure 1A). The heatmap illustrated that SPINK1 was highly
enriched in tumors (Figure 1B). Furthermore, qRT-PCR
including 25 paired HCC and adjacent nontumor tissues
confirmed that SPINK1 was upregulated in HCC tumors
(Figure 1C). Analysis of The Cancer Genome Atlas (TCGA)
using Kaplan-Meier plotter (18) revealed that high SPINK1
expression was closely related to low survival rate (Figure 1D).
The IHC results from the Human Protein Atlas showed that
SPINK1 protein was upregulated in HCC tissues and almost
undetected in liver normal tissues (Figure 1E). Collectively, these
findings suggest that SPINK1 is upregulated in HCC tissues and
closely associated with the poor prognosis of HCC patients.

SPINK1 Exerts Oncogenic Roles of
HCC In Vitro
Furthermore, the functions of SPINK1 were investigated in vitro. To
downregulate or upregulate the SPINK1expression, siRNA or
overexpressed plasmid vector and the corresponding NC were
respectively transfected into HCC cell lines, HepG2 and Huh7.
First, the transfection efficiency was examined through qRT-PCR.
siRNA transfection downregulated SPINK1 expression, whereas
overexpressed plasmid transfection upregulated it (Figure 2A).
CCK-8 and EdU incorporation assays revealed that SPINK1
knockdown inhibited the cell proliferation and overexpression of
SPINK1 promoted cell proliferation (Figures 2B, C). Furthermore,
flow cytometry analysis showed that downregulation induced cell
cycle arrest, while overexpression of SPINK1 accelerated the cell
cycle (Figure 2D). Transwell assay was performed to find out
whether SPINK1 regulates the invasion ability of HCC cells.
Consequently, SPINK1 overexpression stimulated cell invasion,
while its downregulation demonstrated the opposite effect
(Figure 2E). Together, these results indicate that SPINK1 exerts
important oncogenic roles in cell proliferation, cell cycle, and
invasion of HCC cells in vitro.

circRPS16 Regulates SPINK1
via miR-876-5p
Reports indicate that circular RNAs act as sponges for miRNAs
modulating the activity of miRNA on their target genes (19, 20).
Unambiguously, circRNAs are considered a large class of
posttranscriptional regulators (21). Therefore, we investigated
whether SPINK1 is regulated by circular RNA. As a result, miR-
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876-5p was a potential miRNA regulating SPINK1, which was
predicted by four databases including miRanda, Targetscan,
starbase, and miRwalk (Figure 3A). Subsequently, the starBase
database was used to investigate the potential upstream circRNAs
of miR-876-5p. The results revealed that circRPS16 (circBase ID is
hsa_circ_0050997) was the most potential one to bind miR-876-
5p, which was supported by 32 Argonaute (AGO) CLIP seq
experiments (Figure 3B) (22). The qRT-PCR results further
demonstrated that circRPS16 is upregulated in HCC tissues
(Figure 3C), nevertheless, miR-876-5p was downregulated in
HCC tissues (Figure 3D). The FISH analysis confirmed that
circRPS16 and miR-876-5p are colocalized in the cytoplasm of
HCC cells (Figure 3E). Dual-luciferase system analysis was
conducted for further validation. In contrast with the mutant
type of circRPS16 plasmid, cotransfection of miR-876-5p mimics
and wild type of circRPS16 plasmid significantly reduced the
luciferase activity (Figure 3F). Moreover, unlike the transfection
of plasmid containing mutant type of SPINK1 3′UTR,
cotransfection of miR-876-5p mimics with wild-type plasmid
decreased the luciferase activity (Figure 3G). Western blot assay
was performed to find out whether circRPS16 regulates SPINK1
expression via miR-876-5p. As a result, transfection of miR-876-
5p mimics downregulated SPINK1 expression, while miR-876-5p
inhibitor upregulated SPINK1 expression. For the rescue assay,
circRPS16 siRNA downregulated SPINK1 expression; this was
restored by miR-876-5p inhibitor. Overexpressed circRPS16
vector upregulated SPINK1 expression, which was impaired by
miR-876-5p mimics (Figure 3H).

In summary, the above findings prove that circRPS16
regulates SPINK1 expression via miR-876-5p.

miR-876-5p Regulates HCC Cell
Proliferation, Cell Cycle, and Invasion
Considering that miR-876-5p directly targeted SPINK1 and was
downregulated in HCC tissues, its functional roles were further
explored. miR-876-5p mimics or inhibitor was transfected to
ectopically upregulate or downregulate miR-876-5p expression,
respectively. Meanwhile, the relevant NC were also transfected.
CCK-8 and EdU assays identified that, unlike the NC group, miR-
876-5p mimics inhibited HCC cell proliferation. In contrast, miR-
876-5p inhibitor promoted HCC cell proliferation (Figures 4A, B).
Additionally, flow cytometry analysis revealed that miR-876-5p
mimics caused cell cycle arrest, while miR-876-5p inhibitor
promoted cell cycle progression (Figure 4C). Transwell assays
were further conducted to evaluate the effects of miR-876-5p on
metastasis. In contrast with the NC group, miR-876-5p mimics
inhibited the invasion capacity of HCC cells, whereas miR-876-5p
inhibitor improved this capacity (Figure 4D). These results imply
that miR-876-5p exerts inhibitory roles in HCC progression in vitro.

circRPS16 Regulates HCC Cell
Proliferation, Cell Cycle, and Invasion by
Sponging miR-876-5p
The independent roles of circRPS16 were confirmed through the
transfection of circRPS16 siRNA. Then, to examine whether
circRPS16 exerts regulatory roles by interacting with miR-876-5p,
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rescue assays were performed through cotransfection of circRPS16
siRNA and miR-876-5p inhibitor. CCK-8 and EdU assays showed
that knockdown of circRPS16 inhibited HCC cell proliferation
(Figures 5A, B). Flow cytometry analyses demonstrated that
circRPS16 siRNA caused cell cycle arrest, nonetheless
(Figure 5C). Transwell assays identified that circRPS16 siRNA
Frontiers in Oncology | www.frontiersin.org 564
inhibited HCC cell invasion capacity (Figure 5D). Furthermore,
rescue assays confirmed that reintroduction of miR-876-5p
inhibitor rescued the inhibitory roles of circRPS16 siRNA on
proliferation (Figures 5A, B), cell cycle (Figure 5C), and invasion
(Figure 5D). These results indicate that circRPS16 regulates HCC
cell proliferation, cell cycle, and invasion by sponging miR-876-5p.
A B
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FIGURE 1 | SPINK1 is upregulated in HCC tissues, and high SPINK1 expression is associated with poor prognosis. (A) GEO dataset analysis (GSE14520) reveals
that SPINK1 was upregulated in HCC tissues. Data are presented as mean ± SD; statistical significance was assessed by Student’s t-test. ***p < 0.001. (B) The
heatmap showed that SPINK1 was primarily clustered in HCC tissues. (C) The results of qRT-PCR reveal that SPINK1 was upregulated in HCC tissues. Data are
presented as mean ± SD; statistical significance was assessed by paired t-test. *p < 0.05. (D) Kaplan-Meier analysis of overall survival from the TCGA dataset
reveals that high SPINK1 expression was associated with poor prognosis; the log-rank test was used. p = 0.0056. (E) Immunochemistry (IHC) results from Human
Protein Atlas reveal that SPINK1 was upregulated in HCC tissues.
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FIGURE 2 | SPINK1 regulates HCC cell proliferation, cell cycle, and invasion capacity. (A) The qRT-PCR results reveal the SPINK1 expression level after transfection of
SPINK1 overexpression vector or siRNA. Independent experiments were repeated three times; data are presented as mean ± SD; statistical significance was assessed
by paired t-test. *p < 0.05, **p < 0.01. (B) CCK-8 and (C) EdU assays reveal SPINK1 overexpression (ov) promotes and knockdown (si) inhibits the proliferation of HCC
cells. Independent experiments were repeated three times; data are presented as mean ± SD; statistical significance was assessed by Student’s t-test. *p < 0.05, **p <
0.01. (D) Flow cytometry shows SPINK1 overexpression accelerates cell cycle, while, SPINK1 knockdown induces cell cycle arrest. Independent experiments were
repeated three times; data are presented as mean ± SD; statistical significance was assessed by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Transwell
assays revealed SPINK1 overexpression promoted and its knockdown attenuated the invasion of HCC cells. Independent experiments were repeated three times; data
are presented as mean ± SD; statistical significance was assessed by Student’s t-test. **p < 0.01, ***p < 0.001. ov, overexpressed plasmid vector; si, siRNA; NC,
negative control.
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Knockdown of circRPS16 Inhibits Tumor
Growth by Suppressing SPINK1 In Vivo
To detect the roles of circRPS16 on HCC growth in vivo, HepG2
cells with stable knockdown of circRPS16 and the NC cells were
implanted into the nude mouse model. After 20 days, the
xenograft mice were euthanized and tumor weight was
recorded. The results revealed that tumors derived from
circRPS16 knockdown cells have a lower weight than those
from NC cells (Figure 6A). To further assess whether
circRPS16 regulates SPINK1 expression in vivo, SPINK1
expression levels of the different group was detected through
IHC assay. The results demonstrated that SPINK1 expression
was significantly downregulated in the circRPS16 knockdown
group (Figure 6B). As such, in vivo assay confirms that
circRPS16 knockdown inhibits SPINK1 and tumor growth.
Frontiers in Oncology | www.frontiersin.org 766
DISCUSSION

HCC is a major international health problem; while
acknowledging significant progress in its prevention, detection,
diagnosis, and treatment, its incidence and mortality rates are
increasing (1). Notably, molecular alterations regulate the
transition of dysplastic cells to full-blown hepatocellular
carcinoma (23). Therefore, targeting the molecular targets
implicated in its pathogenesis is a potential treatment approach
(24). Studies indicate that SPINK1 regulates HCC progression.
For instance, SPINK1 differentiates a well-differentiated HCC
from a high-grade dysplastic nodule (12). Moreover, SPINK1 is
significantly upregulated in HCC tissues compared with
corresponding nonmalignant tissues (25, 26). It also causes the
epithelial-mesenchymal transition (EMT) via MEK/ERK
A B C D

E

H

F G

FIGURE 3 | circRPS16 regulates SPINK1 by sponging miR-876-5p. (A) The potential miRNA targeting SPINK1 were predicted by miRanda, Targetscan, starbase, and
miRwalk database; the interaction is shown in the Venn diagram. (B) The potential circRNAs targeting miR-876-5p were predicted by starbase. (C) The circRPS16 and
(D) miR-876-5p expression levels were qualified by qRT-PCR. Data are presented as mean ± SD; statistical significance was assessed by paired t-test. **p < 0.01,
***p < 0.001. (E) The location of circRPS16 and miR-876-5p was determined by FISH. (F) Dual-luciferase reporter assays demonstrated that circRPS16 directly targets
miR-876-5p and (G) miR-876-5p directly targets SPINK1. Independent experiments were repeated three times; data are presented as mean ± SD; statistical significance
was assessed by Student’s t-test. ***p < 0.001. (H) Western blot analysis shows that circRPS16 regulated SPINK1 expression via miR-876-5p. ov, overexpressed
plasmid vector; si, siRNA; NC, negative control.
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FIGURE 4 | miR-876-5p regulates HCC cell proliferation, cell cycle, and invasion capacity. (A) CCK-8 and (B) EdU assays reveal that miR-876-5p mimics inhibited and
inhibitor promoted the proliferation of HCC cells. (C) Flow cytometry reveals that miR-876-5p mimics induced cell cycle arrest, while, miR-876-5p inhibitor accelerated cell
cycle. (D) Transwell assays reveal miR-876-5p mimics attenuated, while, inhibitor promoted the invasion of HCC cells. All the above experiments were repeated three
times independently; data are presented as mean ± SD; statistical significance was assessed by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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pathway (27) and acts as a downstream effector of the CDH17/b-
catenin axis in HCC (28). By analyzing the GEO database, we
found that SPINK1 was upregulated in the HCC tissues; this was
further verified using qRT-PCR in 25 paired HCC tumors and
adjacent nontumors. TCGA data showed that high SPINK1
expression is closely associated with poor prognosis. In
addition, IHC results from the Human Protein Atlas revealed
that SPINK1 was upregulated in HCC tissues. Functional assays
confirmed that SPINK1 acts as an HCC oncogene. These results
indicate the vital roles of SPINK1 in HCC progression and are
urgently required to elucidate its upregulatory mechanism.

circRNA is a novel class of noncoding RNA with a covalent
closed-loop structure through back splicing (29). This special
Frontiers in Oncology | www.frontiersin.org 968
structure offers circRNA distinct characteristics such as
inhibiting digestion and cleavage of exonucleases and long
half-life compared with linear RNAs (30). Previous studies
have reported the vital roles of circRNA in tumorigenesis and
tumor progression including HCC (31, 32). To a certain degree,
the locations of circRNAs dictate their functions. Nuclear
retained circRNAs are implicated in transcription regulation
(33, 34). Additionally, the circular RNAs retained in the
cytoplasm act as miRNA sponges then regulate the expression
of the miRNA target genes (4, 35). Furthermore, circRNAs form
specific circRNPs by interacting with different proteins and
translate into protein and form pseudogenes (19). Through
bioinformatic analysis, we hypothesized that circRPS16 acts as
A

B

C

D

FIGURE 5 | circRPS16 regulates HCC cell proliferation, cell cycle, and invasion capacity via miR-876-5p. (A) CCK-8 and (B) EdU assays show that circRPS16
knockdown inhibited the proliferation of HCC cells and miR-876-5p inhibitor restored the proliferation of circRPS16 knockdown HCC cells. (C) Flow cytometry
reveals that circRPS16 knockdown induced cell cycle arrest and miR-876-5p inhibitor accelerated cell cycle of circRPS16 knockdown HCC cells. (D) Transwell
assays show that circRPS16 knockdown inhibited invasion capacity of HCC cells and miR-876-5p inhibitor restored invasion capacity of circRPS16 knockdown
HCC cells. All the above experiments were repeated three times independently; data are presented as mean ± SD; statistical significance was assessed by Student’s
t-test. *p < 0.05, **p < 0.01, ***p < 0.001. NC, negative control; si, siRNA.
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a miR-876-5p sponge to regulate the SPINK1 expression.
Previous studies have investigated the regulating roles of miR-
876-5p in prostate cancer, breast cancer, HCC, etc. (36, 37). In
HCC, miR-876-5p acts as the targets of LncRNA PITPNA-AS1,
long noncoding RNA SNHG14, and LINC-ROR and then
regulates proliferation and sorafenib sensitivity of HCC (38–
40). miR-876-5p also suppresses HCC progression by targeting
DNMT3A and inhibits EMT and metastasis of HCC by targeting
BCL6 corepressor like 1 (BCORL1) (36, 41). These findings
strongly indicate the essential roles of miR-876-5p in HCC. In
our study, qRT-PCR results confirmed that circRPS16
was significantly upregulated; this was inversely associated with
miR-876-5p expression in HCC tissues. FISH assays revealed
that circRPS16 and miR-876-5p were colocalized in
the cytoplasm. Dual-luciferase reporter assays proved that
miR-876-5p directly combined circRPS16 and SPINK1.
Subsequently, Western blot analysis showed that circRPS16
regulated SPINK1 expression via miR-876-5p. Therefore, the
mechanism assays demonstrated that circRPS16 acts as the
sponge of miR-876-5p, then regulate the miR-876-5p target
gene SPINK1. Furthermore, functional assays confirmed the
oncogenic roles of circRPS16 and the tumor-suppressor roles
of miR-876-5p. Rescue assays verified that circRPS16 regulated
HCC cell proliferation, cell cycle, and invasion via miR-876-5p.
Eventually, our results show that circRPS16 inhibits tumor
growth via SPINK1 in vivo.
Frontiers in Oncology | www.frontiersin.org 1069
In conclusion, our findings suggest that SPINK1 is upregulated
in HCC tissues and acts as an oncogene in HCC progression.
Furthermore, SPINK1 is regulated by circRPS16 via sponging miR-
876-5p. To our knowledge, this is the first study reporting the
important roles of circRPS16/miR-876-5p/SPINK1 axis in HCC
progression. circRPS16 and SPINK1 are the potential diagnostic
biomarkers and therapeutic targets for HCC. Thus, our findings
provide additional insights into the molecular and regulatory
mechanisms in the progression of HCC.
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Background: Cholangiocarcinoma (CCA), including intrahepatic (iCCA), perihilar (pCCA),
and distal (dCCA) CCA, is a highly aggressive malignancy originating from bile duct. The
prognosis of CCA is very poor, and the biomarker study is unsatisfactory compared with
other common cancers.

Materials and methods: In our study, we investigated the expression of dual-specificity
phosphatase 11(DUSP11) in eight pairs of iCCAs, pCCAs, and dCCAs, and their
corresponding tumor-adjacent tissues, as well as their tumor-adjacent tissues with
qPCR. Moreover, we investigated the expression of DUSP11 in 174 cases of CCAs
with immunohistochemistry, including 74 iCCAs, 64 pCCAs, and 36 dCCAs. We classified
these patients into subsets with low and high expressions of DUSP11, and evaluated the
correlations between the DUSP11 subsets and clinicopathological factors. With univariate
and multivariate analyses, we assessed the correlation between DUSP11 and the overall
survival (OS) rates in these CCA patients.

Results: In all the CCA subtypes, DUSP11 was elevated in CCAs compared with their
paired adjacent tissues. In iCCA, pCCA, and dCCA, the percentages of DUSP11 high
expression were 44.59%, 53.85%, and 55.56%, respectively. In iCCA, high DUSP11
expression was significantly associated with an advanced T stage and a poor prognosis.
However, the prognostic value of DUSP11 in pCCA and dCCA was not significant. To
decrease the statistical error caused by the small sample size of the dCCA cohort, we
merged pCCA and dCCA into extracellular CCA (eCCA). In the 101 cases of eCCA,
DUSP11 expression was also not significantly associated with the prognosis.

Conclusions: DUSP11 expression was associated with tumor infiltration and the OS rate
in iCCA, but not in pCCA and dCCA. DUSP11 was an independent biomarker of iCCA
indicating a poor prognosis. Our results suggested that a high expression of DUSP11 was
a post-operational risk factor, and detecting DUSP11 could guide the individual treatment
for patients with CCA.

Keywords: DUSP11, prognosis, biomarker, intrahepatic cholangiocarcinoma, extrahepatic cholangiocarcinoma
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INTRODUCTION

Cholangiocarcinoma (CCA) is a highly aggressive malignancy
with extremely poor prognoses. Anatomically, CCA is further
classified as three subtypes including intrahepatic (iCCA),
perihilar (pCCA), and distal (dCCA) CCA based on their
origin in the biliary tree (1). pCCA is the most prevalent type
of CCA accounting for about 50%–60% of the total CCA cases,
while dCCA and iCCA accounted for 20%–30% and 10%,
respectively (2). The motility and morbidity of CCA are
increasing rapidly in the recent decades, but the treatment
options have few progresses (3). China has the highest
incidence of CCA worldwide, and whether Chinese CCA
patients have special molecular features is still unknown. In
general, the rate of radical surgical resection of CCA is quite low,
and the treatment options of unresectable or advanced-stage
CCA are an urgent need. CCAs usually have poor responses to
the classical adjuvant therapies such as chemotherapy or
radiotherapy. Till 2020, there emerged the first FDA-approved
target drug of CCA, pemigtinib, which was used for CCA with
FGFR2 fusion or mutation (4). Overall, the 5-year overall
survival rate (OS) of CCA is very unsatisfactory, remaining
approximately 30% after radical resection (5). More
biomarkers of CCA should be investigated because biomarker
discovery is the initiation to find new drug targets and new
treatment therapy.

Protein phosphorylation is a key post-translational
modification mainly regulated by serine/threonine phosphatase
and tyrosine phosphatase. Protein tyrosine phosphatase (PTP)
family participates in numerous processes such as signal
transduction and cell proliferation, via dephosphorylating the
phosphor-tyrosine of substrates (6). In humans, PTPs consist of
107 members and are divided into four main subgroups, which
are type-I cysteine-based PTP (including classical PTPs and
dual-specific phosphatase), type-II cysteine-based PTP, type-III
cysteine-based phosphatases, and aspartic acid-based PTPs (7).
These PTPs have different tissue specificities, substrates, and
functions. Genetic and epigenetic alterations in the PTP genes
can result in aberrant tyrosine phosphorylation, and
consequently lead to diverse effects including an uncontrollable
cell proliferation and tumorigenesis (8, 9). Interestingly, both the
tumor suppressing role and oncogenic functions of PTPs have
been showed in cancer, and the putative oncogenic or tumor
suppressive functions of PTP are considered to rely on the
cellular context.

Dual-specificity phosphatases (DUSPs) have a dephos-
phorylating activity to both threonine/serine and tyrosine
residues (10). There are 61 DUSPs out of the 107 PTP
members, which have heterogeneous forms and functions, and
are further classified based on the specific domains and sequence
similarity. DUSP11, also known as PIR1 (phosphatase interacting
with RNA and ribonucleoprotein 1), is a unique member of
atypical DUSPs which could bind directly to RNA and possess
RNA 5’-triphosphatase and diphosphatase activities (11, 12).
DUSP11 converts the 5’ triphosphate of microRNA precursors
to a 5’ monophosphate, and regulates cellular noncoding RNAs
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levels (12–14). In addition to a catalysis towards RNA, more
evidence showed that DUSP11 could also dephosphorylate proteins.
For example, DUSP11 could attenuate lipopolysaccharide-induced
macrophage activation by targeting TGF-b-activated kinase 1 (15).
DUSP11 was considered to participate in cancer progression
by several previous studies (16, 17), but its functions and
regulation mechanisms in cancer are still unclear to date. The
tissue specificity and functions in tumor of DUSP11 have not been
well studied.

In our study, we investigated the expression of DUSP11 in
174 cases of CCAs, including 74 iCCAs, 64 pCCAs, and 36
dCCAs. Moreover, we classified the patients into subsets with
low and high expressions of DUSP11, and evaluated the
clinicopathological factors in these subsets. With univariate
and multivariate analyses, we assessed the correlation between
DUSP11 and the OS rate in 74 iCCAs, 64 pCCAs, and 36 dCCAs.
MATERIALS AND METHODS

Patients and Ethics
A total of 258 patients were diagnosed with CCA in Chinese
Academy of Medical Sciences and Peking Union Medical College
and National Cancer Center Shenzhen Hospital from 2009 to
2016, which formed the primary cohort. A total of 174 cases of
CCAs, including 74 iCCAs, 64 pCCAs, and 36 dCCAs, were
selected from the primary cohort into the validation cohort, if
they followed the criteria: (1) radical surgery with clear surgical
margin was performed; (2) available formalin-fixed tumor
tissues for IHC; (3) available follow-ups more than 3 months
and complete medical records; and (4) no history of other
malignancies. All samples were obtained with a prior consent
from patients. The study was approved and supervised by the
Ethics Committee of Chinese Academy of Medical Sciences and
Peking Union Medical College and National Cancer Center
Shenzhen Hospital.

Quantitative Real-Time PCR Analysis
A total of eight consecutive iCCAs, pCCAs, and dCCAs, and
their corresponding tumor-adjacent tissues were collected for
qPCR. Total mRNA was extracted from the frozen tissues using
the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA,
USA), and then converted into cDNA using the ReverTra Ace
qPCR RT kit (TOYOBO, Japan). Quantitative real-time PCR was
performed using the SYBR Green Master (Roche, USA) and
Light Cycler Roche 480 PCR instrument. The mRNA level was
standardized with the 2-DDCt method by normalization to
GAPDH. The primer sequences were as follows:

DUSP11, forward:5’-GGCTGCCGAGTCTTTTCCT-3’,
Reverse5’-TTTCCACCTTTCGGGGATGTG-3’; GAPDH,
forward:5’-GGAGCGAGATCCCTCCAAAAT-3’, reverse: 5’-
GGCTGTTGTCATACTTCTCATGG-3’.

Immunohistochemistry
Immunohistochemistry was performed with a streptavidin
peroxidase complex method. Briefly, the paraffin-embedded
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tissues were deparaffinized and rehydrated with xylene and
graded alcohol. To inactivate the endogenous peroxidase,
3% hydrogen peroxide was used, and then, the slides were
incubated in a citrate buffer (pH = 6.0) for the optimal antigen
retrieval. The unspecific binding was blocked by incubation in
1% bovine serum albumin for 30 minutes. Primary antibody of
DUSP11 (Santa Cruz Biotechnology, catalog: sc-393220) was
used to incubate the tissues at 4°C overnight. Phosphate buffered
saline was used to rinse the slides three times, and secondary
antibodies labeled with streptavidin-biotin-peroxidase reagent
were used to incubate the tissues for 1 hour. After that, slides
were treated with the 3,3’-diaminobenzidine solution for
10 minutes for visualization. Slides were counterstained with
hematoxylin and mounted at last.

Immunohistochemistry Results Evaluation
The IHC results were semi-quantified by two independent
pathologists who were unaware of the clinical data. The final
IHC scores was evaluated as the scores of the percentage of
positive-stained cells multiplied by the scores of staining
intensity. In brief, the scores of staining intensity were defined
as: score 0 for negative staining, score 1 for weak staining, score 2
for moderate staining, and score 3 for strong staining. The scores
for positive-stained cells were set as follows: score 1 for <25% of
positive cells; score 2 for 25%–50% of positive cells; score 3 for
50%–75% of positive cells; and score 4 for 75%–100% of positive
cells. The final IHC score ranged from from score 0 to 12, and
was divided into subsets with different DUSP11 expression
according to the cut-off, which was defined by the receiver
operating characteristic (ROC) curve.

Statistical Analysis
SPSS 25.0 (IBM, Chicago, IL, USA) and GraphPad prism 5.0
software (California Resources Corporation, Los Angeles,CA,
USA) were used for statistical analyses. The chi-square test was
used to analyze the correlations between DUSP11 and the
clinicopathological factors. The univariate analysis was
analyzed with the log-rank test, and the survival curves were
plotted with the Kaplan-Meier method. The Cox proportional
hazards regression model was applied to identify the
independent prognostic factors. P-values less than 0.05 in all
experiments were considered statistically significant.
RESULTS

Expression of Dual-Specificity
Phosphatase 11 in Cholangiocarcinoma
Tissues and Tumor-Adjacent Tissues
The expression of DUSP11 was detected with qPCR in eight pairs
of iCCAs, pCCAs, and dCCAs, as well as their corresponding
tumor-adjacent tissues (Figure 1A). In these tissues, DUSP11
expressions in iCCAs, pCCAs, and dCCAs were substantially
higher than those in their paired adjacent tissues. To better
depict the expression of DUSP11 in CCA, the DUSP11
expression was investigated by IHC in 174 cases of CCAs,
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including 74 iCCAs, 64 pCCAs, and 36 dCCAs. In consistent
with the DUSP11 function as a phosphatase toward phosho-
RNA, the intracellular localization of DUSP11 was in the cell
nucleus in CCA (Figure 1B). In iCCA, pCCA, and dCCA, the
percentages of DUSP11 high expression were 44.59%, 53.85%,
and 55.56%, respectively (Table 1). The basic information of
CCA patients is shown in Table 1, including the sex, age, tumor
size, differentiation, and T/N/M/TNM stage of the patients. The
results of basic patients characters were consistent with previous
studies (5, 18), supporting the validation of our cohort.

Correlation Between Dual-Specificity
Phosphatase 11 and Clinicopathological
Factors
To screen the potential clinicopathological variables which may
be associated with DUSP11 expression, we analyzed the
correlation between the clinicopathological variables and
DUSP11 with the chi-square test (Table 2). In iCCA, DUSP11
expression was significantly associated with the T stage. High
expression of DUSP11 was positively correlated with an
advanced T stage (P = 0.008), indicating that DUSP11 may be
an attributor to iCCA infiltration. In pCCA and dCCA, no
clinicopathological variables exhibited a significant correlation
with DUSP11 expression.
A

B

FIGURE 1 | Expression of DUSP11 in CCA tissues. (A) The expression of
DUSP11 was detected with qPCR in eight pairs of iCCAs, pCCAs, and
dCCAs, as well as their corresponding tumor-adjacent tissues. * represents
P < 0.05 and *** represents P < 0.0001, calculated with paired t-test.
(B) DUSP11 expression was investigated in 174 cases of CCAs, including 74
iCCAs, 64 pCCAs, and 36 dCCAs, by IHC. Representative images of low and
high DUSP11 expressions were displayed.
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Dual-Specificity Phosphatase 11 Was
Correlated With Poor Prognosis in
Intrahepatic Cholangiocarcinoma
We performed univariate analysis to evaluate the prognostic
significance of DUSP11 and other clinicopathological factors in
CCA. All clinicopathological factors and DUSP11 expression
were enrolled into the univariate analysis. The Kaplan-Meier
method was used to plot the OS curves, and the log-rank test
Frontiers in Oncology | www.frontiersin.org 475
was used to analyze the statistical difference between the
subgroups (Table 3).

In iCCA, a high DUSP11 expression was significantly
associated with a low OS rate (P = 0.002). The 5-year OS rates
of patients with low and high DUSP11 were 52.6% and 9.4%,
respectively (Figure 2A). However, the prognostic significance of
DUSP11 in pCCA and dCCA was not remarkable (P = 0.354 and
0.459, respectively), though pCCA and dCCA patients with a high
TABLE 1 | Basic information of CCA patients.

Clinicopathologic parameters iCCA pCCA dCCA

n percentage n percentage n percentage

Age
(years)

<60 45 60.81% 40 61.54% 27 75.00%
≥60 29 39.19% 25 38.46% 9 25.00%

Sex Male 37 50.00% 46 70.77% 21 58.33%
Female 37 50.00% 19 29.23% 15 41.67%

Tumor size# (cm) <3/5 cm 34 45.95% 37 56.92% 26 72.22%
≥3/5 cm 40 54.05% 28 43.08% 10 27.78%

Differentiation Well 17 22.97% 31 47.69% 17 47.22%
Moderately 36 48.65% 25 38.46% 12 33.33%
Poorly 21 28.38% 9 13.85% 7 19.44%

T stage T1 + 2 52 70.27% 28 43.08% 16 44.44%
T3 + 4 22 29.73% 37 56.92% 20 55.56%

N stage N0 49 66.22% 52 80.00% 24 66.67%
N1 25 33.78% 13 20.00% 12 33.33%

M stage M0 70 94.59% 63 96.92% 36 100.00%
M1 4 5.41% 2 3.08% 0 0.00%

TNM stage I 27 36.49% 10 15.38% 13 36.11%
II 8 10.81% 12 18.46% 22 61.11%
III 15 20.27% 20 30.77% 1 2.78%
IV 24 32.43% 23 35.38% 0 0.00%

DUSP11 Low 41 55.41% 30 46.15% 16 44.44%
High 33 44.59% 35 53.85% 20 55.56%
September 2021 |
 Volume 11 | A
#represents 5 cm for iCCA and 3 cm for pCCA/dCCA.
TABLE 2 | The correlations between clinicopathological factors and DUSP11.

Clinicopathologic parameters iCCA pCCA dCCA

Low High P* Low High P* Low High P*

Age
(years)

<60 28 17 0.142 21 19 0.783 14 13 0.439
≥60 13 16 14 11 6 3

Sex Male 20 17 0.815 23 23 0.333 10 11 0.320
Female 21 16 12 7 10 5

Tumor size#

(cm)
<3/5cm 22 12 0.138 19 18 0.643 14 12 0.739
≥3/5cm 19 21 16 12 6 4

Differentiation Well 7 10 0.388 20 11 0.243$ 10 7 0.753
Moderately 22 14 11 14 7 5
Poorly 12 9 4 5 3 4

T stage T1+2 34 18 0.008 18 10 0.142 8 8 0.549
T3+4 7 15 17 20 12 8

N stage N0 28 21 0.674 30 22 0.213 13 11 0.813
N1 13 12 5 8 7 5

M stage M0 39 31 0.824$ 34 29 0.933$ 20 16
M1 2 2 1 1

TNM stage I 17 10 0.184 5 5 0.753 7 6 0.662
II 6 2 8 4 12 10
III 5 10 11 9 1 0
IV 13 11 11 12
rticle 7
*chi-square test, #represents 5 cm for iCCA and 3 cm for pCCA/dCCA, $represents Fisher test.
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DUSP11 expression seemed to have poorer prognoses compared
with those with a low DUSP11 expression (25.2% vs. 47.5% in
pCCA, 45.9% vs. 50.0% in dCCA) (Figures 2B, C).

In iCCA, a large tumor size and advanced N stage and M
stage, representing positive lymphatic invasion and distant
metastasis, were also indicators of a poor prognosis (P = 0.007,
0.010 and 0.010 respectively) (Figures 3A–C). In addition, an
advanced TNM stage was associated with the unfavorable
outcome of iCCA as well (P = 0.049) (Figure 3D). In pCCA,
poor differentiation was a notable indicator for a poor prognosis
(P < 0.001) (Figure 4A). Moreover, advanced T stage, N stage,
and M stage were also associated with a poor prognosis of pCCA
(P = 0.004, 0.006, and 0.012, respectively) (Figures 4B–D). As
expected, patients in an advanced TNM stage had a much poorer
outcome than those in an early TNM stage (P = 0.049)
Frontiers in Oncology | www.frontiersin.org 576
(Figure 4E). In dCCA, no factors were defined to be associated
with the OS time, which may be attributed to the small number
of patients (n = 36).

Dual-Specificity Phosphatase 11 Was an
Independent Prognostic Biomarker of
Intrahepatic Cholangiocarcinoma
All the clinicopathological factors were enrolled into the
Cox-regression hazard model for multivariate analysis
(Table 4). In iCCA, DUSP11 was identified as an independent
prognost ic biomarker (P = 0.022, 95% confidence
interval = 1.13–4.83). The hazard ratio (HR) of a high DUSP11
was 2.33, representing that patients with a high DUSP11
expression had a 2.33-fold time more than patients with a low
DUSP11. However, the independent prognostic significance of
TABLE 3 | The univariate analysis of DUSP11 and other clinicopathological factors.

Clinicopathologicparameters iCCA pCCA dCCA

5-year OS P* 5-year OS P* 5-year OS P*

Age
(years)

<60 36.1 0.435 40.6 0.142 43.8 0.600
≥60 28.3 36.4 54.7

Sex Male 31.5 0.288 37.8 0.789 37.8 0.789
Female 35.3 35.1 35.1

Tumor size#

(cm)
<3/5 cm 44.7 0.007 41.9 0.329 41.9 0.389
≥3/5 cm 22.8 41.1 32.9

Differentiation Well 35.6 49.0 64.3
Moderately 31.9 0.586 10.1 0 48.1 0.851
Poorly 33.3 0 41.5

T stage T1 + 2 39.9 0.219 52.9 0.004 34.8 0.647
T3 + 4 16.7 27.3 43.8

N stage N0 42.4 0.010 46.3 0.006 32.3 0.110
N1 12.4 0 61.1

M stage M0 35.7 0.010 39.1 0.012
M1 0 0

TNM stage I 47.1 75.0 34.4
II 58.3 0.049 26.8 0.049 46.6 0.292
III 22.5 30.8 0
IV 13.0 28

DUSP11 Low 52.6 0.002 47.5 0.354 50.0 0.459
High 9.4 25.2 45.9
September 2021
 | Volume 11 | Article 7
*represents analysis with log-rank test; #represents 5 cm for iCCA and 3 cm for pCCA/dCCA.
A B C

FIGURE 2 | The correlations between DUSP11 expression and the OS rates of CCA. (A–C) The survival curves of low and high expressions of DUSP11 in iCCA (A),
pCCA (B), and dCCA (C) were plotted by the Kaplan-Meier method, and the statistical significance was analyzed with the log-rank test.
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DUSP11 in pCCA and dCCA was not significant (P = 0.993 and
0.640, respectively).

Prognostic Significance of Dual-Specificity
Phosphatase 11 in Extrahepatic
Cholangiocarcinoma
To eliminate the effects of a small sample size towards the
statistical significance, we merged pCCA and dCCA to
extrahepatic CCA (eCCA), and performed the univariate
analysis. In the 101 cases of eCCA, the prognostic significance
of DUSP11 was still not remarkable (P = 0.241), but there existed
a trend that a high DUSP11 expression seemed to correlate a low
OS rate (Table 5). The 5-year OS rates of low and high DUSP11
were 48.7% and 26.0%, respectively (Figure 5A). Moreover, poor
differentiation (P = 0.016), and advanced T stage (P = 0.043), M
stage (P = 0.003), and TNM stage (P = 0.012) were all indicators
for an unfavorable prognosis of eCCA (Figures 5B–E).
DISCUSSION

Compared with other common cancer types such as gastric
cancer or lung cancer, CCA is characterized by its low rate of
Frontiers in Oncology | www.frontiersin.org 677
radical resection because of the specificity of the hepatic portal
(19, 20). The low rate of radical surgery increases the difficulty of
specimen obtainment and establishment of a large cohort
(20, 21), which is the basement of biomarker identification and
new drug target. However, more prognostic biomarkers of CCA
are an urgent need to select the high-risk patients and help
formulate the precise treatment. Our study collected a total of
174 cases of CCAs, which was a relatively large CCA cohort. We
demonstrated for the first time that DUSP11 was an independent
prognostic biomarker in CCA, suggesting that a high expression
of DUSP11 was a post-operational risk and detecting DUSP11
could guide the individual treatment for patients with CCA.

In the seventh edition of AJCC/UICC in 2007, pCCA and
dCCA were separated from eCCA and regarded as distinct
subtypes (22). iCCA, pCCA, and dCCA have different
morbidities, clinical characteristics, treatment strategies, and
prognosis, but whether they have different biological features is
still controversial (23). In some occasions, iCCA and eCCA have
the same biomarkers such as EGFR and HER2 (24, 25), but
several biomarkers exhibited a different prognostic significance
in iCCA and eCCA (21, 26). In this study, we demonstrated that
DUSP11 expression was correlated with a poor prognosis in
iCCA but not eCCA. This result further supported that iCCA
A B

C D

FIGURE 3 | The correlations between the clinicopathological factors and OS rates in iCCA. (A–D) In iCCA, the survival curves of tumor size (A), N stage (B), M
stage (C), and TNM stage (D) were plotted by the Kaplan-Meier method, and the statistical significance was analyzed with the log-rank test.
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and eCCA are two distinct cancer types, which have different
biological factors and biomarkers.

In the era of high-throughput sequencing, numerous genetic
alterations, such as the mutation, deletion, duplication, or
translocation of PTP genes, are reported to be linked with
Frontiers in Oncology | www.frontiersin.org 778
diverse cancer phenotypes (27). The underlying mechanisms of
the tumor suppressor or oncogenic role of PTPs in tumorigenesis
or tumor progression are not fully understood. The loss or
genetic alterations of several PTPs are shown to promote
tumorigenesis, proliferation, and metastasis in in vitro and
A B

D E

C

FIGURE 4 | The correlations between the clinicopathological factors and OS rates in pCCA. (A–E) Patients with pCCA were stratified according to the tumor
differentiation (A), T stage (B), N stage (C), M stage (D), and TNM stage (E), and the correlations between these factors and the OS rates were analyzed with the
log-rank test.
TABLE 4 | Prognostic factors identified by multivariate analysis.

Clinicopathologic parameters iCCA pCCA dCCA

HR 95%CI P* HR 95%CI P* HR 95%CI P*

Age
(years)

<60 1 1 1
≥60 1.34 0.69–2.57 0.387 1.98 0.82–4.75 0.129 0.83 0.17–3.93 0.810

Sex Male 1 1 1
Female 0.84 0.45–1.62 0.575 0.85 0.36–1.99 0.702 0.59 0.17–2.10 0.415

Differentiation Well 1 1 1
Moderately+Poorly 0.89 0.40–1.99 0.773 1.98 0.87–4.50 0.103 1.16 0.36–3.77 0.802

Size# <3/5 cm 1 1 1
≥3/5 cm 1.76 0.89–3.48 0.107 1.29 0.60–2.74 0.516 0.49 0.09–2.55 0.397

T stage T1 + T2 1 1 1
T3 + T4 0.83 0.40–1.71 0.604 2.15 0.99–4.71 0.057 1.60 0.45–5.72 0.467

N stage N0 1 1 1
N1 + 2 1.66 0.81–3.40 0.167 2.67 1.14–6.23 0.023 0.37 0.06–2.12 0.262

M stage M0 1 1
M1 2.63 0.78–8.78 0.117 5.44 1.02–28.96 0.047

DUSP11 Low 1 1 1
High 2.33 1.13–4.83 0.022 1.01 0.47–2.13 0.993 1.31 0.42–4.17 0.643
September 2
021 | Volu
me 11 | Article 7
*Cox-regression model.
#represents 5 cm for iCCA and 3 cm for pCCA/dCCA.
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in vivo models, and these PTPs are generally considered to be
tumor suppressors, including PTEN in prostate and breast
cancer (28–30), SHP1 in leukemia and lymphomas (31, 32),
PTPRF in colon, breast, and lung cancer (33, 34), and DUSP4 in
breast, pancreas, and thyroid cancer (35–38). On the other hand,
several tumor PTPs were identified as tumor suppressors because
their genetic variations or loss facilitate tumorigenesis and tumor
progression. For example, SHP2 was considered as an oncogene
in breast cancer, leukemia, and gliomas (39–43), and PTP4A3 is
an oncogene in breast, gastric, and colon cancer (44–46). The
studies of DUSP11 in cancer are very few and the role of DUSP11
in tumor progression is nearly in vacancy. This is the first study
reporting a definite role of DUSP11 as an oncogene because it is
significantly associated with iCCA prognosis. Our results expand
the understanding of the role of the DUSP family in cancer, and
indicates DUSP11 as a potential drug target of CCA.

Although PTPs are attracting more and more attention as an
onco-protein or a tumor suppressor, the improvement of PTP
inhibitors as specific inhibitors or target drugs remains
challenging. To obtain the specific small-molecule inhibitors
are difficult because the catalytic domains of PTPs are very
conserved. Till now, only a small proportion of PTPs have
specific inhibitors, such as PTP1B, SHP2, and PTPN9 (47–50).
However, the interacting proteins, substrates, and molecular
A B

D E

C

FIGURE 5 | The correlations between DUSP11, clinicopathological factors, and the OS rates in eCCA. (A–E) In the 101 cases of eCCA, the associations between
the OS rate and DUSP11 expression (A) or clinicopathological factors including tumor differentiation (B), T stage (C), M stage (D), and TNM stage (E) were analyzed
with the log-rank test.
TABLE 5 | The univariate analysis for eCCA.

Clinicopathologic parameters eCCA

5-year OS P*

Age
(years)

<60 39.6 0.313
≥60 39.6

Sex Male 38.1 0.372
Female 39.0

Tumor size#

(cm)
<3 cm 39.5 0.886
≥3 cm 40.4

Differentiation Well 45.7
Moderately 40.4 0.016
Poorly 22.1

T stage T1 + 2 46.7 0.043
T3 + 4 36.0

N stage N0 41.7 0.484
N1 29.1

M stage M0 40 0.003
M1 0

TNM stage I 51.9
II 37.3 0.012
III 28.6
IV 28.0

DUSP11 Low 48.7 0.241
High 26.0
*log-rank test.
#represents 5 cm for iCCA and 3 cm for pCCA/dCCA.
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catalytic mechanism of DUSP11 are poorly understood, and
there is still no available inhibitor of DUSP11. More studies on
the expression profile of DUSP11 in cancer would help improve
the therapeutic use of its potential inhibitor. We showed the
clinical relevance of DUSP11 in CCA and suggested that the
inhibitor towards DUSP11 may be a potential therapeutic
strategy to CCA.

In conclusion, we, for the first time, investigated the
expression of DUSP11 in 174 cases of CCAs, including 74
iCCAs, 64 pCCAs, and 36 dCCAs, and evaluated the clinical
significance of DUSP11 by assessing DUSP11 correlation
between the clinicopathological factors and prognosis. As a
result, we demonstrated that DUSP11 expression was
associated with tumor infiltration and the OS rate in iCCA,
but not in pCCA or dCCA. DUSP11 was an independent
biomarker of iCCA, indicating a poor prognosis. Our results
suggested that a high expression of DUSP11 was a post-
operational risk factor, and detecting DUSP11 could guide the
individual treatment for patients with CCA.
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T-complex protein-1 ring complex (TRiC), also known as Chaperonin Containing T-
complex protein-1 (CCT), is a multisubunit chaperonin required for the folding of
nascent proteins. Mounting evidence suggests that TRiC also contributes to the
development and progression of tumors, but there are limited studies on pathogenic
functions in hepatocellular carcinoma (HCC). We comprehensively evaluated the
expression pattern and biological functions of TRiC subunits using The Cancer
Genome Atlas and The Human Protein Atlas. Expression levels of TRiC subunits TCP1,
CCT2/3/4/5/6A/7/8 were significantly upregulated in HCC tissues at both transcript and
protein levels, which predicted shorter overall survival (OS). Moreover, high mutation rates
were found in several CCT subunits, and patients with altered CCT genes exhibited poorer
clinical outcomes. Functional enrichment analysis showed that co-regulated genes were
preferentially involved in ‘protein folding’ and ‘microtubule-based process’, while genes
co-expressed with CCT subunits were primarily involved in ‘ribosome’ and ‘spliceosome’.
Knockout of CCT5 in a HCC cell line reduced while overexpression enhanced proliferation
rate, cycle transition, migration, and invasion. In conclusion, these findings suggest that
subunits of the TRiC may be potential biomarkers for the diagnosis of HCC and play an
important role in the occurrence and development of HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most frequent
malignant tumors throughout the world. According to 2020
global cancer statistics, HCC mortality accounts for 8.3% of
total cancer deaths, and there were an estimated 410,000 new
HCC cases in China alone (1). Although HCC prognosis has
improved greatly over the past 20 years, the five-year survival
rate continues to be extremely low. Surgical resection and liver
transplantation are the most effective therapeutic approaches for
early-stage HCC, but most patients are diagnosed with
intermediate- or advanced-stage disease. Several targeted drugs
are now available that can prolong life, but again these have not
markedly improved 5-year survival. The development of HCC is
a complex process, and its occurrence, development, and
metastasis are closely related to various gene mutations, the
constantly activation of cell signal transduction pathways and
abnormal neovascularization. A large number of studies have
found the pathogenesis and therapeutic targets of HCC (2, 3), but
there are currently no common therapeutic targets for broad-
spectrum treatment. It may be possible to identify prognostic
biomarkers and more efficacious treatment targets by screening
tumor-related gene networks.

Molecular chaperonins aid in the proper folding of newly
synthesized proteins. Group I chaperonins are found in bacterial
cytosol and eukaryotic organelles, and include GroEL and the
eukaryotic homology HSP60, while group II chaperonins are
found in archaea and eukaryotic cytosol, and include the
multisubunit T-complex protein-1 ring complex (TRiC), an
ATP-dependent chaperone that may directly assist in the
folding of about 10% of all cytosolic proteins (4). The TRiC is
composed of eight paralogous subunits (TCP1, CCT2, CCT3,
CCT4, CCT5, CCT6A, CCT6B, CCT7, CCT8) assembled into a
double ring hexadecamer. Each subunit consists of three unique
domains: an apical domain containing the substrate recognition
site, an intermediate domain, and an equatorial domain
containing the ATP-binding site. According to previous
studies, the TRiC contributes to a variety of essential cellular
functions and pathogenic processes such as tumorigenesis by
stabilizing proteins involved in growth, proliferation, and
apoptosis, including cyclin B and cyclin E (5–7). The TRiC
also mediates the folding of cytoskeletal proteins such as actins
and tubulins (8). Moreover, the TRiC contributes to
carcinogenesis by directly regulating the folding and activity of
oncogenic or tumor suppress proteins such as Von Hippel-
Lindau (VHL), p53 and STAT3 (9–11).

Accumulating evidence also suggests that the expression
levels of TRiC subunits are association with cancer
Abbreviations: TRiC/CCT, T-complex protein-1 ring complex; HCC,
hepatocellular carcinoma; VHL, Von Hippel-Lindau; TCGA, The Cancer
Genome Atlas; OS, overall survival; HR, hazard ratio (HR); DFS, disease-free
survival; GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes;
BP, biological processes; CC, cellular components; MF, molecular function;
PCNA, proliferating cell nuclear antigen; SCLC, small cell lung cancer; ESCC,
esophageal squamous cell carcinoma; LNM, lymph node metastasis; PFDN,
prefoldin; EMT, epithelial-mesenchymal transition; scaRNAs, small Cajal body
RNAs; CNAS, copy number changes.
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development and progression. For instance, several studies
have reported that elevated expression of subunit CCT3, a
novel regulator of spindle integrity required for proper
kinetochore–microtubule attachment during mitosis, is
associated with poor HCC survival (12). Similarly, CCT8
overexpression has been linked to poor HCC prognosis (13)
and glucose-regulated protein (GRP94)-mediated metastasis
through CCT8 and JNK pathways (14). It was also found that
CCT6A can accelerate the cell cycle G–S transition by
upregulating cyclin D, thereby promoting HCC cell
proliferation (15). Collectively, these findings suggest that
TRiC subunits have potential utility as prognostic markers and
treatment targets.

Therefore, we analyzed the expression levels and mutation
rates of eight TRiC subunits in HCC by data mining. In the
present study, the expression levels of TRiC subunits in HCC
were significantly up-regulated compared to normal tissues
except CCT6B. Moreover, high expression level of CCTs in
HCC was associated with poor prognosis, also related to
pathological grade and clinical stage. We also analyzed
predicted functions and pathways of the mutations in CCTs
and their frequently altered neighbor genes in HCC patients.
Furthermore, significant correlations between expression levels
of TRiC subunits in HCC were observed. Finally, gain/loss-of-
function assays demonstrated that CCT5 plays an important role
in proliferation, migration, invasion and cell cycle regulation of
HCC cells. These findings may contribute to new targets and
insights for diagnosis and treatment of HCC.
MATERIAL AND METHODS

ONCOMINE Analysis
The online cancer microarray database and data-mining
platform ONCOMINE (www.oncomine.org), a compendium of
dysregulated genes, pathways, and networks from 18,000 cancer
gene expression profiles (16), was searched for genes
differentially expressed between normal tissues and HCC
tissues as evaluated by Student’s t test. Datasets were extracted
from TCGA pan cancer database using a cut-off p value of 0.01
and threshold fold-change of 2.

UALCAN Analysis
The online UALCAN database (http://ualcan.path.uab.edu) was
used for analyzing and data mining based on The Cancer
Genome Atlas (TCGA). UALCAN can be used to compare
relative gene expression levels between normal and tumor
samples, as well as between tumor subgroups stratified by
pathological grade, clinical stage, age, sex, and other clinical
features. We used the UALCAN to analyze the relationship
between CCT subunit expression levels in the TCGA database
and various clinicopathological features. Kaplan-Meier survival
curves were also constructed to evaluate the associations of CCT
subunit expression levels with clinical prognosis. Expression
levels were compared by Student’s t test, and p < 0.05 was
considered statically significant. Kaplan-Meier curves were
compared by log-rank test.
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The Human Protein Atlas
The public Human Protein Atlas (https://www.proteinatlas.org)
contains more than 10 million images of protein expression
patterns at a single-cell level generated by immunocytochemistry
and immunohistochemistry (17). It can be used to identify the
protein expression profiles in normal and pathological human
tissues, and to retrieve the related literature. In our study, the
protein expression levels of TRiC subunits in normal human and
HCC tissues were compared using immunohistochemical images
and mass spectrometry-based quantitative proteomics
analysis (18).

cBioPortal
The cBioPortal (www.cbioportal.org) is an online resource based
on cancer genomics for exploring, visualizing, and analyzing
multidimensional cancer genomics data. The types of genomic
data integrated include somatic mutations, DNA copy number
changes (CNAS), mRNA and miRNA expression, DNA
methylation, and protein abundance. We used cBioPortal to
analyze the genomic profiles and their correlations of TRiC
subunits in the TCGA database. The search parameters
included mutation, CNAS and mRNA expression z-Scores
(RNASeq V2 RSEM), and somatic putative copy number
alterations, which were generated from RNA-seq data by the
GISTIC. Kaplan-Meier analysis was used to examine the
associations of CCT mutation with overall survival (OS) and
disease-free survival (DFS) in HCC, and p<0.05 by log-rank test
was accepted as significant.

DAVID
The DAVID database (https://david.ncifcrf.gov/summary.jsp)
provides information about systematic and comprehensive
functional annotations for large-scale gene or protein lists. It is
mainly used for function and pathway enrichment analysis of
differentially expressed genes. In our study, GO and KEGG
pathway enrichment were used to reveal the predominant
functions and pathways of genes significantly associated with
CCT mutations and co-expressed genes positively associated
with CCT in the DAVID database. GO enrichment analysis
included biological processes (BP), cellular components (CC),
and molecular function (MF).

Cell Culture
The SK-HEP1 cell line was purchased from the Cell Bank of
Shanghai Academy of Chinese Sciences and cultured in
Dulbecco ’s Modified Eagle Medium (Gibco , USA)
supplemented with 10% fetal bovine serum (Gibco, USA) at
37°C under a 5% CO2 atmosphere.

Quantitative PCR
Total RNA was extracted using Trizol reagent (Invitrogen,
Canada) and reverse transcribed using the Evo M-MLV RT
Premix (Accurate Biology, China). Quantitative PCR was
conducting using a CFX96 fluorescence quantitative PCR
instrument and SYBR Green dye (Accurate Biology, China).
Relative expression of CCT5 was calculated by 2−DDCt values.
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The primer sequences were as follows: 5'- AGTTAGCCAAGA
GGCGGATAAG-3' (forward) and 5'-GACTTCGGTCATAG
TCTGGATGG-3' (reverse) for CCT5, and 5'- GGTATGACAA
CGAATTTGGC-3' (forward) and 5'- GAGCACAGGGTAC
TTTATTG-3' (reverse) for GAPDH (the internal control).

Western Blotting
Total cellular proteins were extracted using RIPA lysis buffer,
separated by 10% SDS-PAGE electrophoresis, and transferred to
PVDF membranes. The membranes were incubated overnight at
4°C in blocking solution containing the following antibodies:
CCT5 (Santa Cruz Biotechnology, USA, #SC374554), CDK2
(Cell Signaling Technology, USA, #2546), Cyclin D1 (Cell
Signaling Technology, USA, #2978), CDK6 (Cell Signaling
Technology, USA, #3136), Cyclin D3 (Cell Signaling
Technology, USA, #2936), CDK4 (Cell Signaling Technology,
USA, #12790), Cyclin A2 (Cell Signaling Technology, USA,
#4656), Cyclin B1 (Cell Signaling Technology, USA, #12231),
Cyclin E2 (Cell Signaling Technology, USA, #4132), Cyclin E1
(Cell Signaling Technology, USA, #4129), cdc2 (Cell Signaling
Technology, USA, #9116), and GAPDH (Cell Signaling
Technology, USA, #5174). After incubation with HRP-linked
anti-rabbit/mouse IgG (Cell Signaling Technology, USA, #7074/
#7076) for 2 h, immunoreactive bands were visualized using ECL
(Millipore, USA) and detected using the OI900 fully automatic
chemiluminescence image analysis system. GAPDH was used as
an internal reference.

Plasmid Construction, RNA Interference,
and Transfection
The PCR products were resolved by 1% agarose gel
electrophoresis and inserted into the pLVX-mCMV-ZsGreen-
puro vector by NotI/EcoRI co-digestion and ligation using T4
DNA ligase to form overexpression plasmids. These plasmids
were then electroporated into Escherichia coli DH5a competent
cells and positive transformants selected on plates containing
chloramphenicol. Correct insertion was confirmed by
sequencing and comparison to the NCBI BLAST program.

Cultured SK-HEP1 cells were transfected with the indicated
overexpression plasmid using Lipofectamine 3000 transfection
reagent kit (Invitrogen, USA) strictly according to the
manufacturer’s instructions. After 48 h, cells were harvested
for subsequent experiments. Other SK-HEP1 cell cultures were
transfected with 50 nmol CCT5 siRNA (5’-CACCGACAG
ATGGCTGAGA-3’) (RiboBio, Guangzhou, China), and CCT5
gene silencing was confirmed by western blotting and PCR.

CCK8 Assay
After transfection for 48 h, SK-HEP1 cells were seeded onto 96-
well plates at 5×103 cells/well in 100 ml DMEM with 10% FBS.
The number of viable cells was estimated using a CCK-8 kit
according to the manufacturer’s instructions (Dojindo, Japan).
At 1, 2, 3, and 4 days after seeding, 10 ml of CCK-8 solution was
added to each well for 2 h at 37°C. The optical density of each
well at 450 nm was determined using a microplate reader
(Thermo Fisher Scientific, USA).
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Colony Formation Assay
Cells were seeded in 6-well plates at a density of 1×103 and
cultured at 37°C under 5% CO2. After 10 days, colonies were
washed twice with PBS, fixed with 4% paraformaldehyde for 60
min, and stained with 1% crystal violet (LEAGENE, China) for
30 min. Colonies were photographed and counted.

Wound Healing Assay
After transfection for 48 h, SK-HEP1 cells were seeded in 6-well
plates at 8×104/well and cultured for 12 h. When cells reached
80%–90% confluence, a scratch was made through the center of
each well using a 200-ml sterile pipette tip. The cells were then
washed twice with PBS, incubated in serum-free DMEM, and
photographed at 0 h and 24 h to assess cell migration into the
bare region (wound healing). Images were analyzed by ImageJ
software to calculate the % wound closure.

Transwell Assay
Cell migration was also evaluated by transwell migration assays
(Corning, USA), and cell invasion was assessed using matrigel
invasion chambers (Cat. Corning, USA). Briefly, the upper
chambers were seeded with 8×104 cells in serum-free DMEM,
and 800 ml DMEM containing 10% FBS was added to the lower
chambers. After 24 h of culture at 37°C under 5% CO2, cells on
the reverse side of the insert (migrating/invading cells) were
stained with 0.5% crystal violet and three fields were randomly
selected and photographed at ×100 magnification.

Cell Cycle Assay
At 48 h after transfection, cells were collected and fixed overnight
with 75% alcohol at −20°C. After washing with PBS, cells were
incubated with propidium iodide (PI)/RNase A solution (Cat.
#abs50005, Absin, China) for 20 min at 37°C. Samples were
analyzed within 1 h of staining using a CytoFLEX flow cytometer
(Beckman-Coulter, USA) and ModFit LT software.

Statistical Analysis
All statistical analyses were conducted using SPSS version 26 and
GraphPad Prism 8. Data are presented as mean ± standard
deviation (SD) of three independent experiments. Two group
means were compared by Student’s t test and more than two
group means by one-way ANOVA. Overall and disease-free
survival were compared by the Kaplan-Meier method and log-
rank test. A P-value < 0.05 (two-tailed) was considered
statistically significant for all tests.

Immunofluorescence Analysis
The cells were fixed in 4% paraformaldehyde for 10 min at −20°C
and then permeabilized 10 min with 0.1% Triton X-100 at room
temperature. Following blocking in 10% goat serum for 30 min at
room temperature, cells were incubated with the primary
antibodies anti−CCT5 (Santa Cruz Biotechnology, USA,
#SC374554), and anti−b−tubulin (Sungene Biotech, China,
#KM9003T) at 4°C overnight. After that, the cells were washed
with TBST and incubated 1 h with 1mLAlexa Fluor®488 donkey
anti-mouse lgG at room temperature (life technologies, USA,
#A21202). After washing with TBST, nuclei were stained with
Frontiers in Oncology | www.frontiersin.org 485
DAPI (Solarbio, China) for 5 minutes. Images were acquired by
confocal microscopy (Leica Microsystem SP8, Wetzlar,
Germany). The fluorescence intensity was quantified using
ImageJ software.
RESULTS

Differential Expression of TRiC
Subunits in HCC
We first compared expression levels of TRiC subunits TCP1,
CCT2/3/4/5/6A/6B/7/8 at both mRNA and protein levels
between HCC patients and controls and among HCC
subgroups using the ONCOMINE database, UALCAN
database, and The Human Protein Atlas. We used the
ONCOMINE database to compare the mRNA expression
levels of the eight TRiC subunits in 20 different tumor types to
corresponding normal tissues (Figure 1A) and found that all
except CCT6B were significantly upregulated in multiple HCC
datasets. For instance, in the Roessler Liver 2 dataset
(Supplementary Figure 1), CCT2 was overexpressed by 2.084-
fold in HCC tissues compared to adjacent non-tumor tissues
(p=1.33E-53) (19). In the Wurmbach Liver dataset (20), CCT3
was also upregulated by 2.944-fold (p=4.60E-108). In the
Roessler Liver dataset, CCT5 was overexpressed by 2.17-fold 3
(p=2.57E-72), while CCT6A was overexpressed by 2.897-fold in
the Roessler dataset (p= 2.32E-85) and by 2.122-fold in the
Wurmbach Liver dataset (p= 3.08E-5). Findings from the
UALCAN database were generally consistent with those from
ONCOMINE. As shown in Figure 1B and Supplementary
Figure 2, the expression levels of TCP1, CCT/2/3/4/5/6A/7/8
were significantly upregulated, while CCT6B showed relatively
stable low-level expression in HCC tissues (all p<0.01).

We then used The Human Protein Atlas to examine if these
TRiC subunits were also differentially expressed in HCC tissues
at the protein level. In accord with mRNA results, TCP1, CCT2/
3/4/5/6A/7/8 (e.g., all except CCT6B) were highly expressed in
HCC tissues but moderately expressed in normal liver tissues
(Figure 2A). Since immunohistochemistry cannot accurately
quantify protein abundance, we searched for additional mass
spectrometry-based proteomics data (18) and obtained similar
results (Figure 2B). Thus, most TRiC subunits appear
overexpressed in HCC at both protein and mRNA levels, and
thus could be prognostic predictors or even treatment targets.

The mRNA Expression of TRiC Subunits in
HCC: Association With Clinical
Pathological Parameters
The UALCAN database was used to further analyze the
relationships between CCT expression and clinicopathological
features. Overall, our results showed that the expression of CCT
was significantly correlated with tumor grade and stage (both
P<0.05) As shown in Figure 3, the mRNA expression level of
CCT significantly increased with tumor grade except CCT6B. The
mRNA expression levels of TCP1, CCT2/3/4/5/6A/7/8 in HCC
patients were lower in grade 1/2 than grade 3/4, while CCT6B
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A

B

FIGURE 1 | Differential expression of TRiC subunits in 20 different cancer types (from ONCOMINE and UALCAN). (A) Differential expression of CCT mRNAs in
various cancer types compared to corresponding normal tissues (from the ONCOMINE database). Red: overexpression; Blue: downregulated expression (threshold
fold-change of 1.5, p < 0.01 for significance, gene rank: 10%, data type: mRNA). (B) Differential CCT mRNA expression levels in various cancer types compared to
normal tissues (from the UALCAN database).
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expression decreased as the tumor grade increased. Expression
levels of CCT3 and CCT5 also differed significantly among grade
1, grade 2, and grade 3 by pair-wise comparisons (all P<0.05) and
increased progressively with grade. However, expression in grade
4 did not differ significantly due to the low number of cases.
Nonetheless, late-stage HCC patients tended to show higher
TCP1, CCT2/3/4/5/6A/7/8 expression levels, while CCT6B
expression was lower in the late stage (Supplementary Figure 3).

Elevated TRiC Subunit Expression Levels
Were Associated Poorer HCC Prognosis
Consistent with the aforementioned associations between
elevated TRiC subunit expression and higher HCC grade,
Kaplan-Meier analysis revealed shorter OS among patients
with higher TRiC complex expression (HR=2.53, 95% CI:
1.78–3.61, p<0.001) (Figure 4). Moreover, high expression of
TCP1 (HR=1.51, 95%CI: 1.04–2.19, p=0.028), CCT2 (HR=2.31,
95%CI: 1.62–3.28, p<0.001), CCT3 (HR=2.01, 95%CI:1.42–2.48,
p<0.001), CCT4 (HR=2.1, 95%CI: 1.48–2.97, p<0.001), CC5
(HR=2.35, 95%CI: 1.64–3.37, p<0.001), CCT6A (HR=2.42, 95%
CI: 1.69–3.46, p<0.001), CCT7 (HR=1.86, 95%CI: 1.28–2.68,
p<0.001), and CCT8 (HR=1.7, 95%CI: 1.21–2.57, p<0.001)
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predicted shorter OS, while overexpression of CCT6B
(HR=0.57, 95%CI: 0.4–0.81, p<0.001) predicted longer survival.
Collectively, these data suggest that transcriptional expression
levels of TRiC subunits could be independent prognostic
biomarkers for OS in HCC.

Genetic Mutations of TRiC Subunits
in HCC
We then used cBioPortal to detect mutations and copy number
alterations of TRiC subunits in HCC. Nearly half of the HCC
patients in the database carried TRiC subunit gene alterations,
with highest mutation rates in CCT3 (27%), CCT5 (18%), and
TCP1 (12%) (Figure 5). The mRNA up-regulation and gene
amplification were the most common CCT alterations in HCC
patients. Moreover, we found significant correlations between
subunit mRNA expression from TCGA and copy number
alterations in HCC from cBioPortal for TCP1, CCT3, and
CCT5, suggesting that alternations in CCT expression levels
are caused by alternations at the genomic level. Furthermore,
Kaplan-Meier survival analysis showed that patients with TRiC
gene alterations demonstrated shorter OS (p<0.01) and DFS
(p=0.018) than patients without these alterations.
A B

FIGURE 2 | Elevated expression levels of TRiC subunit proteins in HCC tissues versus normal tissues as evidenced by immunohistochemistry (from The Human
Protein Atlas). (A) Representative images of tissues immunostained with the indicated HPA antibodies. (B) Mass spectrometry-based quantitative proteomics
analysis. ***p < 0.001.
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Gene Network Construction and
Functional Enrichment Analysis of CCT
and Neighboring Genes in HCC
We also used cBioPortal to construct a biological interaction
network of TRiC subunits with their associated altered neighbor
genes. The results showed that, the neighbor genes of TRiC
subunits with the most frequent alterations were TP53, PFDN2,
GBA, and CCNE2 (Figure 6A). According to GO enrichment
analysis (Figure 6B), CCT and their neighbor genes involved
predominantly in ‘protein folding’, ‘microtubule-based process’,
‘positive regulation of protein localization to Cajal body’,
‘cytoskeleton organization’, and ‘positive regulation of
telomerase RNA localization to Cajal body’. The proteins
encoded by these genes are mainly located in ‘microtubule’,
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‘chaperonin-containing T-complex’, ‘zona pellucida receptor
complex’, ‘myelin sheath’, and ‘prefoldin complex’, and
enriched in the MF annotations ‘structural constituent of
cytoskeleton’, ‘GTPase activity’ and ‘unfolded protein binding’.

In addition to the CCT neighbor genes, we also investigated
proteins with expression patterns similar to CCT subunits since
such proteins may have similar functions. A total of 1,420 co-
expressed proteins were identified with a threshold r > 0.4 and P <
0.05. According to the DAVID database, these proteins are
involved mainly in ‘rRNA processing’, ‘translational initiation’,
and ‘translation’, mainly located in ‘nucleoplasm’, ‘ribosome’,
‘membrane’, and ‘intracellular ribonucleoprotein complex’, and
function in ‘poly (A) RNA binding’, ‘structural constituent of
ribosome’, ‘protein binding’, and ‘RNA binding’ (Figure 6C).
A

B

FIGURE 3 | Greater TRiC subunit mRNA expression levels are associated with higher HCC tumor grade (from UALCAN). (A) Heatmap shows the different expressed
TRiC subunits in HCC patients with different grades. (B) The expression levels of TRiC subunits in HCC patients with different grades. *p < 0.05, **p < 0.01, ***p < 0.001.
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A

B

FIGURE 4 | Prognostic values of TRiC subunits for HCC (from UALCAN). (A) Survival analysis of the TRiC. (B) Survival analysis of individual TRiC subunits.
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According to KEGG enrichment analysis, these co-expressed
proteins are involved in ‘ribosome’, ‘spliceosome’, ‘RNA
transport’, ‘cell cycle’, ‘pyrimidine metabolism’, and ‘proteasome’.

Significant Correlation Between
Expression Levels of TRiC Subunits
in HCC
After that, we explored the correlation between the eight
subunits in the cBioportal database. It showed a positive
correlation between TCP1, CCT2/3/4/5/6A/7/8 and a negative
correlation between CCT6B and other eight subunits of TRiC
(Figure 7A). We next investigated the impact of altered one
single subunit expression on the expression of other subunits.
Overexpression efficiency following CCT5 vector transfection
and knockdown efficiency following siRNA transfection
were first confirmed by WB and qPCR (Figure 7B).
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CCT5 overexpression significantly increased the expression
levels of TCP1, CCT2/3/4/5/6A/7/8 while CCT6B decreased.
Reverse validation experiment revealed that CCT5 knockdown
reduced the expressions of TCP1, CCT2/3/4/5/6A/7/8 and
elevated CCT6B instead (Figure 7C). The aberrant expression
of a single TRiC subunit altered the expression level of other
subunits which suggested the evident correlation between
TRiC subunits.

CCT5 Overexpression Promoted
Proliferation, Migration, Invasion, and
G1–S Transition of HCC Cells
We then examined the specific cancer-related functions of the
TRiC subunit CCT5 in the SK-HEP1 HCC cell line by targeted
overexpression and knockdown. Knockdown of CCT5
significantly suppressed colony formation while CCT5
A

B

C

FIGURE 5 | TRiC gene mutations and altered mRNA copy numbers are association with overall survival (OS) and disease-free survival (DFS) (from cBioPortal).
(A) Summary of CCT gene mutation rates. (B) CCT gene mutation types. (C) Associations of CCT mutations with OS and DFS.
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A

B

C

FIGURE 6 | Functional enrichment analyses of TRiC subunit genes, their neighbor genes and their co-expressed genes in HCC patients (from cBioPortal and
DAVID). (A) Biological interaction network of CCT genes and their neighbor genes which were associated with CCT mutations. (B) GO enrichment analysis showing
biological processes, cellular components, and molecular functions of CCT subunit and neighboring network genes. (C) GO functional annotation and KEGG
pathway enrichment analysis of CCT subunit proteins and co-expressed genes were conducted proteins using DAVID.
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overexpression significantly increased (Figure 8A). Consistent
with CCK8 assay results, knockdown of CCT5 reduced viable
HCC cell number after several days in culture while CCT5
overexpression significantly increased viable cell number as
measured by CCK8 assay, suggesting that CCT5 acts to
accelerate HCC cell proliferation (Figure 8B). Overexpression
of CCT5 also promoted SK-HEP1 cell migration and invasion
while CCT5 siRNA transfection repressed migration and
invasion in transwell assays (Figure 8C). Similarly,
overexpression promoted while knockdown suppressed cell
migration in the wound healing assay (Figure 8D).
Consistently, CCT5 could enhance the expression of Vimentin,
Snail and Slug and downregulate the expression of E-cadherin,
suggesting its roles in promoting epithelial-mesenchymal
Frontiers in Oncology | www.frontiersin.org 1192
transition (EMT) of HCC cells (Figure 8E). These results
demonstrate that CCT5 contributes to the migration and
invasion ability of HCC cells.

Next, flow cytometry revealed that CCT5 knockdown
reduced the proportion of cells in S phase compared to control
cells and increased the proportion in G1 phase (Figure 8F).
Furthermore, western blotting indicated that the expression
levels of cell cycle regulators CDK2, 4, and 6 as well as
CyclinA2, B1, D1, D3, and E2 were reduced by CCT5
knockdown compared to control cells (Figure 8G).
Collectively, these results indicate that CCT5 is a positive
regulator of cell cycle progression, while inhibiting CCT5
expression induces cell cycle arrest at the G1–S transition,
thereby slowing proliferation rate. As a substrate for TRiC,
tublin plays a major role in the mitotic process. We performed
immunofluorescence experiments and found CCT5 co-localized
with b-tublin (Figure 8H). The expression of b-tubulin was
upregulated following CCT5 overexpression, while b-tubulin
expression was suppressed through the knockdown of CCT5
(Figure 8I). It demonstrated that CCT5 aids in the proper
folding of tublin in the cytoplasm, and full CCT activity is
required for normal cell growth and division.
DISCUSSION

Most HCC patients are not diagnosed until intermediate or
advanced stages of the disease, which may preclude
transplantation and surgical resection as treatment options.
Thus, biomarkers predictive of early-stage disease are urgently
needed. Elevated serum alpha-fetoprotein (AFP) is the most
widely used biomarker for HCC. However, not all tumors
secrete AFP and AFP lacks adequate diagnostic sensitivity and
specificity for HCC screening. Thus, its utility as a screening tool
for HCC detection is not practical due to its poor performance
(21). Further, many anticancer drugs show poor efficacy against
HCC. For instance, median OS is only about one year for patients
treated with the new first-line drug lenvatinib or the second-line
drug regorafenib (3). Thus, novel drug targets as well as more
sensitive and specific early biomarkers are required to prolong
survival. The Cancer Genome Atlas is one of the largest publicly
available cancer database of alterations in the oncogenic genome.
Abundance of potential cancer biomarkers and cancer-
associated gene in HCC have been discovered by using TCGA
database and other public platforms (22, 23), however, the
molecular mechanisms of HCC development are still
incompletely understood. The ATP-dependent chaperone
TRiC directly assists in the folding of up to 10% of all cytosolic
proteins (4), and acts as an important regulator of cancer
development by promoting the folding and activity of cancer-
related proteins such as VHL, p53, and STAT3 (9–11). The
clinical significance of TRiC subunit expression has been
reported in a variety of cancers (24–27), but limited studies
have been performed on HCC. To identify additional
mechanisms underlying HCC regulation by CCTs, we
conducted bioinformatics analysis of TCGA and other public
A

B
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FIGURE 7 | Significant correlation between expression levels of TRiC subunits
in HCC. (A) Pearson correlation analysis of the TRiC subunits in HCC (from
cBioPortal). (B) Efficiencies of CCT overexpression and knockdown in SK-HEP1
cells following plasmid and siRNA transfection, respectively, as confirmed by
western blotting (left) and qPCR (right). (C) CCT5 overexpression and
knockdown-induced changes in the expression of other subunits were confirmed
by qPCR. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.
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FIGURE 8 | Role of CCT5 in the proliferation, migration, invasion, and cell cycle regulation of HCC cells. (A) Colony formation assays showing the role of CCT5 on
SK-HEP1 cell proliferation. (B) Cell viability of SK-HEP1cell line was determined by CCK-8 assays. (C) The effects of CCT5 on cell migration and invasion were
determined by transwell assays in SK-HEP1 cell line. (D) The effects of CCT5 on cell migration were determined by wound healing assay in SK-HEP1 cell line.
(E) The expression of EMT markers were examined by western blotting with CCT5 overexpression or downregulation. (F) The cell cycle distribution of SK-HEP1 cells
were performed by flow cytometry analyses. (G) The relative expression levels of cyclin D1, cyclin D3, CKD4, CDK6, cyclin E2, cyclin A2, CDK2, cyclin B1, and
CDC2 were examined by Western blotting in SK-HEP1 cells. (H) Fluorescence images show staining of CCT5 (green), DAPI (blue) and b-tubulin(red) in SK-HEP1
cells. Scale bar, 10 µm. (I) Representative images of b-tubulin(red) immunofluorescence staining in CCT5-overexpressing and CCT5-knockdown SK-HEP1 cells.
Scale bar, 100 µm. Semi−quantitative analysis of b-tubulin fluorescence intensity using ImageJ software. *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significance.
Frontiers in Oncology | www.frontiersin.org October 2021 | Volume 11 | Article 7396601293

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. TRiCs as HCC Prognostic Biomarkers
datasets. Our research revealed that the mRNA and protein
expression levels of TCP1, CCT2/3/4/5/6A/7/8 were significantly
upregulated in HCC tissues while CCT6B showed lower mRNA
expression in HCC tissues compared to normal control liver
tissue. However, CCT6B cannot be distinguished from CCT6A at
the protein level due to a lack of specific antibodies, so the
protein expression level of CCT6B in HCC is uncertain.

The mRNA expression levels of CCTs were also associated
with clinicopathologic parameters, and higher expression levels
of TCP1, CCT2/3/4/5/6A/7/8 predicted shorter OS, while
overexpression of CCT6B predicted better prognosis.
Mutations in TRiC subunit genes were found in nearly half of
HCC patients, including CCT3 mutations in 27%, CCT5
mutations in 18%, and TCP1 mutations in 12%, and patients
harboring such CCT gene mutations demonstrated poorer
clinical outcome compared to patients without mutations.
We analyzed functions and pathways of CCTs and their
frequently altered neighbor genes in HCC patients and found
that the neighbor genes of CCTs with the most frequent
alterations were TP53, PFDN2, GBA, and CCNE2. In addition,
the biological processes of co-altered genes were predominantly
‘protein folding’ and ‘microtubule-based process’, while
functions were mainly related to the ‘ribosome ’ and
‘spliceosome ’ . Correlation analysis showed a positive
correlation between TCP1, CCT2/3/4/5/6A/7/8 and a negative
correlation between CCT6B and other eight subunits of TRiC.
Finally, gain/loss-of-function assays demonstrated that CCT5
drives the proliferation, migration, invasion, and cell cycle
progression of HCC cells. Thus, CCTs are potentially valuable
biomarkers and therapeutic targets for HCC.

Significant upregulation of TCP1, CCT2/3/5/6A/8 levels have
been found in a variety of cancers, with CCT3/6A/8 the best
studied in HCC, while there are few studies on CCT4/5/7.
Expression of TCP1 was upregulated in 93% of HCC patients
and 76% of colon cancer patients, while CCT2 was overexpressed
in 100% of HCC patients and 82% of colon cancer patients (24).
Further, CCT2 expression level was strongly correlated with
expression of proliferating cell nuclear antigen (PCNA), a
biomarker of cellular proliferation (24). Similarly, CCT2
overexpression was found in small cell lung cancer (SCLC) and
associated with poor prognosis (25). The mRNA and protein
expression levels of CCT3 were upregulated in HCC tissues and
strongly related to worse prognosis (12, 28, 29). In addition, the
protein expression level of CCT3 was closely related to HCC
tumor size, TNM stage, and Child-Pugh classification (30).
Moreover, serum CCT3 protein demonstrated greater
sensitivity than AFP as a diagnostic marker for HCC (28, 30).
The prognostic values of other CCTs in HCC remain to be
examined. Overexpression of CCT5 was found in breast cancer
tissues with p53 mutations (26). Similar to CCT3, overexpression
of CCT6A has been found in many malignancies, including liver
cancers (15) as well as breast cancer (31) and lung cancer (32),
and is associated with clinical prognosis and TNM stage. Recent
studies have also found abnormal CCT8 expression associated
with the occurrence and development of multiple cancers.
In HCC patients, CCT8 expression was directly related to
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histologic grade and tumor size, and high expression was
associated with poor clinical prognosis (13). Yang et al. also
reported that CCT8 expression was higher in human esophageal
squamous cell carcinoma (ESCC) patients with lymph node
metastasis (LNM) than ESCC patients without LNM, and high
CCT8 expression predicted shorter OS. Yi et al. found that
CCT6B expression was significantly lower in active fibroblasts
and that CCT6B overexpression significantly inhibited fibroblast
function, suggesting that CCT6B upregulation can be used to
inhibit cancer cell migration (33). Further, a CCT6B gene
mutation that may lead to TRiC loss-of-function was found in
Burkitt lymphoma, and it was suggested that CCT6B may be a
potential tumor suppressor gene (34). In light of these results and
the current findings, we suggest that TRiC subunits TCP1,
CCT2/3/4/5/6A/7/8 may serve as HCC oncogenes while
CCT6B may be a potential tumor suppressor gene. Further, all
of these transcripts may serve as useful prognostic markers
for HCC.

Previous studies have revealed that the complete TRiC is
highly expressed in numerous malignant tumor types. In most
cases, the TRiC exerts biological functions as a whole, so that
overexpression or knockdown of any one of its subunits may
alter function. Showalter and colleagues found that CCT2
overexpression enhanced the proliferation and invasion
capacities of breast cancer cells (35). Mechanistically, Zhang
et al. found that CCT3 was a novel regulator of spindle integrity
and a requirement for proper kinetochore–microtubule
attachment during mitosis. Further, CCT3 knockdown with a
targeted siRNA induced cell apoptosis and suppressed cell
proliferation by inducing mitotic arrest at prometaphase (12).
Likewise, CCT3 depletion suppressed breast cancer cell
proliferative and metastatic capacities, and ultimately induced
apoptosis (36). Shi et al. also reported that CCT3 knockdown
also significantly inhibited human papillary thyroid carcinoma
cell proliferation and cell cycle progression and eventually
induced cell apoptosis (27). Similarly, CCT5 siRNA
knockdown increased docetaxel-induced apoptosis of MCF-7
breast cancer cells (26), suggesting that this knockdown
strategy may potentiate the efficacy of anticancer drugs.
Knockdown of CCT8 also markedly inhibited proliferation by
arresting cells in G1-S phase (13). Knockdown of GRP94
depressed cell invasion and migration by inhibiting CCT8/c-
Jun/EMT signaling (14). Silencing CCT8 also inhibited the
proliferation and invasion capacities of glioma cells and
dysregulated cytoskeletal dynamics (37). In addition, CCT8 has
been shown to influence the migration and invasion of ESCC
cells by regulating a-actin and b-tubulin (38). As shown in our
Figure 5, there were few samples with high expression of all
TRiC subunits in HCC. Therefore, the TRiC should be
investigated as a whole since changes in the expression of a
single subunit may alter multiple biological processes.

The Cancer Genome Atlas includes the results from a large
number of gene level–mutation and gene level–copy number
variation studies, so that we further investigated the alternation
of CCT genes. Gene expression can be altered by mutations, copy
number alterations (CNAs), and by epigenetic control
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mechanisms. As shown in Figure 5, the highest mutation rate
was found in CCT3 (27%), and mRNA upregulation and gene
amplification were the most common CCT gene alterations in
HCC patients. In addition, both CCT expression levels and HCC
prognosis were affected by genetic alternation, and patients with
gene amplifications showed the highest CCT expression levels.
Altered CCT gene expression may in turn alter the expression
levels of numerous downstream genes and signaling pathways.
We also found that neighboring genes in the CCT network
showed varying degrees of alteration, with TP53, CCNE2,
PFDN2, TUBB2B, and TUBB2A showing particularly large
changes in expression. TP53 is a classical tumor suppressor
gene that can be classified as wild type or mutant type. TP53
mutation can induce the aberrant expression of many genes that
lead to loss of tumor suppressor function (39). Correct folding of
proteins is essential for the maintenance of normal cell functions,
and the folding of wild-type p53 is thought to be promoted via
interactions with CCTs. Cellular depletion of CCTs leads to
accumulation of misfolded and unstable p53, resulting in
enhanced motility and invasive capacity (10). In addition,
CCT5 overexpression was found in breast cancer tissues with
p53 mutations (26). Therefore, aberrant expression of CCT may
modulate the expression of wild-type TP53, impacting
tumorigenesis and cancer progression.

Cell cycle regulation is a complex biological process regulated
by numerous cyclin proteins. The occurrence of cancer is
strongly associated with abnormal cell cycle regulation. It was
previously reported that aberrant CCT expression could lead to
dysregulated cell cycle progression. Zeng et al. reported that
CCT6A accelerated the G1–S transition and promoted HCC cell
proliferation by maintaining cyclin D expression (15). In
addition, there was a significant positive correlation between
CCT6A and cyclin B2 or CCNA2 expression levels, implying an
association between CCT6A expression and cell cycle
progression (31). Overexpression of cyclin E may accelerate the
G–S transition in hepatocytes and lead to the loss of p53 tumor-
suppressor function, favoring hepatocarcinogenesis (40).
However, TRiC is implicated in the proper folding and
functional maturation of cyclin E (6). Therefore, TRiC may
contribute to the initiation and progression of HCC by
regulating cyclin E2 expression. The prefoldins (PFDNs) are
important CCT-binding proteins that also bind to newly
synthesized proteins and deliver them to the TRiC, thereby
preventing misfolding (41). The PFDNs have been implicated
in the EMT (42) and expression levels are correlated with cancer
prognosis (43–45). In addition, the TRiC is required for proper
folding of tubulin and actin. TUBB2A and TUBB2B are also
critical TRiC substrates and were found to be associated with
CCT mutations.

Assisting the folding of protein is the main biological function
of TRiC complex and the primary substrates of the TRiC are
tubulins and actins. The TRiC has also been found in association
with a variety of proteins related to cell growth, proliferation,
and apoptosis, such as cyclins B and E, in both normal cells and
tumor cells. Our functional enrichment analysis on CCTs and
co-altered genes revealed prominent functions in ‘protein
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folding’, ‘microtubule-based process’, and ‘positive regulation
of establishment of protein localization to telomere’, consistent
with the known physiological functions of CCT substrate
proteins. Enhanced expression of CCTs and neighbor altered
genes promotes proper protein folding, allowing more rapid
proliferation and high metabolic activity. The synthesis of
skeletal proteins such as tubulins requires high CCT gene
expression as these are direct TRiC substrates. Telomeres are
involved in DNA replication and play significant roles in cell
mitosis. Telomerase is responsible for the extension of telomeres
in cells, and enzyme activity is inhibited in most normal cells
(post-mitotic cells) and reactivated in cancer cells, suggesting
that telomerase activity may be involved in malignant
transformation. The TRiC is required for folding of the
telomerase cofactor TCAB1, which controls the transport of
telomerase and small Cajal body RNAs (scaRNAs) (46).
Therefore, the massive activation of telomerase in tumor cells
requires TRiC and its co-altered genes. According to our
functional enrichment analyses, CCTs and co-expressed genes
are involved mainly in ‘ribosome’, ‘spliceosome’, and ‘cell cycle’.
Ribosomes are the specialized molecular machines mediating
mRNA translation and synthesis of cellular proteins. Most CCT
neighboring genes in the interaction network are involved in
protein folding, while co-expressed genes are involved mainly in
protein synthesis, so this network mediates the complete process
from protein synthesis to folding and maturation. The division of
tumor cells requires a large number of new proteins, including
skeletal proteins such as tubulins, so TRiC, neighbor genes, and
other co-expressed genes together promote the division and
viability of tumor cells.

We believe that as a multisubunit complex, TRiC requires
eight subunits to perform its molecular chaperone function. We
found a positive correlation between TCP1, CCT2/3/4/5/6A/7/8
and a negative correlation between CCT6B and other eight
subunits of TRiC. As expected, other subunit expressions were
altered following CCT5 overexpression or knockdown. Thus, we
hypothesize that TCP1, CCT2/3/4/5/6A/7/8 play a synergistic
role in the regulation of HCC, while CCT6B has an antagonistic
relationship with other subunits. However, it is not clear whether
the alterations affect the development of HCC. We demonstrated
that the aberrant expression of a single subunit (CCT5) affected
the proliferation, migration, and invasion of HCC cells by gain/
loss-of-function assay. Previous studies and the results of our GO
enrichment analysis suggested that CCT subunits were closely
related to cell cycle regulation, and we also confirmed it.
There have been many studies on the CCT subunits for HCC
but until now nothing was known about the role of CCT5 in
HCC. Our results showed that CCT5 was significantly
upregulated in HCC and it seemed to be a good indicator of
prognosis in HCC. Although CCT5 has the highest ATP-binding
affinity in the TCP1 ring complex (47), the exact molecular
functions of CCT5 are still unclear. We found that CCT5 not
only accelerated HCC cell proliferation and cell cycle
progression, but also promoted metastasis and EMT
progression. We suppose that CCT5 promotes the entire cell
cycle and is mainly responsible for G1-S phase transition by
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mediating the proper folding of cyclins and related cyclin-
dependent kinases. TRiC function is related to the cell cycle.
Tublin, which plays a major role in mitosis, is a known substrate
of TRiC. We observed a co-localization of CCT5 and b-tubulin
by immunofluorescence experiments, and b-tubulin expressions
were altered following CCT5 overexpression or knockdown. This
is probably because the reduction of TRiC activity decreases the
rates of substrate processing by TRiC, causes a rapid degradation
of misfolded tubulin due to insufficient TRiC levels and cell cycle
arrest (48). We suppose that full CCTs activity is required for
normal cell growth and division, which further explains why
CCT5 promotes HCC proliferation. Therefore, CCT5 is required
for proper mitotic progression, although further studies are
needed to explore the underlying molecular mechanisms.

This study has several limitations. First, we did not verify the
diagnostic and prognostic values of CCTs in HCC by sensitivity and
specificity analyses. Further large-sample studies are needed to
confirm our findings. Second, the pathogenic mechanism of
CCTs in liver cancer were not investigated. Therefore, further
studies should focus on CCTs such as CCT5 as potential targets
for HCC therapy. Finally, although we utilized multiple datasets
such as TCGA for analysis, all the data are from genomic and
transcriptomic datasets sequencing. With the development of
genomics, proteomics, single-cell sequencing cell sequencing and
spatial transcriptomics have emerged, which have been conducted
on a large scale, producing enormous amount of data and also
obtaining breakthrough results (49, 50). We believe that applying
bioinformatics methods and mining these data including data
including the research of TCP complex will provide new
perspectives on the pathogenesis of HCC in the future.

In conclusion, our study suggests that CCTs may be potential
biomarkers for HCC diagnosis and prognosis as well as effect
treatment targets due to critical functions in tumor cell
transformation, proliferation, and metastasis.
CONCLUSIONS

In summary, we used several online bioinformatic platforms and
web tools to analyze the expression, clinicopathological
characteristics, prognosis, mutations, CNAs, correlated genes,
and functions of the TCP1 ring complex in HCC. Expression
levels of TRiC subunits were significantly upregulated in HCC
compared to normal tissues except for subunit CCT6B. Gain/
loss-of-function assays demonstrated that CCT5 can accelerate
the proliferation, migration, and invasion of HCC cells.
We speculate that the TCP1 ring complex plays an oncogenic
role in HCC progression by facilitating the proper folding and
function of cell cycle-related proteins. We are fully aware that the
verification analysis using clinical specimens is necessary and
Frontiers in Oncology | www.frontiersin.org 1596
further studies should be attached to the mechanism of TCP1
ring complex in HCC. Our results provide evidence that TRiC
may be a novel therapeutic target and prognostic biomarker
for HCC.
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Targeted therapies such as oral tyrosine kinase inhibitors (TKIs) are the main therapeutic
strategy effective for advanced hepatocellular carcinoma (HCC). Currently six tyrosine kinase
inhibitors forHCC therapyhavebeenapproved. Thenewly approved first-line drugdonafenib
represent the major milestones in HCC therapeutics in recent years. However, drug
resistance in HCC remains challenging due to random mutations in target receptors as well
as downstream pathways. TKIs-based combinatorial therapies with immune checkpoint
inhibitors such as PD-1/PD-L1 antibodies afford a promising strategy to further clinical
application. Recent developments of nanoparticle-based TKI delivery techniques improve
drug absorption and bioavailability, enhance efficient targeting delivery, prolonged circulation
time, and reduce harmful side effects on normal tissues, which may improve the therapeutic
efficacyof theTKIs. In this review,wesummarize themilestonesand recentprogress in clinical
trials of TKIs for HCC therapy. We also provide an overview of the novel nanoparticle-based
TKI delivery techniques that enable efficient therapy.

Keywords: sorafenib, lenvatinib, tyrosine kinase inhibitors, TKIs, hepatocellular carcinoma, HCC, targeted therapy
1 INTRODUCTION

According to GLOBOCAN 2020 statistics, estimated liver cancer summed up to 905,677 new cases
and 830,180 deaths in 2020 worldwide (1). Hepatocellular carcinoma (HCC) is the most common
type of primary liver cancer. It occurs in approximately 85% of cirrhosis cases (2). The first tyrosine
kinase inhibitor (TKI) was approved early this century as a potential precision therapy for HCC. Its
specificity to targets made it more efficient and safer compared to traditional chemotherapies due to
Abbreviations: TKI, tyrosine kinase inhibitor; HCC, hepatocellular carcinoma; OS, overall survival; ORR, overall response
rate; PFS, progression-free survival; TACE, transcatheter arterial chemoembolization; RTK, receptor tyrosine kinase.
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minimal impact on normal cells (3). Current systemic therapies
for HCC are mainly based on TKIs, anti-angiogenesis drugs, and
immunotherapy agents (Figure 1).

Since sorafenib was first approved for HCC and established its
pioneer role in the field, a total of six TKIs have been approved
for the treatments of HCC by regulatory authorities around the
world. First-line drugs include sorafenib, lenvatinib, and the
newly approved donafenib by Chinese National Medical
Products Administration (NMPA). Second-line drugs are
regorafenib, cabozantinib, and NMPA approved apatinib
(Table 1) (4).

Other existing TKIs which were previously approved for the
treatment of other cancer types are now under clinical trials for
HCC, including sunitinib, erdafitinib, erlotinib, anlotinib,
pazopanib an so on (Table 2). Most common targets of TKIs
in HCC include vascular endothelial growth factor receptors
(VEGFR), platelet-derived growth factors (PDGF), and tyrosine-
protein kinases (5). Thus, TKIs would inhibit activation of
corresponding signaling pathways through binding irreversibly
or reversibly to various sites during the initial activation of
receptor tyrosine kinases (RTKs) (6). This further prevents
Frontiers in Oncology | www.frontiersin.org 2100
tumor growth and metastasis by preventing downstream
signaling pathways from being activated (4, 7). TKIs which are
discussed in the review are summarized in Figure 2.
2 DIFFERENT KIND OF TKIS FOR HCCS

2.1 VEGFR-TKIs
2.1.1 Sorafenib
Sorafenib was the first approved TKI for the treatment of
advanced primary HCC by the FDA in 2007 (8). Sorafenib was
first developed for the treatment of renal cell carcinoma and
works through a dual mechanism, by targeting the serine/
threonine kinase Raf or blocking autophosphorylation of
multiple RTKs-VEGFR1, 2 and 3, PDGFR, c-Kit, and RET (9).

Sorafenib was termed the preferred first line therapy until
recently replaced by the combination of atezolizumab and
bevacizumab in 2021 according to the latest version of NCCN
guidelines (10). In patients with unresectable hepatocellular
carcinoma (HCC), the combination of atezolizumab and
bevacizumab improved median progression-free survival (PFS)
FIGURE 1 | Current systemic therapies for HCC.
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and overall survival (OS) (6.8 months vs 4.3 months) compared
with sorafenib in the IMbrave150 trial (11).

Recently, studies on combination therapies based on
sorafenib showed exciting results. The combination of
sorafenib and transcatheter arterial chemoembolization
(TACE) yielded an improved overall response rate (ORR)
(55.9% vs 37.3%) and disease control rates (86.4% vs 67.8%)
compared to TACE group (12). However, the sorafenib plus
TACE therapy had increased AE. Besides, conflicting results
were reported in other studies (ISRCTN93375053,
NCT02425605) (13, 14). As a result, more studies are required
to verify these findings.

2.1.2 Lenvatinib
Lenvatinib, which was approved by FDA in 2018, is another
significant first-line TKI that differs from sorafenib in its
mechanisms (15). It is developed by Eisai Inc and inhibits
angiogenesis targeting a broad range of receptors, including
VEGFR1-3 and PDGFRa, b (16). In addition, it inhibits tumor
cell proliferation via inhibition of the proto-oncogenes KIT and
Frontiers in Oncology | www.frontiersin.org 3101
RET (17). The alternative targets that differentiate lenvatinib
from other HCC TKIs are the fibroblast growth factor receptors
(FGFR) 1-4, which also contributes to angiogenesis in the
progression of tumor growth and metastasis (18). Lenvatinib
binds VEGFR2 at its ATP mimetic quinoline moiety to the ATP
binding site and the neighboring region via a cyclopropane ring.
In comparison to the other licensed VEGFR2 kinase inhibitors,
these findings indicate that lenvatinib has a different binding
mode of interaction (19).

Despite its role in first-line drugs for advanced HCC,
lenvatinib is also considered a better alternative to TACE when
treating patients in the BCLC intermediate stage with a high
tumor burden. These patients were thought to be susceptible to
decline in liver function and poor therapeutic response. A recent
study compared the median PFS in TACE-refractory patients
that were treated with lenvatinib (5.8 months), sorafenib (3.2
months), and TACE (2.4 months). This indicates treatment with
lenvatinib in replacement of TACE has the potential to acquire
good therapeutic responses while preserving normal liver
function (20).
TABLE 1 | Summary of approved TKIs.

No Drug Brand Targets Approved time/Organization

1 Sorafenib Nexavar/Bayer VEGFR1-3, TIE2, PDGFR, FGFR, BRAF, CRAF, KIT, FLT-3 2007/FDA
2 Regorafenib Stivarga/Bayer VEGFR1-3, TIE2, PDGFR, FGFR, BRAF, KIT, RET 2017/FDA
3 Lenvatinib Lenvima/Eisai Inc VEGFR1-3, PDGFR, FGFR1-4, RET, KIT 2018/FDA
4 Cabozantinib Cometriq,Cabometyx/Exelixis Inc VEGFR1-3, MET, ROS1, RET, AXL, NTRK, KIT 2019/FDA
5 Apatinib Aitan/Jiangsu Hengrui VEGFR2, KIT, RET, c-Src 2020/NMPA
6 Donafenib Zepsun/Suzhou Zelgan PDGFR, VEGFR, Raf 2021/NMPA
October 2021
TABLE 2 | Representative clinical trials of tyrosine kinase inhibitors in hepatocellular carcinoma treatment.

Registered
Trial Number

Duration
(start-
end)

Enrollment Phase Treatment Targets mPFS
(months)

mOS
(months)

ORR
(%)

Adverse Events

NCT02645981
(ZGDH3)

2016.03
-2019.12

668 III Donafenib vs.
Sorafenib

VEGFR,
PDGFR

3.7 vs.
3.6

12.1 vs.
10.3

4.6
vs.
2.7

hand-foot skin reaction, aspartate
aminotransferase increased, blood bilirubin
increased, platelet count decreased, and diarrhea

NCT01164202 2010.07
-

2017.07

78 II/III Sunitinib +
Doxorubincin-
TACE

VEGFR,
PDGFR, c-
KIT, FLT3,
RET

9.05 25 6 Hematologic toxicity, fatigue, transaminase
elevation, hand-foot syndrome events

NCT03006926
(KEYNOTE
524)

2017.02
-

2019.10

104 Ib Lenvatinib +
Pembrolizumab

VEGFR,
PDGFR

9.3 22 46 hypertension, diarrhea, fatigue, decreased
appetite, hypothyroidism, hypertension, and
Leukopenia/neutropenia

NCT03463876
(RESCUE)

2018.02
-

2020.02

190 II Apatinib +
Camrelizumab

VEGFR 5.7 N/A 34.3 hypertension, increased aspartate
aminotransferase, proteinuria, hyperbilirubinemia,
increased gammaglutamyltransferase, and
neutropenia

ChiCTR-IPR-
17012667

2018.01
-

2020.01

80 IV Apatinib+TACE
vs TACE

VEGFR 17.2 vs
12.5

N/A 55 vs
32.5
a

Fatigue, hand-foot syndrome, diarrhea,
hypertension, proteinuria, oral ulcer

NCT04172571 2018.12
-

2020.06

30 Ib/II Anlotinib +
AK105

VEGFR,
FGFR
PDGFR, c-
KiT, Ret

N/A N/A 24 AST, increased ALT, asthenia, decreased platelet
count, increased blood bilirubin, increased bilirubin
conjugated, and rash

NCT02809534
(ALTER0802)

2016.09
-

2017.10

60 II Anlotinib (with vs.
without previous
TKIs therapy)

VEGFR,
FGFR
PDGFR,
c-KiT, Ret

80.8%
vs.

72.5% b

20.1 vs.
7.9

N/A hypertension, hypothyroidism, fatigue, hand-foot
syndrome, elevated bilirubin, and diarrhea
a, ORR in three months; b,12-week mPFS rate; N/A, not available.
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In terms of combination therapies, lenvatinib plus
pembrolizumab (an anti–PD-1 antibody) showed encouraging
results with improved ORR and DCR for unresectable HCC
(NCT03006926, Table 2) (21). The FDA granted lenvatinib plus
pembrolizumab a breakthrough treatment designation for the
first-line therapy of unresectable HCC which is not amenable to
locoregional therapy. A phase III clinical trial of lenvatinib plus
pembrolizumab as first-line therapy of unresectable HCC should
further confirm the efficacy and safety (NCT03713593) (22).
Besides, combination therapy of lenvatinib plus TACE also
showed improved ORR (53.3% vs 23.3%) (23). The
combination therapy of lenvatinib and microwave ablation
indicated a better clinical effect with an OS of 14.89 ± 4.89
months and a PFS of 8.65 ± 2.68 months (24).
Frontiers in Oncology | www.frontiersin.org 4102
To conclude, the most prominent feature of lenvatinib would
be its noninferiority compared to sorafenib as a first-line drug.
The drug’s different, as well as a wider range of targets compared
to sorafenib would then mitigate the restrictions of using target
therapy given tumor heterogeneity. On-going clinical trials of
combination therapies in lenvatinib with antibodies also show
better results than that of sorafenib.

2.1.3 Apatinib
Apatinib, or apatinib mesylate (YN968D1), is derived from
Valantinib, with a predecessor YN968D11 (N- [4-(1-cyano-
cyclopentyl) phenyl]-2-(4-pyridylmethyl) amino-3-pyridine
carboxamide mesylate). By occupying the binding site of the
VEGFR2, it selectively blocks VEGFR2, thus preventing new
FIGURE 2 | Tyrosine kinase-mediated signaling pathways in HCC tumorigenesis and targets of the TKIs. TKIs bind with corresponding kinases from
phosphorylating tyrosine residues in their substrates, which inhibit downstream signaling pathways (RAS–MAPK, PI3K–AKT and JAK–STAT) activation, preventing
cell proliferation, migration, invasion, and angiogenesis in HCC.
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blood vessel formation in tumor tissues. In October 2004,
Chinese NMPA endorsed apatinib as the third-line treatment
for advanced gastric cancer or adenocarcinoma of the
gastroesophageal junction. Later in 2020, apatinib by Jiangsu
Hengrui is approved for therapies of the second-line treatment in
advanced HCC by Chinese NMPA. There exist some adverse
events when taking apatinib, but the toxicity is still manageable
(25). In terms of combinatorial therapies, the efficacy and safety
of apatinib combined with camrelizumab or TACE application
showed promising results with improved median PFS, short-
term ORR and DCR (NCT03463876, ChiCTR-IPR-17012667,
Table 2) (26). Therefore, the combination therapy of apatinib
and TACE could be a potential treatment for future recurrent
HCC patients.

2.1.4 Donafenib
Donafenib is formed by replacing the methyl group on a
sorafenib molecule with a trideuteriomethyl group (Figure 3).
By inhibiting phosphorylation of serine/threonine kinases (such
as Raf kinase) and by blocking RTK signaling (such as VEGFR
and PDGFR), donafenib shows similar antitumor activity as
sorafenib for the advanced HCC patients (27). The donafenib
group yielded an improved median OS (12.1 months vs 10.3
months, p=0.0363) compared to the sorafenib group (Table 2)
(28). At the same time, the adverse effects of donafenib are fewer
than sorafenib (28). According to the Guidelines of Chinese
Society of Clinical Oncology (CSCO) on hepatocellular
carcinoma that was published in July 2020, donafenib has been
listed as a first-line treatment for advanced HCC (29). Donafenib
is recommended by the first level specialists with 1A evidence
by CSCO (29). On July 9th of 2021, according to Chinese
NMPA, donafenib produced by Suzhou Zelgan was approved
as a treatment for unresectable HCC patients without
systemic therapy.

2.2 PDGFR-TKIs
PDGF family consists of PDGF-A to -D polypeptide
homodimers and the PDGF-AB heterodimer. They bind to a-
Frontiers in Oncology | www.frontiersin.org 5103
and b-tyrosine kinase receptors (PDGFRa and PDGFRb,
respectively) and activates downstream signaling pathways
including MAPK, PI3K, phospholipase-g (PLCg) and reactive
oxygen species (ROS)-dependent STAT3 signaling (30–32).
Representative PDGFR-TKIs include regorafenib and sunitinib.

2.2.1 Regorafenib
Despite inhibiting VEGFR1-3, regorafenib inhibits angiogenic
kinases PDGFRb and FGFR1 and the mutant oncogenic kinases
c-KIT, RET and B-RAF (33). It is more pharmacologically potent
than sorafenib due to a broader spectrum of targets (34).
Regorafenib was first approved for metastatic colorectal cancer
by the FDA in 2012. In 2017, regorafenib was approved by the
FDA as a second-line drug for treating HCC patients previously
treated with sorafenib. Regorafenib blocks alpha-fetoprotein
(AFP) secretion, further preventing cell migration and invasion
in HCC cell lines at different drug doses. A high concentration of
regorafenib impedes cell growth in both AFP-positive and AFP-
negative HCC cell lines (35, 36). Adverse events of regorafenib
are relatively serious yet manageable and clinically acceptable.

2.2.2 Sunitinib
Sunitinib (SU11248) is a low-molecular-weight multi-target TKI
that inhibits PDGFRs, VEGFRs, c-KIT, fms-related tyrosine
kinase 3 (FLT3), and RET. It was approved to treat imatinib-
resistant gastrointestinal stromal tumor (GIST), renal carcinoma,
and pancreatic neuroendocrine tumors (37). The most recent
clinical trial on sunitinib consists of examining TACE plus
sunitinib as first-line therapy in HCC (NCT01164202, Table 2)
(38). The results showed possible use of TACE plus sunitinib as
first-line treatment for patients with HCC who were not
candidates for surgical resection.

2.2.3 c-MET TKIs
Hepatocyte growth factor (HGF) binds to c-Met for activation
and de r e gu l a t i on , c au s i ng i t s d ime r i z a t i on and
autophosphorylation, which further activates the mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-
A

B

FIGURE 3 | Molecular structures of sorafenib (A) and donafenib (B).
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kinase (PI3K), v-src avian sarcoma viral oncogene homolog
(Schmidt-Ruppin A-2), and signal transducer and activator of
transcription (STAT) signaling pathways (39).

Met constitutive activation may be done either by creating
HGF-Met autocrine loops, overexpression of Met, or having
activating point mutations in the receptor coding sequence (40).
An unusual multi-docking site for MET signals consists of two
tyrosine that form a complex with MET when phosphorylated,
whose cytoplasmic domain offers additional docking sites for
PI3K and SHC. Cell proliferation and transformation are
stimulated by increased SHC–GRB2–SOS–RAS pathway
activation, whereas cell migration and survival is promoted by
selective recruitment of PI3K (41). A representative c-MET-TKIs
would be cabozantinib.

2.2.4 Cabozantinib
Cabozantinib, manufactured by Exelixis Inc, was approved by
the FDA in 2019 as second-line therapy after treatment of
sorafenib or lenvatinib. Cabozantinib is a more potent
inhibitor of MET, AXL, RET, FLT3, and TIE-2 than
regorafenib. Cabozantinib and regorafenib are structurally
similar, yet impose different inhibitory effects on the kinase
IC50 (42, 43). Clinical trials of cabozantinib showed promising
results especially a recent phase I study (NCT03299946), which
showed that cabozantinib plus nivolumab (an immune
checkpoint inhibitor) could be an emerging option of
neoadjuvant therapy for HCC as reported in 2021 the
American Society of Clinical Oncology (ASCO) Symposium
(44–46). This was the first clinical trial which investigated a
TKI in combination with an immune checkpoint inhibitor in this
setting. This pioneer study also provided the first prospective
evidence of the above combinations aimed at downstaging HCC.
However, this study only included a small patient size (n = 15).
Larger sample clinical trials of neoadjuvant approaches are
needed in order to confirm the findings in the future.

2.3 Other TKIs
The rest of TKIs for HCC targets FGFR (including erdafitinib
and orantinib), EGFR (including erlotinib), c-Kit (including
anlotinib and pazopanib), JAK (including itacitinib). Among
these inhibitors, anlotinib (AL3818) is one of the promising
drugs. In May 2018, anlotinib was first approved by Chinese
NMPA as a third-line treatment for refractory advanced non-
small-cell lung cancer (NSCLC). Then in June 2019, it was
approved as a second-line treatment for advanced soft-tissue
sarcoma (47). Hypertension, hand-foot skin reaction, fatigue,
diarrhea, and anorexia are severe adverse events of anlotinib. In a
phase II clinical trial testing the efficacy of anlotinib as first- or
second-line treatment for advanced or metastatic HCC patients.
Patients without or with prior TKI treatment were divided as
cohort 1 or 2. The 12-week PFS rates for cohort 1 and 2 were
80.8% and 72.5%, and the median time to progression were 5.9
months and 4.6 months, respectively. In advanced HCC,
anlotinib demonstrated potential effectiveness and safety as a
first- or second-line therapy when used in conjunction with a
continuous TKIs treatment approach (48). In the treatment for
13 advanced HCC patients with Anlotinib plus AK105, the ORR
Frontiers in Oncology | www.frontiersin.org 6104
is 23.3%, and the DCR is 69.2%. At the same time, the adverse
events did not exceed level three (49). Therefore, the effectiveness
and safety of anlotinib in HCC make it a promising TKIs.
3 COMPARISON OF DIFFERENT TKIS

Because multiple signaling pathways are involved in
tumorigenesis and tumor progression, all TKIs for HCC are
multi-kinase inhibitors which are designed to target a wide range
of targeted kinases. For first-line TKIs, sorafenib targets the
serine/threonine kinase Raf or blocks autophosphorylation of
multiple RTKs—VEGFR1, 2 and 3, PDGFR, c-Kit, and RET (9).
This dual inhibition thus led to satisfactory efficacy with tolerable
adverse events. In comparison, lenvatinib is the alternative
choice for first-line treatment, but has a different mode of
binding compared to sorafenib. When forming complexes with
VEGFR2, sorafenib has slow binding kinetics, whereas lenvatinib
exhibits a fast association rate constant. It also expresses
prolonged residence time than expected due to its delayed
dissociation rate constant. Thus, in terms of binding with
VEGFR2, lenvatinib is more than 10 times as potent as
sorafenib, which offsets sorafenib’s dual inhibition, making
lenvatinib confer noninferiority compared to sorafenib (19, 50).

For second-line TKIs, regorafenib, as the standard follow-up
after sorafenib treatment, compensates for loss of efficacy by
targeting a broader spectrum of targets compared to sorafenib. In
addition to common targets such as VEGFR and PDGFR,
regorafenib also targets angiogenic receptors TIE2, and
oncogenic kinases BRAF V600E, RET, RAF-1, and KIT (34).
Moreover, in vitro biochemical assays showed that regorafenib is
a more potent inhibitor of VEGFR2,PDGFRb, FGFR1 and c-Kit
than sorafenib (43). When compared to regorafenib,
cabozantinib offers an alternative choice as they are
structurally similar but impose different inhibitory effects on
the kinase IC50 (42). While data suggests cabozantinib is a more
potent inhibitor of MET, AXL, RET, FLT3, and TIE-2 than
regorafenib, it is also more toxic by inducing more frequent
adverse events such as palmar-plantar erythrodysesthesia,
diarrhea, and asthenia than regorafenib (45). In summary,
patients with HCC had limited benefits with single TIK
therapies and show better OS with combination therapies. The
combination of cabozantinib plus nivolumab was the first step in
this direction.
4 NANOTECHNOLOGY AS THE
POTENTIAL DELIVERY SYSTEM

Emerging nanotechnology as the potential delivery system may
improve the therapeutic efficacy of the TKIs, nanoparticle-based
TKI delivery techniques are studied nowadays (51). Nanocarriers
(NCs) are a form of drug delivery system that is often used to
control the pharmacokinetic and pharmacodynamic features of
medicines. Nanomaterials used as drug carriers have been shown
to improve drug absorption and bioavailability, enhance efficient
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targeting delivery, prolonged circulation time, and reduce
harmful side effects on normal tissues due to their small
particle size, large surface area, high surface reactivity and
active sites, and desirable adsorption capacity (52).

Nanocarriers have been investigated for decades, and the
most important carriers in drug delivery were polymeric,
liposomal, nonorganic/metal, dendrimer, and micelle
nanoparticles. There are multiple novel applications and
researches on the delivery of TKIs through nanoparticles on
some cancers recently, with most of them being liposomal,
polymeric and polymeric micelle nano-carriers (Figure 4) (53).

Extracellular vesicles (EVs, 211.4 ± 3.83 nm) could be
classified as a type of liposomal nanocarriers. In a research
study, they were isolated from human primary adipose-derived
stem cells. After incubation and sonication, TKI was loaded into
EVs, which was further used to treat radioactive iodine-
refractory thyroid cancer cells. The results showed a higher
I125 uptake in the TKI treated EVs compared to a TKI-free
treatment (54). In another research, polymeric nanoparticles
were utilized. BSA-coated, dye-loaded nanoparticles were
injected into prostate-specific PTEN/p53-deficient mice
pretreated with cabozantinib. Their findings indicate that
coating nanoparticles with BSA can improve cabozantinib-
induced, neutrophil-mediated targeted intratumoral drug
delivery while reducing off-target effects (55). The deliveries of
apatinib and cediranib using polymeric nanoparticles were tested
for osteosarcoma and glioblastoma, respectively. Both of the
studies showed synergistic results compared to individual drugs
(56, 57). Moreover, micelle nanoparticles were also studied in a
study. A pH-sensitive ester link joins hyaluronic acid (HA) with
dasatinib to create the HA-DAS polymer. Then, with
rosiglitazone as the core and D-A-tocopheryl polydiethylene
glycol isosuccinate (TPGS) and HA-DAS as carriers, a HA-
DAS and TPGS mixed micelle system loaded with ROZ was
created (THDR-NPs). The developed THDR-NPs showed better
efficacy than the taking of free TKIs. In addition, the capacity of
THDR-NPs to prevent tumor metastasis has been demonstrated
(58). Another study using micelle nanoparticles to deliver
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anlotinib also showed a more effective uptake to the melanoma
cells (59). Polymeric micelles were employed in other three
studies relating liver fibrosis, glucose-avid pediatric sarcoma,
and melanoma. Involved TKIs include nilotinib, dasatinib and
sunitinib, and all of the treatments could enhance the clinical
efficacy by utilizing nanoparticles relating to TKIs alone (60–62).
Besides previously mentioned methods, electrospray technology
was also applied to deliver nintedanib to treat idiopathic
pulmonary fibrosis diseases. Higher bioavailability was
demonstrated by using this technique (63). The newly
developed techniques utilizing nanocarriers showed a higher
bioavailability and reduction in the off-target tissues or organs.
Noticeably, the bioavailability of nanocarrier involving erlotinib
was almost 7 times greater than by orally taking (64).

In the presence of biological barriers in vivo , the
physicochemical features of these nanocarriers modify their
biological identity, which might drastically vary the therapeutic
index of their payload and change the desired outcome.
Furthermore, the challenges of producing effective medication
nanocarriers have resulted in differing perspectives on their
safety, permeability of biological barriers, and cellular
absorption (65). During in vivo and in vitro cell exposure,
nanoparticles can use a variety of distinct cellular entry
pathways to penetrate the plasma membrane, either by
endocytosis-based pathways or direct entry to the cells (66).
Theoretically nanoparticles could be delivered to our body and
focus on the desired target. However, there are only a few clinical
studies going on for nanoparticle-based drugs, as the failure rate
is high. For further stimulating cell-specific uptake and
intracellular endosomal escape of therapeutic molecules, time-
and space-controlled release techniques for TKIs delivery
systems are necessary, and the responsive or “on-demand”
release approach is vital for multidrug administration (51).
Therefore, due to the limitations of current orally TKIs
drugs, nanoparticle-based TKIs could be a potential way to
deal with drug resistance and low bioavailability in future
clinical trials, while it requires further investigations and more
advanced techniques.
FIGURE 4 | Representative types of nanocarriers that were used in the delivery of TKIs, including liposomal, polymeric and polymeric micelle nano-carriers.
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5 MOLECULAR CLASSIFICATIONS
OF HCC

Molecular characterization of cancers has contributed to the
improved patient outcomes. Recent advances of sequencing
technologies have identified the molecular subtypes of HCC
(67–74). The correlations between these molecular
characterizations of HCC and outcome have been proposed.
According to these previous studies, Rebouissou and Nault
classified HCC into two major subtypes, “proliferation class”
and “non-proliferation class”. The proliferation class is related to
HBV, including clinically aggressive tumors that are poorly
differentiated. It is distinguished by an enrichment in TP53
inactivating mutations, amplification of FGF19 and CCND1,
and frequent activation of pro-survival signaling pathways such
as cell cycle, mTOR, RAS-MAPK, and MET. It could be then
further divided into “Wnt-TGFb subclass” and “progenitor
subclass,” involving Wnt and TGFb pathways, and IGF1R and
AKT pathways, respectively. Therefore, almost all tyrosine
kinases inhibitors except Itacitinib would make contributions
to the “proliferation class” of HCC. The non-proliferation class,
on the other hand, relates to HCV or alcohol. These HCC cells
are more differentiated and have hepatocyte-like characteristics.
Non-proliferation class could be divided into “CTNB1 mutation”
and “G4,” involving Wnt/b-catenin pathway and IL6/JAK-STAT
pathways, respectively (75). Itacitinib would affect this genre as it
inhibits the JAK-STAT pathway.
6 BIOLOGICAL ALTERATIONS IN
HCC GENESIS

Biological alterations in HCC genesis and the impact of TKIs on
that pathobiological issues are important for the outcomes (76).
Treatment of HCC by TKIs, however, still faces obstacles such as
resistance by genetic mutation. For example, changes in the
kinase gatekeeper residue may impede inhibitor binding by
altering hydrophobic interactions, as suggested by the case of
Thr 315 (coded by ACT) mutation in BCR-ABL kinase, which
led to imatinib resistance (77). Moreover, overactivation of PI3K
would prevent tumor cell from entering kinase-induced
apoptosis, which was observed in sorafenib treatment (78). The
amplification of the MET gene contributes to PI3K activation as
well by driving ERBB3 (HER3)–dependent activation, which
causes gefitinib and possible erlotinib resistance (79). Up-
regulation of ATP-binding cassette (ABC) proteins can also
lead to TKI resistance by exporting inhibitors (80). However,
some TKIs such as sorafenib plays a dual role in multidrug
resistance as it down-regulates ABCB1 and ABCC2 in HCC,
hence opening new therapeutic options for TKI in the treatment
of HCC (81). PHGDH was identified as an important driver gene
for Sorafenib resistance in HCC by genome-wide CRISPR/Cas9
screening method (82). Although the molecular mechanisms of
action of TKIs vary, previous progress have already identified
attractive therapeutic approaches for TKI resistant HCC.
Frontiers in Oncology | www.frontiersin.org 8106
7 CONCLUSION

In the past 14 years, treatment of HCC by TKIs has evolved
considerably. Although TKIs can delay HCC progression and
prolong OS, they still have several challenges: (1) Drug
resistance. Random mutations in target receptors lead
to abnormal signaling. There are also problems for
multi-targeted TKIs where off-target toxicity develops.
Heterogeneity in tumor cells could also make TKI less
effective due to its specificity of targets (83). The initial
sensitivity of patients to TKIs are individually different, as a
result, most patients who initially respond well to TKIs will
eventually develop drug tolerance. Combination strategies of
TKIs plus immune checkpoint inhibitors appearing as a
promising strategy to circumvent resistance mechanisms that
can be encountered with TKIs, aiming at a synergistic antitumor
effect. For future studies, single cell RNA-sequencing could be
applied for unraveling the tumor heterogeneity of HCC on a
single cell level, further serving as a potential solution to decode
the intricate mechanism behind the formation of drug resistance
(84). (2) Side effects. Existing TKIs can cause serious side effects
while treating HCC (e.g., Sorafenib treatment requires oral
high-dose); (3) Low solubility. Only few of the substances
could be utilized for targeting by orally taking for TKIs.
Nanoparticle-based TKIs delivery techniques would be a
promising field for research since they improve the
therapeutic efficacy. All the efforts mentioned above will help
to overcome TKI resistance and bring better therapy benefit for
HCC patients in the future.
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Safe for Advanced Hepatocellular
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Ten Patients
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Nuclear Medicine, the First Medical Center of PLA General Hospital, Beijing, China, 6 Department of Radiology, the First
Medical Center of PLA General Hospital, Beijing, China, 7 Organ Transplant Center, the Affiliated Hospital of Qingdao
University, Qingdao, China, 8 Medical School of Chinese PLA, Beijing, China, 9 National Cancer Center/National Clinical
Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, 10 Department of Hepatopancreatobiliary Surgery, Affiliated Hospital of Qingdao University, Qingdao, China

Background and Aims: Immunotherapy with PD-1 inhibitors combined with tyrosine
kinase inhibitors (TKIs) has been proven to be effective against advanced hepatocellular
carcinoma (HCC). The aim of this study was to identify the feasibility and safety of
subsequent salvage surgery after this combination therapy.

Methods and Patients: A retrospective analysis was performed on patients with primary
HCC with major vascular invasion between 2018 and 2019. All cases were treated with a
combination of a PD-1 inhibitor and TKI agents and subsequent surgery.

Results: A total of 10 HCC cases with major vascular invasion met the successful
conversion criteria after the combination therapy, and eight patients underwent
subsequent salvage surgery after both radiology and 3D quantitative oncological
assessment. Partial response (PR) was recorded in 7 of 10 patients and complete
response (CR) in 3 of 10 patients before salvage surgery. Salvage surgery included
right hepatectomy, left hepatectomy, and anatomic segmental hepatectomy. The mean
intraoperative blood loss was 1,650 ml (50–3,000 ml). No complications beyond Clavien–
Dindo level III or postoperative mortality were observed. The viable tumor cell rate of the
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PR cases (modified response evaluation criteria in solid tumors, mRECIST) varied from
1.5% to 100%, and only one patient had pathology-proven pathological complete
response (pCR). The postoperative median follow-up time was 19.7 months (9.1–
24.9 months). The 12-month recurrence-free survival rate of all cases who underwent
salvage surgery was 75%.

Conclusion: Salvage surgery was effective and safe after conversion therapy with PD-1
inhibitors plus TKIs and may increase the long-term oncological benefit for patients with
unresectable HCC.
Keywords: hepatocellular carcinoma (HCC), conversion therapy, surgery, systematic treatment, PD-1 inhibitors,
tyrosine kinase inhibitors (TKIs)
INTRODUCTION

Hepatocellular carcinoma (HCC) is a global public health
challenge and socioeconomic burden, with nearly 906,000 new
cases every year worldwide, including over 410,000 cases in
China (1, 2). The overall 5-year survival rate was only 12.5%
for the HCC population in China from 2003 to 2015 (3).
Although surgical treatment is the most effective curative
therapy for HCC in the early stages, with a 5-year survival rate
exceeding 70%, no less than 44%–62.2% of all HCC patients were
initially diagnosed with advanced HCC at Barcelona Clinic Liver
Cancer (BCLC) classification stage C, most of which were
accompanied by portal vein tumor thrombus (PVTT) (4–7).
The majority of international guidelines recommend systemic
treatment rather than curative radical surgery for these patients.
However, the median overall survival (OS) values of the first- and
the second-line targeted therapy were only 12 and 8 months,
respectively (2, 8, 9).

In recent years, immune checkpoint inhibitors (ICIs) have
achieved remarkable applications in cancer treatment. However,
according to previous randomized clinical trials, ICI treatment
alone did not show a significant survival benefit over targeted
therapy with tyrosine kinase inhibitors (TKIs) for advanced HCC
(10–12). Nevertheless, recent clinical studies have reported that
combining PD-1/PD-L1 inhibitors and anti-angiogenesis
targeted drugs achieved an objective response rate (ORR) of
33.2%–46.0% and a disease control rate (DCR) of 72.3%–88% for
the treatment of unresectable HCC (13–15). The premium
outcome of median OS was over 17 months, and 8.6%–11% of
the included patients achieved complete response (CR) with
good treatment safety.

On the other hand, a surprising discovery was that some of
the cases with CR and partial response (PR) retrieved the
opportunity for surgery. Moreover, ICIs enhanced the tumor-
specific immunology, which can be maintained after subsequent
surgery (16). This raised the possibility that combination therapy
with PD-1 inhibitors plus TKIs can be utilized as a conversion
therapy for advanced HCC. However, the effectiveness, safety,
and long-term oncological benefit of salvage surgery need to be
clarified. Furthermore, suitable indications and operative
opportunities are also required for further investigation. As the
initial exploration of a prospective clinical registration study
2111
(ChiCTR1900023914), in the past 2 years, we have initiated the
clinical exploration of the PD-1 inhibitor in combination with
TKIs as a conversion therapy for unresectable HCC with major
vascular invasion. To date, 10 patients who underwent successful
conversion therapy have been reported.
METHOD

Patients
A retrospective analysis was performed on patients with primary
HCC at BCLC classification stage C without extrahepatic
metastasis from August 2018 to December 2019. All of these
cases were treated with a first- or a second-line combination of a
PD-1 inhibitor and TKI agents (in the latter case, the first-line
treatment did not include a systemic treatment regimen), and
salvage surgery was performed after the combination therapy
with sufficient evaluation and permission of patients. The study
was censored on June 30, 2021.

All patients met the following criteria prior to enrollment in
the combined drug therapy protocol: 1) confirmed histologically
or in accordance with the clinical diagnosis criteria of the
American Association for the Study of Liver Diseases (AASLD)
as HCC; 2) Child–Pugh score <7; 3) BCLC stage C, without
extrahepatic metastasis; 4) Eastern Cooperative Oncology Group
(ECOG) performance status (PS) score ≤1; 5) expected survival
time ≥12 weeks; 6) no esophageal or gastric varicose bleeding
events caused by portal hypertension occurring in the proximate
6 months; and 7) no previous anti-PD-1, anti-PD-L1/L2
antibody, anti-CTLA4 antibody, or other immunotherapy or
targeted therapy with TKI agents.

The treatment regimen was recorded. In this study, the
majority of patients were treated with pemlizumab and
lenvatinib combination regimens. Other PD-1 inhibitor
options include sintilimab and toripalimab. Other molecularly
targeted drugs include apatinib (Table 1).

Radiologic Assessment
Imaging examinations were performed before and after the
combination treatment protocol. The imaging data, including
enhanced magnetic resonance imaging (MRI), computed
tomography (CT), and positron emission tomography computed
October 2021 | Volume 11 | Article 747950
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tomography (PET-CT), were evaluated by two independent
physicians using the modified response evaluation criteria in
solid tumors (mRECIST) and the response evaluation criteria in
solid tumors, version 1.1 (RECIST 1.1) (17). The 3D assessment of
quantitative oncology utilized the total tumor volume (TTV),
portal vein tumor thrombus (PVTT) volume, and future liver
remnant (FLR) volume before and after the combination
treatment protocol, which were quantitatively analyzed using a
3D reconstruction software (IQQA-Liver; EDDA Technology,
Princeton, NJ, USA). This software was used interactively based
on original CT/MRI DICOM images. For comparison purposes,
FLR was set in the software as the volume of the remaining liver
after hemihepatectomy where the tumor was located.

Surgery Criteria
The criteria for successful conversion include the following: 1)
Child–Pugh score <7; 2) ECOG PS score ≤1; 3) no extrahepatic
lesion assessed by PET-CT (or pulmonary CT, bone scan, etc.);
4) intact vascular structure (such as the inflow and outflow) of
the reserved liver: and 5) the expected ratios of FLR to standard
liver volume (FLR/SLV) after resection of the tumor-bearing
liver are ≥40% in compromised livers and 35% in normal livers.

All patients who met the criteria of successful conversion
were informed of the benefits and risks of surgery. Patients who
agreed to subsequent surgery signed written informed
consent forms.

Clinicopathological Variables
Patient-related factors included age, sex, performance status, the
etiology of liver disease, presence of cirrhosis, Child–Pugh
Frontiers in Oncology | www.frontiersin.org 3112
grading, and alpha-fetoprotein (AFP) level. Tumor factors
included tumor number, tumor size, macroscopic vascular
invasion, and BCLC staging. Surgery-related factors included
intraoperative blood loss, intraoperative blood transfusion,
postoperative complications, fasting time, and abdominal
drainage duration. Pathological specimens were analyzed
according to the seven-point baseline sampling protocol as
much as possible. Patients were followed up using the serum
AFP level as well as the MRI or CT of the chest and abdomen
once every 2 months for 6 months and then once every
3 months afterward.
RESULTS

In this study, 10 patients with HCC with major vascular invasion
who were eligible for surgery after PD-1 inhibitor combined with
TKI agents were examined between August 2018 and December
2019. Among these patients, eight underwent salvage surgery.
Another two patients met the criteria of successful conversion,
but refused surgical treatment and were willing to continue with
the original treatment protocol.
Clinical Characteristics and Conversion
Therapy
The pretreatment baseline level and treatment plan of the
patients were recorded, as shown in Table 1. All patients had
hepatitis-related cirrhosis [nine hepatitis B virus (HBV) and one
hepatitis C virus (HCV)], and one had non-alcoholic fatty liver
TABLE 1 | Clinical characteristics of patients.

Patient/case no.

1 2 3 4 5 6 7 8 9 10

Age (years) 56 33 48 54 43 56 62 67 61 38
Sex Female Male Male Male Male Male Male Female Male Male
BMI (kg/m2) 21.2 27.2 21.7 27.3 26.3 25.5 19.7 21.5 25.0 27.7
ECOG PS score 0 0 0 0 0 0 0 0 0 0
Child–Pugh grade A A A A A A A A A A
Cirrhosis/without cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis Cirrhosis
Largest tumor diameter (mm) 169.1 125.8 122.9 103.4 139.7 72.4 88.5 36.2 163.4 85.4
Tumor number 1 1 3 1 1 2 4 1 1 1
BCLC stage C C C C C C C C C C
Macrovascular invasiona VP4 VP4 VP2/IVC VP4 VP4 VP3 VP3 VP4 VP4 VP4/LHV
Etiology HBV HBV HBV HBV HBV/NAFLD HBV HBV HCV HBV HBV
Prior therapy – – – – – TACE – – – –

AFP (ng/ml) 1,552.3 1,534 6,951 14.6 >60500 10.8 846.4 3.4 >60500 216.7
Liver biopsy – HCC – – – HCC HCC HCC HCC HCC
PD-1 category PEM PEM PEM TRI PEM PEM PEM PEM SIN TRI
TKI category LEN LEN LEN APA LEN LEN LEN LEN LEN LEN
Treatment cyclesb 10 4 6 6 4 6 6 5 5 6
mRECIST PR PR PR PR PR CR PR PR CR CR
RECIST 1.1 PR PR PR PR PR PR PR SD PR PR
October
 2021 | Volum
e 11 | Articl
AFP, alpha fetoprotein; APA, apatinib; BCLC, Barcelona clinic liver cancer; BMI, body mass index; CR, complete response; ECOG PS, Eastern Cooperative Oncology Group performance
status; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; IVC, inferior vena cava; LEN, lenvatinib; LHV, left hepatic vein; mRECIST, modified respond evaluation
criteria solid tumors; NAFLD, non-alcoholic fatty liver disease; PEM, pembrolizumab; PR, partial response; RECIST 1.1, response evaluation criteria in solid tumors version 1.1; SIN,
sintilimab; TACE, transcatheter arterial chemoembolization; TKI, tyrosine kinase inhibitor; TRI, toripalimab.
aMacrovascular invasion was measured in the portal vein, inferior vena cava, and hepatic vein. Portal vein invasion grade was evaluated according to the Japanese VP classification.
bTreatment cycles were the period between the first treatment cycle of PD-1 inhibitor to the last cycle before the surgery or to the last evaluation.
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disease (NAFLD). All cases were evaluated at a Child–Pugh
grade A of liver function and an ECOG PS score of 0 before
treatment. All the cases met the AASLD clinical diagnostic
criteria for HCC, and six of them were pathologically proven
to have HCC by biopsy. Seven of the patients had grade VP4
PVTT, two patients had grade VP3, and one patient had grade
VP2 PVTT accompanied by inferior vena cava (IVC) invasion.
One case also exhibited left hepatic vein invasion (18). Detailed
demographic data are listed in Table 1.

Nine of the included patients were treated with four to six
cycles of PD-1 inhibitor with TKI agents, and one patient
received 10 cycles of the same treatment. All adverse events
(AEs) associated with the combination therapy were evaluated
and recorded in accordance with the National Cancer Institute
(NCI) general term for adverse events (Common Terminology
Criteria for Adverse Events, CTCAE) version 5.0. None of the
Frontiers in Oncology | www.frontiersin.org 4113
patients presented with AEs or serious adverse events (SAEs)
above CTCAE level 3.

Radiologic Assessment
At the first evaluation after the initiation of the combination
therapy (after three cycles of immunotherapy), all patients had a
significant reduction in tumor target lesion(s), accompanied by
liquefactive necrosis or coagulative necrosis of the tumor(s).
According to the mRECIST standard evaluation, PR was
recorded in seven of 10 patients and in three patients with a
complete response (CR) before salvage surgery (shown in
Table 1). The complete necrosis rate of PVTT often precedes
that of the primary tumor. In case no. 1, cavernous
transformation of the portal vein (CTPV) and recanalization of
the intrahepatic portal vein were observed in addition to
dramatic enlargement of the remnant liver (shown in Figure 1).
A

B

FIGURE 1 | Tumor shrinkage after the conversion therapy. (A) Waterfall plot of maximum tumor shrinkage based on the modified response evaluation criteria in solid
tumors (mRECIST) per independent imaging review. (B) Radiologic change of case no. 1. Before treatment (first image outside the red dotted line): tumor located in
the right liver (outlined in white dotted line) and portal vein tumor thrombus (PVTT) in the right portal vein (yellow arrow). After treatment (outlined in red dotted line):
tumor shrinkage (outlined in white dotted line), future liver remnant (FLR) enlargement, cavernous transformation of portal vein, and recanalization of the intrahepatic
portal vein (yellow arrow).
October 2021 | Volume 11 | Article 747950
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Three-dimensional reconstruction was utilized to
quantitatively analyze the TTV, PVTT, and FLR before and
after treatment. TTV decreased by an average of 357.29 and
4.15 ml/day, with a peak of 21.97 ml/day (accounting for 1.48%/
day of the standard liver volume). The PVTT shrank by an
average of 27.34 and 0.29 ml/day, with a peak of 56.27 ml/day.
Radiologic features such as coagulative necrosis, poor blood
supply, and size reduction can also be observed in PVTT after
treatment. Although the tumor-free liver volume increased
enormously, the FLR was not obviously elevated in the
quantitative evaluation due to the software settings, as the
volume of the remaining liver after hemihepatectomy where
the tumor was located (shown in Table 2 and Figure 2).

Perioperative Information
The preoperative surgical evaluation took place after informed
consent was obtained at the time the patient met the criteria for
successful conversion. All patients in this study were successfully
converted to surgery candidates. Two patients decided to
continue to rely on the combination therapy protocol and
eight patients underwent salvage surgery in our center. Surgical
options included right hepatectomy, left hepatectomy, and
anatomic segmental hepatectomy, depending on the patient’s
tumor localization, degree of cirrhosis, and liver reserve. The
perioperative information is listed in Table 3. Figure 2 shows a
typical case who had the combination therapy and underwent
subsequent surgery (case no. 6).

In this case series, the interval between lenvatinib withdrawal
and surgery was 3–7 days. The mean intraoperative blood loss
was 1,650 ml (50–3000 ml). Endotracheal intubation was
removed in all patients within 24 h. There was no
postoperative mortality. There was no postoperative bleeding
or bile leakage and no other postoperative complications beyond
Clavien–Dindo level III (requiring surgery, endoscopy, or
interventional intervention). The liver function indexes, such
as transaminase and bilirubin, returned to normal within 7–
10 days after surgery (within two times the upper limit of normal,
ULN). All patients were discharged from the hospital within
10 days after surgery after successfully removing the abdominal
Frontiers in Oncology | www.frontiersin.org 5114
drainage tube. Some of the patients suffered from postoperative
elevated transaminase, hypoproteinemia, serosal effusion, and
other manifestations of liver dysfunction, which could be
significantly improved by conservative measures, such as both
early enteral and parenteral nutrition.

Pathology and Postoperative
Maintenance Treatment
Surgical specimens (such as tumor lesions and tumor thrombi)
were analyzed by pathologists. Negative margins were achieved
in all cases. The rate of residual viable tumor cells was reported in
detail for every case. Residual viable tumor cells in the tumor
thrombus were found in two of six cases with PVTT grade VP3/
VP4. The rate of viable tumor cells of the PR cases (based on
mRECIST) varied from 1.5% to 100%, as shown in Table 3 and
Figure 3. Only patient no. 10 had pathology-proven pathological
complete response (pCR) among the three patients who achieved
CR (using mRECIST), and sporadic viable tumor foci were found
in specimens of the other two cases (see Table 3 and Figure 3).

The combined therapy of an anti-PD-1 inhibitor and TKIs
was continued for at least six cycles after surgery, except for the
pCR case who was suggested a PD-1 inhibitor administration
once every 3 weeks for at least six cycles. Every patient
underwent reexamination 1–3 months after surgery.

Postoperative Follow-Up and
Long-Term Survival
All the patients who underwent salvage surgery were well
followed up, and the median follow-up time was 19.7 months
(9.1–24.9 months). In all cases at the first visit. no tumor was
found radiologically, and the AFP values were reduced to
normal. But relapse occurred in case no. 2 (6.8 months after
operation) and case no. 7 (3.8 months after operation), and the
latter died of HCC 9.5 months postoperatively. Case no. 2 died of
acute cholangitis and septic shock 14.4 months after surgery.
Case no. 8 presented with advanced lung cancer (pathology-
confirmed) and died 9.1 months postoperatively. The 12-month
RFS rate of all cases who underwent salvage surgery was
75% (Figure 4).
TABLE 2 | Change in tumor characteristics before vs. after the combined therapy.

Patient/case no.

1 2 3 4 5 6 7 8 9 10

DTTV (ml) −739.7 −60.9 −433.9 −556.5 −1,054.5 −105.5 −170 −18.8 −1,072.7 −494.37
Time (days) 145 84 43 97 48 107 86 93 75 61
DTTV/day −5.1 −0.73 −10.09 −5.74 −21.97 −0.99 −1.98 −0.2 −14.3 −8.1
DTTV/SLV*day −0.48% −0.06% −0.77% −0.43% −1.48% −0.07% −0.17% −0.02% −1.21% −0.58%
DFRLV (ml) 35.8 32.1 −2.1 −41.8 98.2 2.02 −70 −145 35.1 0
DFRLV/day 0.25 0.38 −0.05 −0.43 2.05 0.02 −0.81 −1.56 0.47 0
DFRLV/SLV*day 0.02% 0.03% 0.00% −0.03% 0.14% 0.00% −0.07% −0.14% 0.04% 0.00%
DPVTTv (ml) −30.07 −65.9 −6.9 −56.27 −9.35 – – −7.75 −44.89 −17.61
DPVTTv/day −0.21 −0.78 −0.16 −0.58 −0.19 – – −0.08 −0.6 −0.29
Octo
ber 2021 | Vol
ume 11 | Article
Estimated standard liver volume (SLV) calculated using the Urata formula: SLV = 706.2 × BSA + 2.4. Body surface area (BSA) calculated using the DuBois formula: BSA (m2) = BW (kg)
0.425 × BH (cm) 0.725 × 0.007184. Preoperative height (BH, measured to the nearest 1 cm), body weight (BW, measured to the nearest 1 kg).
FRLV, functional residue liver volume; PVTTv, portal vein tumor thrombus volume; SLV, standard liver volume; TTV, total tumor volume.
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DISCUSSION

The Possibility of Immunotherapy
Combined with Targeted Therapy as a
Conversion Therapy
Based on the large population of advanced HCC in East Asia,
some hepatobiliary institutions in Asia have performed surgical
resection for a broader spectrum of advanced-stage HCC
patients, but the long-term survival is still unsatisfactory (19,
20). We noted that both neoadjuvant therapy and conversion
therapy have been successfully performed for colorectal cancer
liver metastasis (CRLM) and locally advanced pancreatic cancer
(21–25). Therefore, we initiated the conversion therapy scheme
for unresectable HCC, stated above.

After the combination therapy of immunotherapy with TKI
agents, the cases with objective response showed obvious tumor
shrinkage with or without PVTT shrinkage and even FLR
enlargement in reported clinical trials and case series in our
center, which is noninvasive and safe with only a few AEs. When
we evaluated the antitumor treatment, some of the patients had
met the criteria to indicate surgery. Therefore, combination
therapy may be promising as an effective and efficient
Frontiers in Oncology | www.frontiersin.org 6115
conversion therapy protocol for advanced HCC, as shown
in Figure 5.

Methods for Evaluating the Feasibility
of Surgery
Both morphological and functional examinations need to be
undertaken in order to estimate the therapeutic effect before
salvage surgery. Both RECST1.1 and mRECIST were deemed
feasible for the therapeutic evaluation of advanced HCC. The
RECIST 1.1 criteria were intuitive and favorable for surgical
decision-making, but only considered tumor shrinkage in a
single diameter. mRECIST may be consistent with pathology
and oncology better (17).

Our group introduced the method of quantitative oncology
based on imaging (CT/MRI) in the evaluation process. The
reductions in TTV and PVTT volume and the increase in FLR
were evaluated and shown more individually and clearly. The
integrity of the inflow and outflow of the reserved liver can be
considered as an important criterion for successful conversion
because PVTT necrosis also prevents intrahepatic metastasis
through the portal vein. Combined with other liver reserve
function tests, such as the indocyanine green (ICG) clearance
A B

C

FIGURE 2 | The total tumor volume (TTV) and portal vein tumor thrombus volume (PVTTv) change demonstrated by 3D reconstruction. (A) Change in TTV over time
by 3D reconstruction. (B) Change in PVTTv over time by 3D reconstruction. (C) Three-dimensional reconstruction of case no. 4 before and after the combination
therapy. T, tumor. Yellow arrow: PVTT.
October 2021 | Volume 11 | Article 747950
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test (26, 27), and general status assessment, such as the ECOG PS
score, we could determine the feasibility and safety of large-
volume hepatectomy after conversion therapy.

Timing of Surgery
How to determine the time of surgery is still under discussion:
early operation may be risky and fail to take full advantage of the
effects of the combination therapy, whereas secondary drug
resistance and tumor progression may occur before late
operation. It has been reported that most cases reach peak
efficacy after three to six cycles of the treatment protocol (28,
29). As a result, we suggest that salvage surgeries can be
performed after four to six cycles of combination therapy for
PR or CR cases if the patient meets the surgery criteria listed
in Method.

In the past, in the clinical practice of “neoadjuvant therapy”
for CRLM, it was customary to perform surgery after the anti-
angiogenic drugs were discontinued for a period of time to
prevent intraoperative bleeding and poor healing (30, 31). In
this case series, the interval between lenvatinib withdrawal and
surgery was 3–7 days according to the half-life period data. There
were no perioperative bleeding complications in all cases despite
an increased number of transfusions. Poor wound healing and
secondary suture were found in one case. However, this patient
had significant hypoproteinemia secondary to decompensated
liver function, which occurs frequently in cirrhotic subjects after
surgery, and was considered the main reason for the poor
wound healing.
Frontiers in Oncology | www.frontiersin.org 7116
Pathology: Accurate Response Evaluation
and Predictor of Long-Term Survival?
In this case series, there seemed to be some discrepancy between
the radiologic evaluation and pathology. We had three radiologic
CR cases, but only one pCR, which was defined as: if no viable
tumor cell found by pathology and patients with PR also had
different percentages of viable tumor cells.

This could be attributed to an inadequate duration of the
combined therapy, but further reflected the low response rate of
the remaining tumors to therapy. There are two aspects that may
result to this. Firstly, each HCC is composed of a unique
combination of somatic alterations, including genetic,
epigenetic, transcriptomic, and metabolic events, that form its
unique molecular fingerprint, which is the underlying cause of
the heterogeneity in HCC (32, 33). Moreover, tolerance to
immunotherapy may be induced by T-cell exhaustion due to
the absence of an effector T-cell response to neoantigens in some
metastases, as a result of immunotherapy (21, 34). Regardless of
the cause, inaccurate imaging assessment can lead to
misjudgment of the next treatment choice. Therefore, we
suggest surgery for all patients who meet the surgery criteria
because: 1) pathology is the gold standard for response
evaluation and 2) surgery is probably an effective measure to
eliminate viable tumors caused by heterogeneity or secondary
resistance to the combined therapy.

Furthermore, it seems that patients with a high viable tumor
cell rate had worse prognosis, which means that pathology could
be a predictor of long-term survival and offer information for the
TABLE 3 | Operative and pathological information.

Patient/case no.

1 2 3 4 5 6 7 8 9 10

Preoperative
Child–Pugh
grade

– A – A A A A A A A

Preoperative
ECOG PS score

– 0 – 0 0 0 0 0 0 0

Preoperative AFP
(ng/ml)

1,673.5 1.7 323.1 5.1 2.5 2.2 2,198.3 127.6

Operation type – Right
hepatectomy

– Left
hepatectomy

Right
hepatectomy

Laparoscopic liver
resection of S4, 5, 8

Liver resection of
S5, 8

Right
hepatectomy

Right
hepatectomy

Left
hepatectomy

Operation time – 4 h, 25 min – 4 h, 20 min 5 h, 50 min 4 h, 35 min 4 h, 23 min 3 h, 50 min 4 h, 20 min 5 h, 56 min
Blood loss (ml) – 400 – 50 3,000 100 500 2,400 1,700 2,000
Blood transfusion – Autologous blood

transfusion 2 U
– – RBC 2 U;

plasma,
4.5 U

– – RBC, 2 U;
plasma,
2.4 U

RBC, 4 U,
plasma,
3.8 U

RBC, 4 U;
plasma,
1.1 U

Mechanical
ventilation time
(days)

– 1 – 1 1 1 1 1 1 1

Abdominal
drainage time
(days)

– 6 – 5 9 5 8 8 7 7

Fasting time
(days)

– 2 – 3 4 3 4 3 3 4

mRECIST before
surgery

PR PR PR PR PR CR PR PR CR CR

Viable tumor cell
rate

– 90% – 3% 1.5% 2.5% <5% and 50% (for
different lesions)

100% 15% 0% (pCR)
October 2021 |
 Volume 11 | A
CR, complete response; mRECIST, modified respond evaluation criteria solid tumors; pCR, pathological complete response; PR, partial response; RBC, red blood cell.
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next step of treatment of patients. The small number of cases in
this study was insufficient to draw conclusions with a higher level
of evidence. Further prospective studies with a larger sample size
are needed to confirm this.

Maintenance of Postoperative
Antitumor Therapy
After a series of multidisciplinary treatment discussions focusing
on the maintenance of postoperative antitumor therapy and
Frontiers in Oncology | www.frontiersin.org 8117
sufficient informed consent, all patients continued using the
PD-1 inhibitor for at least 6 months for the following reasons:
as the body’s antitumor immunity is activated, participants in
antitumor immunity, such as CD8+ T cells, tumor-associated
macrophages (TAMs), and natural killer (NK) cells, exist not
only in the tumor immune microenvironment but also in
peripheral circulating blood. This is the intrinsic mechanism of
the antitumor effect of immunotherapy. Among them, memory
T-cell recruitment within the body plays a critical role in the
A

B

D

E F

C

FIGURE 3 | A typical case had the combination therapy and underwent subsequent surgery (case no. 6). (A) Radiology of case no. 6 before treatment: T for tumor 1
and yellow arrow pointing tumor 2. (B) Radiology of case no. 6 after treatment: T for tumor 1 and yellow arrow pointing tumor 2. (C) Three-dimensional reconstruction
and surgical plan of case no. 6 after the combination therapy. (D) Surgical photo of the margin (P for pedicle, RHV for right hepatic vein, and UFV for umbilical fissure
vein). (E) Reexamination of the liver 6 months after the surgery: No tumor or relapse. (F) Pathology of tumor: moderately differentiated hepatocellular carcinoma (HCC)
is focally distributed with extensive necrosis and several inflammatory cells (×100); viable tumor cell rate, 2.5%.
October 2021 | Volume 11 | Article 747950

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. Novel Protocol for Advanced HCC
long-term maintenance of the antitumor cytotoxic effects during
postoperative immunological surveillance (35, 36). Therefore,
continuous PD-1 inhibitor administration after surgery may
elicit immunity against potential residual viable tumor cells,
which was proven to be the origin of recurrence, as reported
elsewhere in the literature (37). Patients for whom the pathology
reported viable tumor cells should continue the lenvatinib
therapy starting 1 month after surgery and last no less
than 6 months.
CONCLUSION

The preliminary results of this case series suggest that
immunotherapy based on PD-1 inhibitor combined with TKIs
could be a reasonable and promising conversion therapy for
advanced HCC with major vascular invasion. Salvage surgery
was effective and safe after conversion therapy with PD-1
inhibitors plus TKIs for advanced HCC, and a combination
Frontiers in Oncology | www.frontiersin.org 9118
therapy protocol including surgical treatment may increase the
long-term oncological benefit.

However, this needs more prospective clinical trials in order
to provide higher level evidence and discuss the preoperative
radiologic assessment, pathology evaluation, and postoperative
systematic treatment.
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Integrin-b6 Serves as a Potential
Prognostic Serum Biomarker
for Gastric Cancer
Zequn Li , Yuqi Sun, Jianfei Xu, Hao Yang, Xiaodong Liu, Yulong Tian,
Shougen Cao* and Yanbing Zhou*

Department of Gastrointestinal Surgery, The Affiliated Hospital of Qingdao University, Qingdao, China

Discovering novel biomarkers that easily accessed is a key step towards the personalized
medicine approach for gastric cancer patients. Integrin-b6 (ITGB6) is a subtype of integrin
that is exclusively expressed on the surface of epithelial cells and is up-regulated in various
tumors. In the present study, a retrospective cohort with 135 gastric cancer patients and a
prospective cohort with 34 gastric cancer patients were constructed, ITGB6 expression
were detected in both the serum specimens and the tissue specimens. Detailed
clinicopathological parameters as well as patients’ survival were recorded. A nomogram
including ITGB6 expression was also constructed and validated to predict the prognosis
of gastric cancer patients. Results showed that serum ITGB6 expression was obviously
increased and associated with tumor stage in gastric cancer patients, serum ITGB6
expression was relatively high in patients with liver metastasis. High ITGB6 expression
indicated a poor prognosis, and nomogram including serum ITGB6 expression could
predict the prognosis of gastric cancer patients effectively. Moreover, serum ITGB6
expression was associated with ITGB6 expression in tumor tissues. Furthermore,
combined serum ITGB6 and CEA levels contributed to the risk stratification and
prognostic prediction for gastric cancer patients. In addition, the serum expression of
ITGB6 decreased significantly after radical surgery, and a new rise in serum ITGB6
expression indicated tumor recurrence or progression. The present study identified a
novel serum biomarker for the risk stratification, prognostic prediction and surveillance of
gastric cancer patients.

Keywords: ITGB6, gastric cancer, serum biomarker, risk stratification, prognosis, liver metastasis
INTRODUCTION

Gastric cancer is the fifth most commonly diagnosed cancer and the third leading cause of cancer-
related death worldwide (1, 2). Advanced gastric cancer accounts for the majority in China, and
radical surgical resection remains to be the most effective treatment strategy (3). The prognosis
of advanced gastric cancer has improved dramatically over the recent decades due to the
implement of novel surgical techniques, progression of chemotherapeutics and targeted drugs
(4–6). However, the survival for patients with local or distant metastasis remains poor (7).
Discovering easily accessible biomarkers, such as serum biomarkers, is urgently needed for
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optimizing patient care in patients with gastric cancer. At
present, carcinoembryonic antigen (CEA) is one of the
standard biomarkers for gastric cancer. However, it still
exhibits low sensitivity and specificity (8).

Integrins are a family of heterodimeric cell membrane
receptors that are expressed in most cells, where they mediate
cell-cell and cell-extracellular matrix (ECM) interactions.
Integrin b6 (ITGB6) was preliminarily identified in 1996 and it
is exclusively expressed on epithelial cells during embryogenesis.
ITGB6 expression also elevated during wound healing, fibrosis,
and importantly, carcinogenesis (9, 10). As one of the key
adhesion molecules on cell surface, ITGB6 was found to be
involved in almost every step during tumor metastasis (11–14).
Previous studies have demonstrated that ITGB6 was involved in
the progression of gastric cancer. ITGB6 expression in gastric
cancer tissues was closely associated with tumor stage, it also
served as an independent prognostic indicator for the poor
prognosis of gastric cancer. ITGB6 might be involved in the
regulation of MMP expression, and contributed to tumor
progression via ERK signaling (15–18). Nevertheless, the
expression of serum ITGB6 in cancer is largely unknown so far.

Nomogram has been widely used in the prediction of cancer
prognosis, which transforms traditional statistical predictive
models into visualized probability estimates tailored to the
needs of the individual patient. With continuous developments
in molecular biology, applying biomarkers that reflect the
malignant biological behaviors of tumors could potentially be a
supplementary approach to the clinicopathological variables.
Therefore, an effective and accurate model to predict the
prognosis of gastric cancer is of vital importance for clinical-
decision making.

The present study investigated whether serum ITGB6 level
serves as a novel tumor biomarker for gastric cancer patients.
Focusing on risk stratification, prognostic prediction and
recurrence surveillance, we explored the clinical significance of
serum ITGB6 levels for gastric cancer patients by both
retrospective and prospective cohorts. This study provided a
novel serum biomarker for gastric cancer patients, which might
contribute to improving the prognosis and represent a key step
forward towards the personalized medicine approach for
advanced gastric cancer patients.
PATIENTS AND METHODS

Bioinformatics Analysis
The ITGB6 mRNA expression data and corresponding clinical
information for gastric cancer patients were obtained from The
Cancer Genome Atlas (TCGA; https://tcga-data.nci.nih.gov/
tcga/). Meanwhile, the differential mRNA expression level of
ITGB6 between a variety of cancer tissues and normal ones were
obtained using the TIMER database (https://cistrome.shinyapps.
io/timer/). Related gene expression analysis and disease-free
survival (DFS) from TCGA and GTEx databases were
performed using the GEPIA database (http://gepia.cancerpku.
cn/) (19).
Frontiers in Oncology | www.frontiersin.org 2122
Retrospective Cohort
Between January 2017 and December 2017, we collected a total
of 135 patients with gastric cancer that underwent surgical
treatment at the Department of Gastrointestinal Surgery, the
Affiliated Hospital of Qingdao University. The diagnosis was
confirmed by routine pathological examination and inclusion
criteria was as follows: (1) Serum samples with detailed
clinicopathological data and medical records; (2) Postoperative
survival time more than 1 month; (3) No history or signs of other
malignancies. Follow-up data were recorded until June 2021,
concerning survival time and progression of gastric cancer at the
last visit. Tumor staging and histological classification were
assessed according to the 8th edition of the American Joint
Committee on Cancer (AJCC) classification. The expression
levels of serum CEA were routinely detected for all the
enrolled patients at least one time in the medical record.
Follow-up was conducted every 3-6 months and serum tumor
biomarkers including CEA were measured. Imaging
examination, including computed tomography (CT), magnetic
resonance imaging (MRI) or positron emission tomographic
scanning (PET-CT) were also selectively conducted for the
evaluation of metastasis or recurrence. This study was
approved by the Ethics Committee of the Affiliated Hospital of
Qingdao University, China. Written informed consent was
obtained from all the subjects.

Prospective Cohort
A prospective study was carried out from Oct 2020 to Jun 2021,
consisting of 34 patients with radical gastric cancer resection.
Tumor tissues and corresponding adjacent normal tissues were
obtained. None of the patients received chemotherapy or
radiotherapy prior to surgery. Follow-up data was obtained
until June 2021. Written informed consent was obtained from
each patient, and this study was approved by the Ethics
Committee of the Affiliated Hospital of Qingdao University,
China. Registration of the prospective study was approved by the
Chinese Clinical Trial Registry (ChiCTR1800018294).

Serum ITGB6 and CEA Detection
Serum ITGB6 levels were detected using human ITGB6 ELISA
kit (SEC099Hu, USCN Life Science Inc., Wuhan; China)
according to manufacturer’s instructions. In brief, the tests
were performed according to the instruction of the ELISA kit.
Then added termination solution, incubated for 30 min in
darkness (37 °C, 5% CO2) and measured absorbance value
at 450nm. Serum CEA levels were determined using
radioimmunoassay kits manufactured by Abbott Laboratories
(Chicago, IL, USA). The cut-off point for serum ITGB6
expression was defined 0.5ng/ml, which was verified by the X-
tile program.

Nomogram Construction and Validation
Nomogram construction and validation were performed in
accordance with the nomogram guidelines (20, 21). Univariate
and multivariate Cox proportional hazard models were
constructed to estimate the hazard ratios of prognostic factors
November 2021 | Volume 11 | Article 770997
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and to evaluate independent prognostic risk factors. A
nomogram was constructed according to the independent
prognostic factors of survival. Besides, the prognosis of
nomograms was realized by using the RMS software package in
R software version 3.1.3 (https://www.r-project.org/). To assess
the model performance, the discrimination and calibration of the
nomogram were performed (22). The discriminative power of
the nomogram was computed by Harrell’s concordance index
(C-index) (23). The C-index ranges from 0.5-1.0, with 0.5
indicates the outcomes is no discrimination at all and 1.0
represents the perfect discrimination.
Immunohistochemistry (IHC)
IHC was performed using paraffin-embedded tissue sections
(4 mm), and protocol was previously described (24, 25). Briefly,
the sections were dewaxed and hydrated, followed by antigen
retrieval (in 0.01 mol/L citrate buffer solution, pH 6.0, heated
to boiling for 2-3 min). Endogenous peroxidase was blocked
with 3% H2O2. The sections were blocked by goat serum for
15 min and then immunostained with mouse antibody against
ITGB6 (dilution 1:500, Biogen Idec, USA) at 4°C overnight.
Secondary staining was performed with HRP-conjugated
antibody using a MaxVision Kit and a 3, 5-diaminobenzidine
(DAB) peroxidase substrate kit (Maixin Co, Fuzhou, China).
The sections were then counterstained with hematoxylin,
and representative images were obtained under an Olympus
inverted microscope.
Evaluation of Immunohistochemical
Staining
Immunohistochemical staining was independently assessed by
two experienced pathologists in a blinded manner. Staining was
semi-quantitatively scored based on both the staining intensity
(0, negative; 1, very weak; 2, weak; 3, moderate; 4, strong) and the
percentage of positively stained cells (0, 0%; 1, 1%-25%; 2, 26%-
50%; 3, 51%-75%; 4, 76%-100%). Both scores for each specimen
were combined to obtain the final score of ITGB6 expression
(ranging 0-8). The cut-off point for the sum of the scores was
defined as follows, 0-5, low expression; 6-8, high expression,
which was verified by the X-tile program.
Statistical Analysis
All the statistical analyses were performed by SPSS 22.0 software
(SPSS, Chicago, IL, USA). The association between ITGB6
expression and clinicopathological parameters were assessed by
chi-square test or Fisher’s exact test. The receiver operating
characteristic (ROC) curve analyses were conducted for the
measurement of predictive accuracy index. The cumulative OS
rates were calculated by Kaplan–Meier method, and the
statistical differences between subgroups were calculated by
log-rank test. Independent prognostic factors were identified
by multivariate analysis with Cox-regression model. In cox
regression analysis, cox model was built using forward stepwise
method. P value < 0.05 was considered statistically significant.
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RESULTS

Serum ITGB6 Was a Potential Biomarker
for Gastric Cancer That Associated With
Tumor Stage
To explore whether ITGB6 could be detected in the serum of
gastric cancer patients, we investigated serum ITGB6 levels in a
retrospective cohort containing 135 gastric cancer patients. The
serum specimens of 32 healthy subjects that underwent physical
health examination were used as control. Results showed that
ITGB6 could be detected in the serum of gastric cancer patients,
which ranged from 0-5.16ng/ml, and serum ITGB6 levels were
significantly increased in gastric cancer patients (Figure 1A).
Moreover, Table 1 showed that increased ITGB6 serum levels
were closely associated with the TNM stage of tumor size
(P=0.001), T stage (P=0.050), N stage (P=0.001), TNM stage
(P=0.007), neurovascular infiltration (P=0.008) and serum CEA
levels (P<0.001). Importantly, ITGB6 levels gradually increased
accompanied with advanced N stage and TNM stage
(Figures 1B–D). Interestingly, serum ITGB6 expression was
markedly increased in patients with liver metastasis
(Supplementary Figure 1).

To confirm our conclusion, we further explored the clinical
significance of serumITGB6 expression in a prospective cohort that
consisting 34 subjects. SerumITGB6expressionwas also elevated in
gastric cancer patients compared with those healthy volunteers
(Figure 1E), and elevated serum ITGB6 expression was also
associated with lymph node metastasis in the prospective cohort
(Figure 1F). These results confirmed our previous findings that
serum ITGB6 possibly serve as a potential biomarker for
gastric cancer.

High Serum ITGB6 Level Was Associated
With Poor Survival of Gastric Cancer
Patients
As our previous results demonstrated that serum ITGB6
expression was closely associated with tumor progression in
gastric cancer. Then we explored the prognostic value of serum
ITGB6 expression in overall survival (OS) of gastric cancer
patients. In the retrospective cohort, we followed the enrolled
subjects for 3-50 months after surgery with a median follow-up
period of 42 moths, and the overall survival (OS) of the patients
was 81.5%. Results showed that the OS of gastric cancer patients
with high expression of ITGB6 was 66.7%, which was lower than
those patients with low expression of ITGB6 (90.5%)
(Figure 2A). Moreover, TNM stage (P=0.002), neurovascular
infiltration (P=0.049) and serum CEA levels (P<0.001) were also
correlated with the prognosis of patients (Table 2).

Moreover, multivariate analysis was conducted to evaluate the
independent prognostic factors for this cohort. Results
demonstrated that high expression of ITGB6 (P=0.011), TNM
stage (P=0.029) and high CEA levels (P=0.002) were
independent unfavorable prognostic factors (Table 2).
Furthermore, to evaluate the predictive value of ITGB6 on the
prognosis of gastric cancer patients, time-dependent ROC
analysis was conducted and the AUC was 0.685 (95% CI:
November 2021 | Volume 11 | Article 770997
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0.568-0.803, sensitivity: 69.1%, specificity: 68.0%) (Figure 2B).
All these results verified that serum ITGB6 may serve as an
unfavorable prognostic indicator for gastric cancer.

Serum ITGB6 Expression Was Associated
With ITGB6 Expression in Tumor Tissues
Previous research demonstrated that elevated ITGB6 in gastric
cancer tissues might serve as a potential biomarker for tumor
progression and the prognosis of patients. By analyzing
TCGA and GTEx public available database, we found that the
mRNA expression level of ITGB6 in gastric cancer was
significantly increased compared with that in normal tissues
(Supplementary Figure 2A). Moreover, Kaplan-Meier analysis
revealed that ITGB6 high-expressed patients had relatively
less-optimistic prognostic outcome in terms of DFS
(Supplementary Figure 2B).

To explore whether serum ITGB6 expression was associated
with ITGB6 expression in tumor tissues, we detected the
expression of ITGB6 in gastric cancer tissues using IHC.
Consistent with previous findings, elevated ITGB6 protein
expression was also shown in gastric cancer tissues compared
with adjacent normal tissues (Figures 3A, B). Moreover, ITGB6
expression in tumor tissues was also associated with tumor N
stage (Figure 3C). Furthermore, ITGB6 expression in tumor
Frontiers in Oncology | www.frontiersin.org 4124
tissues was correlated with serum ITGB6 levels in advanced
gastric cancer (Figure 3D). All these results indicated that ITGB6
was present in both serum and tumor tissue of gastric cancer
patients, and serum ITGB6 may serve as a potential biomarker
for advanced gastric cancer.

Construction and Validation of the
Nomogram Based on Serum ITGB6 Level
To further assess how related clinicopathological parameters jointly
impact on survival, the Cox regression model was used for
univariate and multivariate survival analyses. Univariate analysis
suggested that depth of invasion, TNM stage, neurovascular
invasion, ITGB6 and CEA levels might be associated with the
prognosis for gastric cancer patients (P<0.1). Subsequently, these
variables were included in multivariate Cox proportional hazards
analysis. Multivariate analysis confirmed that TNM stage, ITGB6
and CEA levels were independent prognostic factors for gastric
cancer patients (Table 2).

According to the aforementioned results, the TNM stage,
serum ITGB6 and CEA expression were included in the final
model to develop the nomogram for predicting overall survival
(Figure 4). C-index was used to appraise the discrimination. The
accuracy of this prediction model was relatively high, with a C-
index of 0.792 (95% CI: 0.721-0.863).
A B

D E F

C

FIGURE 1 | The expression and clinical significance of serum ITGB6 in gastric cancer. (A) The expression of serum ITGB6 in gastric cancer patients and healthy
controls from a retrospective cohort. (B) The serum ITGB6 levels in gastric cancer patients with or without lymph node metastasis. (C) The serum ITGB6 levels in
gastric cancer patients with different N stage from the retrospective cohort. (D) The serum ITGB6 levels in gastric cancer patients with different pathological stage
from the retrospective cohort. (E) The expression of serum ITGB6 in gastric cancer patients and healthy controls from the prospective cohort. (F) The serum ITGB6
levels in gastric cancer patients with or without lymph node metastasis from the prospective cohort. ns, not statistically different; *P<0.05; **P<0.01; ***P<0.001.
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Combined Serum ITGB6 and CEA Levels
Contributed to the Risk Stratification of
Gastric Cancer
CEA is commonly used for the risk stratification and recurrence
follow up nowadays. Here we compared serum ITGB6 levels with
serum CEA levels using both the retrospective cohort and the
prospective cohort. Kaplan-Meier analysis showed that the OS of
the normal preoperative CEA group was 91.8%, whereas that of
the elevated preoperative CEA group was 64.0% (Figure 5A). Then
the ROC analysis was used to evaluate the predictive prognostic
performance of CEA, which led to an AUC=0.715 (95% CI: 0.601-
0.828, sensitivity: 70.9%, specificity: 72.0%) (Figure 5B).

To enhance the specificity of predict patient survival, we
evaluated the clinical values of combined biomarkers of CEA and
ITGB6. Patients were divided into two subgroups based on the
expression of CEA and ITGB6: double negative or single positive
Frontiers in Oncology | www.frontiersin.org 5125
(n=105, 77.78%) and double positive (n = 30, 22.22%). Patients
with double positive had OS rate of 46.7% compared with 91.4% for
patients with double negative or single positive (Figure 5C).
Moreover, the AUC for the combined two biomarkers reached to
0.756 (95% CI, 0.638-0.875), with an estimated sensitivity and
specificity of 64.0% and 87.3% (Figure 5D). All these results
indicated that combined ITGB6 and CEA levels may improve the
specificity of predicting clinical outcomes of gastric cancer patients.

Serum ITGB6 Served as a Potential
Biomarker for Tumor Surveillance in
Gastric Cancer Patients
To investigate whether serum ITGB6 could be used for tumor
surveillance and monitoring of tumor recurrence during the
follow-up of gastric cancer patients, we detected the expression
of serum ITGB6 before and after surgery, and followed up the
TABLE 1 | Correlation between serum ITGB6 expression and clinical characteristics of patients with gastric cancer.

Characteristic Number Serum ITGB6 expression c2/t value P-value

Low (%) High (%)

Age (years) 0.263 0.608
≤60 70 45 (64.3) 25 (35.7)
>60 65 39 (60.0) 26 (40.0)

Gender 1.309 0.253
Male 104 62 (59.6) 42 (40.4)
Female 31 22 (71.0) 9 (29.0)

Tumor size 11.118 0.001*
<4 75 56 (74.7) 19 (25.3)
≥4 60 28 (46.7) 32 (53.3)

Tumor location 1.829 0.401
Cardia/Fundus 14 11 (78.6) 3 (21.34)
Body 64 38 (59.4) 26 (40.6)
Antrum/Pylorus 57 35 (61.4) 22 (38.6)

Borrmann type 5.806 0.121
I 9 5 (55.6) 4 (44.4)
II 86 48 (55.8) 38 (44.2)
III 37 29 (78.4) 8 (21.6)
IV 3 2 (66.7) 1 (33.3)

T stage 7.827 0.050*
T1 28 22 (78.6) 6 (21.4)
T2 27 19 (70.4) 8 (29.6)
T3 59 34 (57.6) 25 (42.4)
T4 21 9 (42.9) 12 (57.1)

N stage 15.782 0.001*
N0 52 38 (73.1) 14 (26.9)
N1 24 20 (83.3) 4 (16.7)
N2 27 13 (48.1) 14 (51.9)
N3 32 13 (40.6) 19 (59.4)

AJCC pTNM stage# 7.202 0.007*
I-II 78 56 (71.8) 22 (28.3)
III-IV 57 28 (49.1) 29 (50.9)

Complications 1.058 0.304
Yes 17 13 (76.5) 4 (23.5)
No 118 71 (60.2) 47 (39.8)

Neurovascular infiltration 6.949 0.008*
Yes 90 49 (54.4) 41 (45.6)
No 45 35 (77.8) 10 (22.2)

CEA 16.683 <0.001*
Normal 85 64 (75.3) 21 (24.7)
High 50 20 (40.0) 30 (60.0)
Novembe
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patients for 6 months in the prospective cohort. Results showed
that serum ITGB6 levels decreased dramatically after surgery for
most of advanced gastric cancer patients (Figures 6A, B).
Importantly, 7 patients presented recurrent disease during
Frontiers in Oncology | www.frontiersin.org 6126
follow up. Among the patients with tumor recurrence, 4 of
them had elevated serum ITGB6 levels, accompanied with
increased tumor burden. One patient had sustained high
serum ITGB6 level after surgery. In addition, serum ITGB6
A B

FIGURE 2 | Serum ITGB6 level may serve as an unfavorable prognostic indicator for gastric cancer patients. (A) Survival analysis according to serum ITGB6
expression in a total number of 135 gastric cancer patients from a retrospective cohort. (B) ROC analysis was constructed for the prediction of prognosis of gastric
cancer patients using serum ITGB6 expression.
TABLE 2 | Univariate and multivariate Cox proportional hazard analyses of OS with gastric cancer patients.

Univariate analysis Multivariate analysis

Variable HR (95%CI) P-value HR (95%CI) P-value

Sex (male vs. female) 0.423 (0.126-1.413) 0.162
Age 1.171 (0.534-2.567) 0.694
BMI 1.055 (0.954-1.168) 0.298
Tumor size 1.007 (0.457-2.217) 0.987
Tumor location 0.959
Cardia/Fundus Reference
Body 0.851 (0.237-3.050) 0.804
Antrum/Pylorus 0.936 (0.261-3.357) 0.920

Borrmann type 0.415
I Reference
II 0.605 (0.178-2.056) 0.421
III 0.289 (0.065-1.293) 0.104
IV 0.000 (0.000- ~) 0.981

T stage 0.087
T1 Reference
T2 3.248 (0.338-31.225) 0.308
T3 7.488 (0.984-56.966) 0.052
T4 10.179 (1.252-82.779) 0.030*

N stage 0.373
N0 Reference
N1 0.766 (0.203-2.889) 0.694
N2 1.208 (0.395-3.691) 0.741
N3 2.011 (0.775-5.217) 0.151

AJCC pTNM stage 3.859 (1.611-9.248) 0.002* 2.599 (1.106-6.108) 0.029*
Complications 0.275 (0.037-2.030) 0.205
Neurovascular infiltration 2.934 (1.007-8.552) 0.049*
CEA 5.212 (2.174-12.494) <0.001* 4.105 (1.692-9.961) 0.002*
ITGB6 expression 4.220 (1.820-9.789) 0.001* 3.138 (1.301-7.568) 0.011*
November 2021 | Volume 11 | Article
HR, hazard ratio; CI, confidence interval; *statistical difference.
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A

B DC

FIGURE 3 | Serum ITGB6 expression was associated with ITGB6 expression in tumor tissues. (A) Representative IHC staining of ITGB6 in adjacent normal tissue,
gastric cancer tissues with or without lymph node metastasis. (200×, scale bar=50mM) (B) IHC sum scores were used to evaluate ITGB6 expression in gastric
cancer tissues. (C) IHC sum scores were used to evaluate ITGB6 expression in gastric cancer tissues with or without lymph node metastasis. (D) Correlation
between tissue ITGB6 expression and serum ITGB6 expression. *P<0.05; ***P<0.001.
FIGURE 4 | Prognostic Nomogram of 1-year, 2-year, 3-year and 4-year overall survival of 135 gastric cancer patients.
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was not detected both before and after surgery for a patient, but
there was a slight elevation in serum ITGB6 level during tumor
recurrence (Figure 6C). These results indicated that serum
ITGB6 may serve as a biomarker for tumor surveillance of
gastric cancer patients, but a cohort with larger sample size is
also warranted.
DISCUSSION

Discovering easily accessible tumor biomarkers is crucial for
optimizing patient care in patients with gastric cancer (26). Here
we identified serum ITGB6 level may serve as a novel tumor
biomarker for gastric cancer. ITGB6 was identified as an
epithelial-specific expressed subtype of integrin that induced
during wound healing, inflammation and carcinogenesis (10,
27). As a member of cell surface adhesion molecules, ITGB6 was
involved in the tumorigenesis and progression of several tumors.
Frontiers in Oncology | www.frontiersin.org 8128
It has been demonstrated that ITGB6 participated in almost
every step during tumor metastasis. The expression of
ITGB6 in gastric cancer tissues was associated with matrix
metalloproteinase 9 (MMP-9), and ITGB6 might participate in
the invasiveness of gastric cancer as a downstream effector of
vascular endothelial growth factor (VEGF), indicating that
ITGB6 is a key molecule that involved in the invasiveness and
metastatic potential of gastric cancer (14–17). Consistent with
these findings, based on both retrospective and prospective
cohorts, the present study found that high baseline serum
ITGB6 levels were observed in patients with advanced gastric
cancer, especially patients with lymph node metastasis or distant
metastasis. Previous study also demonstrated that integrin avb6
may contribute to targeted liver metastasis of colorectal cancer
via the SDF-1/CXCR4 axis (28), and we should notice the
phenomenon that serum ITGB6 expression was markedly
increased in patients with liver metastasis. Although the
sample size was limited, further research focusing on the role
A B

DC

FIGURE 5 | Clinical significance of combined serum ITGB6 and CEA levels for gastric cancer patients. (A) Survival analysis according to serum CEA levels in a total
number of 135 gastric cancer patients from a retrospective cohort. (B) ROC analysis was constructed for the prediction of prognosis of gastric cancer patients using
serum CEA expression. (C) Survival analysis according to combined serum ITGB6 and CEA levels in gastric cancer patient from the retrospective cohort. (D) ROC
analysis was constructed for the prediction of prognosis of gastric cancer patients using combined serum ITGB6 and CEA expression.
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of ITGB6 in liver metastasis of gastric cancer is warranted. The
present study demonstrated that patients with a serum ITGB6
level >0.5ng/ml were highly suspected to have lymph node
metastasis or distant metastasis, indicating that ITGB6 might
serve as a potential marker for the risk stratification of gastric
cancer patients.

ITGB6 was considered to be a prognostic indicator as its
increased expression in tumor tissues was significantly associated
with the prognosis of patients in various tumors (29–34). It has
been demonstrated that positive ITGB6 expression in gastric
cancer tissues was linked to significantly reduced survival times
(15, 17). Importantly, our results showed that serum ITGB6
levels were closely associated with unfavorable prognosis of
patients with gastric cancer. Based on the aforementioned
findings, a nomogram for predicting the overall survival for
gastric cancer patients based on ITGB6 expression was
established, which showed a favorable predictive efficacy.

As one of the standard biomarker for gastric cancer, CEA is
commonly used for the risk stratification and recurrence follow
Frontiers in Oncology | www.frontiersin.org 9129
up nowadays (3, 35). The present study also showed that serum
ITGB6 levels was associated with CEA expression for gastric
cancer patients. Moreover, combined serum ITGB6 and CEA
levels significantly improved the efficacy for the risk stratification
of gastric cancer.

Importantly, the present study also constructed a prospective
cohort for confirmation of the conclusion, as well as exploring
the clinical significance of serum ITGB6 levels during follow-up.
A dramatic decrease of serum ITGB6 expression showed after
surgery for most of the enrolled subjects, indicating that serum
ITGB6 levels may be associated with tumor burden for gastric
cancer patients. Further results also preliminary confirmed that
serum ITGB6 levels might serve as a potential biomarker for
tumor surveillance and monitoring of tumor recurrence during
follow up. Rebounded high serum ITGB6 expression may
indicate tumor recurrence and a sustained high serum ITGB6
level might represent poor prognosis.

Most of previous research mainly focus on tissue-expressed
ITGB6 and as far as we know, only one study detected serum
A B

C

FIGURE 6 | The application of serum ITGB6 level for tumor surveillance in gastric cancer patients from a prospective cohort. (A, B) Changes of serum ITGB6 levels
after radical gastrectomy for gastric cancer patients from a prospective cohort. (C) Trend line of serum ITGB6 levels from 7 patients with tumor recurrence during
follow-up. *P<0.05.
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ITGB6 expression in patients with colorectal cancer, which
revealed that serum ITGB6 may serve as a potential biomarker
for diagnosis and surveillance of colorectal cancer (14, 36–38).
For the first time, we demonstrated that serum ITGB6 level may
serve as an effective biomarker for the risk stratification and
prognostic prediction of gastric cancer patients. Interestingly, we
should notice that serum ITGB6 expression was associated with
ITGB6 expression in tumor tissues, and as an easily accessed
specimen, serum is undoubtedly more convenient and more
likely to be accepted during the perioperative period and follow-
up visit, which represents a better applicative prospect. In order
to evaluate the risk stratification and predict the prognosis of
gastric cancer patients, we strongly recommend a routine serum
ITGB6 level detection within the perioperative period and during
follow-up.

A limitation of this study is the limited sample size for both
the retrospective and the prospective cohort. And the follow-up
results of the prospective cohort with larger size is also
warranted. Moreover, as more and more gastric cancer patients
receive chemotherapy before or after surgery nowadays, the effect
of chemotherapy on both serum and tissue ITGB6 expression is
also deserved further investigation. In addition, a multicenter
prospective cohort study is also needed in the further research.

In conclusion, the present study identified a novel potential
serum biomarker for the risk stratification, prognostic prediction
and recurrence surveillance for gastric cancer, which deserves
further validation and application. And such easily accessed
biomarker might essentially contribute to an optimized patient
care for patients with gastric cancer.
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Metastasis is the major cause of hepatocellular carcinoma (HCC) mortality. Unfortunately,
there are few reports on effective biomarkers for HCC metastasis. This study aimed to
discover potential key genes of HCC, which could provide new insights for HCC
metastasis. GEO (Gene Expression Omnibus) microarray and TCGA (The Cancer
Genome Atlas) datasets were integrated to screen for candidate genes involved in HCC
metastasis. Differentially expressed genes (DEGs) were screened, and then we performed
enrichment analysis of Gene Ontology (GO), together with Kyoto Encyclopedia of Genes
and Genomes (KEGG). A protein-protein interaction network was then built and analyzed
utilizing STRING and Cytoscape, followed by the identification of 10 hub genes by
cytoHubba. Four genes were associated with survival, their prognostic value was
verified by prognostic signature analysis. Thymidylate synthase (TYMS) gene was
identified as significant HCC metastasis-associated genes after mRNA expression
validation and IHC analysis. TYMS silencing in HCC cells remarkedly inhibited growth
and invasion. Finally, we found TYMS silencing dramatically decrease DNA synthesis and
extracellular matrix (ECM) degradation, resulting in the inhibition of HCC metastasis,
indicating TYMS had close associations with HCC development. These findings provided
new insights into HCC metastasis and identified candidate gene prognosis signatures for
HCC metastasis.

Keywords: hepatocellular carcinoma, metastasis, TYMS, prognostic biomarker, bioinformatics
INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer-related deaths in the
world (1). The 5-year overall survival remains relatively poor, because of the difficulty associated
with the early diagnosis and metastasis (2). Metastasis is responsible for as much as 90% of most
cancer-related deaths (3). The multistep process of invasion and metastasis has been schematized as
a sequence of discrete steps, often termed the invasion-metastasis cascade (4). The acquisitions of
extensive invasion potencies by cancer cells are key components in the metastatic cascade. To enter
November 2021 | Volume 11 | Article 7628211132
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the blood or lymphatic circulation, carcinoma cells must first
degrade the ECM to break tissue barriers, which is considered a
key step promoting tumor invasion and metastasis (5).
Therefore, it is essential to elucidate the molecular mechanism
of HCC metastasis and identify potential molecular biomarkers
for prognosis prediction.

Along with the development of microarray and high-
throughput sequencing technology, many tumor prognostic
markers were reported by using GEO and TCGA. Databases
based on the TCGA data set (GEPIA, cBioPortal, Human Protein
Atlas, etc.) can analyze and confirm the expression of hub genes
and the impact on survival. These identified genes are involved in
the proliferation and metastasis of HCC, thereby affecting the
survival and prognosis of HCC patients. The invasiveness and
metastasis of HCC severely limit the improvement of the curative
effect of HCC. Therefore, excavation of the genes involved in
metastasis has been an important goal for the past several
decades. Although many biomarkers for HCC have been
identified, there are few reports on biomarkers for HCC
metastasis. TYMS is an enzyme that catalyzes the conversion
of dUMP to dTMP, and is the main intracellular target of the
active 5-FU metabolite (6). There are many studies in the
literature demonstrating prognostic and predictive values of
TYMS presence in cancer (6–14), however, its role as a marker
of HCC metastasis is not known.

In this study, the differential mRNA expression data of HCC
from the TCGA and GEO databases were analyzed to identify
key genes. The integrated bioinformatics analysis by
investigating the functions and pathways of the gene was used
to further investigated their potentiality of being biomarkers in
HCC. Functional enrichment and protein interaction (PPI)
analysis combined with survival analysis were used to further
screen genes that are critical for HCC development. The
prognostic value of the genes was evaluated using the ROC
curve (Receiver Operating Characteristic Curve) and survival
analysis. In vitro experiment was conducted to elaborate the
potential roles of the biomarker in the proliferation and invasion
of HCC cells.
MATERIALS AND METHODS

Data Collection and Data Preprocessing
The gene expression profiling datasets (GSE28248 and
GSE27635) were obtained from the GEO database (https://
www.ncbi.nlm.nih.gov/geo/). The dataset for GSE28248
includes intratumoral and peritumoral tissues of 20 paired
HCC samples patients with lymph node-positive. GSE27635
incorporates 24 pairs of intratumoral and peritumoral tissue
from HCC patients with bone metastases. TCGA HCC dataset,
coupled with the clinical data, includes 50 normal and 369
tumor samples.

Screening of DEGs
To investigate DEGs among normal and tumor samples, the limma
package in R was used with the cut‐off criteria of |log 2‐fold‐change
Frontiers in Oncology | www.frontiersin.org 2133
[FC]| > 1 and a corrected p < 0.05. The common DEGs in
GSE28248 and TCGA were screened for subsequent analysis.
Gene Ontology and KEGG
Pathway Analysis
Gene ontology (GO) term enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were performed by using DAVID (https://david.
ncifcrf.gov/). The KEGG pathway and GO enrichment analyses
of upregulated and downregulated genes were based on the
threshold of adjusted p‐value < 0.05.
Protein-Protein Interaction (PPI) Network
Construction and Hub Genes Identification
To evaluate the interrelationships behind the list of genes, we
used the STRING database for analysis. The Cytoscape software
for visualizing and analyzing molecular interaction networks,
was used to build a PPI network. Hub genes were selected from
genes intersection calculated by using the Cytoscape
plugin cytoHubba.
Risk Stratification (RS) and ROC Curves
Multivariate Cox analysis was further used to determine whether
the four prognostic genes were independent prognosis factors of
the patient’s OS (Overall survival). The risk score model was
constructed based on a linear integration of the expression level
multiplied regression model (b) using the following formula:
Risk score= expRNA1×bRNA1 + expRNA2×bRNA2+…
+expRNAn×bRNAn. The sensitivity and specificity of the risk
model were calculated by the AUC (Area under the curve) of the
ROC curve with the “survival ROC” R package.
Validation of the Key Genes Based on
TCGA Data and HPA Database
Gene Expression Profiling Interactive Analysis (GEPIA: http://
gepia.cancer‐pku.cn/), a web‐based tool to display the survival
and expression patterns between tumor and normal groups was
used to verify our results. Furthermore, the validation of the
protein levels of the key genes was carried out using the Human
Protein Atlas (HPA) database (https://www.proteinatlas.org/).
Validation of the TYMS in Clinical
Tissue Samples
A total of 24 paired HCC patients specimens (tumor and
adjacent nontumor tissues) were collected from the Biobank of
the First Affiliated Hospital of Dalian Medical University
(Liaoning, China). The samples were removed from
hospitalized patients at the Department of Hepatobiliary
Surgery, First Affiliated Hospital of Dalian Medical University
(Liaoning, China) from 2018 to 2021. Samples used in this study
were approved by the Committees for Ethical Review of Research
November 2021 | Volume 11 | Article 762821
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at the First Affiliated Hospital of Dalian Medical University. The
TYMS gene mRNA expression between tumor and normal
groups was assayed by real-time PCR.
Cell Culture and Cell Transfection
One immortalized normal liver cell line L02 and three human
HCC cell line MHCC-97H, BEL-7402 and HuH-7 were obtained
from the Chinese Type Culture Collection, Chinese Academy of
Sciences. All cells were cultured in DMEM supplemented with
10% fetal bovine serum and kept in a humidified atmosphere of
5% CO2 at 37◦C. In order to inhibit the expression of TYMS, we
transfected two small interfering RNAs (siRNAs) targeting the
TYMS coding sequence. The siRNAs were purchased from
GenePharma (Shanghai, China) and sequences are as follows:
1. GGAGTTGACCAACTGCAAA 2. CAACCCTGACGACA
GAAGA. The efficiency of infection was assayed by real-
time PCR.
Quantitative Real-Time PCR
Total RNA was isolated using Trizol reagent (Thermo Fisher)
and reverse-transcribed according to the manufacturer’s
instructions. The cDNA was subjected to quantitative Real-
Time PCR using the SYBR Green PCR Master Mix (Thermo
Fisher) and the assay was performed on a 7500 fast Real-Time
PCR system (Applied Biosystems by Life Technologies). Relative
expression levels were normalized to GAPDH. The 2−DDCt

method was used to compare the fold differences in expression.
Primer sequences were listed as follows: TYMS forward 5’- TGG
GGCAGAATACAGAGATATGG-3’ and reverse 5’- TGATGG
TGTCAATCACTCTTTGC-3’, GAPDH forward 5’- ACAACT
TTGGTATCGTGGAAGG-3’ and reverse 5’- GCCATCACGC
CACAGTTTC-3’.
Western Blotting
The TYMS (#15047-1-AP) and GAPDH (#10494-1-AP)
antibodies were purchased from Proteintech. Proteins were
electrophoresed in SDS-PAGE gel and transferred onto PVDF
membranes. The membranes were blocked with 5% skim milk in
TBS/0.1% Tween 20 containing for 0.5 h and then incubated
overnight with the primary antibodies at 4°C. The membrane
was further incubated with HRP-conjugated secondary
antibodies for 1 hours at room temperature. Protein bands
were visualized with ECL substrates.
Cell Proliferation
Viable cells were measured using the Cell Counting Kit-8 (CCK-
8) proliferation assay (APExBIO) according to the
manufacturer’s guidelines.
Colony Formation
For colony formation assay, 500 cells were plated in 6-well plates
and culture for 14 days. Cells were stained with 0.1% crystal
violet and the number of colonies was counted.
Frontiers in Oncology | www.frontiersin.org 3134
EdU (5-Ethynyl-2’-Deoxyuridine)
Incorporation Assay
Cells were incubated with 10 mM EdU (APExBIO) for 2 h at 37°C.
After incubation, the cells were washed with PBS and fixed with
4% paraformaldehyde (PFA) for 15 min and followed by
incubation with 2.5% Triton X-100 for 10 min at room
temperature. Cells were washed and a 100 µl Click-iT reaction
cocktail was added to the sample incubated for 30 min at room
temperature. 10 mg/ml hoechst33342 was added and incubated for
10 min at room temperature.

Wound Healing Assay
Cells were cultured in a 6-well plate until they reached 70–80%
confluence. A scratch was made through the cell monolayer
using a sterile pipette tip. The cells were allowed to migrate into
the wound area for 48 h. The percent change in migration was
determined by using ImageJ.

Transwell Invasion Assay
Cell invasion was performed using transwell chambers (8-µm
pore size, Corning). For invasion assays, 1.0 × 105 cells were
seeded into upper inserts with a Matrigel-coated membrane. The
cells were allowed to migrate or invasion for 24 h. The cells
remaining on the upper membrane were removed with cotton
wool. The remaining cells were fixed, stained with crystal violet,
and analyzed by inverted microscopy.

Matrix Degradation Assay
In brief, glass coverslips were coated with 0.2 mg/ml FITC-
gelatin (Anaspec), cross-linked with 0.5% glutaraldehyde, and
then treated with 5mg/ml sodium borohydride for 5 min. Cells
were plated on FITC-gelatin for 8 h and fixed with 4%
formaldehyde and analyzed for gelatin-degradation under a
fluorescence microscope (Leica). Gelatin-degradation spots
were quantified using ImageJ.

Statistical Analyses
Results are recorded as means ± standard error of the mean for at
least three independent experiments, and analyzed by one-way
ANOVA, two-tailed unpaired Student’s t-test, or Mann-Whitney
test. Statistical analyses were performed using the GraphPad
Prism 6 software. Data were considered statistically significant as
follows: *P< 0.05, **P< 0.01, and ***P< 0.001.
RESULTS

Identification of DEGs and
Functional Annotation
The gene expression profiling of GSE28248, which contained 20
pairs of HCC patients with bone metastases samples and normal
samples, was analyzed with GEO2R. A total of 31DEGs were
identified (23 upregulated and 8 downregulated genes were listed
in Supplementary Table 1). The volcano plot of GSE28248 and
TCGA DEGs is shown in Figure 1A. To confirm the reliability of
November 2021 | Volume 11 | Article 762821
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DEGs in HCC, we obtained overlapping DEGs (Figure 1B) of
the two datasets including 16 upregulated and 7 downregulated
genes. The heatmap of the top DEGs is shown in Figure 1C.

To further analyze the biological function of the DEGs, we
processed GO function and KEGG pathway enrichment analysis
with DAVID. With GO function analysis, we discovered that the
DEGs are mostly enriched in the biological process of regulation of
aging, regulation of phosphatidylinositol 3−kinase signaling
(Figure 2A). As for molecular function, protein N−terminus
binding and growth factor activity are contained in the top 10
enrichment classes (Supplementary Figure 1A). As we conducted
the KEGG pathway analysis, we found that these DEGs are mainly
enriched in the MAPK signaling pathway and PI3K−Akt signaling
pathway (Figure 2B).

PPI Network Analysis and Screening
for Hub Genes
STRING is an online tool for predicting protein-protein
interactions (PPI) (15). After importing the overlapped DEGs
into the online tool STRING, we obtained the PPI network of
these genes (Figure 3A). Overlapped DEGs were imported into
Cytoscape to screen the hub genes inside the network with
Maximal Clique Centrality (MCC) algorithm. The MCC of
each node was calculated by CytoHubba, a plugin in
Cytoscape. In this study, the genes with the top 10 MCC
values were considered as hub genes (Figure 3B).

Verification of the Prognostic Values
of Hub Genes
We used GEPIA to evaluate the contribution of the 10 hub genes
to clinical outcomes. The results demonstrated four genes
CCNA2 (Cyclin-A2), MSH2 (MutS homolog 2), TOP2A
(Topoisomerase 2-alpha) and TYMS were significantly
Frontiers in Oncology | www.frontiersin.org 4135
positively correlated to patient outcomes, IGF2 was negatively
correlated to patient outcomes (Figure 3C). The remaining hub
gene survival analyses did not show statistical significance.

We calculated the risk score for each sample using the Sanger
box website and used the cut-off values of the training set to
classify the samples into high and low risk groups in TCGA HCC
data. The distribution of risk score, survival status, and the
expression of four genes for each patient were analyzed
(Figure 4A). With the increase in riskscore, the expression
levels of CCNA2, MSH2, TOP2A and TYMS showed an
increasing trend. The AUC of the 1-, 3-, and 5-year ROC
curve were 0.72, 0.65, and 0.62 (Figure 4B). Kaplan–Meier
curve showed that the overall survival time of patients in the
low‐risk group was significantly longer than in the high‐risk
group (Figure 4C).

Validation of Genes Expressions
Validation of the expression of four prognosis-related genes
with GEPIA, we detected the mRNA levels of four genes in
TCGA database. CCNA2, MSH2, TOP2A and TYMS were
found to be highly expressed in tumor tissues compared with
normal tissues (Figure 5A). The significant correlation between
four genes and the stage was also verified using the GEPIA
(Figure 5B), they might be an oncogene for HCC that
participates in tumorigenesis.

The protein expression of the genes was determined using
immunohistochemistry (IHC) from the Human Protein Atlas
database (HPA) to verify the transcriptome analysis results. The
protein expression levels of TYMS showed upregulated (Figure 5C).

Validation in Clinical Tissue Samples
In order to validate the bioinformatics analysis results, 24
paired HCC tumor and peri-tumor samples were studied.
A

B

C

FIGURE 1 | DEGs identification from GEO and TCGA. (A) Volcano plot visualizing DEGs in GSE28248. (B) Overlapping DEGs between GEO and TCGA database.
(C) The expression heatmap of the overlapping DEGs in GSE28248.
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Comparing with peri-tumor controls, the expression of TYMS
was significantly increased in HCC tissues (Figure 6A) which
were consistent with the bioinformatics results obtained by the
TCGA dataset. We studied the expression of TYMS in three
HCC cell lines and one normal liver cell line (L02). Consistent
with the results in cancer tissues, we observed that TYMS
expression levels were higher in the liver cancer cell lines
than in the normal liver cell line (Figure 6A).
TYMS Promotes HCC Cells Proliferation
and Invasion
To analyze the impacts of TYMS on cancer cell proliferation and
invasion. Two siRNA targeting TYMS were transfected into
MHCC-97H and HuH-7. The silencing efficiency was verified
by real-time PCR and western blot (Figure 6B). We performed a
cell counting kit-8 assay to assess proliferation, the results
showed that the downregulation of TYMS significantly
decreased MHCC-97H and HuH-7 cells viability to a
significant extent (Figure 6C). Colony formation assays found
silencing of TYMS expression displayed significant differences in
Frontiers in Oncology | www.frontiersin.org 5136
colony formation comparing with the control (Figure 6D),
indicating that TYMS affects tumor growth.

To determine whether TYMS had a role in HCC cells
invasion, we first investigated the effect of TYMS on migration.
Wound healing assay was performed, the results suggested that
TYMS promoted migration of MHCC-97H and HuH-7 cells
(Figure 6E). Cells were subjected to chemotaxis invasion assays
by seeding at equal numbers in a transwell invasion chamber
with Matrigel. The invasion capabilities of MHCC-97H and
HuH-7 cells were reduced by inhibition of TYMS expression
compared with the control cells (Figure 6F). These findings
suggest that TYMS promotes migration and invasion in
HCC cells.
TYMS Promotes HCC Cells DNA Synthesis
and Extracellular Matrix Degradation
EdU is a nucleoside analog of thymidine and is incorporated
into DNA during active DNA synthesis (16). To further
confirm the effect of TYMS on cell proliferation, we
assessed DNA synthesis using an EdU incorporation assay.
A

B

FIGURE 2 | GO and KEGG pathway enrichment analyses. (A) Bubble plot of biological processes enrichment analysis of DEGs and circle plot of biological processes
enrichment analysis of DEGs. (B) Bubble plot of KEGG pathway enrichment analysis of DEGs and circle plot of KEGG pathway enrichment analysis of DEGs. *P < 0.05,
**P < 0.01, and ***P < 0.001.
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The results showed that TYMS had an effect on the DNA
synthesis of MHCC-97H and HuH-7 cells (Figure 7A).
These results indicate that TYMS affects the proliferation
of HCC cells.

Metastasis is a highly inefficient process, and certain steps of
the invasion-metastasis cascade are extraordinarily inefficient (5).
ECM degradation is an early and essential step in cancer
metastasis, which is a key factor for determining patient survival
in different types of solid tumors (3). To dissect the cellular
functions of TYMS in promoting HCC cells invasion, we
examined whether expression of TYMS was associated with
ECM degradation. MHCC-97H and HuH-7 cells were plated on
FITC–labeled gelatin matrix to assess their abilities to degrade the
matrix. TYMS knockdown resulted in a potent reduction inmatrix
degradation in both cells (Figure 7B). These results indicate
TYMS is necessary for extracellular matrix degradation in
HCC cells.
Frontiers in Oncology | www.frontiersin.org 6137
DISCUSSION

In this study, the genes potentially affecting metastasis in HCC
were identified based on two integrated GEO and TCGA HCC
data sets. DEGs were screened out to investigate function and
pathways enrichment. Enrichment analysis showed that the
DEGs were significantly enriched in terms of MAPK signaling
pathway and PI3K−Akt signaling pathway. The expressions of
CCNA2, MSH2, TOP2A and TYMS mRNA were significantly
upregulated in HCC. A combination of the identified genes was
used as an indicator for risk stratification that helps to predict the
prognosis of HCC. The overall survival rate indicated, HCC
patients with high expression of CCNA2, MSH2, TOP2A and
TYMS showed poor overall survival.

CCNA2 plays a critical role in the control of cell cycle
transitions and has a potential role in tumorigenesis (17).
CCNA2 belongs to the highly conserved cyclin family and is
A B

C

FIGURE 3 | Protein-protein interaction network and overall survival analysis of DEGs. (A) Based on the STRING online database, a PPI network was constructed
containing 23 DEGs (upregulated DEGs labeled in red and downregulated DEGs labeled in blue). (B) Identification of hub genes MCC algorithm. (C) Survival analysis
for TYMS in HCC from the GEPIA2 database.
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expressed in almost all tissues in the human body (18). The
MSH2 gene is responsible for recognizing nucleotide mismatches
occurring during DNA replication (19), particularly in the case
of microsatellite instability (20). TOP2A is a key enzyme in DNA
replication and transcription (21). TOP2A expression is detected
in various types of tumors (22), it is typically expressed at high
levels in rapidly proliferating cells (23). TYMS is a highly
conserved enzyme and essential for cell survival due to its
important role in DNA biosynthesis (24–26). TYMS is also an
mRNA-binding protein by binding mRNA to coordinately
regulate the cellular gene expression (8). TYMS may regulate
several key aspects of cell cycle control, including apoptosis and
chemosensitivity (8). The high level of TYMS is conducive to the
development of cancer, so it is considered to be an oncogene.
TYMS is one of the most relevant targets for anti-tumor therapy,
Frontiers in Oncology | www.frontiersin.org 7138
a lot of work has been done on TYMS as an anti-tumor target
and drug resistance in the past (27–30). IHC staining obtained
from the Human Protein Atlas database showed that the
expression of TYMS was at high levels consistent with mRNA
expression levels. The transcription is associated with promoter

methylation (31), to discover the reason for the upregulation
of the TYMS gene in HCC, TCGA database was used to analyze
the expression of TYMS and its methylation status. We found
that the methylation level of TYMS was negatively correlated
with the transcription level (Supplementary Figure 1B), and its
low methylation status in HCC may have contributed to the up-
regulated expression. The gene expression profiling also proved
that TYMS is up-regulated in metastatic tumor tissues from
GSE27635 (Supplementary Figure 1C), which contained 24
pairs of intratumoral and peritumoral tissue from HCC
A B

C

FIGURE 4 | Kaplan-Meier survival curve of overall survival between the high‐risk group and low‐risk group (A) Risk score, survival time, survival status, and
expression of the four genes signature. (B) AUC for the four genes classification. (C) Kaplan-Meier survival curve of the four genes from the TCGA dataset.
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patients with bone metastases. Compare with microarrays, high-
throughput sequencing offers higher accuracy and a larger
dynamic range (32). Therefore, the TCGA HCC dataset using
high-throughput sequencing technology has much more DEGs
compare with GSE28248 and GSE27635 using microarrays.
Therefore, the GSE28248 and GSE27635 used in the study may
limit the discovery of more HCC metastasis biomarkers and also
affect the further verification of biomarkers.

Although a large number of studies have focused on the
association of TYMS with carcinogenesis, prognosis,
chemotherapy reaction in colorectal cancer (13, 14), ovarian
cancer (10), pancreatic cancer (11), cervical cancer (12), and
Frontiers in Oncology | www.frontiersin.org 8139
breast cancer (9), few studies focused on the role of TYMS in
metastatic HCC patients. More in-depth studies on molecular
function and clinical relevance are needed to better understand
the role of TYMS in promoting HCC progression and metastasis.
Combined with bioinformatics and vitro experiments, we
analyzed the gene changes and the role of TYMS in HCC. The
downregulation of TYMS could reduce the proliferation and
invasion of HCC cells. Colony formation assay indicated that the
downregulation of TYMS could reduce the proliferation ability
of HCC cells. It is possible that TYMS affects single cell
proliferation ability. TYMS induces ECM degradation and
invasion of HCC cells, which plays an active role in the
A

B

C

FIGURE 5 | Validation of genes expressions of four hub genes. (A) Box plots of CCNA2, MSH2, TOP2A and TYMS expression in TCGA tumor and normal tissues.
(B) Correlations between differently expressed genes and the pathological TNM stage of HCC patients. (C) Representative immunohistochemistry staining of CCNA2,
MSH2, TOP2A and TYMS in HCC tissue obtained from the Human Protein Atlas. *P < 0.05.
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metastatic progression of HCC. Results in the present work may
reflect the role of TYMS in HCC metastasis and this raises the
possibility to assess the clinical association of TYMS and
metastasis of HCC. Detection of the TYMS expression in
tumor cells is expected to make an early diagnosis of HCC
metastasis. Our results provide new opportunities for the
treatment of HCC metastasis targeting TYMS. In addition, in
the follow-up work, a more detailed molecular mechanism
Frontiers in Oncology | www.frontiersin.org 9140
analysis of TYMS is needed to clarify its role in promoting the
metastasis of HCC.

As summarized in our work by bioinformatics analysis and in
vitro experiment, we provided the evidence that TYMS is
abnormally expressed in metastatic HCC, TYMS can be used
as an indicator for risk stratification that helps to predict the
prognosis of HCC. TYMS promotes cell DNA synthesis and
ECM degradation, it has an impact on the proliferation and
A B

C D

E F

FIGURE 6 | TYMS affect cell growth and invasion in MHCC-97H and HuH-7 cells. (A) The mRNA expression of TYMS in 24 pairs of HCC tissues and HCC cell lines.
(B) The expression of TYMS in MHCC-97H and HuH-7 cells. The expression of TYMS was detected by qPCR and western blot. The 2−DDCt method was used to
quantify the mRNA fold changes, GAPDH was used as the internal control. (C) CCK8 assay was used to explore the effect of TYMS expression on cell viability. (D)
Representative images and quantification of colony formation assay. The number of colonies with > 50 cells was scored after 14 days of incubation. (E) wound-healing
analysis and (F) Transwell invasion assays represented the migration and invasion capacity of HCC cells. *P < 0.05, **P < 0.01, ***P < 0.001 and ****p < 0.0001.
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invasion of HCC cells. As a prognostic biomarker, TYMS might
provide essential information regarding personalized treatment
decisions for individual patients and improve the therapeutic
gain. It deserves more exploration and demonstration for its
potentiality in diagnosis, prognosis, and therapeutic target.
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Norcholic Acid Promotes Tumor
Progression and Immune Escape
by Regulating Farnesoid X Receptor
in Hepatocellular Carcinoma
Yihang Gong1,2†, Kun Li1,3†, Yunfei Qin3†, Kaining Zeng1, Jianrong Liu1,
Shaozhuo Huang4, Yewu Chen1,2, Haoyuan Yu1,2, Wei Liu1,2*, Linsen Ye1,2*
and Yang Yang1*

1 Department of Hepatic Surgery and Liver Transplantation Center, The Third Affiliated Hospital of Sun Yat-sen University,
Guangzhou, China, 2 Guangdong Provincial Key Laboratory of Liver Disease Research, The Third Affiliated Hospital of Sun
Yat-sen University, Guangzhou, China, 3 Department of Biotherapy Center, The Third Affiliated Hospital of Sun Yat-sen
University, Guangzhou, China, 4 Department of General Surgery, The Third Affiliated Hospital, Sun Yat-sen University,
Guangzhou, China

Accumulating evidence shows a close association between various types of bile acids
(BAs) and hepatocellular carcinoma (HCC), and they have been revealed to affect tumor
immune response and progression mainly by regulating Farnesoid X receptor (FXR).
Nevertheless, the roles of Norcholic acid(NorCA) in HCC progression remain unknown yet.
In this study, herein we demonstrate that NorCA can promote HCC cell proliferation,
migration and invasion through negatively regulating FXR. Additionally, NorCA can
increase PD-L1 level on the surfaces of HCC cells and their exosomes, and NorCA-
induced exosomes dramatically dampen the function of CD4+T cells, thereby inducing an
immunosuppressive microenvironment. Meanwhile, a negative correlation between PD-
L1 and FXR expression in human HCC specimens was identified, and HCC patients with
FXRlowPD-L1high expression exhibit a rather dismal survival outcome. Importantly, FXR
agonist (GW4064) can synergize with anti-PD-1 antibody (Ab) to inhibit HCC growth in
tumor-bearing models. Taken together, NorCA can promote HCC progression and
immune invasion by inhibiting FXR signaling, implying a superiority of the combination of
FXR agonist and anti‐PD‐1 Ab to the monotherapy of immune checkpoint inhibitor in
combating HCC. However, more well-designed animal experiments and clinical trials are
warranted to further confirm our findings in future due to the limitations in our study.

Keywords: hepatocellular carcinoma (HCC), bile acids, exosomes, immune microenvironment, Farnesoid
X receptor
INTRODUCTION

Bile acids (BAs) are metabolites generated in the liver and synthesized from cholesterol via both the
nonclassical and classical pathways, which are under the control of specific enzymes (1). The
dysmetabolism of BAs can promote the development of HCC associated with obesity or fatty liver
(2). In a mouse model of nonalcoholic steatohepatitis-associated HCC, the accumulation of
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secondary BAs led to hepatocyte inflammation and contributed
to carcinogenesis (3). When the BA pool was reduced by
administering 2% cholestyramine in food, the sizes of
malignant lesions were significantly decreased (4). The
farnesoid X receptor (FXR) modulates BAs homeostasis via
enterohepatic circulation (5). In the liver, FXR activates small
heterodimer partner (SHP) expression, thereby suppressing the
level of the cytochrome P450 A1 enzyme, which catalyzes the de
novo synthesis of BAs from cholesterol (6). The FXR-KO model
causes dysregulation of BAs metabolism and spontaneous
hepatocarcinogenesis (7). Depletion of FXR is the causative
factor for the induction of chronic inflammation, hepatocyte
damage and the development of HCC (8, 9). Furthermore, FXR
is considered to be a modulator of immune responses in a subset
of immune disorders. Increased FXR modulates CD8+ T cell
metabolism (10) and downregulates the expression of
inflammatory regulators (IFNg, IL6, and IL1b) in a colitis
mouse model (11).

Studies on BAs in HCC have focused on the direct effects of
BAs on tumor cells, while the role of BAs in the cross talk
between HCC and immune cells remains unclear. Recent studies
have reported that Exos play pivotal roles in the cell-to-cell cross
talk between HCC and immune cells (12). Exos are endosome-
derived nanoscale (30–100 nm) lipid bilayer vesicles that contain
several biological factors, including proteins, soluble substances,
lipids, and miRNAs. They are transported to target cells to exert
vital functions in intercellular cross talk. The characteristics and
metabolism of immune cells can be modulated by tumor-derived
Exos (13–17). Studies have shown that BAs regulate the immune
microenvironment by stimulating the secretion of Exos from
macrophages (18). In this study, we identified a new class of BAs
and then tried to explore whether this BA class can affect the
immune microenvironment of HCC by regulating Exos through
FXR. Our study provides a new perspective for the protective
effect of FXR in HCC patients. We recommend an FXR agonist
combined with an anti-PD-1 antibody for immunotherapy of
patients with advanced HCC.
MATERIALS AND METHODS

Patient Samples and Cell Lines
HCC and liver tissues were obtained from the Third Affiliated
Hospital of Sun Yat-sen University. All patients had not received
antitumor therapy before surgery. The contents of 31 BAs were
determined by analyzing the peritumoral liver tissues and tumor
samples of 6 patients with HCC who underwent radical resection
from June to September in 2019. In our study, each pair of
analyzed tumor tissue and peritumoral liver tissue are from the
same patient. Samples for immunohistochemistry (IHC) were
collected from patients who underwent surgical resection in the
same hospital from July 2010 to November 2011. The written
informed consent was obtained from each participant. This study
was approved by the Ethics Review Board of the Third Affiliated
Hospital, Sun Yat-sen University. Humanized Huh-7 and LM3
cells and murine Hepa1-6 cells were obtained from ATCC.
Frontiers in Oncology | www.frontiersin.org 2144
IHC Analysis
The tissues of HCC embedded in paraffin were cut into 4-µm
thickness and IHC staining was performed as previously
described (19). The following primary antibodies were used in
follow-up experiments: SHP (sc-271511; Santa Cruz
Biotechnology), FXR (ab129089; Abcam), and PD-L1 (13684S;
CST). The staining results were independently analyzed by two
pathologists who were blinded to the clinical outcomes. Because
of their subcellular localization properties for normal functions,
FXR and SHP in the nuclei and PD-L1 in the membranes of
HCC cells were stained and scored for further analysis. The
staining intensity of tumor cells was scored as 0 (negative), 1
(weak), 2 (moderate), 3 (high). The percentage of positive cells
was categorized as follows: 0 (0%), 1 (1% to 25%), 2 (26% to
50%), 3 (51% to 75%), and 4 (76% to 100%). The total IHC
staining score was obtained by multiplying the intensity score
with the percentage score from 0 to 12. For FXR and SHP,
staining scores 0–4 and 6–12 were considered as low and high
expression, respectively. For PD-L1, staining scores 0–2 and 3–
12 were defined as low and high expression, respectively (20).
BAs Analysis
Ultra-performance liquid chromatography/tandem mass
spectrometry (UPLC-MS/MS) was applied to measure the
levels of BAs, namely, GLCA, 3-DHCA, LCA, 7-ketoLCA,
NorCA, 7-DHCA, LCA S, HCA, UDCA, DCA, TLCA, CDCA-
3Gln, TDCA, GDCA, GLCA-S, bUDCA, GHDCA, GHCA, CA,
TwMCA, CDCA, TaMCA, THDCA, TLCA-S, THCA, TUDCA,
GUDCA, TCA, GCA, GCDCA, and TCDCA, in the tumor and
peritumoral liver tissue.

Isolation of CD4+ or CD8+ T Cells
and Flow Cytometry
Ficoll centrifugation (Axis-Shield) was used to isolate peripheral
blood mononuclear from healthy donor blood samples. After
72 h of exposure to NorCA, LM3 cells or Exos were cocultured
with CD4+ and CD8+ T cells that had been stimulated with anti-
CD3/CD28 mAb beads. These results were analyzed by FlowJo
10.0 software. The fluorochrome-linked antibodies were applied
as follow: anti-human Annexin V-FITC, PI-PE, CD4-APC-Cy7,
CD8-FITC, PD-1-BV510, TIM3-PE, and CTLA4-PECY-Cy5.5
(eBioscience). Detailed staining protocols were followed
previously described (21).

Bicinchoninic Acid Assay
Bicinchoninic Acid Assay was used to detect protein
concentration. The diluted protein was performed by BCA kit
(ThermoFisher). The absorbance was detected at a wavelength of
562 nm.

Quantitative Real-Time PCR (qRT-PCR)
Quantitative real-time PCR (qRT-PCR) was performed for
mRNA detection using SYBR Green PCR Master Mix (Roche).
The relative levels of mRNA were detected using the 2-DDCt

method. Primer sequences are listed in Supplementary Table 1.
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Migration and Invasion Assays
To detect the wound healing ability of Huh-7 and LM3 cells,
using a 200 mL pipette tip to scratch a straight wound, then
observed and measured immediately and 24 hours after
scratching. A 24-well transwell chambers coated with Matrigel
(Corning Costar, Cambridge, MA, USA) was used to check cell
invasion. The chamber has two culture compartments (upper
and lower) separated by a polycarbonate membrane (Corning
costar) with a pore diameter of 8 microns. The bottom chamber
was filled with 600mL complete medium. 5 × 104 per well cells
were seeded in serum-free medium in the upper chamber. After
culturing for 30 hours, cells that invaded to the bottom of the
membrane were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet, imaged, and counted under a
microscope (Zeiss, Gottingen, Germany).

Cell Proliferation Assay
For Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto,
Japan), transfected cells were seeded into 96-well plates at 1000
cells/well, and then, 10 µL of CCK-8 solution was added to each
well and incubated for 4 h at 37°C. The absorbance was detected
at a wavelength of 450 nm. For 5-ethynyl-2′-deoxyuridine (EdU)
assay, transfected cells were seeded in 48-well plates. Next, the
cells were stained using the Cell-Light EdU In Vitro Kit
(RIBOBIO). Nuclei were stained with DAPI before being
observed with fluorescence microscopy (Solarbio).

Western Blot Analysis
Western blot analysis was employed as previously described (22).
Anti-SHP (sc-271511; Santa Cruz Biotechnology), FXR
(ab129089; Abcam), PD-L1 (13684S; CST), NSMase2
(ab68735; Abcam), RAB27A (ab55667; CST, USA), and b-
Actin (ab8226; Abcam) were used according to concentration
recommended by the manufacturers.

Exos Isolation From Cell Lines
Exos were isolated from HCC cells and collected as described
previously (23).

Animal Studies
Male C57BL/6 and FXR-knockout mice aged 5 weeks were
purchased from the Model Animal Research Center of Nanjing
University (China) and Shanghai Nanfang Research Center for
Model Organisms (China), respectively. All mice were raised
under specific pathogen‐free (SPF) conditions. Before orthotopic
implantation operation, the mice were deprived of water for 4
hours and food for 8 hours. 10% chloral hydrate (0.07 mL/10 g)
was injected intraperitoneally for anesthesia. The mouse was
disinfected with iodophor and fixed in supine position, and then
a 1 cm opening was cut out 0.5 cm below the xiphoid process.
Cutting the skin, peritoneum and muscle layer in order. The
right liver lobe was exposed by slowly pressing the ribs. Hepa1-6
cells (1 × 106 (50 mL)) were injected at an angle of 20° to the liver
lobe. The injection extended for 1 cm and was performed slowly.
After injection, the needle was pulled out and the hole was
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pressed for 1 minute until there was no active bleeding. Finally,
the tissue was sealed layer by layer. After operation, water and
food deprivation were performed for 4 hours. After 21 days, the
liver tissues were harvested for detection. For the orthotopic
implantation model, NorCA (5 mg/kg per mouse, Toronto
Research Chemicals) and GW4064 (30 mg/kg per mouse,
Sigma‐Aldrich) were intraperitoneally injected. To generate
subcutaneous xenograft tumors, Hepa1-6 cells (1 × 106) were
suspended in 100 mL of phosphate-buffered saline and inoculated
subcutaneously into the left flanks of mice. All mice were
randomly divided into a control group and three treatment
groups until the tumor volume reached 100 mm3. IgG2a was
given to the control group, and the treatment groups were given
intraperitoneal injection of anti-mouse PD-1 InVivoMAb (200
mg per mouse, Bio X Cell) every 3 days or GW4064 every day. For
the subcutaneous xenograft model, NorCA was intratumorally
injected. The microcaliper was used to measure the volume of the
tumors twice per week. Tumor volume = (length × width2)/2.
The animal research in this study were approved by the
Institutional Animal Care and Use Committee of the Third
Affiliated Hospital of Sun Yat-sen University (approval
no 00256189).

Lentiviral Vectors and Cell Infection
For stable knockdown of SHP and overexpression FXR, Hepa1-6
cells were seeded in 6-well plates (2.5 ×105 cells) with antibiotic-
free medium for 24 h. Then, they were infected with lentiviral
hU6-SHP-ubiquitin-EGFP-IRES-puromycin and Ubi-FXR-CBh-
gcGFP-IRES-puromycin or the corresponding control lentivirus
(GeneChem Co., Ltd., Shanghai, China) at a multiplicity of
infection (MOI) of 20 pfu/cell. The selection of stably
transfected cells was performed 48 h later with 1 µg/mL
puromycin (Sigma-Aldrich). The transfection efficiency of
cherry fluorescent protein was observed by an inverted
fluorescence microscope.

Statistical Analysis
SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) and Prism 6.0
(GraphPad Software, La Jolla, CA, USA) were used to analyze
the data. The quantitative data were expressed as the means ±
SD. Mann–Whitney U test, Student’s t test or Wilcoxon rank-
sum test were used to compare two groups. c2 test was used for
correlation analysis. Kaplan-Meier survival analysis with log-
rank test was performed to determine Overall survival (OS) and
time-to-recurrence (TTR). The data were analyzed using two-
sided test and P value of ≤ 0.05 was considered statistically
significant in all analyses.
RESULTS

UPLC–MS/MS Metabolomic Analysis
UPLC–MS was used to measure the concentrations of the 31 BAs
in the analysis. In the subsequent multidimensional data screening
process, PLS-DA (Figure 1A) and OPLS-DA (Figure 1B) patterns
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were used to show the aggregation trend of the tissue samples. The
control group refers to 6 peritumoral liver tissues, and the model
group refers to 6 tumor tissues paired with corresponding
peritumoral tissues. The two groups showed obvious distinction,
and these differences indicated that PLS-DA and OPLS-DA
models were capable of distinguishing the tumor from the
peritumoral liver tissue based on the BA levels. The permutation
test was applied to estimate the effectiveness of the classification
model. The intercept of Q2Y with a threshold less than zero
indicates that this is a valid model (Figure 1C). The representative
differential BAs were examined using the univariate statistical
analysis Mann-Whitney U test (Figure 1D). The 31 differential
BAs obtained by univariate statistical analysis are illustrated
(Figure 1E). We found that NorCA was increased in
peritumoral liver tissue compared to tumor tissue.
NorCA Promotes the Migration and
Invasion of HCC Cells
Although different types of BAs may have opposite effects in
tumorigenesis (24, 25), the effect of NorCA on tumors is still
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unknown. In order to explore the influence of NorCA on HCC,
we used NorCA to stimulate LM3 and Huh-7 cells and detected the
migration and invasion of cells. To exclude the activation of these
proteins through apoptosis induced by NorCA, we used flow
cytometry and CCK-8 assays to detect the apoptosis of HCC cells
after NorCA exposure. The toxicity of 200 µMNorCAwas negligible
in Huh-7 and LM3 cells (Supplementary Figures 1A, B). Our
results showed that coculture with NorCA resulted in enhanced the
migration (3.5- and 2.5-fold) and invasion (2.3- and 1.9-fold)
abilities of the LM3 (Figures 2A, B) and Huh-7 (Figures 2C, D)
cells. Based on a mass spectrometry analysis of the properties of the
31 BAs, a Pearson’s correlation analysis revealed that NorCA and
GDCA were positively related (Supplementary Figure 2). The
conjugated bile acid GDCA promoted the growth of tumors by
downregulating the expression of FXR (26). Therefore, we
hypothesized that NorCA can promote HCC migration and
invasion by inhibiting FXR. GW4064 has been identified as an
FXR agonist through experiments in which FXR was activated (27).
As shown in Figures 2A, B, preincubation with while GW4064
efficiently prevented the HCC cells migration and invasion induced
by NorCA. Meanwhile, in the cell proliferation assay, NorCA
A B

D

E

C

FIGURE 1 | UPLC-MS/MS analysis of BAs in the tumor and peritumoral liver tissue. (A, B) Quantitative data of the BAs in the tumor and peritumoral liver tissue
were analyzed with a PLS-DA plot and OPLS-DA plot, respectively. (C) Permutation test was applied to estimate the effectiveness of the advanced model. (D) The
differential BAs were examined by Mann-Whitney U test for univariate statistical analysis, and we used violin diagrams to display the top 9 representative BAs.
(E) All BAs obtained through the univariate statistical analysis are shown.
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markedly promoted the proliferation of Huh-7 and LM3 cells and
GW4064 restored these phenomena (Figures 2A–D).
NorCA Upregulates PD-L1 Expression
Through the FXR-SHP Axis
To further explore how NorCA exerts its protumorigenic effect
through FXR, we first determined the effect of NorCA on mRNA
levels on downstream targets of FXR, including SHP, BSEP,
ABCB4, CYP3A4, FGF19, and OSTa1. Our results indicated that
the mRNA level of SHP was significantly downregulated by
NorCA (Supplementary Figure 3). FXR is a nuclear receptor
that plays vital role in the tumorigenicity of the liver by
regulating SHP (28), and SHP can regulate the level of PD-L1
in cancer cells (20, 29). Consistent with these studies, Western
blot showed that the NorCA-induced upregulation of PD-L1
expression involves the FXR/SHP signaling pathway, and
preincubation with GW4064 efficiently reversed the decreased
level of FXR and SHP and downregulated the expression of PD-
L1 in a dose-dependent manner. (Figure 3A and Supplementary
Figure 4). To verify the safety of the drug, we intraperitoneally
injected mice with NorCA and then assessed liver and kidney
function, performed blood tests and weighed the mice. We found
that the toxicity of NorCA to C57BL/6 mice was negligible
(Supplementary Figure 5 and Supplementary Table 2).
Moreover, our results showed that NorCA promoted tumor
growth compared with the control group, and GW4064
significantly reduced tumor sizes in the treatment groups
(Figure 3B). Consistently, HE staining also supports this result
(Supplementary Figure 6). We further examined the expression
of FXR, SHP and PD-L1 in liver tissue. Consistently, PD-L1
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protein was significantly increased while FXR and SHP proteins
were downregulated in the liver tissue of the NorCA group.
Moreover, GW4064 treatment reversed these trends (Figure 3C
and Supplementary Figure 7). Next, stable FXR overexpression
(OE-FXR) in Hepa1-6 cells was utilized to explore the role of
FXR in hepatocarcinogenesis induced by NorCA. FXR
overexpression was confirmed by Western blot in Hepa1-6
(Supplementary Figure 8). The results showed that compared
with control group, OE-FXR mice exhibited significantly
decreased tumor size under NorCA stimulation (Figure 3D).
Furthermore, stable SHP silencing in murine cancer cells was
verified (Supplementary Figure 9), and our data indicated that
knocking down SHP expression obviously promoted the
tumorigenicity of Hepa1-6 cells induced by NorCA in mice
(Figure 3E). In summary, these data demonstrate that NorCA
drives tumor growth and tumorigenicity via FXR-SHP-PD-
L1 signaling.
NorCA Regulates Tumor-Derived Exos
Through FXR to Affect the Immune
Microenvironment
We further explored the impact of NorCA on the immune
microenvironment. We characterized immune cell changes by
flow cytometry using immune checkpoint-specific markers (PD-1,
CTLA-4 and TIM3). However, we observed that the indicators of
these immune checkpoints of CD4+ T cells and CD8+ T cells were
not changed after coculture with LM3 cells induced by NorCA
(Figure 4A). Moreover, we did not observe changes in these
indicators when immune cells were cocultured in medium taken
from cultures of LM3 cells induced by NorCA (Figure 4A).
A

B D

C

FIGURE 2 | NorCA enhances the ability of HCC cells to migrate and invade and promotes cell proliferation. (A-D) Data showed that after NorCA exposure, the migration
and invasion abilities of Huh-7 cells and LM3 cells were enhanced, while the FXR agonist GW4064 restored these trends (scale bar, 100 µm). EdU assay showed the
consistent results (scale bar, 100 µm). **p < 0.01, and ***p < 0.001, n = 3. Cells treated with BSA were used as a negative control.
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FIGURE 3 | NorCA contributes to tumor growth and tumorigenicity via FXR-SHP-PD-L1 signaling. (A) Left graph, the FXR, SHP, and PD-L1 levels in Huh-7 and
LM3 cells were detected by western blot analysis. Right graph, gray value analysis of all proteins. (B) Left graph, schematic representation of the orthotopic
implantation formed by Hep1-6 cells. Mice treated with PBS (n=5), NorCA alone (n=5) or NorCA plus GW4064 (n=5). Right graph, quantification of tumor volumes in
different groups. (C) Typical pictures of FXR, SHP and PD-L1 staining in orthotopic implantation models (Large figure: 200× magnification, scale bar, 100 µm. Small
figure: 400× magnification, scale bar, 100 µm). (D) Left image, comparing the tumor volume of OE-FXR mice (n=7) with the tumor volume of OE-Vector (n=7) mice
with or without NorCA treatment. Right graph, quantification of the tumor volumes in different groups. (E) Left graph, Hep1-6 cells with or without SHP knocked
down were subcutaneously injected into mice. Tumor volumes in the SHP-knockdown group (n=5) was obviously higher than that in the control group (n=5). Right
graph, quantification of tumor volumes of different groups. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Deoxycholic acid can regulate macrophage-derived Exos to regulate
the immune microenvironment (21). We hypothesized that
NorCA-derived Exos (N-Exos) can play a role in modulating
immune cells during tumor development. We found that N-Exos
extracted from LM3 cells regulated CD4+ T cell protein expression,
as evidenced by significantly higher expression of PD-1 and TIM3
but did not affect the expression of CTLA-4. Furthermore, N-Exos
treated with GW4064 reversed these trends. However, these
phenomena were not observed in CD8+ T cells (Figure 4A). To
explore how NorCA affects tumor-derived Exos, we measured the
protein expression of NSMase and RAB27A, which regulate the
synthesis and secretion of Exos. Data showed that NorCA treatment
increased the level of NSMase and RAB27A (Figures 4B, C). In
addition, the total amount of exosomes in different treatment
groups was detected by Bicinchoninic Acid Assay (BCA), the data
was consistent with the previous results (Supplementary
Figure 10). Furthermore, NorCA also upregulated PD-L1
expression on Exos secreted from HCC cells (Figures 4B, C).
Moreover, GW4064 reversed the increased generation and
secretion of Exos and the increased level of PD-L1. The results
suggest that NorCA may create strong immunosuppressive
microenvironment to promote the immune escape of HCC cells.
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Upregulation of PD-L1 Level by FXR Is
Used to Stratify HCC Patients

Taken together, these data showed that FXR can regulate PD-L1
through transrepression and SHP signaling in HCC cells.
Considering this foundation, we first sought to explore the
relationship between FXR and PD-L1 in vivo. A total of 156 HCC
specimen cohorts were used to estimate PD-L1 and FXR expression
by IHC staining. Interestingly, the intensity of the PD-L1 staining
was distinctly higher in “FXR low” samples than in “FXR high”
samples (Figure 5A). The spearman correlation analysis indicated a
statistically significant negative correlation between PD-L1 and FXR
in the HCC tissues (Supplementary Figure 11). We found that the
proportion of FXRlowPD-L1high subgroup was 35% (55/156) in the
HCC samples. OS is defined as the time from the end of the first
operation to death (for any reason). TTR is defined as the time from
the end of the first operation to the first recurrence. The OS and
TTR for all 3 subgroups (FXRlowPD-L1high, FXRhighPD-L1low, and
FXRhighPD-L1high and FXRlowPD-L1low) are presented in
Figures 5B, C. Here, we found that the FXRlowPD-L1high

subgroup had a significantly shorter OS (p<0.001) and TTR
(p=0.001) than the FXRhighPD-L1low HCC groups. In order to
A

B C

FIGURE 4 | NorCA mediates the immune microenvironment by promoting tumor-derived Exos secretion. (A) After cells were exposed to NorCA, flow cytometry
was applied to analyze the change in immune checkpoint-specific markers (PD-1, CTLA-4, and TIM3) in CD4+ T cells and CD8+ T cells cocultured with tumor cells,
medium from tumor cell or tumor-derived Exos. Tumor-derived Exos regulated CD4+ T cells, as evidenced by the significantly higher expression of PD-1 and TIM3.
(B) The FXR, NSMase, and RAB27A levels in tumor cells and PD-L1 levels in the tumor-derived Exos were detected using western blot analysis. (C) gray value
analysis of all proteins. *p < 0.05 and **p < 0.01.
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FIGURE 5 | The relevance of FXR to PD-L1 level in HCC samples and the FXR agonist exerting synergistic effects with anti-PD-1 Ab in the mouse model.
(A) Immunohistochemical staining was performed with 156 HCC tissues. Representative images of FXRlowPD-L1high staining and FXRhighPD-L1low staining of serial
sections of HCC tissues are displayed at 100× (left graph), 200× (right graph), 400× (right small graph) magnifications (scale bar, 100 µm). (B, C) The OS and TTR of
postoperative HCC patients based on both FXR and PD-L1 expression. Patients with FXRlowPD-L1high displayed the shortest OS (p<0.001, log-rank test) and TTR
(p=0.001, log-rank test). (D–G) The OS and TTR for 4 subgroups (FXRhighPD-L1high VS FXRhighPD-L1low, and FXRlowPD-L1high and FXRlowPD-L1low). (H) Mice were
inoculated subcutaneously with 1 × 106 Hep1-6 cells and treated with anti-PD-1 Ab, IgG2a, GW4064 or anti-PD-1+GW4064 after the tumors reached 100 mm3.
(I) With (right graph) or without (left graph) NorCA exposure, the tumor growth in the single-agent therapy group (n = 5) was compared with the combination therapy
group (n = 5). *p < 0.05, **p < 0.01, and ***p < 0.001.
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further isolate the potential effect of the relationship between FXR
and PD-L1, we next compare identical levels of FXR with different
levels of PD-L1. The data showed that whether in the FXRhigh or
FXRlow group, the PD-L1low subgroup showed better OS and TTR
than the PD-L1high expression group (Figures 5D–G). These data
indicated that PD-L1 is a prognostic factor independent of FXR.
FXR Agonist Combined With Anti-PD-1 Ab
in the HCC Syngeneic Mouse Model
Because NorCA showed an immunomodulatory effect in CD4+ T
cells, we hypothesized that an FXR agonist in combination with
an immune checkpoint inhibitor may have synergistic antitumor
effect. Thus, we detected the antitumor therapeutic ability of
GW4064 combined with anti‐PD‐1 Ab in the mouse model. In
the group with or without NorCA, compared with the
nontreatment group, GW4064 impeded tumor growth while
the anti‐PD‐1 Ab significantly depressed tumor progress
(Figure 5H). GW4064 combined with anti‐PD‐1 Ab treatment
led to tumor regression and exhibited the most effective
antitumor ability (Figure 5I). Thus, GW4064 combined with
anti‐PD‐1 Ab treatment exhibited potent antitumor capacity
because of the immune‐activating efficacy of anti‐PD‐1 Ab.
DISCUSSION

Here, we identified a previously unrecognized subset of
protumorigenic bile acid and employed various analytic strategies
to assess the biological effects and mechanisms of this bile acid
in vivo and in vitro. Our research illustrated that the FXR-SHP-PD-
L1 axis may be a new way for NorCA to promote the tumorigenesis
of HCC cells. Additionally, NorCA can increase the secretion of
Exos from HCC cells, and N-Exos play roles in regulating CD4+

cells during tumor progression. Specifically, compared with either
therapy administered alone to the HCC tumor-bearing syngeneic
model mice, a combination treatment consisting of FXR agonist
plus an anti‐PD‐1 Ab obviously inhibited tumor development and
showed potent antitumor ability.

Recently, BAs have been recognized as pivotal contributors to
the etiopathogenesis of gastroenteric disorder and tumors.
According to the report, BAs were enriched in cancer patients
and were associated with poor prognosis (30). However, different
BAs that exist in tumor microenvironments exhibit distinct
efficiencies and functions (31, 32). Important secondary BAs, such
as TCDCA, GCA, GCDCA, and GDCA, have all been revealed as
etiologic agents in gastrointestinal tumors (33). Consistent with
these studies, we illustrated that in the context of HCC, NorCA, a
previously unrecognized BA subset, exhibited protumorigenic
properties in the present study. FXR has been demonstrated to be
a regulatory element of immune responses in different diseases in
addition to its role in modulating BAmetabolism (34, 35). However,
the correlation between the immunemicroenvironment and FXR in
HCC remains poorly understood. Here, we demonstrated that FXR
decreases the level of PD-L1 in HCC cells under NorCA exposure.
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Exos have emerged as vital contributors in HCC etiopathogenesis,
and the list of indicated tumor-derived Exos that regulate
immunomodulatory effects is increasing (36, 37). However, few
studies have focused on FXR and Exos, and the potential interaction
between them remains largely unknown. Metastatic melanoma
releases high levels of extracellular vesicles, mainly in the form of
exosomes, carrying PD-L1 on its surface (38). Interestingly, our
results indicated that FXR can impede the generation and secretion
of tumor Exos, and an FXR agonist can inhibit the increased
expression of PD-L1 on N-Exos while restoring the modulation
of CD4+ T cells by N-Exos. Therefore, we have identified a new
function of FXR, which exerts pivotal effect in the immune
microenvironment, not only by regulating the level of PD-L1 in
HCC cells but also by affecting tumor-derived Exos to regulate
CD4+ T cell immune costimulatory targets.

Given that NorCA can exert an immunosuppressive effect by
regulating PD-L1 through FXR in HCC cells, we further explored
the relevance of FXR to PD-L1 in vivo. Moreover, a negative
correlation between PD-L1 and FXR level was observed in 156
HCC patients. We identified the FXRlowPD-L1high and FXRhighPD-
L1lowHCC subgroups. FXR clearly downregulated PD-L1 in HCC
cells, and the FXRhighPD-L1low subgroup was associated with a
better outcome for HCC patients. Our data indicate that this
relevance may be due to the high expression of FXR in HCC
cells, which inhibits PD-L1 level and thereby acting as a protective
contributor against cancer progress. On the contrary, the
FXRlowPD-L1high subgroup was correlated with a poor prognosis.
In particular, immune checkpoint inhibitors represented by PD-L1/
PD-1-blocking antibodies have obvious curative effect on the
treatment of patients with advanced HCC (39). However, not all
patients show a complete response or benefit from anti-PD-1/PD-
L1 therapy. Because of the complexity of immunomodulatory
mechanisms and the heterogeneity of tumors, combination
therapy is a promising clinical treatment that can overcome the
limitations of single-agent therapy (40). In agreement with this
notion, our experiments indicated that combination treatment with
an FXR agonist plus an anti‐PD‐1 Ab shows preferable antitumor
ability in model mice.

There are several limitations in our study. First, evidence have
demonstrated that other types of BAs can also increase or
decrease FXR expression and participate in tumor progression
(41). Therefore, we should have explored the effect of NorCA
treatment on the concentrations and composition of other BAs,
so as to determine whether NorCA regulates FXR signaling via
multiple mechanisms. Second, we did not clarify whether OE-
FXR or sh-SHP could affect the level of endogenous NorCA in
tumor-bearing mouse models. If OE-FXR or sh-SHP really
affected the endogenous NorCA level in vivo, the effect of
NorCA treatment on tumor growth may be overestimated or
underestimated. Last but not least, FXR has been uncovered to
regulate the production of various inflammatory cytokines (42).
Furthermore, a large number of studies have indicated that some
cytokines play a critical role in tumor immune escape (43, 44).
Hence, it would be very interesting to explore whether NorCA
promotes tumor immune escape by inducing the secretion of
specific inflammatory cytokines.
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Herein, we for the first time demonstrate that NorCA can
enhance HCC cell proliferation, migration and invasion by
negatively regulating FXR. In addition, NorCA can increase
PD-L1 levels on the surfaces of HCC cells and their exosomes,
and NorCA-induced exosomes significantly impair the function
of CD4+ T cells. Furthermore, FXR agonist can synergize with
anti-PD-1 Ab to inhibit HCC growth in vivo. Taken together,
these results suggest that NorCA can facilitate HCC progression
and tumor escape (Figure 6), and the combination of anti-PD-1
Ab and FXR agonist may be a promising strategy to combat
HCC. However, more well-designed animal and clinical trials are
warranted to further validate our findings in future due to the
limitations in our study.
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FIGURE 6 | Schematic showing the novel bile acid-mediated immune microenvironment in HCC progression. Considering our study results, we propose a model
involving NorCA in HCC development. First, NorCA interacts with HCC cells to promote their ability to express PD-L1 through the FXR-SHP pathway. Second,
NorCA enhances the synthesis and secretion of Exos from HCC cells by regulating NSMase and RAB27A. Third, N-Exos have the potential to create an
immunosuppressive microenvironment by regulating the function of CD4+ T cell, thus creates beneficial conditions for tumor development.
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Objective: The purpose of the study is to explore the potential competing endogenous
RNA (ceRNA) network and investigate the molecular mechanism of long noncoding RNA
(lncRNA) small nucleolar RNA host gene 1 (SNHG1) in hepatocellular carcinoma
(HCC) development.

Methods: By analyzing the data of HCC in The Cancer Genome Atlas (TCGA) database,
we included differentially expressed lncRNA and microRNA (miRNA) profiles and
constructed ceRNA networks related to the prognosis of HCC patients. qRT-PCR,
Western blotting, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
transwell assay, and the nude mouse model were employed to test the effects of
SNHG1 and LMNB2 on tumor proliferation and growth in vitro and in vivo.

Results: In the study, we identified 115 messenger RNAs (mRNAs), 12 lncRNAs, and 37
miRNAs by intersecting differentially expressed genes (DEGs) in TCGA and StarBase
databases. Then, SNHG1–miR-326–LMNB2 pathway came into notice after further
survival analysis and hub gene screening. Our results showed that SNHG1 expression
was upregulated significantly in HCC tissues and cell lines. Downregulation of both
LMNB2, the target of miR-326 in HCC, and SNHG1 inhibited tumor proliferation and
growth in vitro and in vivo. Furthermore, SNHG1 could regulate LMNB2 expression
through binding to miR-326 in HCC cell lines.

Conclusion: SNHG1 is a promising prognostic factor in HCC, and the SNHG1–miR-326–
LMNB2 axis may be a potential therapeutic target for HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fourth most common
cause of cancer-related death worldwide and the sixth leading
cause of incident cancer cases (1, 2). The majority of HCCmainly
occurs in patients with hepatitis B virus (HBV) infection,
hepatitis C virus (HCV) infection, and alcohol abuse (3).
Although the 5-year survival rate of early-stage HCC is about
60% these years, the prognosis of most patients with unresectable
HCC is still very poor (4), despite recent advances in surgery and
systematic therapy. Besides, HCC is a highly heterogeneous
tumor that may be the main cause of treatment failure, so the
biological diversity of HCC poses a considerable challenge for
individualized therapy (5, 6). Therefore, it is urgent to explore
the molecular mechanism of tumor progression and identify
novel therapeutic targets for HCC.

Long noncoding RNAs (lncRNAs) are a set of RNA transcripts
longer than 200 nucleotides that are not for translation but capable
of regulating the expression of different genes (7). Emerging
evidence has suggested that lncRNAs participate in tumor
proliferation, invasion, apoptosis, and other biological processes
(8–11). Generally, lncRNAs acted as a competing endogenous RNA
(ceRNA) and bound with specific microRNA (miRNA), regulating
the corresponding downstream messenger RNA (mRNA)
translation (12–14). Although SNHG1 has been reported to
function as an oncogene through sponging miR-195-5p (15),
miR-377-3p (16), and miR-195 (17) in HCC, in the present study,
we made use of The Cancer Genome Atlas (TCGA) database and
identified a novel molecular mechanism of SNHG1 in HCC growth.

Our data demonstrated the crucial roles of SNHG1 in HCC
proliferation and invasion in vitro and in vivo. Furthermore, we
innovatively demonstrated that SNHG1 promoted HCC growth
through competitively binding to microRNA-326 (miR-326) to
regulate LMNB2 expression, which provided a novel insight into
the mechanism of HCC progression.
MATERIALS AND METHODS

Data Source
The published HCC cohort dataset, including gene expression
profiles and relevant clinical information, can be downloaded
from TCGA data portal (18). The clinical information of patients
includes age, gender, preoperative diagnosis, Child–Pugh score
of liver function, radical resection, postoperative pathological
diagnosis, pathological grading and staging, survival time, last
follow-up time, and so on. Only the survival time-related data in
the complex clinical data are used, so only the data needed in the
article are shown in (Supplementary Tables 1 and 2). Data
acquisition and application were conducted in accordance with
TCGA release guidelines and data access policy without
additional approval from the local ethics committee.

Screening of Differentially Expressed
mRNA, lncRNA, and miRNA
The limma package in R language (version 3.6.1) was
subsequently used for the calculation of DEGs. Gene counts >0,
Frontiers in Oncology | www.frontiersin.org 2156
the adjusted p value <0.05, and |log2 fold change|>1 were set as
the cutoff criteria. Similarly, Differentially Expressed microRNAs
(DEmiRs) were selected by the three cutoff values, Gene Counts
>0, the adjusted p value <0.05, and |log2 fold change|>1. Heat
maps and volcanic maps were drawn using R language. Then, the
principal component analysis (PCA) figure about the samples
was performed.

Function and Pathway Enrichment
Analysis
In order to understand the biological functions of selected DEGs
and DEmiRs, we performed the enrichment analysis of DEGs
and DEmiRs in Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) Database
Pathways. The clusterProfiler (version 3.12.0) (19) package in
R language was used for revealing the roles of DEGs in biological
process (BP), cellular component (CC), and molecular function
(MF). The adjusted p value was less than 0.01 and considered
statistically significant.

The ceRNA Network Construction
R language GDCRNATools package was used to search and
match on StarBase database and find out the common miRNAs
targeting mRNA and lncRNA (20, 21). The mRNA and lncRNA
are negatively correlated with miRNA, but mRNA and lncRNA
present a positive correlation. Hypergeometric distribution test
was used to assess the importance between each pair of them. We
used false discovery rate (FDR) to correct p values while
FDR <0.05 is the cutoff value. Meanwhile, the regulation of
similarity correlation with miRNAs (similarity of correlation
between miRNA and lncRNA expression and correlation
between miRNA and mRNA expression) is not equal to zero.
All the competitive lncRNA and mRNA were mixed together
after we identified them under the conditions above. Finally,
ceRNA network diagram was established in the Cytoscape (3.7.2)
for visualization.

Establishment of ceRNA Network
Associated With Hepatocellular
Carcinoma Patient Survival
In order to find out the survival-related lncRNA–miRNA–mRNA
pathways, we conducted a single-factor survival analysis on each
lncRNA, mRNA, and miRNA node in the ceRNA network. The
node was marked in the ceRNA network diagram, and the survival-
related ceRNA network was constructed through the survival-
related node. Then, samples were divided into the high-expression
group and the low-expression group according to the median
expression of each gene. The Kaplan–Meier survival was used to
evaluate the difference of overall survival (OS) time between the two
groups. Finally the SNHG1–miR-326–LMNB2 pathway was
selected, and the effects of this pathway were experimentally
verified in our study.

Cell Lines
The human hepatocellular cancer cell lines (Huh7 and PLC)
were obtained from the Cell Bank of Chinese Academy of
Sciences, Shanghai Branch. The Huh7 and PLC cells were
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cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum in 5% CO2 and 90% humidity at 37°C.

Cell Transduction
The lentivirus vectors (sh-SNHG1, sh-LMNB2) and small
interfering RNAs (siRNAs) against human SNHG1 or LMNB2
were synthesized by GenePharma Co. Ltd. The stable Huh7 cells
with SNHG1 and LMNB2 knocked down were generated using
lentiviral vectors. Infected cells were then treated with
puromycin (2 µg/ml) for 2 days, and surviving cells were
maintained in complete medium with puromycin (0.5 µg/ml).
The siRNAs were transfected into hepatocellular cancer cells
using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.)
according to their instructions. Besides, miR-326 mimics, miR-
326 inhibitors, and negative controls were purchased from
GenePharma Co. Ltd. When the cell confluence reached 50%,
oligonucleotide transfection was performed using Lipofectamine
2000 according to the manufacturer’s protocol.

Luciferase Reporter Assay
We constructed the wild-type plasmid SNHG1-WT and the
mutant plasmid SNHG1-MUT. PLC and HuH7 cells that were
seeded in 24-well plates were cotransfected with miR-326 mimic
or negative control and wild-type or mutant plasmids using
Lipofectamine 2000. The luciferase intensity on the microplate
was measured with the Dual-Luciferase Reporter Assay System
(Promega Corp.), and Renilla luciferase activity was normalized
to firefly luciferase activity.

Western Blotting
The total protein was extracted from the cells using
radioimmunoprecipitation assay lysis buffer with protease
inhibitors. Each lane is loaded with the same amount of total
protein (20 mg), and the sample is separated by 10% sodium
dodecyl sulfate polyacrylamide gel electropheresis (SDS PAGE)
and then transferred to a polyvinylidene fluoride membrane
(Roche Diagnostics). After blocking with 5% skim milk at room
temperature for 1 h, primary antibody LMNB2 (Abcam) or
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Abcam)
was used at 4°C overnight. Subsequently, the membranes were
incubated with anti-rabbit (1:3,000, cat. no. 7074, Cell Signaling
Technology, Inc.) horseradish peroxidase-conjugated secondary
antibodies at 37°C for 1 h. Finally, ECL Western blot substrate
(Promega corp.) and FluorChem E system (Protein Simple) were
used to observe the immune response zone.

qPCR
According to the manufacturer’s protocol, TRIzol reagent
(Thermo Fisher Scientific, Inc.) was used to extract total RNA
from cells and tissues. The RNA purity was evaluated based on
the A260/280 ratio. RNA was reverse transcribed into cDNA
using miRNA first-strand cDNA synthesis kit [Accurate
Biotechnology (Hunan) Co., Ltd.]. SYBR Green Premix Pro
Taq HS qPCR Kit II [Accurate Biotechnology (Hunan) Co.,
Ltd.] was used for qPCR to detect the relative expression of the
target gene. Thermal cycling conditions are as follows: Initial
denaturation at 95°C for 30 sec; 40 cycles of 5 sec at 95°C; 1 min
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at 60°C and 72°C for 15 sec; with a final extension cycle at 72°C
for 5 min. Finally, it step in the dissociation stage. The relative
levels were calculated using the 2-DDCq method. The endogenous
control gene is GAPDH. The primer sequence is shown
in Table 1.

Cell Migration and Invasion Assays
Cells (1 × 105) were seeded in the upper chamber of a Boyden
chamber (8 mm aperture) in 200 ml of serum-free medium
(Corning Corporation). The lower chamber was filled with
700 ml containing 10% fetal bovine serum (Gibco) as a
chemical attractant. After 24 h of incubation at 37°C, cells
remaining on the upper side of the membrane were removed
with a cotton swab, and the cells that had migrated to the lower
side of the membrane were fixed with 70% ethanol for 20 min
and stained with 0.1% crystal violet for 20 min at room
temperature. Then, the cells were counted with an optical
microscope. The method of the invasion test is similar to cell
migration assay except that the Boyden chamber is covered with
a matrix before seeding the cells.

Wound Healing Test
The cells were seeded in six-well plates and cultured to 80%
confluence before we scratched the cell layer with a 20-ml pipette
tip. The cells were then incubated in fresh medium containing
10% fetal bovine serum for 48 h. Scratches were observed under a
fluorescence microscope after 24 and 48 h.

In Vivo Assay
Female nude mice (aged 5–6 weeks, weight 18–22 g) were
purchased from Hangzhou Ziyuan Biology and bred in a 12-h
light/dark cycle and sterile conditions (temperature 26°C–28°C,
humidity 40%–60%) with free access to water and food. We
injected 3 × 106 cells into the fore limbs of nude mice to generate
transplanted tumors and measure the tumor size with a caliper
every 3 days. After 19 days, the mice were sacrificed, and tumor
images were captured. Tumor volume was calculated with the
formula: maximum diameter × (minimum diameter) 2 × 0.5.

Statistical Analysis
Statistical analysis was performed using SPSS 19.0 software (SPSS
Inc., Chicago, IL, USA). The summary data are expressed as the
mean ± standard error of the mean (SEM). We use the c2 test,
Student’s t-test, or one-way analysis of variance with the least
significant difference correction to assess the differences between
groups. Spearman rank correlation analysis was used to evaluate
linear regression. p value less than 0.05 was considered to be
statistically significant in all cases.
TABLE 1 | qPCR primers.

Forward Primer Reverse Primer

miR-326 CATCTGTCTGTTGGGCTGGA AGGAAGGGCCCAGAGGCG
SNHG1 CTACTGACCTAGCTTGTTGCCA GGCCCTGAATGAGCTACCTAC
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
GAPDH GCACCGTCAAGGCTGAGAAC TGGTGAAGACGCCAGTGGA
LMNB2 CTGGAGCTGGAGCAGACCTA TCCCGAATGCGATCTTCAGC
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Ethics Approval and Consent
to Participate
The study protocol was approved by the research ethics
committee of the Qilu Hospital of Shandong University.
RESULTS

Identification of Differentially Expressed
Genes and Differentially Expressed
microRNAs (DEmiR)
Firstly, 421 HCC patient samples with para-tumor tissue
available from TCGA database were analyzed using R language
tools. We used p value <0.05 and |log2 fold change|>1 as cutoffs
to identify differential gene profiles. As a result, a total of 2,416
differentially expressed genes (DEGs), 2,181 differentially
expressed mRNAs, and 148 differentially expressed lncRNAs
were identified (Figures 1A–C). The green dots represent
downregulated genes, and the red dots represent upregulated
genes. Black dots represent genes without statistically significant
change. The heatmap shows the DEGs between the primary
tumor (red) and solid tissue normal (blue). Moreover, 131
differentially expressed miRNAs were screened using both R
language and GDCRNATools (Figures 1D–F).

Gene Ontology Enrichment Analysis and
Kyoto Encyclopedia of Genes and
Genomes Enrichment Analysis
GO and KEGG enrichment analysis on these 2,416 DEGs was
carried out to explore their functions (p value <0.01 was the
cutoff value). The results showed that (Figure 2A) the differential
genes mainly focus on the catabolic process of biological
procedure extracellular matrix of cells and small molecular
compounds bindings with the oxidative respiratory chains.
Otherwise, KEGG enrichment analysis demonstrated that the
differential genes concentrated upon the pathways participating
in complement and coagulation cascades, cell cycle regulation,
and cell metabolism (Figure 2B).

Construction of the ceRNA Network
Based on the 2,181 differentially expressed mRNAs and 148
differentially expressed lncRNAs mentioned above, we
constructed the ceRNA network containing 115 mRNAs, 12
lncRNAs, and 37 miRNAs, in which 343 different lncRNA–
miRNA–mRNA pathways were also described (Figure 2C). Then,
we intersected the selected 37 miRNAs with DEmiRs obtained
previously and only four differentially expressed miRNAs including
miR-326, miR-154-5p, miR-21-5p, and miR-93-5p were found,
which means that these four miRNA-associated lncRNA–
miRNA–mRNA pathways may function in HCC development.

Survival Analysis of Candidate lncRNA–
miRNA–mRNA Pathway in Hepatocellular
Carcinoma Patients
In order to evaluate the prognostic significance of the obtained
ceRNA network, we used univariate survival analysis,
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Cox regression, and Kaplan–Meier survival analysis and found
that only miR-326 was associated with HCC patient survival
among the four potential miRNAs (p < 0.01) (Figure 3C). So,
the lncRNA–miRNA–mRNA pathways that associated with miR-
326 were extracted from ceRNA as a whole (Figure 2D). And the
heatmap of correlation matrix was drawn to visualize the gene
expression correlation quantitatively (Figure 2E). We evaluated
the prognostic significance of SNHG family members, such as
SNHG1 SNHG3, SNHG12, and SNHG20; although the p value for
SNHG1 survival analysis is slightly greater than 0.05, the survival
analysis p values for 25% and 75% of the quartile subgroups were
both less than 0.05 (Figures 3A, B). Furthermore, previous studies
have demonstrated that lncRNA SNHG1 predicted a poor
prognosis in HCC (16, 22), and the diagram showed that
lncRNA SNHG1 is a potential lncRNA in HCC progression.
Although three candidate targets ANKRD13B, LMNB2, and
FANCE, which were regulated by miR-326, were all associated
with HCC patient survival (Figure 3D), only LMNB2 has been
investigated in a hepatocellular cancer study before (23). Previous
studies showed that ANKRD13B and FANCE were associated with
epidermal growth factor receptor (EGFR) activation (24) and
Fanconi anemia (25, 26), respectively. Furthermore, correlation
analysis indicated both lncRNA SNHG1 and LMNB2 were
negatively correlated with miR-326, but SNHG1 correlated with
LMNB2 positively in HCC (Figures 4A–C).

SNHG1 Promotes the Proliferation,
Migration, and Invasion of Hepatocellular
Cancer Cells
Firstly, SNHG1 level were examined in five HCC cell lines. As
shown in Figure 5A, Huh7 and PLC have a higher expression of
SNHG1, so we chose the two cell lines for further research. Three
independent siRNAs were designed to silence SNHG1 expression.
The results showed that SNHG1 expression decreased significantly
compared with control group (Figure 5B). MTT assay and colony
formation demonstrated that SNHG1 silencing inhibited cell
proliferation significantly (Figures 5C–F). The transwell assay
indicated that knockdown of SNHG1 inhibited the migration and
invasion of Huh7 and PLC cells (Figures 5G, H), and these results
were confirmed in the wound healing experiment using both Huh7
and PLC cells (Figure 5I). The above results showed that SNHG1
promoted the proliferation, migration, and invasion of
hepatocellular cancer cells.

SNHG1 Knockdown Inhibits Tumor
Growth In Vivo
To investigate the role of SNHG1 in HCC growth in vivo, we cultured
Huh7 cells stably expressing shSNHG1 using lentivirus (Figure 6A).
As shown in Figures 6B, C (six mice per group), the knockdown of
SNHG1 inhibited tumor growth significantly compared with control
group (Figures 6A, B). Furthermore, decreased tumor size and
weight were observed after SNHG1 was knocked down
(Figures 6D, E). These results indicated that SNHG1 knockdown
could influence tumor growth significantly in vivo. ThemiR-326 level
of tumor increased markedly in the shSNHG1 group compared with
control, whereas the expression of LMNB2 decreased (Figure 6F, G).
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FIGURE 1 | Differentially expressed mRNAs and miRNAs were selected from The Cancer Genome Atlas (TCGA) database. (A) Volcano plots for 2,416 differentially
expressed genes (DEGs). The green dots represent downregulated genes, and the red dots represent upregulated genes. Black dots represent genes without
statistically significant change (p < 0.05 and |log2 fold change|>1). (B) Heatmap for DEGs in primary tumor (red) compared with solid tissue normal (blue). (C) The
principal component analysis (PCA) figure of the samples based on the differentially expressed mRNAs. (D) The PCA figure of the samples based on the differentially
expressed miRNAs. (E) Volcano plots for the 131 Differentially Expressed microRNAs (DEmiRs). The green dots represent downregulated miRNAs, and the red dots
represent upregulated miRNAs. Black dots represent miRNAs without statistically significant change (p < 0.05 and |log2 fold change|>1). (F) Heatmap for DEmiRs in
primary tumor (red) compared with solid tissue normal (blue).
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SNHG1 Regulates LMNB2 Expression in
Hepatocellular Carcinoma via Sponging
miR-326 in Hepatocellular Carcinoma
In order to confirm the regulatory axis of SNHG1–miR-326–
LMNB2 in HCC mentioned above, we firstly perform the
subcellular localization assay of SNHG1. Nucleocytoplasmic
Frontiers in Oncology | www.frontiersin.org 6160
separation and RT-qPCR assay revealed that SNHG1 was
expressed in both nucleus and cytoplasm of HuH7 and PLC cells,
whereas a larger proportion of SNHG1was located in the cytoplasm
(Figure 7A). Many lncRNAs acted as ceRNAs through binding
miRNAs (27). SNHG1 has also been reported to be involved in
tumor development including colorectal cancer and osteosarcoma
A B
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D

E

FIGURE 2 | Differential gene enrichment analysis and pathway construction. (A) Gene Ontology (GO) enrichment analysis of differentially expressed genes (BP,
biological process; CC, cellular component; MF, molecular function) (p < 0.01). (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of
differentially expressed genes (p < 0.01). (C) Competing endogenous RNA (ceRNA) network was established by Cytoscape for differentially expressed lncRNA–
miRNA–mRNA. (All lncRNA nodes and mRNA nodes were differentially expressed; purple nodes were associated with survival. Yellow miRNA nodes were
differentially expressed.). (D) A total of six miRNAs and 11 mRNAs were identified from the lncRNA SNHG1-related network. (E) Heatmap for correlation matrix to
visualize the gene expression correlation quantitatively.
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(28–30). Therefore, we used dual-luciferase reporter assays to make
sure whether SNHG1 can directly interact with miR-326 in Huh7
and PLC cells. The results showed that the miR-326 mimics could
reduce the luciferase activity in both Huh7 and PLC cells
(Figure 7B). Meanwhile, wild-type and mutant SNHG1 luciferase
reporter vectors were constructed using binding sites predicted by
Frontiers in Oncology | www.frontiersin.org 7161
StarBase (Figure 7C), and it was found that miR-326 mimics
reduced the luciferase activity significantly of wt-SNHG1 but
showed no effect on mut-SNHG1. Furthermore, addition of wt-
SNHG1will attenuate the inhibition effect ofmiR326 on the LMNB2
expression level, while addition of mut-SNHG1 will not
(Figure 7D). Actually, miR-326 level increased markedly after
A
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D

FIGURE 3 | Survival analysis of key nodes in hepatocellular carcinoma (HCC). (A) Kaplan–Meier curve of HCC patients with low or high SNHG1 expression of the
quartile subgroups. (B) SNHG3, SNHG12, and SNHG20 were significantly associated with the overall survival in patients with HCC, as detected using the Kaplan–
Meier curve. (C) Kaplan–Meier curve of HCC patients with low or high expression of miR-326, miR-154-5p, miR-21-5p, and miR-93-5p. (D) The Kaplan–Meier curve
showed that ANKRD13B, FANCE, and LMNB2 were significantly associated with the overall survival in patients with HCC.
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SNHG1 was knocked down in HuH7 and PLC cells (Figure 7E).
These results were consistent with the correlation described in
Figure 4. Additionally, miR-326 mimics could inhibit cell
proliferation significantly, while miR-326 inhibitor could
accelerate HuH7 cell proliferation (Figure 7F). Bioinformatics
analysis has revealed that LMNB2 is the potential target of miR-
326 in HCC. To test the effect ofmiR-326 on LMNB2 expression, as
the results shown in Figure 7G, LMNB2 level decreased markedly
with miR-326 mimic treatment in Huh7 cells compared with
control, whereas the expression of LMNB2 increased significantly
with miR-326 inhibitor treatment. In a word, miR-326 could
downregulate LMNB2 expression in HCC. Moreover, LMNB2
was observed to be upregulated in the HCC tissues with low
expression of miR-326 (Figure 7H). Furthermore, the LMNB2
expression was also investigated after SNHG1 silence in HCC cells
(Figure 7I). Moreover, wild-type and mutant LMNB2 luciferase
reporter vectors were constructed using binding sites predicted by
StarBase (Figures 7J, K), and it was found that miR-326 mimics
significantly reduced the luciferase activity of wt-LMNB2 but
showed no effect on mut-LMNB2. The data showed that LMNB2
RNA expression was reduced significantly after SNHG1 siRNA
treatment. To sum up, LMNB2 is the target ofmiR-326 in HCC, and
SNHG1 regulates LMNB2 expression via sponging miR-326
in HCC.

LMNB2 Mediated the Positive Effects of
SNHG1 on Tumor Growth in
Hepatocellular Carcinoma
In order to explore the biological effects of LMNB2 in HCC, we also
knocked down LMNB2 expression using siRNAs or lentivirus-
mediated shRNA. The results showed that LMNB2 expression
was reduced in HuH7 cells significantly from RNA to protein
level (Figures 8A, B). It is worth noting that the proliferation ability
of Huh7 cells decreased markedly with the silence of LMNB2
expression (Figure 8C). Furthermore, we further studied the role
of LMNB2 on tumor growth in vivo (three mice per group). Twenty
days after transfected HuH7 cells were injected into nude mice, the
volume and weight of formed tumor were significantly smaller than
Frontiers in Oncology | www.frontiersin.org 8162
those of control group (Figures 8D, E), also indicating that LMNB2
knockdown could inhibit the growth of HCC cells in vitro and in
vivo. Besides, SNHG1 knockdown reduced LMNB2 expression
compared with control in Huh7 cells, but SNHG1-induced
downregulation of LMNB2 was reversed or enhanced by miR-326
inhibitor or mimic treatment, respectively. The similar results were
also confirmed by Western blotting assays (Figures 8F, G). In
addition, MTT assay proved thatmiR-326 inhibitor could rescue the
role of SNHG1 knockdown on HuH7 cell proliferation.
(Figure 8H). These data demonstrated that the oncogenic SNHG1
upregulated LMNB2 expression and promoted tumor growth via
suppressing miR-326 level in HCC.
DISCUSSION

The present study was conducted to investigate potential lncRNA–
miRNA–mRNA regulatory network based on TCGA database and
elucidate the molecular signatures of HCC progression. Firstly, we
screened 2,416 DEGs from RNA-seq of TCGA database through R
language, including 148 lncRNAs and 2,181 mRNAs. After
analyzing the miRNA data, a total of 131 differentially expressed
miRNAs were screened. Then, GO enrichment analysis of DEGs
indicated that differential genes are mainly concentrated in the small
molecule catabolic process, collagen-containing extracellular matrix,
and small molecular compounds bindings in the oxidative
respiratory chain of molecular function. The results from KEGG
enrichment analysis of DEGs showed that the enrichment of
differential genes focused on the pathways associated with
complement and coagulation cascades, cell cycle, and carbon
metabolism. The GDCRNA Tools package was used to search
and match in StarBase database the R language to figure out the
miRNAs that linked lncRNAs with mRNAs described above.
Finally, 164 related nodes and 343 correlations were found that
contained 12 lncRNAs, 115 mRNAs, and 37 miRNAs. We utilized
Cytoscape to visualize the relationships between them through the
relational network. Then, we intersected the 37 miRNAs selected by
DEGs with DEmiRs obtained previously; as a result, only four
A B C

FIGURE 4 | Spearman’s correlation analysis between SNHG1, miR-326, and LMNB2 in hepatocellular carcinoma (HCC). (A) SNHG1 is positively correlated with
LMNB2 (r = 0.5760, p < 0.0001). (B) miR-326 is negatively correlated with LMNB2 (r = 0.1256, p < 0.01). (C) SNHG1 is negatively correlated with miR-326 (r =
0.2733, p < 0.0001).
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FIGURE 5 | SNHG1 promotes proliferation, migration, and invasion of hepatocellular cancer cells. (A) Relative expression of SNHG1 was detected in QSG-7701
and the other four hepatocellular carcinoma (HCC) cell lines by RT-qPCR. (B) Expression of SNHG1 in Huh7 and PLC cells with SNHG1 knockdown detected by
RT-qPCR (***p < 0.001, ****p < 0.0001). (C) Optical density (OD) value of Huh7 cells with SNHG1 knockdown and control cells in 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. (D) OD value of PLC cells with SNHG1 knockdown and control cells in MTT assay. (E) Colonies of Huh7 and PLC cells
with SNHG1 knockdown and control cells in the colony formation assay. (F) The number of colonies was calculated 14 days after cell seeding (***p < 0.001, ****p <
0.0001). (G) Migratory and invasive potential of Huh7 cells with SNHG1 knockdown and control cells (***p < 0.001, ****p < 0.0001). (H) Migratory and invasive
potential of PLC cells with SNHG1 knockdown and control cells (**p < 0.01, ***p < 0.001). (I) Wound healing assay was used to detect the migratory ability of Huh7
and PLC cells with SNHG1 knockdown.
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differentially expressed miRNAs were left including miR-326, miR-
154-5p, miR-21-5p, and miR-93-5p. Univariate survival analysis
showed that only miR-326 was associated with OS among the
four differentially expressed miRNAs. So the lncRNA–miRNA–
mRNA axis that contained miR-326 was extracted from the
network, and we could see the direct relationship between
SNHG1 and miR-326 in HCC; at the same time, LMNB2,
FANCE, and ANKRD13B, three candidate targets, were involved
in the diagram. In view of the reported role of LMNB2 in HCC
progression, recently, we selected SNHG1–miR-326–LMNB2 axis as
Frontiers in Oncology | www.frontiersin.org 10164
the hypothetic signaling involved in HCC development and
progression (23).

Emerging evidence showed that lncRNAs acted as oncogenes or
tumor suppressors in different types of cancer through regulating
gene expression (31). Recently, many studies have unveiled the
crucial role of SNHG1 in various cancer tumorigeneses and
progressions (28, 30, 32). In the present study, we found that
SNHG1 expression level was higher in HCC tissues and cancer
cell lines and was a poor prognosis marker in HCC, which is
consistent with previous reports (33–35). Furthermore, knockdown
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FIGURE 6 | SNHG1 promotes hepatocellular carcinoma (HCC) tumor growth in vivo. (A) RNA levels of SNHG1 in Huh7 cells with SNHG1 knockdown detected by
RT-qPCR (****p < 0.0001). (B) Representative images of mice bearing tumors from SNHG1 knockdown group and control group. (C) Representative tumor images
were shown. (D, E) Quantification of tumor weight and tumor volume of individual mice following the injection of HuH7 cells with SNHG1 knockdown or control cells
(**p < 0.01, ***p < 0.001). (F, G) Expression of miR-326 and LMNB2 in tumor of shSNHG1 group compared with control (***p < 0.001, ****p < 0.0001).
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FIGURE 7 | SNHG1 regulated LMNB2 expression through sponging miR-326 in hepatocellular carcinoma (HCC) cells. (A) Subcellular localization of SNHG1 was
detected by quantifying nuclear and cytoplasmic fractions. U6 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as nuclear and cytosolic controls,
respectively. (B) Dual-luciferase reporter assay showed that miR-326 directly interacted with SNHG1 in Huh7 and PLC cells (****p < 0.0001). (C) The potential binding
site of SNHG1 and miR-326 predicted by StarBase. The sequence alignment of miR-326 and the predicted binding region in SNHG1 (green). Predicted miR-326
binding sites (blue) in SNHG1 and position of mutated nucleotides in SNHG1 (red). (D) Dual-luciferase reporter assay was performed to detect the binding of miR-
326 with WT-SNHG1 in Huh7 cells. Expression of LMNB2 in Huh7 cells after addition of wt-SNHG1 compared with mut-SNHG1 (****p < 0.0001). (E) Expression of
miR-326 in Huh7 and PLC cells with SNHG1 knockdown (*p < 0.05, **p < 0.01, ***p < 0.001). (F) OD value of Huh7 cells in the MTT assay demonstrated that miR-
326 mimics could inhibit cell proliferation significantly, while miR-326 inhibitor could accelerate HuH7 cell proliferation (***p < 0.001, ****p < 0.0001). (G) Expression of
LMNB2 in Huh7 cells transfected with miR-326 mimics and inhibitor was measured by qRT-PCR (**p < 0.01). (H) Representative immunohistochemistry (IHC)
images of LMNB2 are shown in hepatocellular carcinoma with different miR-326 expression levels. (I) RNA levels of LMNB2 in Huh7 and PLC cells with SNHG1
knockdown detected by RT-qPCR (*p < 0.05, ****p < 0.0001). (J) The potential binding site of LMNB2 and miR-326 predicted by StarBase. The sequence alignment
of miR-326 and the predicted binding region in LMNB2 (green). Predicted miR-326 binding sites (blue) in LMNB2 and position of mutated nucleotides in SNHG1
(red). (K) Dual-luciferase reporter assay was performed to detect the binding of miR-326 with wt-LMNB2 in Huh7 cells (****p < 0.0001). NS, No Significant.
Frontiers in Oncology | www.frontiersin.org November 2021 | Volume 11 | Article 78406711165

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Mu et al. ceRNA in Hepatocellular Carcinoma
A

D

E

G H

F

B C

FIGURE 8 | LMNB2 promotes hepatocellular carcinoma (HCC) growth and mediates the role of SNHG1 in HCC. (A) LMNB2 expression decreased significantly
in Huh7 cells with LMNB2 siRNA treatment (****p < 0.0001). (B) Western blotting was performed to detect the protein level of LMNB2 in Huh7 cells. (C) OD
value of Huh7 cells with LMNB2 knockdown and control cells in the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (***p < 0.0001).
(D, E) Quantification of tumor volume and tumor weight of mice following the injection of HuH7 cells with LMNB2 knockdown or control cells. Representative
images of mice bearing tumors, and tumor images were shown (****p < 0.0001). (F) The qRT-PCR demonstrated that miR-326 inhibitor rescued the decreased
LMNB2 expression caused by SNHG1 knockdown (***p < 0.001, ****p < 0.0001). (G) Western blotting assay showed that miR-326 regulated LMNB2
expression, and miR-326 inhibitor rescued LMNB2 downregulation caused by SNHG1 knockdown in Huh7 cells. (H) MTT assays demonstrated that miR-326
inhibitor rescued tumor growth inhibition caused by SNHG1 knockdown (***p < 0.0001).
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of SNHG1 expression could inhibit cell proliferation, migration, and
invasion significantly, and the function of SNHG1 was further
confirmed in an in vivo xenograft model. However, the
mechanism of SNHG1 in HCC is still unclear. Zhang et al. (35)
revealed that SNHG1 promoted HCC proliferation and cell cycle
progression through inhibiting p53 and its target genes expression,
and similar results were described in colorectal cancer (36). Recent
further research found that binding toDNMT1mediated the role of
SNHG1-induced p53 inhibition inHCC (34). As we know, sponging
miRNA is an important regulatory way of lncRNA functions. For
example, SNHG1 has been reported to regulate PDCD4 expression
by sponging miR-195-5p in HCC (15). Recent studies found that
SNHG1 promoted HCC progression via sponging miR-377-3p and
miR-195 (16, 17). Interestingly, our findings showed a new
mechanism through which SNHG1 promoted HCC growth by
binding to miR-326 directly. Our data indicated that miR-326
level increased significantly after SNHG1 knockdown and SNHG1
level is correlated with miR-326 expression negatively based on
TCGA database. Consistent with our reports, SNHG1 also
accelerated tumorigenesis by sponging miR-326 in osteosarcoma
and promoted nucleus pulposus cell proliferation through
regulating miR-326 (30, 37).

Lamin B2 is a member of the lamin protein family known as
the nuclear lamina, which included lamin A, B1, B2, B3, and C
(38). It is reported to be involved in the formation of mitotic
spindles (39). However, increasing evidence showed that LMNB2
was associated with prostate and lung tumor progression and
served as a prognostic marker (40–42). In our results, we also
found that knockdown of LMNB2 inhibited cell proliferation and
growth in vitro and in vivo, consistent with the data in latest
reports (23). miRNAs are small noncoding RNAs that regulate
gene expression negatively by enhancing degradation of the
target mRNA and inhibiting the following translation (43).
Based on our data in bioinformatics analysis and cell
experiments, we found that miR-326 mimics could reduce
LMNB2 mRNA and protein expression compared with control
in HCC cell lines, meaning we firstly identified LMNB2 as the
target of miR-326 in HCC. To verify the hypothesis that SNHG1
regulates LMNB2 expression by sponging miR-326 in HCC, we
tested the effects of miR-326 on SNHG1-induced LMNB2
expression. The rescue experiments indicated that miR-326
inhibitor reversed the LMNB2 decrease induced by SNHG1
knockdown, and correlation analysis also confirmed the
SNHG1–miR-326–LMNB2 axis in HCC. Although Zhang et al.
(42) have demonstrated that LMNB2 was responsible for the
malignant phenotype of non-small cell lung carcinoma (NSCLC)
through upregulating demethylation of H3K9, the mechanism of
SNHG1 in HCC progression still needs further investigation.

To sum up, we found that SNHG1 acted as a ceRNA by
sequestering miR-326 and regulating LMNB2 expression in
Frontiers in Oncology | www.frontiersin.org 13167
HCC. These findings contributed to a better understanding of
the mechanisms underlying HCC progression. SNHG1 may be a
promising biomarker for predicting prognosis and a potential
therapeutic target for HCC.
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Medicine Research Center for Minimally Invasive Procedure of Hepatobiliary & Pancreatic Diseases of Hubei Province,
Wuhan, China, 3 Department of General Surgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China

Intrahepatic cholangiocarcinoma (ICC) is one of the most commonly diagnosed
malignancies worldwide, and the second most common primary liver tumor. The lack
of effective diagnostic and treatment methods results in poor patient prognosis and high
mortality rate. Atypical protein kinase C-i (aPKC-i) is highly expressed in primary and
metastatic ICC tissues, and regulates epithelial mesenchymal transition (EMT) through the
aPKC-i/P-Sp1/Snail signaling pathway. Recent studies have correlated aberrant glucose
metabolism with EMT. Given the vital role of FBP1 in regulating glucose metabolism in
cancer cells, we hypothesized that aPKC-i downregulates FBP1 in ICC cells through the
Snai1 pathway, and enhances glycolysis and metastasis. We confirmed the ability of
aPKC-i promotes glycolysis, invasion and metastasis of cancer cells, and further
demonstrated that FBP1 inhibits the malignant properties of ICC cells by antagonizing
aPKC-i. Our findings provide novel insights into the molecular mechanisms of ICC
progression and metastasis, as well as a theoretical basis for exploring new
treatment strategies.

Keywords: aPKC-i, intrahepatic cholangiocarcinoma, FBP1, Snai1, EMT, invasion, metastasis
INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is a highly malignant tumor that originates from the
epithelial cells of the intrahepatic secondary bile duct and its branches. It is the second most
common primary liver tumor, and has poor prognosis (1) due to frequent metastasis and
recalcitrance to radiotherapy and chemotherapy (2, 3). Although notable improvements have
been made with different preclinical available cholangiocarcinoma models (4–6), such as the
fibroblast growth factor receptor 2 inhibitor pemigatinib, the first approval of a molecularly targeted
treatment in patients with advanced cholangiocarcinoma by US Food and Drug Administration, the
prognosis of this disease remains unsatisfactory (7). Therefore, further studies on the molecular
December 2021 | Volume 11 | Article 7564191170
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mechanism of invasion and metastasis and exploring a novel and
effective therapeutic target of ICC are urgently needed (8).

Atypical protein kinase C-i (aPKC-i) is a promising target for
multiple tumor types, such as non-small cell lung cancer, pancreatic
ductal adenocarcinoma and hepatocellular carcinoma (9–11). A
recent study showed that targeted silencing of aPKC-i reversed
TGF-b-induced epithelial mesenchymal transition (EMT) of non-
small cell lung cancer cells, implying that aPKC-i may function to
promote EMT (12). In addition, it is also involved in tumor cell
transformation, adhesion, movement, invasion and metastasis (13).

Fructose-1,6-bisphosphatase (FBP1) is one of the rate-
limiting enzymes of gluconeogenesis (14), and its epigenetic
regulation is critical to the glucose metabolism in cancer cells
(15, 16). Loss of FBP1 in basal-like breast cancer cells
significantly increased glucose uptake, lactate secretion and
glycolysis rate, which was conducive to EMT and the
maintenance of the basal-like phenotype (17, 18). It is also
reported that decreased FBP1 expression regulating by miR-
18a-5p promotes liver cancer cells migration and invasion (19).
Glucose metabolism is a determinant of cancer cell invasion and
metastasis. Cancer cells preferentially use glycolysis to produce
energy in the hypoxic tumor mass, a phenomenon known as the
“Warburg effect” (20–23). Glucose uptake is significantly
enhanced in the cancer cells during EMT, which coincides
with increased glycolysis (24, 25) and lactate secretion that
promote tumor invasion and distant metastasis (26, 27). It is
also reported that the reprogramming of tumor cell metabolism
is a macroscopic change, and the change of ICC from oxidative
phosphorylation to glycolysis provides favorable conditions for
the proliferation of tumor cells (5–7).

The Snail family of transcriptional repressors, including
Snai1, Snai2 (Slug) and Snai3 (Smuc), have been implicated in
EMT during embryonic development as well as carcinogenesis.
Snai1-mediated inhibition of the tumor suppressor microRNA
let-7 is associated with poor prognosis in several cancers (28). In
our previous studies, we found that high levels aPKC-i in ICC
cells correlated to increased glycolysis and lactate production
(29). Given that FBP1 deletion promotes tumorigenesis in some
cancers (30), our aim of this study was to elucidate the
mechanistic relationship between PKC-i, FBP1 and Snai1 in
the regulation of glycolysis and metastasis of ICC cells.
MATERIALS AND METHODS

Tissue Samples and Cell Culture
40 paired of ICC and para-cancerous tissue specimens were
collected at the Zhongnan Hospital of Wuhan University (Hubei
Province, China) after obtaining written consent from the
patients. HCCC-9810 and RBE cell lines were obtained from
the cell bank of the Chinese Academy of Sciences (Shanghai,
China), and were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum (GIBCO, US) at 37°C under 5%
CO2. Cells in the logarithmic growth phase were selected for the
experiments. The study was conducted according to the
guidelines of the “Declaration of Helsinki” and approved by
the Hospital Committee for the Protection of Human Subjects.
Frontiers in Oncology | www.frontiersin.org 2171
RNA Isolation and qRT-PCR
Total RNA was isolated form the cells and tissues using TRIzol
reagent (Thermo Fisher Scientific, MA, USA) according to the
manufacturer’s instructions. A reverse transcription kit Vazyme,
Hubei, China) was used to synthesize cDNA, and RT-PCR was
performed using the SYBR Green PCR Kit (Vazyme,
Hubei, China).

Histology and Immunohistochemistry (IHC)
The tumor tissue samples were fixed in 10% formalin, embedded
in paraffin, and cut into 4mm-thick sections. After clearing with
xylene and rehydrating with ethanol, the sections were incubated
with 0.3% hydrogen peroxide to inactivate the endogenous
peroxidases. The tissue sections were then incubated with the
primary antibody, washed with PBS, and probed with the HRP-
conjugated secondary antibody and streptavidin (Santa Cruz).
Diaminobenzidine substrate was used for color development,
followed by counterstaining with hematoxylin. The tissue
microarray chips were probed with specific antibodies and
digitally scanned.

Western Blotting
Western blotting was performed as previously described (31).
The proteins extracted from the cells were quantified using the
BCA protein assay method (Biyuntian, Wuhan, China), and
equal amounts of protein per sample were separated via 6–
15% SDS-PAGE and transferred to polyvinylidene fluoride
membranes (Millipore, USA). After blocking with 5% skimmed
milk, the membranes were incubated overnight with the primary
antibodies at 4°C, washed thrice with TBST (10 minutes each),
and probed with the secondary antibody at room temperature.
The membranes were washed thrice with TBST and developed
with ECL.

Glucose Uptake and Lactate
Secretion Assay
The cells were seeded in a 6-well plate at the density of 5 × 105

cells per well, and cultured in the presence of EGF or 2-DG 48h.
The glucose uptake was measured using a glucose uptake cell-
based assay kit (Cayman Chemical) according to the
manufacturer’s instructions. The cells were analyzed by flow
cytometry. The conditioned media were centrifuged at 13000 g
for 10 minutes at 4°C, and the lactate concentration in the
clarified supernatants was measured using the L-lactate detection
kit (Eton Biosciences) according to the manufacturer’s
instructions. The absolute lactate level was calculated from the
corresponding standard curve and normalized to the number
of cells.

Seahorse XFp Metabolic Flux Analysis
The day before the experiment, ICC cells were planted on the
Seahorse XF cell culture plate at 1×106 cells/well. Add the test
solution prepared by Seahorse XF Base Medium to the plate, then
use NaOH to adjust the pH to 7.4. 2 hours later, change the
medium and place it in a carbon dioxide-free incubator for one
hour. After adding mitochondrial inhibitors oligomycin, FCCP,
and antimycin (AA) plus rotenone (AR), the baseline was
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measured four times in sequence. Then use the XFp extracellular
analyzer (Agilent Technologies, USA) to analyze the oxygen
consumption rate (OCR). Similarly, after adding Gluoose,
Oligomycin, 2-DG, we can calculate the extracellular
acidification rate (ECAR).

Chromatin Immunoprecipitation (ChIP)
EZ ChIP™ Chromatin Immunoprecipitation Kit (Millipore,
Billerica, MA) was used for ChIP assay. The treated cells were
cross-linked in 1% formaldehyde at 37°C for 10 minutes, and
sonicated to obtain chromatin fragments of 200-1000 bp. The
lysates were incubated overnight with 3mg anti-Snai1 or anti-IgG
antibody (Millipore) at 4°C, followed by magnetic beads for 2h.
The protein/DNA complex was eluted and cross-linked, and the
immunoprecipitated DNA was analyzed by qRT-PCR.

Dual Luciferase Assay
Cells were co-transfected with FBP1-3’UTR-WT or -MUT reporter
plasmid and Renilla luciferase vector using Lipofectamine 3000
reagent (Invitrogen). Luciferase activity was measured 48h later
using the dual luciferase reporter gene detection system (Promega),
and the data was normalized to Renilla luciferase activity.

Establishment of Subcutaneous Tumor
and Lung Metastasis Model
The animal experiments were approved by the Institutional
Animal Ethics Committee of Wuhan University. 10
of four-week-old female BALB/c nude mice were injected
subcutaneously with 1×106 HCCC-9810 cells to induce
subcutaneous tumors. The mice were sacrificed 4 weeks later
for further analysis. The lung metastasis model was established in
four-week-old female BALB/c nude mice by intravenous
injection of 3×106 HCCC-9810 cells (n=5 for each group), and
the lungs were harvested 4 weeks later for IHC (32).

Statistical Analysis
All data are expressed as the mean ± SD of at least three
independent experiments. Two groups were compared by
Student’s t test (SPSS statistical software package, version 12;
SPSS Inc.). Overall survival rates were analyzed by the Kaplan-
Meier method and Cox proportional hazards regression model.
P <0.05 was considered statistically significant.
RESULTS

FBP1 Expression Is Inversely Correlated
With aPKC-i in Intrahepatic
Cholangiocarcinoma
Quantitative real-time PCR was employed to determine the
expression levels of aPKC-i and FBP1 in 40 paired ICC and
adjacent nontumor tissues (Figure 1A). The results were
confirmed by WB and IHC (Figures 1C, D). We found that
aPKC-i and FBP1 were both localized to the cytoplasm of cancer
cells in IHC experiments. In addition, the expression level of
aPKC-i was significantly higher in tumor tissues compared to
that in paired para-matched non-tumor specimens, while FBP1
Frontiers in Oncology | www.frontiersin.org 3172
expression was markedly lower. We next investigated whether
the expression of aPKC-i and FBP1 was associated with
clinicopathological characteristics and prognosis. The clinical
data of all ICC patients, including age, gender, tumor/non-
tumor tissues, nodal invasion, tumor staging and tumor
differentiation degree, are summarized in Table 1.

Overexpression of aPKC-i was related to tumor–node–
metastasis (TNM) stage III-IV (c2 = 10.417, P=0.004), and
medium/poor differentiation (c2 = 10.157, P=0.005) in ICC
patients. And, as expected, low expression of FBP1 was related to
tumor–node–metastasis (TNM) stage III-IV (c2 = 10.417,
P=0.004), and medium/poor differentiation (c2 = 6.144, P=0.034).
We further investigated whether there was an correlation between
aPKC-i and FBP1 expression in ICC samples. As shown in
Figure 1B, aPKC-i level is significantly negatively associated with
FBP1 (R=-0.605, p<0.01). Meanwhile, a Kaplan-Meier analysis
indicated that patients with high expression of aPKC-i displayed
a shorter OS compared to those with low expression, while those
with low FBP1 expression exhibited a shorter OS (Figure 1E).
Multivariate Cox regression analyses also showed that aPKC-i and
FBP1 were independent prognostic factors for OS in ICC (Table 2).
These above results suggested that aPKC-i may interact with FBP1
and promote invasion and metastasis of ICC.

Silencing aPKC-i Attenuates Aerobic
Glycolysis and Retards EMT-Like Changes
in ICC Cells
Previous studies reported that aPKC-i may induce EMT-like
changes and promote metastasis in cancer cells (33). In this study,
we first established two stable human ICC cell lines, HCCC-9810
and RBE, with down-regulated aPKC-i expression levels in vitro by
transfection with human aPKC-i siRNA (Figure 2A). Along with
aPKC-i down-regulation, the EMT-like protein expression profiles
in both HCCC-9810 and RBE cell lines were reversed compared
with negative controls (Figure 2B), including up-regulation of the
epithelial markers E-cadherin and down-regulation of
mesenchymal marker Vimentin. These indicated that aPKC-i
promoted early invasion and metastasis of ICC cells by
accelerating EMT. Consistent with above findings, ICC cells with
down-regulated aPKC-i also reversed EMT-like cellular
characteristics, including decreased cell proliferation, migration
and invasion as compared to negative controls (Figures 2C–E).
To further assess the effects of aPKC-i in ICC, metabolism-related
indices were determined by glucose uptake and lactate secretion
assay. We found that knocking down aPKC-i deceased the rate of
glucose uptake and lactate production in the ICC cells (Figures 2F,
G), which was according with its role in the aberrant glucose
metabolism of cancer cells. Thus, we speculated that aPKC-i
promoted EMT and aerobic glycolysis of ICC cells, which could
provide a competitive environment for ICC cells invasion
and migration.

FBP1 Is Crucial for aPKC-i Induced EMT-
Like Changes and Glycolysis in Human
ICC Cells
To investigate the causal relationship between aPKC-i and FBP1,
we first suppressed aPKC-i expression in two ICC cell lines.
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FBP1 mRNA and protein levels were up-regulated in aPKC-i-
deficient HCCC-9810 and RBE cells (Figures 2A, B), which was
suggestive of an inhibitory effect of aPKC-i on FBP1 mRNA and
protein. We further determined whether FBP1 was regulated by
aPKC-i. The mRNA and protein levels of FBP1 were down-
regulated in aPKC-i-overexpressing ICC cells by transfecting
with aPKC-i-cDNA (Figures 3A, B). Therefore, FBP1
expressions were markedly increased both in mRNA and
protein levels by transfecting aPKC-i-cDNA ICC cells with
FBP1-cDNA, while aPKC-i levels were no significant changes
as compared with negative control.

Following the up-regulation of FBP1 expression in aPKC-i-
overexpressing ICC cells, EMT-like changes were almost
reversed compared with negative control groups, including the
expression levels of EMT markers (Figure 3B) and cell
proliferation, invasion, and migration (Figures 3C–E). In
addition, along with the up-regulation of FBP1 expression,
FBP1-cDNA transfection significantly decreased the relative
glucose uptake rate and lactate production (Figures 3F, G).
Frontiers in Oncology | www.frontiersin.org 4173
Those suggested that FBP1 could reverse the aPKC-i induced
EMT-like changes and normalize glucose metabolism in
ICC cells.

aPKC-i and FBP1 Play the Roles of
Accelerator and Speed Limiter in the
Process of Glycolysis
Along with koncking down aPKC-i, four key glycolytic enzymes
(HK2, ENO1, PKM, LDHA) were decreased at the protein level
(Figure 4A), which additionally supported that aPKC-i could
enhance the glycolysis level of ICC. The cellular oxygen
consumption rate (OCR) and extracellular acidification rate
(ECAR) were further measured in ICC cells (Figure 4B).
According to ECAR and OCR curve chart (Figures 4C, D), the
glycolysis level, glycolysis capacity and glycolysis capacity reserve
were significantly increased in aPKC-i-overexpressing ICC cells
compared to negative control, while OCR was decreased as
compared with negative control. Following increased FBP1
expression in aPKC-i-overexpressing ICC cells, those glycolysis
A B

C

E

D

FIGURE 1 | FBP1 expression is inversely correlated with aPKC-i in ICC. (A) mRNA expression levels of aPKC-i and FBP1 in 40 paired ICC and adjacent nontumor
tissues (B). Pearson correlation analysis of aPKC-i and FBP1 expression (R=-0.605,p<0.01). (C) Expression of aPKC-i and FBP1 in 6 matched ICC samples.
(D) IHC score and representative images showing in situ expression of aPKC-i and FBP1 in ICC and normal bile duct tissues. (E) Overall survival rate in patient with
aPKC-i, FBP1 and SNAI1 expression.
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markers were markedly down-regulated, whereas the OCR was
obviously up-regulated. The results reinforced that aPKC-i/FBP1
pathway palys a important role in glucose metabolism of ICC,
which was consistent with our previous conclusions.

FBP1 Antagonizes aPKC-i and Inhibits
Tumor Growth and Metastasis In Vivo
To further evaluate the role of FBP1 in ICC, a xenograft tumor
model and a pulmonary metastasis tumor model were established.
We subcutaneously injected aPKC-i-overexpressing HCCC-9810
cells transfected with FBP1-cDNA or vector into nude mice. The
volumes of tumors from aPKC-i-overexpressing cells transfected
with FBP1-cDNA were dramatically smaller compared with
negative control groups (Figure 5A). Furthermore, the in situ
expression of FBP1 and E-cadherin detected by IHC were
significantly higher in FBP1-cDNA treatment groups, while
Vimentin expression was lower (Figure 5B). The in situ
expression of HK2,ENO1,PKM,LDHA detected by IHC was
higher in FBP1-cDNA treatment groups (Figure 5C). Moreover,
fewer metastatic nodules were determined in the treatment groups
than in the untreated groups, suggesting that FBP1 could
significantly inhibit lung metastases of ICC cells induced by
aPKC-i (Figure 5D). In conclusion, the assay confirmed that
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FBP1 played an important role in aPKC-i-mediated ICC
progression and metastasis in vivo.

FBP1 Is a Direct Target of Snail in aPKC-i
Mediated EMT and “Warburg Effect”
To explore the underlying molecular mechanisms of decreased
FBP1 by aPKC-i, we first performed coimmunoprecipitation
(CO-IP) experiments to assess whether aPKC-i directly
interacts with FBP1. Expression of aPKC-i and FBP1 was not
detected in the precipitated protein complex, suggesting that
aPKC-i indirectly regulated Snail through other ways. Snail, a
very well-known transcription factor, was reported to be critical
for epidermal growth factor–induced EMT of cancer cells (34).
We noticed that nine consensus Snail-binding E-boxes domains
(CAGGTG) were identified in the FBP1 promoter (17).
Moreover, our previous studies had demonstrated that snail
was also crucial for aPKC-i-induced EMT-like changes in
cholangiocarcinoma (29). Hence, we hypothesized that Snail
may bind to the FBP1 promoter and is responsible for FBP1
repression in aPKC-i-overexpressing ICC cells.

The expression of Snail was first examined by qRT-PCR in 40
pair-matched tumor specimens and non-tumor tissues. In
agreement with existing results, higher Snail expression was in
TABLE 1 | Clinicopathological parameters of ICC patients.

Characteristics Numberof case aPKC-i P value FBP1 P value

Low High Low High

Age (years) 0.744 0.102
≤60 25 12 13 10 15
>60 15 6 8 10 5
Gender 0.507 0.185
Male 26 14 12 11 15
Female 14 6 8 9 5
Tumor/nontumor tissues 0.025 <0.001
Tumor 40 15 25 28 12
Nontumor 40 25 15 12 28
Nodal invasion 0.084 0.084
Yes 12 3 9 9 3
No 28 17 11 11 17
TNM staging 0.004 0.004
I‐II 16 13 3 3 13
III‐IV 24 7 17 17 7
Differentiation 0.005 0.034
Well 11 10 1 2 9
Medium/poor 29 10 19 18 11
D
ecember 2021 | Volume 11 | Article
The boldfaced part indicates a statistically significant value.
TABLE 2 | Multivariate cox regression analyses.

Variable P HR 95% CI

aPKC-i 0.00514 2.220e+01 [2.530355-194.7296]
FBP1 0.00192 6.626e-02 [0.011930-0.3680]
SNAI 0.00193 1.883e+01 [2.943553-120.4158]
SEX (Male vs Female) 0.21720 4.224e-01 [0.107480-1.6602]
AGE (<50 vs > = 50) 0.88377 1.187e+00 [0.118751-11.8722]
Differentiation degree (Low&Middle vs High) 0.01170 2.489e-02 [0.001409-0.4395]
Lymphatic metastasis 0.01610 5.681e+00 [1.380381-23.3765]
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tumor samples (Figure 6A). Pearson correlation analysis showed
a significant positive correlation between aPKC-i and Snail
expression (R=-0.643, p<0.001), whereas high Snail was related
to low FBP1 (R=-0.484, p<0.01) (Figure 6B). In addition, ectopic
expression of Snail in the HCCC-9810 and RBE cells markedly
Frontiers in Oncology | www.frontiersin.org 6175
decreased FBP1 protein levels, suggesting that Snail is required
for loss of FBP1 by aPKC-i-mediated inhibition (Figure 6E).

To investigate whether Snail binds the promoter regions of
FBP1, we constructed wild-type FBP1 (FBP1-WT) and mutant
FBP1 (FBP1-MUT) eukaryotic expression vectors and generated
A B
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D
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FIGURE 2 | Down-regulated aPKC-i reversed EMT-like changes and metabolic advantages in cancer cells. (A) FBP1 mRNA level in aPKC-i knockdown HCCC-
9810 and RBE cell lines. (B–E) Expression levels of EMT-related proteins including the epithelial markers E-cadherin and mesenchymal marker Vimentin, viability, and
in vitro migration and invasion of control and aPKC-i knockdown ICC cells. (F, G) Glucose uptake rate and lactate production after knocking down aPKC-i in
HCCC-9810 and RBE cell lines. * means P < 0.05, ** means P < 0.01, *** means P < 0.001.
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ICC cells that stably expressed these two constructs. In dual
luciferase assay, Snail significantly repressed the FBP1 promoter
activity, indicated that Snail inhibited FBP1 transcription
(Figure 6C). Therefore, chromatin immunoprecipitation (ChIP)
Frontiers in Oncology | www.frontiersin.org 7176
was performed in the RBE cells by using three sets of FBP1
primers and confirmed a direct physical interaction between FBP1
promoter and Snail (Figure 6D). Taken together, these results
implied that FBP1 is a direct target of Snail in ICC cells.
A B
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D
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F G

FIGURE 3 | FBP1 antagonizes aPKC-i and inhibits tumor progression. (A, B) The mRNA and protein levels of FBP1 were down-regulated in aPKC-i-overexpressing ICC
cells by transfecting with aPKC-i-cDNA. (C–E) EMT-like changes were reversed compared with negative control groups, including cell proliferation, invasion, and migration.
(F, G) Glucose uptake rate and lactate production in aPKC-i/aPKC-i + FBP1 groups. * means P < 0.05, ** means P < 0.01, *** means P < 0.001. ns, no statistical difference.
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DISCUSSION

As aPKC-i, a polarization regulatory protein, regarded as human
oncogene and potential therapeutic target in various epithelial
cancers (35), we then found that aPKC-i knockdown in ICC cells
led to increase of E-cadherin, decreases of Vimentin expression
and the abilities of migratory and invasive. These were in line
Frontiers in Oncology | www.frontiersin.org 8177
with our previous studies indicating that aPKC-i/Snail signaling
pathway has a critical role in the regulation of EMT in
cholangiocarcinoma in vitro and in vivo (29). The EMT
constitutes a pivotal step in variety epithelial cancer cells
invasion and metastasis, defined by loss of epithelial cell
polarity and reorganization of the cytoskeleton (34). Therefore,
a better understanding of EMT process regulating by aPKC-i
A B

C

D

FIGURE 4 | aPKC-i and FBP1 play the roles of accelerator and speed limiter in the process of glycolysis. (A) The protein levels of HK2,ENO1,PKM,LDHA were
down-regulated in aPKC-i knockdown ICC cells. (B) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of ICC cells which were transfected
with aPKC-i/aPKC-i+FBP1 cDNA. (C, D) Glycolysis level, glycolysis capacity,glycolysis capacity,reserve basal respiration, ATP-linked respiration, maximum
respiration, and spare respiration of ICC cells transfected with aPKC-i/aPKC-i+FBP1 cDNA.
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may hold a great promise for the development of novel
therapeutic approaches to eradicate ICC that are currently
resistant to conventional therapies.

Despite a high genetic diversity, cancer cells still exhibit a
common set of characteristics. Aberrantmetabolic reprogramming
constitutes one of its important features during the tumor
progression, which could enhance glucose uptake and lactate
production of cancer cells through aerobic glycolysis to meet the
rapid energy requirements for catabolism and anabolism (36).
Recent studies indicated that extracellular matrix (ECM) of cancer
cells is remodeled by aerobic glycolysis, which could also increase
the expression of EMT-inducing transcription factor and decrease
the pH value of tumor microenvironment (37). It had shown that
an increased glycolytic metabolism can facilitate cancer cells EMT
Frontiers in Oncology | www.frontiersin.org 9178
and promote tumor progression. In our current study, the content
of secreted lactate, the end product of glycolysis, were significantly
increased in the ICC cells and correlated positively with aPKC-i
expression. These results first demonstrated that aPKC-i could
facilitate aerobic glycolysis and contributed to EMT process in
ICC. However, the underlying mechanisms that aPKC-i affect the
biological behavior of ICC cells, are still unclear.

Intracellular glucose homeostasis is regulated by catabolic
glycolysis, aerobic oxidation of sugars, and anabolic
gluconeogenesis. Until now, metabolites that accumulated via
aerobic glycolysis were considered as a building blocks or fuel
source for cancer cells proliferation (38). Several studies reported
that metabolic intermediates of gluconeogenesis regulate aerobic
breakdown of glucose in cancer cells (22, 39, 40). FBP1 catalyzes
A

B
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D

FIGURE 5 | FBP1 antagonizes aPKC-i and inhibits tumor growth and metastasis in vivo. (A) Tumor volume changes in nude mice over a 30-day period after
injection of HCCC-9810 cells transfected with aPKC-i/aPKC-i + FBP1. (B) In situ expression of aPKC-i, FBP1, E-cadherin and vimentin in the tumor tissues of the
indicated groups. (C) In situ expression of HK2,ENO1,PKM,LDHA in the tumor tissues of the indicated groups (D) Representative images of HE-stained lung
metastatic nodules from the indicated groups. ** means P < 0.01.
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the decomposition of fructose-1,6-bisphosphate into 6-
phosphate fructose and inorganic phosphate, and its epigenetic
regulation in cancer cells is an underlying factor of aberrant
glucose metabolism (14). Interestingly, the loss of FBP1 was
recently determined to be a critical oncogenic event in breast
cancer and renal cell carcinoma progression (17). Consistent
with previous findings, we found that FBP1 expression is
negatively correlated with aPKC-i and the malignant
progression in ICC. Moreover, upregulating FBP1 expression
in aPKC-i-overexpressing ICC cells reversed EMT-like changes
and aberrant metabolic reprogramming. These results further
support the critical role of FBP1 for aPKC-i induced EMT-like
changes and glycolysis in ICC.

To elucidate the specific mechanism by which aPKC-i
regulates FBP1 in ICC, co-IP experiment was performed and
showed that aPKC-i indirectly regulated FBP1 through other
molecules. Snail, a transcriptional repressor, could induce EMT,
Frontiers in Oncology | www.frontiersin.org 10179
allowing cancer cells with invasive properties (41). It also could
regulate many genes involved in glucose metabolism, such as
glucose phosphate isomerase and aldolase, suggesting that Snail
participates in complex metabolic reprogramming in cancer (42).
Furthermore, some studies have confirmed that the Snail
transcriptional factor Snai1 represses FBP1 to accelerate EMT
of various tumor cells (43). Since we had previously observed
that Snail is a major downstream target of aPKC-i in triggering
EMT (29), we hypothesized that aPKC-i promotes EMT and
provides metabolic advantages of ICC cells by repressing FBP1
via Snail. As expected, we identified that Snail inhibited the
transcription of FBP1 by directly binding to its promoter by dual
luciferase assay and ChIP experiment. In addition, the expression
level of Snail correlated positively with that of aPKC-i, whereas
correlated negatively with FBP1.

Oxidative metabolism is impaired in cancer cells due to the
increase in glycolysis and oxygen consumption. TheWarburg effect,
A B
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FIGURE 6 | FBP1 is a direct target of Snail in aPKC-i mediated EMT and “Warburg effect”. (A) Snai1 expression levels in 40 paired ICC and adjacent nontumor
tissues. (B) Pearson correlation analysis showed a significant positive correlation between aPKC-i and FBP1 expression (R=-0.643, p<0.001), whereas high Snail
was related to low FBP1 (R=-0.484, p<0.01). (C, D) Snail significantly repressed the FBP1 promoter activity in dual luciferase assay and ChIP was performed in the
RBE cells by using three sets of FBP1 primers and confirmed a direct physical interaction between FBP1 promoter and Snail. (E) Snai1 and FBP1 protein expression
in HCCC-9810 and RBE cells transfected with Snai1.
December 2021 | Volume 11 | Article 756419

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gao et al. Role of aPKC-i in ICC
wherein the tumor cells preferentially use glycolysis to produce
energy under hypoxic conditions (44), protects the cells against
metabolic stress, and promotes their invasion, migration and EMT
(45). In the glycolytic pathway, lactate dehydrogenase A (LDHA)
irreversibly catalyzes the conversion of pyruvate to lactate via the
oxidative dehydrogenation of nicotinamide adenine dinucleotide
(NADH) to NAD+ (46). As an important carcinogen, lactate is
closely related to tumor growth, immune escape, angiogenesis and
EMT (47). Existed data had shown that LDHA is highly expressed
in various cancers and its expression is positively associated with
tumor progression (48). Based on our findings therefore, we
speculated that aPKC-i/Snail-mediated repression of FBP1
increases glycolysis and lactate production in the ICC cells, which
in turn upregulates aPKC-i to form a positive feedback loop,
eventually enhancing EMT, invasion and migration. Further
mechanism studies are needed to investigate.

In conclusion, we found that aPKC-i, Snail and loss of FBP1
are significantly correlated with poor prognosis in ICC patients.
FBP1 played a crucial role in aPKC-i induced EMT and glycolysis
in ICC cells. We illustrated aPKC-i was confirmed to inhibit FBP1
expression by increasing Snail binding to the FBP1 promoter,
which is conducive to EMT and metastasis. Our results strongly
suggest that aPKC-i induces EMT and promotes glycolysis in
human ICC cells through an aPKC-i/Snail/FBP1 pathway. It is
known that cells always take the most economical way to carry out
physiological activities, which is well verified in our study. The
polarization regulatory protein, aPKC-i, simultaneously regulated
EMT and metabolic reprogramming via the same signal pathway,
which eventually led to more effective metastasis of ICC cells. The
above results provide a new perspective to illustrate the
mechanism of tumor progression.

Our and recent observations implied that glucose metabolism is
not simply a consequence but rather affects polarized states of
cancer cells. Nevertheless, the specific interaction of enzymes
associated with glucose metabolism regulating EMT-like
characteristics is still unknown. One emerging idea on how
changes in glucose metabolism induce EMT-like phenotype is
that mitochondrial derived reactive oxygen species could serve as
signaling molecules (49). It will be of interest how interaction
between EMT process and glucose metabolism. Targeting this
pathway may abolish cancer metastasis and metabolic advantages.
This strategy will generate an entirely effective approach for
treating ICC.

Radical surgical resection remains to be the only potential
curative treatment option for ICC in the near future. Limitations
of current clinical trials include small sample size, combined
Frontiers in Oncology | www.frontiersin.org 11180
analysis of cholangiocarcinoma and gallbladder cancer, and lack
of randomization (50). Precision medicine will be advocated to
improve outcomes for patients with ICC, which is highly
genetically heterogeneous tumor. More recently, a variety of
genetic mutations implicated in causing ICC have been
identified, and future studies will continue to focus on
targeting genetic aberrations. In addition, the efficacy and
safety of immunotherapies have also been widely reported in
ICC. Although immunotherapy has been disappointing now, it
could become an important part of the treatment landscape in
the future. The road is rough, but the beauty lies ahead.
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Lenvatinib has been ratified as a first-line medication for advanced liver tumors by the
American Food and Drug Administration. To assess the effectiveness and security of
Lenvatinib in the Chinese population in a real-world setting, we enrolled 48 patients with
unresectable liver cancer, managed from December 2018 to March 2021. Among them, 9
and 39 (83.30% men) patients had intrahepatic cholangiocarcinoma (ICC) and
hepatocellular carcinoma (HCC), respectively. Twenty-one (43.75%) patients had
progressive disease after first-line treatment, and others (56.25%) had not receiving
systemic treatment. Lenvatinib was administered alone or in combination with a
programmed cell death protein 1 antibody (anti-PD-1). Treatment duration, median
progression-free survival (mPFS), and median overall survival (mOS) were examined.
The mOS and mPFS were 22.43 and 8.93 months, respectively. Of HCC patients treated
with Lenvatinib only, the mOS andmPFS were 22.43 and 11.60 months, respectively. The
corresponding values for HCC cases managed with anti-PD-1 combined with Lenvatinib
were 21.77 and 7.10 months, respectively. ICC patients did not reach the mOS and their
mPFS was 8.63 months. The present findings support the efficacy and security of
Lenvatinib in the real-world therapy of Chinese patients with unresectable liver cancer.

Keywords: lenvatinib, hepatocellular carcinoma, intrahepatic cholangiocarcinoma, anti-PD-1, progression-free
survival, overall survival
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INTRODUCTION

There were an estimated 905,700 new cases of liver cancer, and
approximately 830,200 associated deaths in 2020 worldwide (1).
Globally, liver cancer has being the second most common
causation of cancer-related deaths (1).

Sorafenib, a multikinase inhibitor that targets raf, platelet-
derived growth factor, vascular endothelial growth factor, and
tyrosine kinases (2, 3) was made offical by the Food and Drug
Administration in November 2007 for the treatment of advanced
liver cancer and it remained the standard of care for over a
decade, prolonging the median survival of patients in clinical
trials (4). In August 2018, data from the Phase III REFLECT trial
(NCT01761266) have enabled the same agency to approve
another small-molecule tyrosine kinase inhibitor as first-line
medication of advanced liver cancer, Lenvatinib, which inhibits
the activity of the vascular endothelial growth factor receptor,
platelet-derived growth factor receptor a, stem cell factor
receptor, fibroblast growth factor receptor, and rearrangement
during transfection (5, 6). However, the median survival time of
patients receiving Lenvatinib monotherapy was 13.6 months in a
clinical trial (7).

ICIs are monoclonal antibodies that can block the interaction
between immune checkpoint proteins and their ligands, thereby
enhancing the anti-tumor immune response by preventing T cell
inactivation and restoring immune recognition and immune
attack. At present, it mainly includes anti-PD-1, anti-PD-L1
and anti-CTLA-4 (8). Anti-PD-1 can bind to its ligands PD-L1
or PD-L2 which expressed in various tumors, including HCC (9).
It was found that pembrolizumab treatment shown promising
clinical effects in patients with advanced hepatocellular
carcinoma after sorafenib treatment fails in KEYNOTE-224
clinical trial. The mPFS is 4.9 months and the median overall
survival is 12.9 months in this trial (10). In 2017, the PD-1
inhibitor nivolumab received accelerated approval in the United
States for the second-line treatment of patients with advanced
HCC after sorafenib treatment (11).

Combination of immunotherapy strategies are being
developed to enhance liver tumor response to immune
checkpoint inhibitors (12). The combination of tyrosine kinase
inhibitors or vascular endothelial growth factor inhibitors and
immune checkpoint inhibitors may enhance dendritic cell and
cytotoxic T lymphocyte activity and inhibit tumor-associated
macrophage, regulatory T-cell, and myeloid-derived suppressor
cell regulation of the immune microenvironment, thereby
creating an inflammatory microenvironment associated with
relatively effective and long-lasting responses to checkpoint
inhibitors (13). In a phase Ib trial (KEYNOTE-524), the mPFS
and mOS of HCC patients treated with Lenvatinib and anti-PD-1
were 8.6 and 22 months, respectively (14).

However, clinical trials may not fully reflect real-world
treatment efficacy, while risk factors for liver cancer may differ
among populations (15). In China, the dominating causation of
HCC is chronic hepatitis B virus infection. While the major risk
factor for HCC in developed countries is nonalcoholic fatty liver
disease (16). Furthermore, clinical trials tend to exclude patients
with clear invasion into the bile duct or main portal vein. Patients
Frontiers in Oncology | www.frontiersin.org 2184
who had received systemic treatment such as chemotherapy or
sorafenib tend to be also excluded (7). Therefore, this
retrospective study comprised 48 patients with HCC or ICC
treated with Lenvatinib alone or combined with anti-PD-1,
aiming to appraise the efficacy and safety of these treatments
in clinical practice in China.
MATERIALS AND METHODS

We included 56 cases with unresectable liver cancer treated with
Lenvatinib from December 2018 to March 2021 at the
Comprehensive Cancer Center of Drum Tower Hospital of
Nanjing University. There were 48 patients analyzable and
well-documented. A total of 21 HCC patients were managed
with Lenvatinib only, while a total of 18 and 9 patients with HCC
and ICC, respectively, were treated with combination therapy.
The patients’ average age was 59.7 years. Eight patients were
female; 6 cases of them were HCC and other 2 cases were ICC.
Twenty-one (43.75%) patients had progressive disease after
receiving first-line treatment; meanwhile, 27 (56.25%) patients
received no systemic treatment. According to the Child-Pugh
score, 4 patients had grade B liver function, of which 3 were
HCC; the remaining patients had grade A liver function. Forty
patients had cirrhosis at baseline, including all ICC cases and 31
HCC cases. There were 4 ICC patients and 35 HCC patients had
hepatitis B virus infection, respectively. Most patients had tumor
node metastasis (TNM, American Joint Commission on Cancer
8th edition) stage IV; only 11 patients had stage III disease, and
all of them were HCC cases. In addition, in HCC patients, 39
cases all presented with microvascular invasion; 33 cases had
tumor invasion into the macroscopic portal vein or extrahepatic
spread, or both; 12 cases had lung metastases. Only one HCC
patient had no liver lesions. Six HCC patients were classified as
Barcelona Clinic Liver Cancer stage B; the remaining patients
were classified as stage C. The specific characteristics of HCC
patients are presented in Supplementary Table 1.

Treatment Measures
A total of 21 patients with HCC were managed with Lenvatinib
only (8 mg daily), as they were in good general condition.
Twenty-seven patients received combined treatment, including
18 cases with HCC and other 9 cases with ICC (Lenvatinib plus
anti-PD-1 treatment at a dose of 8 mg daily and 200 mg every 3
weeks, respectively). These patients tended to be in later stage of
disease than their monotherapy counterparts, including larger
tumor burden, more advanced disease stage, and pathology
findings indicative of poorer prognosis.

Study Design
This retrospective cohort study was founded on medical records
of patients with unresectable liver cancer, undergoing the
treatment of interest. Disease progression and mortality were
examined; the primary outcome was PFS, defined as the time
from medication inaugural to tumor progression or death
(clinical response was evaluated with the Response Evaluation
Criteria in Solid Tumors). The minor endpoints involved OS,
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defined as the time frommedication inaugural to death, objective
remission rate (ORR), and performance status scores. Safety
assessment evaluation included vital signs, and blood and
biochemical examination findings, among others. Adverse
events were recorded based on the National Cancer Institute
Common Terminology Criteria for Adverse Events.

Data Analysis
The Kaplan-Meier method was used to estimate time-to-event
outcomes. All statistical analyses were performed by Graphpad
7.0. P-values of < 0.05 were considered statistically significant.
RESULTS

Twenty patients died at the termination of the follow-up
duration. The overall mOS was 22.43 months (95% confidence
interval (CI) was not reached, range: 4.20-28.30 months,
Figure 1). The 6-month, 1-year, and 18-month OS rates were
95.74% (95% CI, 84.01-98.92), 73.08% (95% CI, 57.45-83.74),
and 63.22% (95% CI, 46.99-75.70), respectively. The overall
mPFS was 8.93 months. (95% CI, 6.76-11.10, range: 3.20-28.30
months, Figure 1). The mOS and mPFS of HCC patients treated
Frontiers in Oncology | www.frontiersin.org 3185
with monotherapy were 22.43 months (95% CI was not reached,
Figure 2) and 11.60 months (95% CI, 7.46-15.74, Figure 2),
respectively. In the HCC combination treatment group, the
corresponding were 21.77 months (95% CI, 3.68-39.86,
Figure 3) and 7.10 months (95% CI, 2.8-11.4, Figure 3),
respectively. However, patients with ICC in the combination
treatment group did not reach mOS (Figure 4); meanwhile, the
mPFS was 8.63 months (95% CI, 0-17.67, Figure 4).

Safety
Overall, Lenvatinib was well-tolerated (Supplementary Table 2).
Twenty-one (43.8%) and 12 (25%) patients had elevated
transaminase levels (grades 1-2 and 3-4, respectively). The
administration of liver protection treatments returned
transaminase levels to the normal range; other patients
presented no abnormalities. Ten (20.8%) and 8 (16.7%)
patients had bilirubin elevation of grades 1-2 and 3-4,
respectively; 30 (62.5%) patients had decreased albumin levels
of grades 1-2. Twenty-one (43.8%) and 6 (12.5%) patients had
platelet decrease of grades 1-2 and 3-4, respectively. Nineteen
(39.6%) and 3 (6.3%) patients had grades 1-2 and 3-4 of alkaline
phosphatase increase, respectively. In addition, 16 (33.3%)
patients developed rash grades 1-2; no other serious adverse
FIGURE 1 | Kaplan-Meier estimates of overall and progression-free survival in all patients. The mOS of all patients was 22.43 months (95% confidence interval was
not reached; range: 4.20-28.30 months), and the mPFS of all patients was 8.93 months (95% CI, 6.76-11.10; range, 3.20-28.30 months).
FIGURE 2 | Kaplan-Meier estimates of overall and progression-free survival in HCC patients treated with Lenvatinib monotherapy. The mOS of HCC patients treated
with Lenvatinib only was 22.43 months (95% CI was not reached), the mPFS was 11.60 months (95% CI, 7.46-15.74).
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events were observed. At the end of the study, 13 (27.1%) and 29
(60.4%) patients had a performance status score of 1 and 2
points, respectively; the remaining patients had a score of
0 points.

Efficacy
One patient with HCC treated with combination therapy achieved
complete response at the first review. Further, 14 patients achieved
partial response (including two HCC patients treated with
Lenvatinib monotherapy, and 4 and 8 ICC and HCC patients
treated with combination therapy, respectively). In addition, 33
patients had stable disease (including 19 HCCpatients treated with
monotherapy, and 5 and 9 ICC and HCC patients, respectively,
treated with combination therapy). Imaging studies revealed the
overall ORR of 31.25%; the corresponding rate among the patients
treated with monotherapy was 9.52%. The corresponding rates for
ICC and HCC patients treated with combination therapy were
44.44%and50.00%, respectively (Figure5).Thedisease control rate
in this study was 100%; there was no case of progressive disease at
first review.
Frontiers in Oncology | www.frontiersin.org 4186
Impact of a-Fetoprotein (AFP) and
Carbohydrate Antigen 19-9 (CA19-9)
Levels on Liver Cancer Prognosis
Among 39 patients with HCC, 6 patients had negative baseline
AFP data. We divided the remaining 33 patients into low (≤ 200
ng/mL) (n=18) and high (> 200 ng/mL) (n=15) AFP level groups.
In the low AFP group, 3 and 15 patients had partial remission
and stable disease, respectively; the corresponding counts for the
high AFP group were 5 and 10 patients. There was no association
between baseline AFP levels and treatment efficacy assessed with
imaging. However, OS (Figure 6, P = 0.0108) and PFS (Figure 6,
P = 0.0330) in the low AFP group were greater than those in the
high AFP group. There was no association between baseline
CA19-9 level of HCC patients and clinical efficacy or prognosis
in the present study.

In addition, we found that in 9 ICC patients, the OS between
patients with high CA-199 (>150 ng/mL) (n=4) and low CA-199
(≤150 ng/mL) (n=5) has no significant difference (Figure 7,
P=0.1401). However, PFS was significantly different
(Figure 7, P=0.0230).
FIGURE 3 | Kaplan-Meier estimates of overall and progression-free survival in HCC patients treated with anti-PD-1 combine with Lenvatinib. The mOS of HCC
patients treated with anti-PD-1 combined with Lenvatinib was 21.77 months (95% CI, 3.68-39.86), mPFS was 7.10 months (95% CI, 2.8-11.4).
FIGURE 4 | Kaplan-Meier estimates of overall and progression-free survival in ICC patients treated with anti-PD-1 combine with Lenvatinib. The ICC patients did not
reach mOS; mPFS was 8.63 months (95% CI, 0-17.67).
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DISCUSSION

Lenvatinib was approved in 2018 as a first-line treatment for
advanced HCC (6). This study used real-world data to assess the
clinical efficacy of Lenvatinib used with or without anti-PD-1. The
present ORR of patients with HCC conducted with Lenvatinib
monotherapy was lower than that reported by the REFLECT trial;
however, bothmOS(22.43 vs. 13.6months) andmPFS (11.60 vs. 7.3
months) in the present researchwere greater than those reported by
the REFLECT trial (7). However, the present mOS of combined
therapy were similar to those reported by the KEYNOTE-524 trial
(14), which used Lenvatinib plus pembrolizumab (an anti-PD-1
antibody) in the treatment of unresectable liver cancer (21.77 vs. 22
Frontiers in Oncology | www.frontiersin.org 5187
months). The present ORR were comparable to those reported by
the KEYNOTE-524 study (50.00% vs. 36%) (14). The mPFS (7.10
vs. 8.6 months) was slightly shorter than that previously reported,
which may be attributed to the later disease condition of patients
treated with combination therapy than that of those treated
with monotherapy.

In the present study, nine patients with ICC did not reach
mOS, and their mPFS was slightly greater than that previously
reported by Zhao et al. (8.63 vs. 4.9 months); the present ORR
was also higher than that previously reported by these authors
(44.44% vs. 25%) (16). These findings suggest that PD-1
combined with Lenvatinib may benefit patients with ICC.
However, the number of ICC patients included in this study
was small and the follow-up time was short. In order to make our
results more credible, we will enroll more patients for analysis
and extend the follow-up time of patients.

The quality of life is becoming the focus of oncology research.
The incidence of serious adverse events in clinical trials of sorafenib
was 52% (4); the rates associated with Lenvatinib were comparable
to those associatedwith sorafenib (7). Inphase III clinicalREFLECT
trial, a 12-mg therapeutic dose was used for patients weighing >60
kg; in contrast, patients weighing ≤60 kg were given a dose of 8 mg
(7). Reducing the dose may delay the onset of treatment-related
adverse events; however, it may affect efficacy (13). In the present
study, given disease stage, large tumor burden, and the overall poor
liver function of the included patients, the dose of 8mgwas used. At
the endof the follow-upperiod, patientswithbodyweight of> 60 kg
had slightly poorermOSandmPFS thandid thosewithbodyweight
of≤60kg; however, thisdifferencewasnot statistically significant. In
the present study, the 8 mg dose did not affect treatment efficacy
especially in the combined therapy group. However, further studies
are required to validate the present findings and elucidate the
relationship between drug dosage and treatment efficacy and safety.

HCCis a complexdiseasewithmultiple pathogenicmechanisms
and associated with multiple risk factors; the use of a single
FIGURE 5 | One case of HCC treated with anti-PD-1 combined with Lenvatinib
achieved complete remission, and 14 patients achieved partial remission (including
two HCC patients treated with Lenvatinib monotherapy. Another 4 ICC cases and
8 HCC cases were treated with anti-PD-1 combined with Lenvatinib. Thirty-three
patients had SD (19 cases of HCC were treat with monotherapy, 5 cases of ICC
and 9 cases of HCC received combined treatment).
FIGURE 6 | Comparison of mOS and mPFS between the low AFP and high AFP groups in HCC patients. The mOS of the low AFP group was significantly longer
than that of the high AFP group (19.48 months vs. 13.43 months, P = 0.0108), as was the mPFS (12.88 months vs. 8.16 months, P = 0.0330).
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biomarker is insufficient for prognostication (17). AFP is the most
widely used and recognized serum marker in this context. Zhang
found that AFP- and ultrasound-based screening every 2 yearsmay
reduce HCC mortality by 37% (18). However, this approach
remains controversial. In the present study, baseline AFP levels
correlated with survival, including the mOS of HCC patients; this
findings is consistent with that of the REFLECT trial. However, the
associated mechanism remains unclear and further research is
needed. In addition, CA19-9 is a biomarker for the diagnosis of
cholangiocarcinoma (19, 20). We found that CA19-9 may have a
certain relationship with the prognosis of ICC.However, due to the
low incidence of cholangiocarcinoma, our center currently collects
very little data, and we would expand the sample size to further
support our conclusion.

At present, there are many clinical studies on lenvatinib and anti-
PD-1 in the treatment of advanced liver cancer malignancies, such as
NCT02579616 (21), NCT03006926 (14), NCT04044313 (22),
NCT03895970 (16). There are also some retrospective analysis of the
efficacy of lenvatinib in the real world (23–26). In our central study,
based to the limited data available so far, it was found that Lenvatinib
aloneor in combinationwithanti-PD-1 couldbe aneffective treatment
for unresectable HCC and ICC. Moreover, baseline AFP and CA19-9
levels may contribute to predict the prognostication. However, the
relationships among body weight and Lenvatinib dose and toxicity
require furtherstudies.Ofcourse, in the futurework,wewill expandthe
sample size andextend the follow-up time to collectmoredata tomake
our conclusion more credible.
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Targeting tumor blood vessels is an important strategy for tumor therapies. At present,
antiangiogenic drugs are known to have significant clinical effects, but severe drug
resistance and side effects also occur. Therefore, new specific targets for tumor and
new treatment methods must be developed. Tumor-specific endothelial cells (TECs) are
the main targets of antiangiogenic therapy. This review summarizes the differences
between TECs and normal endothelial cells, assesses the heterogeneity of TECs,
compares tumorigenesis and development between TECs and normal endothelial cells,
and explains the interaction between TECs and the tumor microenvironment. A full and in-
depth understanding of TECs may provide new insights for specific antitumor
angiogenesis therapies.

Keywords: tumor-specific endothelial cells, tumor heterogeneity, tumor angiogenesis, tumor microenvironment,
antiangiogenic therapy
1 INTRODUCTION

Tumor angiogenesis refers to the formation of new blood vessels in tumors.Tumor blood vessels
provide oxygen and nutrients for tumor growth, remove waste from tumor tissues, and provide
pathways for tumor metastasis.If a solid tumor has insufficient amounts of blood vessels, then it can
only grow to a critical size of 1–2 mm (or approximately 106 cells) (1). In recent years, many studies
have identified significant differences in the structure and function between tumor vasculature and
normal vasculature. Normal blood vessels have regular hierarchical structures that are responsible
for blood flow throughout the body and maintain normal physiological activities, and these
structures include arteries, veins and capillaries. Tumor blood vessels, however, are highly
irregular in shape, and they are swollen and twisting and have many blind ends, which results in
abnormal vascular function, including increased vascular permeability, leakage and bleeding, and
blood flow disorder (2, 3).

The specificity of tumor-specific endothelial cells (TECs) is one of the main reasons for tumor
vascular anomalies. Blood vessels are composed of ECs and pericytes, which are responsible for the
contraction and relaxation of blood vessels. In normal blood vessels, ECs are mostly in a static state.
In tumors, hypoxia and chronic growth factor stimulation may cause endothelial dysfunction (4).
Increasing evidence has shown that these abnormalities can lead to the development of cancer.
Initial hypotheses suggested that TECs were genetically stable normal somatic cells that were not
prone to mutation and drug resistance and remained consistent in various tumors, which would
allow multiple types of cancer to be treated by a single antiangiogenic drug (5). However, in recent
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years, many researchers have found that TECs are not ordinary
somatic cells but rather are heterogeneous in many aspects
relative to normal endothelial cells (NECs), which contradicts
previous assumptions (6, 7). Therefore, the study of TECs will
provide targets or directions for tumor therapy. Because most
current antiangiogenic drugs are nonspecific, they cause damage
to NECs, thus leading to fatal side effects, such as intestinal
perforation and bleeding in the later stages (8, 9).Therefore,
exploring specific targets for TECs have potential for
antitumor therapy.

The tumor microenvironment (TME) is essential for tumor
progression, which accelerates metastasis and increases tumor
malignancy. TME refers to the local environment for tumor
survival. A large number of tumor cells infiltrate in TME,
includes stromal cells, TECs and immune cells (10). TME
provides an acidic and hypoxic environment containing a large
number of cytokines (11). TME plays an important role in the
process that TECs promote tumor progression and drug resistance
(12). Among them, tumor-associated macrophages (TAMs) and
tumor-associated fibroblasts (CAFs) have been found to promote
the proliferation, migration and tube formation of HUVECs (13–
15). And Myeloid-Derived Suppressor Cells (MDSCs) and
extracellular matrix (ECM) alsoregulate the function of ECs (16,
17). Therefore, to study the interaction between TECs and TME is
necessary to target for TECs therapy.
2 ANTITUMOR ANGIOGENESIS THERAPY

Fifty years ago, Judah Folkman first emphasized that angiogenesis
was an important process for the growth and proliferation of solid
tumors (18) and proposed that antiangiogenesis may be a potential
method for treatment various cancers. In recent years, many factors
and related receptors that promote angiogenesis have been
confirmed, including vascular endothelial growth factor (VEGF)
(19), platelet-derived growth factor (PDGF) (20, 21) and
angiopoietin (Ang) (22), and antitumor angiogenesis drugs have
been developed.

VEGF is considered a key factor in inducing tumor angiogenesis
and is research hotspot as a key target for antitumor vascular
therapy. VEGF activates MAPK, PI3K and other signals in ECs by
binding to VEGF receptors (VEGFR1-3) to promote the formation
of new blood vessels, increase vascular permeability, and regulate
tumor angiogenesis (23–25). In recent decades, VEGF has been
used as a therapeutic target to inhibit angiogenesis and promote the
normalization of tumor blood vessels, and has achieved great
success. Bevacizumab is the first approved antitumor angiogenesis
therapy monoclonal antibody, and it can specifically bind to VEGF
to inhibit tumor angiogenesis (26). But, the effect of bevacizumab
treatment alone is limited. Minjian et al. observed that a significant
upregulation of VEGF and downregulation of b-FGF and ANG1 in
colon cancer-derived endothelial cells treated with bevacizumab
alone, whichmight activate a potential self-regulating mechanism of
angiogenic growth factors and also explained why current
antiangiogenic therapy with bevacizumab alone has limited effects
in prolonging the survival of colon cancer patients (27). Clinical
Frontiers in Oncology | www.frontiersin.org 2191
studies have confirmed that a combination of bevacizumab and
chemotherapy drugs can significantly prolong the survival period of
tumor patients and achieve antitumor effects (28–30). Nadine et al.
found that telomerase regulates VEGF expression and secretion
through its catalytic subunit hTERT in gastrointestinal cancer cells,
and VEGF inhibition with bevacizumab increased hTERT
expression which further increased VEGFR1 and VEGFR2
expression. They suggested the combination of bevacizumab with
telomerase inhibitors could improve tumor cell response to anti-
VEGF treatment (31). The VEGF pathway coordinates with many
other signaling pathways, such as Ang/Tie receptor and PDGF/
PDGFR signaling targeted by specific inhibitors nesvacumab and
olaratumab, participates in tumor angiogenesis. Tyrosine kinase
inhibitors (TKIs) are small molecule drugs that can inhibit the
kinase activity of different receptors and their downstream signal
transduction. Several studies revealed sunitinib, a TKI, not only
targets VEGFR (32) but also inhibits PDGFR (33) and FGFR
(34).Sunitinib has been used to treat a variety of cancers.
Similarly, studies have reported that sunitinib treatment alone can
cause ECs senescence, loose ECs connections, and promote tumor
cell migration through the endothelial barrier (35). Based on the
above research reports, treatment with one antitumor angiogenesis
drug alone have great limit effects on cancer therapy (Figure 1).

Previously, antiangiogenic drugs were thought to be less toxic
than other cytotoxic drugs; however, they subsequently been
found have serious side effects (hypertension (36), bleeding (37),
gastrointestinal perforation (8), etc.), with vascular toxicity
particularly prominent. Theseside effects are associated with
the inhibitory role of most current antiangiogenic drugs on cell
signaling pathways, such as VEGF/VGEFR, which has a negative
impact on the survival of NECs (38).Antiangiogenic drugs and
their side effects are shown in (Table 1) (39–49). An important
goal of cancer treatment is to develop new and safer tumor-
specific antiangiogenic drugs.
3 TUMOR-SPECIFIC ENDOTHELIAL
CELLS

At present, tumor angiogenesis research and antiangiogenic drug
development use cultured ECs, such as human umbilical vein
ECs (HUVECs). A number of studies have clarified the
molecular differences between TECs and NECs through global
analysis and compare TECs with NECs to try to find specific
molecules for TECs. For example, Alam et al. conducted a DNA
chip analysis and found that suprabasin might be a new marker
for TECs. Compared with NECs, suprabasin, the upstream factor
of the AKT pathway, was highly expressed in TECs and
positively correlated with the migration and tube formation
ability of TECs (50). Microarray and immunohistochemical
analyses revealed that biglycan was a specific marker and an
autocrine angiogenic factor of TECs (51). Goveia et al. performed
single-cell RNA (scRNA) sequencing on 56,771 ECs from
human/mouse tumor in lungs and cultured human lung TECs,
and detected 17 known and 16 previously unrecognized
phenotypes. And found that collagen modification was a
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candidate pathway for angiogenesis (52). Among the
abovementioned studies, a few have focused on the function of
TECs because human primary TECs culture have several limits,
including small amounts from surgical specimens, difficult to
separate, a short life span in vitro, easily lose their specificity and
cannot be cultured in large quantities. In 2019, NakoMaishi and
others established immortalized human TECs (h-imTECs) and
their normal counterparts (h-imNECs) by transfecting with a
lentivirus that produces simian virus 40 large T antigens and
human telomerase reverse transcriptase to overcome replication
barriers. These ECs exhibited an extended life span and retained
their characteristic endothelial morphology, endothelial marker
expression, and tube formation ability. Hence, these h-imTECs
could be a valuable tool for drug screening to develop novel
therapeutic agents specific to TECs or functional biological
assays in tumor angiogenesis research (53).

3.1 Heterogeneity of Tumor-Specific
Endothelial Cells
As a component of blood vessels, TECs are also different from
NECs in many aspects (54). The whole tumor can be
heterogeneous and biopsy may not be representative of the
whole tumor. Angiogenesis contributes to the development of
Frontiers in Oncology | www.frontiersin.org 3192
pathological conditions, such as tumor progression and
metastasis, diabetic retinopathy, psoriasis, atherosclerosis, and
rheumatoid arthritis (55).

As a component of blood vessels, TECs are also different from
NECs in many aspects. Compared with most normal ECs, TECs
have a higher proliferation rate and do not form a regular
monolayer; the tumor vascular basement membrane is
discontinuous or nonexistent, and the tumor endothelium is
variably covered by pericytes with abnormal morphology (56, 57).
Due to the phenotypic difference between tumor blood vessels and
normal blood vessels, studies have concluded that may also exist
genotype changes. Kyoko Hida found that the nucleus of TECs was
larger than that of NECs and showed increased aneuploidy,
abnormal centrosomes, and abnormalities, such as chromosome
delet ion, markers of unknown origin, and double
microchromosomes (58). Chromosomal aberrations are also
found in human renal carcinoma ECs and human B-cell
lymphoma microvascular ECs (59, 60). These findings can be
used as evidence of genetic instability of TECs. High-throughput
expression profiles reveal changes in gene and protein expression
profiles in the tumor endothelium. Li C et al. analyzed the
expression differences between cervical cancer-derived ECs and
NECs by scRNA-seq, and found several marker genes such as
FIGURE 1 | Under pathological conditions including hypoxia, most tumor cells upregulate the expression of many angiogenic factors, including VEGF, PDGF, EGF
and Ang, and secrete them into the tumor microenvironment. When these molecules bind to their cognate receptors, then stimulate downstream signaling, including
PI3K/AKT and RAS/MEK/ERK signaling pathways to promote tumor growth and angiogenesis. Monoclonal antibodies beracizumab, olaratumab, nesvacamab and
small molecule drugs sunitinib and regorafenib can block the interaction between pro-angiogenic factors and their receptors, and inhibit tumor angiogenesis.
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TABLE 1 | Anti-angiogenic drugs.

Type Drug Target Manufacturer Approval Indication Side Effects

Monoclonal
antibodies

Bevacizumab VEGF Genentech 2004 Colorectal cancer,
Lung cancer, Cervical
cancer, Glioblastoma,
Ovarian cancer

Fatigue, pain, headache, abdominal pain, constipation,
diarrhea, nausea, vomiting, anorexia, hemorrhage, dyspnea,
Hypertension

Cetuximab EGFR ImClone 2004 Colorectal cancer,
Head and neck
cancers

Fatigue, weakness, pain, headache, insomnia, weight loss,
skin toxicities, GI toxicities, cough, dyspnea, fever, pharyngitis

Panitumumab
(Vectibix)

EGFR Amgen 2005 Colorectal cancer Fatigue, ocular toxicity, nausea, diarrhea, vomiting, skin
toxicity, dyspnea reactions

Ramucirumab VEGFR2 Imclone 2014 Colorectal cancer,
Lung cancer,
Gastric cancer,

Hypertension, diarrhea

Necitumumab EGFR Eli Lilly 2015 Lung cancer Acne, diarrhea, vomiting, mouth sores, vision changes, tearing
or itching, red and swollen nails, itching

Olaratumab PDGFR Eli Lilly 2016 Sarcoma Nausea, fatigue, musculoskeletal pain, mucositis, hair loss,
vomiting, diarrhea, loss of appetite, abdominal pain,
neuropathy, headache

Tyrosine
kinase
inhibitors

Imatinib PDGFR, SCFR Novartis Abl 2001 Chronic myelocytic
leukemia,
Gastrointestinal
Stromal Tumors

Difficulty breathing, rapid heartbeat, insomnia, coughing up
blood or pink mucus, chest pain, frequent urination, fever,
jaundice, bloody stools, skin bruises, fatigue

Gefitinib EGFR AstraZeneca 2003 Nonsmall-cell lung
cancer

Diarrhea, rash, itching, dry skin, acne

Nilotinib PDGFR Novartis Bcr-
Abl

2004 Chronic myelocytic
leukemia

Fatigue, diarrhea, anorexia, skin discoloration, rash, hand-foot
syndrome, edema, muscle cramps, joint pain, headache,
abdominal discomfort, anemia, cough and itching, heart failure,
pancreatitis, kidney failure

Sorafenib VEGFR, PDGER Bayer Raf 2005 Renal cell carcinoma Diarrhea, fatigue, hair loss, constipation, skin rash, high blood
pressure

Sunitinib PDGFR, VEGFR Pfizer 2006 Renal cell carcinoma Hand and foot skin reactions, rash, diarrhea, fatigue, increased
blood pressure, mucositis, fever, yellow skin, edema

Dasatinib SRC, PDGFR Bristol-Myers
Squibb Bcr-Abl

2006 Chronic myelocytic
leukemia

Diarrhea, headache, nausea, rash, dyspnea, bleeding, fatigue,
musculoskeletal pain, infection, vomiting, cough, abdominal
pain, fever

Lapatinib EGFR GlaxoSmithKline 2007 Breast cancer Nausea, diarrhea, stomatitis and indigestion, dry skin, rash,
breathing difficulties and insomnia

Pazopanib VEGFR, PDGFR,
FGFR

GlaxoSmithKline 2009 Renal cell carcinoma,
soft tissue sarcoma,
Nonsmall-cell lung
cancer

Diarrhea, high blood pressure, hair color changes, nausea,
anorexia, vomiting

Crizotinib ALK Pfizer 2011 Nonsmall-cell lung
cancer

Abnormal vision, nausea, diarrhea, vomiting, constipation,
edema, fatigue

Vandetanib VEGFR, EGFR AstraZeneca 2011 Thyroid cancer Diarrhea, skin rash, acne, nausea, high blood pressure,
headache, fatigue, loss of appetite, abdominal pain

Axitinib VEGFR Pfizer 2012 Renal cell carcinoma Diarrhea, high blood pressure, fatigue, loss of appetite,
nausea, dysphonia, weight loss, vomiting, fatigue, constipation

Afatinib EGFR Boehringer 2013 Nonsmall-cell lung
cancer

Diarrhea, skin rash, stomatitis, paronychia, loss of appetite,
nose bleeding, dry skin

Erlotinib EGFR Roche 2013 Nonsmall-cell lung
cancer

Skin rash, diarrhea, loss of appetite, fatigue, dyspnea, cough,
nausea, infection, vomiting, stomatitis, itching, dry skin,
conjunctivitis, keratoconjunctivitis, abdominal pain

Ceritinib ALK Novartis 2014 Nonsmall-cell lung
cancer

Diarrhea, nausea, vomiting, abdominal pain, fatigue, loss of
appetite, constipation

Osimertinib EGFR AstraZeneca 2015 Nonsmall-cell lung
cancer

Skin rash, mouth ulcers, paronychia

Regorafenib VEGFR, EGFR Bayer 2017 Colorectal cancer,
Hepatocellular
carcinoma,
Gastrointestinal
Stromal Tumors

Fatigue, loss of appetite, diarrhea, oral mucositis, weight loss,
high blood pressure, dysphonia.

Lorbrena ALK Pfizer 2018 Nonsmall-cell lung
cancer

Edema, cognitive effects, dyspnea, fatigue, weight gain, joint
pain, diarrhea

Dacomitinib Pfizer 2018 Diarrhea, skin rash, paronychia, stomatitis

(Continued)
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TAGLN2, KLF5, STAT1 and STAT2 (7). ScRNA sequencing
revealed that 2590 genes were differentially expressed between
TECs isolated from human hepatocellular carcinoma and NECs
isolated from normal liver tissues (61). Proteomics analysis
identified 127 highly expressed proteins in ECs isolated from
human renal cancer, colon cancer, and lung cancer compared
with NECs, among which CD146, CD31, and VWF might be
tumor endothelial cell markers (62). In addition to expressing
common vascular endothelial markers,TECs also show
upregulated expression of VEGFR-2, VEGFR-3, e-selectin, ICAM-
1, CD44, integrin and MUC-18 (63) and the nontraditional
angiogenic factors biglycan, lysyl oxidase and pentraxin 3, which
together promote tumor angiogenesis (64). These data indicate that
the huge differences between TECs and NECs can be exploited to
specifically target TECs for tumor treatment.

In addition to differing from NECs, different TECs also show
heterogeneity. TECs have long been regarded as normal somatic
cells without tumor characteristics, such as susceptibility to
mutation and drug resistance. However, in glioblastoma, some
ECs were found to originate from the glioblastoma stem cell
population (65). In lymphoma and neuroblastoma, ECs derived
from tumor cells were also confirmed (60, 66). In recent years,
bone marrow-derived endothelial progenitor cells have been
found to be involved in the formation of tumor pathological
blood vessels, although the mechanism of action is still unclear
(67). These findings provide new targets and directions for
antitumor therapies that specifically target TECs but also
increase the difficulty of developing such therapies.

In addition to the different origins of TECs, TEC phenotypes
are affected by TME. Comparing the TECs stimulated by two
different metastatic tumor supernatants, found that the
treatment of highly metastatic tumor conditioned medium
increased the resistance of TECs to 5-fluorouracil (5-FU) (68).
After coculture with lung cancer cells, human umbilical vein ECs
showed enhanced cell motility and microvascular formation and
a decrease in the percentage of apoptosis (69). Conditional
culture can also cause epigenetic changes in gene expression in
cultured ECs (70). This evidence reveals the influence of the
tumor microenvironment on the characteristics of TECs and
leads to heterogeneity among TECs. Therefore, studying the
heterogeneity and diversity of TECs in the development of
tumors will contribute to the development of antitumor
angiogenesis drugs. Antitumor research about specifically
targeting TECs has become a trend (Figure 2).
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3.2 Function of Tumor-Specific Endothelial
Cells in Cancer Progression
3.2.1 Tumorigenesis
The cellular origin of cancer and the nature of cells responsible
for the maintenance and progression of tumors are still unsolved
challenges for cancer therapy (71). Predictably, cancer
originating from a single cell expands with the development of
the cancer (72). Cancer stem cells (CSCs) have stem cell-like
properties and can renew themselves. A number of studies have
found that CSCs may cause cancer (73), thus leading to tumor
recurrence (74). In melanoma,ECs can interact with CD133+
cancer stem cells to promote the occurrence and development of
tumors (75). Targeting Cxcl12+ECs can inhibit the formation of
the niche of gastric stem cells around blood vessels and inhibit
the occurrence of diffuse gastric cancer (76). The specific
regulatory mechanism of TECs on tumor stem cells is not very
clear. In vitro experiments found that HUVECs co-cultured with
human liver cancer cells (MHCC97H) enhanced the
spheroidizing ability of MHCC97H cells and the expression of
CD133 (77). Jia et al. found that TECs could release soluble
factors through paracrine action and increasedthe CSCs ratio,
clonal sphere formation, tumorigenicity and chemoresistance
(78). These effects are caused by the activation of Notch signaling
in TECs and changes in the CSCs phenotype (78, 79). Knocking
out the specific Notch ligand Dll4 inECs inhibits Epithelial-
Mesenchymal Transition(EMT) and results in a reduction in the
number of CSCs and decreased tumor metastasis (80). The above
evidence shows that TEC may regulate cancer stem cells through
the Notch signaling pathway. In addition, studies have found
that TECs may also regulate the phenotype and chemotherapy
resistance of CSCs through the AKT, Src, and FAK signaling
pathways (81, 82).

The transcriptional regulator YAP/TAZ has strong activity in
malignant tumors and has been found to promote the occurrence
of many tumors, including gastric cancer, colorectal cancer, liver
cancer, and neuroblastoma. The YAP/TAZ signaling could
influence the function of ECs to promote the tumor
progression (83). Up-regulation of the tumor suppressor gene
DLC1 in ECs activated YAP signal and ECs lost the contact
inhibition function,which leaded to the occurrence and
proliferation of angiosarcoma (84, 85). YAP also controls the
activation of ECs and regulates tumorigenesis and angiogenesis (86).
Thus, interference with the YAP/TAZ signaling pathway is expected
to suppress tumorigenesis and tumor angiogenesis (Figure 3).
TABLE 1 | Continued

Type Drug Target Manufacturer Approval Indication Side Effects

EGFR/HER2/
HER4

Nonsmall-cell lung
cancer

Cabozantinib MET/VEGFR1/
VEGFR2/

VEGFR3/ROS1/
RET/AXL/NTRK/

KIT

Exelixis Medullarythyroidcance
(2012)
Renal cell carcinoma
(2016)
Hepatocellular
carcinoma (2018)

Diarrhea, stomatitis, weight loss, loss of appetite, nausea,
fatigue, oral pain, changes in hair color, dysgeusia, high blood
pressure, abdominal pain, constipation
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3.2.2 Tumor Transendothelial Migration
Metastasis is the main cause of cancer patient death, which has
not yet been resolved by current tumor treatments. Tumor cell
migration across the endothelium is an important step in the
process of tumor invasion and metastasis. Tumor cells cross the
basement membrane and enter peripheral blood circulation to
reach distant organs, then adhere to vascular ECs through cell
adhesion molecules, and migrate through vascular endodermis
to colonize these organs. Endothelial-to-mesenchymal transition
(EndoMT) is considered a necessary process for tumor migration
across the endothelium. EndoMT is a complex cell differentiation
process in which ECs break away from the cell population and
migrate, which reduces the characteristics of ECs to varying
degrees, and these cells then acquire mesenchymal
characteristics. The main hallmark of EndoMT is that TGF-b
inducesECs to transform into CAF-like cells, thus leading to the
loss of endothelial adhesion molecules and endothelial
cytoskeleton reorganization through the Rho and Rac-1
signaling pathway (87) (Figure 4). EndoMT helps to destroy
the endothelial barrier, which leads to tumor extravasation and
Frontiers in Oncology | www.frontiersin.org 6195
increase metastasis. Studies have confirmed that EndoMT
increases the transendothelial migration of melanoma (88).
Similarly, EndoMT, which is mediated by osteopontin (OPN)
through the PI3K/Akt/TSC2 and mTORC1 signaling pathways,
promotes the growth and metastasis of colorectal cancer (89).
EndoMT caused by endoglin deficiency causeincreased liver and
lung metastasis in pancreatic cancer model mice (90). Therefore,
it is feasible to use EndoMT as a target to inhibit tumor
metastasis. Moreover, some studies have pointed out that
EndoMT may be the cause of drug resistance in antitumor
therapy (91). Therefore, the role of EndoMT needs to be
explored and fully understood.

Cell adhesion molecules are essential for tumor migration
across the endothelium. Laferriere et al. found that E-selectin
expressed by TECs ensured that colon cancer cells adhered to
ECs and activated the SAPK2/P38 signaling pathway to promote
tumor transendothelial migration (92). In addition, the
activation of ERK by E-selectin regulates the opening of the
endothelial space by initiating the activation of Src kinase activity
and the dissociation of the VE-cadherin/b-catenin complex (93).
FIGURE 2 | There are obvious differences between TECs and NECs. Compared with NECs, TECs have larger nuclei, increased aneuploidy, abnormal centrosomes,
and chromosomal deletions. The source of TECs is diverse, including NECs mutations, bone marrow-derived ECs, cancer stem cells and other cell transformations.
The gene changes lead to high expression of pro-angiogenic factors in TECs, such as VEGF, VEGFR, etc., which promote tumor angiogenesis. In addition, the
phenotype of TECs is also affected by the tumor microenvironment.
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In melanoma, ICAM-1 expressed in TECs interacts with its
receptor integrin LFA-1 to promote tumor cell migration
across the endothelium in vitro (94). The VE-cadherin binding
domain of fibrinogen induces the permeability of the endothelial
Frontiers in Oncology | www.frontiersin.org 7196
barrier and enhances the transendothelial migration of
malignant breast epithelial cells (95). Therefore, blocking the
production of cell adhesion molecules or inhibiting their
function has great potential to inhibit tumor metastasis.
FIGURE 3 | When Notch on tumor cells binds to ligands DLL4 and Jagged on TECs, it is activated and cut by Y secretion to release the Notch intracellular domain
NICD, which is translocated into the nucleus by activating transcriptional targets HES and Hey1 to inhibit differentiation and maintain stemness. VEGF in the tumor
microenvironment binds to the receptor VEGFR on TECs, promoting the expression of tumor suppressor gene DLC1 and the activation of signaling pathways such
as PI3K/AKT, MEK/EKK and SRC, thus inhibiting the activation of MST1/2-LATS1/2 kinase cassette. YAP/TAZ was dephosphorylated and translocated into the
nucleus. In the nucleus, YAP/TAZ interacts with the transcription factor TEAD to promote tumor genesis and angiogenesis.
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Studies have confirmed that anti-cell adhesion molecule
antibodies can inhibit tumor growth and metastasis. For
example, after treatment with an anti-L1CAM antibody, the
cancer growth (up to 75%) of SKOV3ip ovarian cancer cells
was significantly reduced (96). Unfortunately, such treatment
cannot effectively eliminate highly malignant tumors. In view of
this situation, additional in-depth research is required to find
more effective treatment strategies that target cell adhesion
molecules (Figure 4).

3.2.3 Tumor Resistance
Drug resistance is an obstacle that impairs the success of cancer
therapies. In some cases, relapse occurs in initially responsive
patients after repeated cycles of chemotherapy due to the
acquisition of tumor resistance (97). In the early stage, TECs
were considered to be homogenous, these genetic stable cell
populations did not cause drug resistance. With the progression
of tumor, as we previously mentioned, TECs occurred
considerable heterogeneity and genetic instability which might
lead to drug resistance (98). A number of experiments have
proven that ECs show resistance to some drugs. For example,
kidney cancer ECs are resistant to vincristine (63) while liver
Frontiers in Oncology | www.frontiersin.org 8197
cancer ECs are resistant to adriamycin (99) and 5-fluorouracil
(100). However, it is not clear whether this resistance is related to
the genomic characteristics of TECs. The resistance of ECs to
antiangiogenic treatment appears to be related to the increased
expression of multidrug resistance proteins, such as P-
glycoprotein (Pgp, ABCB1) and breast cancer resistance
protein (BCRP,ABCG2), which serve as cellular efflux pumps
(101, 102). In addition, Ca2+ transporters are also changed in
stromal cancer cells, including ECs and endothelial colony
forming cells (103). The remodeling of the endothelial Ca2+
toolkit may enhance the resistance of anticancer treatments by
supporting tumor angiogenesis and reducing the sensitivity to
proapoptotic stimuli (104). VEGF is an important target for
antitumor angiogenesis. Studies have found that the failure of
anti-VEGF drugs in anticancer treatment may be due to the
recruitment of endothelial progenitor cells. VEGF inhibitors can
induce the expression of placental growth factor, IL-6 and stem
cell factors in nontumor tissues, and these cytokines can recruit
bone marrow-derived ECs and myeloid progenitor cells to
promote the formation of a premetastatic environment. Some
of these recruited cells express VEGFR-1 and are resistant to
VEGF inhibitors that target VEGFR-2 (105).
FIGURE 4 | Right: Free TGF-b binds to receptors on the surface of ECs membranes, phosphorylates Smad2 and Smad3, then binds to Smad4, enters the nucleus,
and binds to Snail, Twist and other transcription factors to initiate EndoMT by promoting transcription of mesenchymal markers and reducing transcription of
endothelial markers. It leads to endothelial dysfunction and promotes the transendothelial migration of cancer cells. Osteopontin (OPN) interacts with a variety of
integrins. The combination of OPN and a V b3 activates PI3K/AKT and mTORC1 pathways and promotes the metastasis of cancer cells.Left: The adhesion molecule
ICAM-1 binds to e-selectin through ligand receptor, which enables tumor cells to bind to endothelial cells. The dissociation of the VE-cadherin/b -catenin complex is
associated with endothelial barrier dysfunction. E-selectin regulates the transendothelial migration of cancer cells by activating the ERK and P38 signaling pathways
and mediating the dissociation of the VE-cadherin/b -catenin complex.
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3.3 Interaction of Tumor-Specific
Endothelial Cells and the Tumor
Microenvironment
The interaction between a tumor and mesenchymal cells may be
the reason for the abnormal structure of mesenchymal cells. The
TME consists of stromal cells (including fibroblasts,
macrophages, regulatory T cells, myeloid suppressor cells, ECs,
pericytes and platelets) and extracellular matrix components
(including inflammatory cytokines, chemokines and Matrix
metalloproteinases), which enhance invasion and metastasis of
cancer cells through mutual signal transduction. The TME
induces gene expression in ECs to develop in a direction that
is conducive to angiogenesis (Figure 5).
Frontiers in Oncology | www.frontiersin.org 9198
3.3.1 Tumor-Associated Macrophages
TAMs are the key cells that control tumor angiogenesis and the
main source of angiogenic factors. TAMs can secrete
angiogenesis factors, such as VEGF (106–108), basic fibroblast
growth factor (Fgf2) (109), insulin-like growth factor-1 (Igf1)
(110), chemokine ligand 2 (Ccl2) (111, 112) and placental growth
factor (Pgf) (113)ect. These factors can stimulate ECs and
promote proliferation rapidly of cells, which leads to tumor
angiogenesis (14). Recent studies have found that TAMs highly
express certain cytokines in gastric cancer, such as VEGF-A, VEGF-
C, matrix metalloproteinase 1 (MMP-1) and amphiregulin (114),
and induces capillary morphogenesis in human gastric cancer
lymphatic ECs (115). Another study showed that CCL18 released
FIGURE 5 | In TME, the various components interact to promote the development of ECs in the direction of promoting angiogenesis. ECs can induce M2
polarization of macrophages through PI3K/Akt/mTOR, and may recruit TAMs to tumor sites through the Ang-2/TIE2 signaling pathway to promote tumor
progression. TAMs secrete a large number of pro-angiogenic factors (VEGF, FGF2, MMPs, etc.) to promote the proliferation of ECs, leading to tumor angiogenesis.
The chemokines (CCL2, CXCL8, etc.) secreted by ECs recruit MDSCs to the tumor and play a tumor-promoting effect. ECs generate CAFs through EndoMT, and
the generated CAFs secrete pro-angiogenic factors to stimulate ECs and promote tumor angiogenesis. After ECM is degraded by MMPs, it increases the migration
of ECs and promotes tumor angiogenesis.
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by TAMs cooperated with VEGF to promote the migration of ECs,
induce EndoMT, and activate ERK andAkt/GSK-3b/Snail signals in
HUVECs, thereby promoting breast cancer angiogenesis (116). The
latest breakthrough study found that an M1-like macrophage
subtype might keep vascular cells quiescent, and at the same time,
Matrix-remodeling macrophages might assist invasive cancer cells
to co-opt vessels (117). Therefore, TAMs regulate the phenotype
and function of ECs in the process of tumor angiogenesis and
vascular remodeling. There is no doubt that TECs can also act on
TAMs. First, TECs can recruit TAMs to tumor sites, which are
mediated by several signaling pathways including the Ang-2/TIE2
signaling (118, 119). Second, changes in the permeability ofECs will
also increase the infiltration of TAMs, thereby promoting the
development of tumors (120). In addition, studies have found
that ECs could selectively activate the differentiation of tumor-
promoting M2 macrophages and promoted tumor angiogenesis
(121). The latest research confirms that TECs may induce M2
polarization of macrophages by secreting HSPA12B to activate the
PI3K/Akt/mTOR signal pathway (122). The above evidence shows
that ECs play a key role in inducing the differentiation of
macrophages and promoting further polarization to a pro-
angiogenic phenotype. Therefore, studying the interaction
between TECs and TAMs may provide a novel therapeutic
approach on specifically targeting TECs.

3.3.2 Tumor-Associated Fibroblasts
In the TME, CAFs are a major matrix component that helps
build the extracellular matrix and provides necessary growth
factors for tumor cell growth and development. There are various
sources of CAFs, such as activated tissue cells, transdifferentiated
pericytes and adipocytes. However, CAFs can also be generated
from transdifferentiated ECs through EndoMT (123). Studies
have speculated that approximately 40% of CAFs are formed
from ECs (124). As mentioned above, this process is mainly
mediated by TGF-b. TGF-b secreted by tumor cells stimulates
the phosphorylation of TGF-b receptors on the surface of ECs
and activates Smad, which in turn activates the downstream
signal transduction cascade, then leads to the occurrence of
EndoMT and to generate CAFs (125, 126). A study found that
exosomes secreted by tumors may also mediate the
differentiation of ECs into CAFs and promote tumor invasion
(123). Another study confirmed that melanoma-derived
exosomes increased the number of CAFs differentiated from
HUVECs by promoting EndoMT, which showed obvious
morphological, molecular changes and motility (127). It is
worth mentioning that the generated CAFs secrete a large
number of cytokines, which can react with TECs and promote
tumor angiogenesis. For example, CAFs release a large amount of
angiogenic factors, such as VEGF-A (128) and FGF2 (129), in the
TME to activate ECs and promote tumor angiogenesis.
Interestingly, CAFs can also recruit endothelial progenitor cells
by secreting CXCL12 to accelerate tumor growth and increase
angiogenesis (130). In addition, early studies have found that
platelet-derived growth factor C (PDGF-C) produced by CAFs
can act on ECs and enhance the resistance to anti-angiogenesis
and anti-VEGF treatments (131). Later studies showed that
CAFs enhanced the motility and permeability of ECs by
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upregulating the LPP gene and promoted chemotherapy
resistance in ovarian cancer (132). Overall, studies on the
relationship between TECs and CAFs will provide a deeper
understanding of tumor angiogenesis and chemotherapy drug
resistance. Inhibiting the generation of CAFs or killing existing
CAFs might represent effective therapeutic targets for
antitumor angiogenesis.

3.3.3 Myeloid-Derived Suppressor Cells
MDSCs are immature myeloid cells that are normally produced
and secreted by the bone marrow in the state of local
inflammation. They have strong immunosuppressive activity,
which can inhibit excessive inflammation and protect the host
from autoimmune diseases (133). In the tumor state, MDSCs are
abnormally produced and recruited to the TME to help establish
an immunosuppressive TME and promote tumor angiogenesis
and metastasis to support tumor progression. There are two
main types of MDSCs, mononuclear MDSCs (M-MDSCs) and
polymorphonuclear MDSCs (PMN-MDSCs) (134). In tumors,
M-MDSC can quickly differentiate into TAMs (135, 136), and
the relationship between TAMs and ECs and the promotion of
tumors have been discussed above. However, evidence has
shown that PMN-MDSCs are mainly recruited to tumor
tissues by chemokines to play a pro-tumor effect. Sushil et al.
found that CXCL2 and CCL22 promoted MDSC recruitment to
primary tumors and metastatic sites in triple-negative breast
cancer (137). However, inhibiting the expression of CXCL1 and
CXCL2 reduces the recruitment of MDSCs in ovarian cancer
(138). ECs are the main sources of chemokines. Studies have
shown that in a variety of tumors, TECs can secrete a large
number of chemokines, such as CCL2, CXCL8 and CXCL12
(139, 140). Chemokine receptors are distributed on the cell
membrane of MDSCs, and chemokine recruit MDSCs to the
tumor site by binding these chemokine receptors and promote
tumor progression (141). After knocking down the chemokine
receptor (CXCR2) in myeloid cells, the recruitment of MDSCs is
reduced and vascular remodeling is inhibited (142). The above
studies show that TECs play a key role in MDSCs recruitment
and tumor progression. Similarly, MDSCs can also regulate
TECs. A study found that MDSCs may interact with lysosomal
acid lipase to cause dysfunction of ECs (16). Moreover, in vitro
experiments have shown that the culture supernatant of PMN-
MDSCs can significantly promote the tube formation of
HUVECs (143). This finding indicates that PMN-MDSCs may
secrete some pro-angiogenic factors. Later studies confirmed that
MDSCs might promote endothelial cell angiogenesis through the
production of VEGF-A, Ang2 and HIF-1a and unregulated
angiogenesis by activating the STAT3 signaling pathway (144).
In summary, TECs play key roles in the pro-tumor effect of
MDSCs and exploring the mechanisms involved in MDSCs-
induced tumor angiogenesis will provide new insights for anti-
angiogenesis therapy.

3.3.4 Extracellular Matrix
Along with stromal cells, the extracellular matrix is another
important part of the TME. The extracellular matrix (ECM) is a
noncellular three-dimensional polymer network composed of
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collagen, elastin, fibronectin, laminin and other proteins. It can
regulate a variety of cellular functions and is essential for
maintaining normal homeostasis. The production and
maintenance of the ECM is an important aspect of endothelial
cell function. The ECM provides mechanical support to ECs and
mediates signaling (145) via secreted molecules (146) and
mechanical strain (147)between cells. In the absence of
angiogenesis stimulation, ECM helps ECs to maintain in a
quiescent state. In the tumor growth stage, the ECM is
degraded in the TME and the basement membrane is
destroyed, which cause ECs migrate from existing blood vessels
to newly formed blood vessels. In this progress, MMPs play a major
role. MMPs are the main enzyme in degradatingextracellular matrix
proteins, and can participate in the occurrence and development of
tumors in different ways. On the one hand, MMPs can regulate the
expression of VEGF to promote formation of neovascularization
and increase blood vessel permeability (148). Moreover, MMPs can
also degrade collagen to promote the migration of ECs, which
adhere to the temporary ECM through specific integrins to form a
tubular structure and obtain a continuous lumen (149). On the
other hand, it can degrade a variety of extracellular matrix
components to promote tumor progression. For example, MMP-2
promotes the transendothelial migration of breast cancer cells by
degrading the laminin component of the ECM (150). MMP9 can
bind to CD44 to degrade fibronectin, which leads to the active form
of TGF-breleasing (151), then TGF-b enhances the conversion of
ECs to endothelial mesenchyme and increases the quantity of CAFs
to promote tumor progression (152). In short, the ECM is the main
regulator of angiogenesis and vascular stability. However, it is not a
stable component and will undergo tremendous changes under a
variety of pathological conditions including tumors. Therefore,
promoting the normalization of ECM composition can be used as
a new therapy for antitumor angiogenesis.
4 CONCLUSION

This review summarizes the tissue differences between tumor
blood vessels and normal blood vessels. Tumor blood vessels are
highly irregular in shape with increased vascular permeability
and leakage, which contributes to the tumor metastasis. Contrary
to previous ideas, recent studies suggest that TECs differ from
NECs in many aspects. Different studies have revealed TECs
originate from various cell types, for example bone marrow-
derived endothelial progenitor cells and tumor cells. The
development of TECs and angiogenesis are affected by the
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intricate TME including infiltrated various cells and
inflammatory cytokines, growth factors and so on. All the
above described factors can contribute to the different gene
expression profile between TECs and NECs, which affects the
formation and function of tumor blood vessels. Moreover,
identification of relevant factors influencing the structural and
functional differences between TECs and NECs are also
imminent to provide clues for target therapies of angiogenesis.
Taken together, this review summarizes the most recent research
developments in the field of the molecular and cellular features of
angiogenesis of cancer biology. Importantly, this review
systematically introduces the current knowledge on TECs, and
provides new insights into the potential of targeted therapies.
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There are significant gender differences in the incidence and mortality of hepatocellular
carcinoma (HCC). Compared with men, the incidence and mortality of HCC in women are
relatively low. The estrogen signaling pathway, composed of estrogen and estrogen
receptors, has been postulated to have a protective effect on the occurrence and
development of HCC. There have been multiple studies that have supported anti-HCC
effects of the estrogen signaling pathways, including direct and indirect pathways such as
genomic pathways, rapid transduction pathways, non-coding RNA, tumor
microenvironment, estrogen metabolites, and inhibition of hepatitis infection and
replication. Based on the evidence of an anti-HCC effect of the estrogen signaling
pathway, a number of strategies have been investigated to determine the potential
therapeutic effect. These have included estrogen replacement therapy, targeting the
estrogen receptor, key molecules, inflammatory mediators, and regulatory pathways of
the estrogen signaling pathway. In this review, we have systematically summarized the
latest developments in the complex functions and molecular mechanisms of the estrogen
signaling pathway in liver cancer. Furthermore, we have highlighted the potential targets of
treatment strategies based on the estrogen signaling pathway in the treatment of liver
cancer and the principal obstacles currently encountered for future investigation.

Keywords: hepatocellular carcinoma (HCC), estrogen signaling pathway, tumor therapy, molecular mechanism,
estrogen receptor
1 INTRODUCTION

Hepatocellular carcinoma (HCC) is a highly lethal malignant tumor with a growing worldwide
incidence that remains a leading cause of cancer-related death. Chronic infection with hepatitis B
virus (HBV) and hepatitis C virus (HCV), and nonalcoholic fatty liver disease (NAFLD) are strongly
linked to HCC. Traditional treatment methods for HCC offer limited cure options, including
surgical resection, local ablative treatments, chemotherapy, targeted therapy and immunotherapy
(1). Targeted therapy prevents the growth, progression and metastasis of cancer by interfering with
specific molecules. The only systemic agent with proven clinical efficacy for patients with
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unresectable HCC over the past decade is sorafenib. However,
sorafenib has the detrimental characteristic of high-level drug-
resistance development, and is therefore associated with poor
patient tolerance (2). The estrogen signaling pathway is a signal
transduction pathway composed of estrogen and its related
receptors. It has multiple functions such as regulation of
reproduction, growth and development, and immunity (3).
Epidemiological studies have confirmed that females have a
lower incidence and reduced mortality from HCC than males,
which suggests that the estrogen signaling pathway may play a
protective role in the pathogenesis of HCC (4).

The protective effect of the estrogen signaling pathway in the
development of liver cancer has been studied and established in
pre-clinical models including in vitro cellular experiments and
animal studies. Regulatory actions of estrogen and the estrogen
receptor can antagonize liver cancer through modulation of
proliferation, cell cycle, apoptosis and invasive potential of
liver cancer cells. In animal models of both castrated and
uncastrated males, chemically induced liver cancer can be
effectively inhibited with estrogen treatment (5). Our most
recent study demonstrated that estrogen could regulate the
ERa-36/AKT/Foxo3a signal axis to reduce the transcription of
related oxidative stress scavenger enzymes and trigger oxidative
stress, thereby inducing liver cancer cells to undergo apoptosis
(6). This was the first report of the application of estrogen to
HCC cells to induce oxidative stress, an important initial step to
further clarify the anti-HCC effect and mechanism of the
estrogen signaling pathway.

Dating back twenty years, based on the estrogen signaling
pathway, estrogen antagonism was used in both prospective and
retrospective studies for treatment of liver cancer, but the results
were unsatisfactory (7–10). However, in recent years, estrogen
replacement therapy has been applied to the treatment of liver
cancer with good results from multiple retrospective studies.
These data support an anti-HCC effect of estrogen replacement
therapy (11, 12). These new treatment methods based on the
Frontiers in Oncology | www.frontiersin.org 2206
estrogen signaling pathway represent a potentially valuable
therapeutic strategy in the treatment of liver cancer. However,
it is vital to elucidate the functions and regulatory mechanisms
of the estrogen signaling pathway as they pertain to
hepatocellular cancer.

This review is intended to describe the functions and
pathways of the estrogen signaling pathway constituted by
estrogen and estrogen receptors, as well as the complex
functions and molecular mechanisms of the estrogen signaling
pathway in the occurrence and development of liver cancer.
2 OVERVIEW OF THE ESTROGEN
SIGNALING PATHWAY

Estrogens are important steroid hormones that are responsible
for the control of functions of the female reproductive system,
and the development of secondary sexual characteristics. They
exert their actions by binding to the estrogen receptors (ERs),
activating transcriptional processes and signaling events that
control gene expression. In addition to regulation of
reproductive physiology and function, they influence cell
growth, proliferation, immune response and metabolism. The
estrogen signaling pathway is mainly composed of estrogens,
estrogen receptors, estrogen related receptor (ERR), and a series
of target molecules regulated by them.

2.1 Estrogen
Estrogens include endogenous estrogens, phytoestrogens,
xenoestrogens and selective estrogen receptor modulators
(SERMs). Endogenous estrogens are the physiological
estrogens that are naturally produced and metabolized in the
human body, principally including estrone (E1), 17-b-estradiol
(E2), estriol (E3), and estretrol (E4) (Figure 1); E2 is the main
estrogen hormone in humans due to its predominance and
physiological relevance during reproductive years (3).
FIGURE 1 | The chemical structure of estrogen, estrogen metabolites and sorafenib. Estrogen:estrone (E1), 17-b-estradiol (Estradiol,E2), Estriol (E3), Estretrol (E4)
and Tamoxifen; Estrogen metabolites: 2-Methoxyestradiol (2-ME); Sorafenib.
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Selective estrogen receptor modulators (SERMs) are
compounds that have tissue-specific activation or antagonism
of estrogen receptors. SERMs were originally developed to be
used in the treatment of estrogen-dependent tumors such as
breast cancer. Among them, tamoxifen has been widely used in
the treatment of breast cancer and has been highly successful in
the adjuvant setting and in breast cancer prevention (13).

2.2 Biosynthesis, Secretion, and
Metabolism of Estrogen
In premenopausal women, estrogen is mainly synthesized and
secreted by the ovaries, and the granulosa cells in the ovaries
synthesize estrogen from androgens. Additionally, there are
other organs and tissues that can synthesize estrogen and use it
in a paracrine or endocrine manner, such as liver, pancreas,
adrenal glands, and adipose and breast tissues. Placental tissue
also produces estrogen (E3) during pregnancy (14). In
postmenopausal women, circulating estrogen is mainly
synthesized and secreted by the adrenal gland and adipose
tissue. Aromatase mediates the one-way reaction of the
conversion of androgen into estrogen in local tissues, and it is
the only enzyme responsible for local estrogen formation, which
is essential for maintaining normal estrogen levels in
premenopausal and postmenopausal women (15). Estrogen
metabolism is principally carried out in liver tissues that highly
express members of the cytochrome P450 enzyme superfamily
(CYP1A1, CYP1B1, and CYP1A2) that catalyze estrogen
hydroxylation. After a series of binding reactions, estrogen
becomes water-soluble and is excreted through the urine, feces,
and bile. Hydroxylation of estrogen produces catechol estrogens
(2-hydroxyestrone, 4-hydroxyestrone, 2-hydroxyestradiol, 4-
hydroxyestradiol, and 16a-hydroxyestrone), which have the
pharmacological properties of catecholamines and estrogen
(16–18).

CYP1B1, which is highly expressed in breast, uterus and
ovarian tissues, specifically catalyzes the 4-hydroxylation of
estradiol. Because the reduction-oxidation cycle of 4-
hydroxyestradiol itself generates free radicals that cause cell
Frontiers in Oncology | www.frontiersin.org 3207
damage, the local specific formation of 4-hydroxyestradiol
carries great significance for cancerization of breast, uterine
and ovarian tissues (17). Catechol-estrogen-3, 4-quinone, the
oxidative product of 4-hydroxyestradiol, reacts with specific
purine bases in DNA to form depurinating estrogen-DNA
adducts. The resulting apurinic sites can lead to oncogenic
mutations. Because of this unique carcinogenic reaction,
catechol estrogen-3, 4-quinone plays a central role in breast
cancer initiation (19).

In addition, catechol-O-methyltransferase can catalyze the
conversion of catechol estrogens into methoxy estrogens, which
have anti-proliferative properties and the ability to control
estrogen synthesis (20). Estrogen metabolites may have either
anti-tumor or tumor-promoting effects dependent on their
different configurations. These in turn depend on the type of
CYP isoforms expressed by target tissues and are tissue specific.
Of note, CYP enzymes are regulated by the estrogen signaling
pathway, which has physiological significance for maintaining
homeostasis of estrogen in local organs (21).
2.3 Estrogen Receptor
There are two classical isoforms of estrogen receptor, ERa and
ERb, which are encoded by ESR1 and ESR2 genes, respectively.
ERa and ERb are expressed in a variety of tissues, such as uterus,
ovary, breast, liver and brain. The specific isoform and
expression level of the ER are the main factors that determine
its tissue-specific estrogen responsiveness (22).

ERa includes ERa-66, ERa-46, ERa-36 and other
isoforms. The classic isoform of ERa is 66KDa ERa-66, which
can be divided into 6 different regions in structure (A-F)
(Figure 2) (23).

ERa-46 is a truncated amino-terminal isoform that lacks the
A/B region which encodes transcription activation domain (AF-
1). High expression of ERa-46 found in breast cancer reduces the
sensitivity of tamoxifen to breast cancer cells (24).

ERa-36 is a recently discovered ERa isoform. It lacks the AF-
1 and AF-2 transcriptional activation function domains,
A

B

FIGURE 2 | Structural and functional domains of the major classical subtypes of estrogen receptors. (A) The three main isotypes of ERa include ERa-66, ERa-46 and
ERa-36. The full-length form of ERa-66 has six different structural domains (functional domains): A/B domain (NTD, AF-1), DNA binding domain or C domain (DBD), D
domain (hinge region), and ligand-containing binding domain or E/F domain (LBD, AF-2). (B) ERb has 6 different domains (functional domains) similar to ERa.
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retaining only the DNA binding domain (DBD), ligand binding
domain (LBD) and hinge region. The overall characteristics of
ERa-36 and ERa-46 are similar, but their ends contain a
characteristic 27 amino acid domain that is different from the
138 amino acids encoded by ERa-66 and ERa-46 isoform genes
(25, 26).

ERb is an ER subunit that also consists of 6 regions and
contains the A-F domain (Figure 2). The main difference from
ERa is that the amino terminal domain of ERb is relatively short.

In addition to the classic nuclear receptors ERa and ERb, the
membrane receptor G-Protein-Coupled Estrogen Receptor (GPER)
isoform has recently been found on the cell membrane. This is a
typical G protein-coupled receptor that acts as a molecular switch
signal transducing molecule. Its structure consists of 7
transmembrane a-helix regions, 4 extracellular and 4 cytoplasmic
segments. The characteristic structure of GPER allows it to respond
quickly to estrogen stimulation (27).

2.4 Transduction Pathway of the Estrogen
Signaling Pathway
Estrogen can enter the plasma membrane and interact with the
intracellular ER, binding to DNA sequences; this is known as the
genomic pathway (Figure 3). The main mediating genomic
pathway is the classical estrogen nuclear receptors (nERs),
including ERa-66, ERa-46, and Erb (27). Estrogen can bind to
nERs to form homodimers and/or heterodimers and translocate
to the nucleus, bind DNA on estrogen response elements (EREs)
and activate the expression of ERE-dependent genes (28). Under
the mediation of stimulating protein (SP-1), the estrogen
Frontiers in Oncology | www.frontiersin.org 4208
receptor complex can also interact with other transcription
factors and response elements to regulate non-targeted
transcriptome activities, and ultimately affect cell proliferation
and apoptosis signals (29).

Estrogen can also interact with ERs that do not contain ERE-
like sequences but rather activate the intracellular signal
transduction cascade, which is called the non-genomic
pathway or the rapid transduction pathway (Figure 3) (30).
The major mediating non-genomic pathways are the new
estrogen membrane receptors (mERs), GPER and ERa-36. The
estrogen receptors, related pathway proteins, and effector
molecules in the two functional pathways crosstalk with each
other, leading to differences in the transcriptional activity of
specific tissues and physiological processes; these constitute a
complex, multidirectional, and multifunctional estrogen
signaling pathway.
3 ANTI-HEPATOCELLULAR CARCINOMA
EFFECT AND MECHANISM OF THE
ESTROGEN SIGNALING PATHWAY

As noted previously, global epidemiological studies have
demonstrated the consistent prevalence of HCC among men,
with worse survival than in females, and have concluded that
there is a protective impact of the estrogen signaling pathway
against liver cancer. It appears that these anti-tumor effects are
mediated by different transduction pathways.
FIGURE 3 | Genomic pathway and rapid transduction pathway. The genomic pathway refers to estrogen binding to nuclear receptors, receptor dimerization and
translocation into the nucleus to induce transcriptional changes in estrogen-responsive genes. The rapid transduction pathway refers to estrogen binding to
membrane receptors, inducing and activating cytoplasmic events such as intracellular signal transduction cascades and transcription factors. The two pathways
crosstalk with each other and mediate the molecular transduction mechanism of the estrogen signaling pathway together.
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3.1 Genomic Pathway
The genomic pathway is the classic transduction pathway of the
estrogen signaling pathway, which was also the initial pathway
targeted for anti-HCC therapy (Figure 3).

3.1.1 Cell-Line Studies
Overexpression of ERa can induce cell transformation of ERa-
negative human hepatoma Hep3B cells. ERa can bind to the SP1
protein to form a complex, which then binds to the TNF gene
promoter and further induces the expression of active Caspase 3
(an executioner in apoptosis) in a ligand replacement manner
(31). The promoter of the MTA1 gene has three and a half ERE
binding sites. ERa can inhibit the proliferation and invasion of
human HCC cells by down-regulating the transcription of
MTA1, and the overexpression of MTA1 weakens the
proliferation and invasion of HCC cells and tumor formation
in vivo by the inhibitory effect of ERa (32). E2 can induce the
expression of miR-23a by activating ERa and binding to the
regulatory region of miR-23a, or by binding to the regulatory
region of p53 to induce the expression of miR-23a. MiR-23a then
down-regulates the expression of its target gene XIAP, thereby
activating the activity of caspase-3 and inducing apoptosis of
liver cancer cells (33). E2 can inhibit the hepatocyte cell cycle
marker CDK2 and up-regulate the expression of P53, thereby
reducing the viability of hepatocytes and HCC cells (34).

3.1.2 Animal Studies
The anti-liver cancer effect of the estrogen signaling pathway has
also been reported in animal experiments. Whereas castration of
male mice led to a decrease in the incidence of HCC, castration of
female mice led to an increase in the incidence of HCC, lending
support to the hypothesis that sex hormones play an important
role in the occurrence of liver cancer (35, 36). Exogenous and
endogenous estradiol were shown to inhibit the occurrence of
chemically induced liver cancer, and ER was reportedly involved
in inhibiting the early malignant transformation of liver cancer
(5). Protein tyrosine phosphatase receptor type O (PTPRO) is
one of the receptor types of phosphotyrosine phosphatase (PTP),
known to be a tumor suppressor in various cancers. PTPRO was
shown to down-regulate the signal transduction that depends on
the dephosphorylation of JAK and PI3K and the transcriptional
activity of STAT3, thereby inhibiting the occurrence and
development of tumors. ERa was used as a transcription factor
of PTPRO to up-regulate its expression and enhance its tumor
suppressor effect (37). Compared with male mice, female mice
injected with diethylnitrosamine (DEN) showed fewer foci of
hyperplasia and slower onset of HCC, smaller tumors, higher
differentiation, and fewer metastases. Compared with normal
male mice, those injected with DEN after castration reduced the
expression of cyclin E kinase and enhanced hepatocyte apoptosis.
While estradiol and progesterone enhance these effects, the
cyclin E kinase activity of normal female mice is lower than
that of male mice. The use of testosterone in ovariectomized
female mice up-regulates cyclin E, activates cyclin E kinase, and
accelerates the occurrence of liver cancer (34). Some researchers
have suggested that Foxa faultidirectional, and multifunctional
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estrogen signalctor and its target are the core of HCC sexual
dimorphism. There are obvious gender differences in HCC mice
induced by DEN, and the defects of Foxa1 and Foxa2 can reverse
this gender difference relative to the incidence of liver cancer.
Further studies have found that Foxa1 and Foxa2 can mediate
and enhance the regulation of ERa or androgen receptor (AR)
on target genes during the formation of liver cancer, thereby
inhibiting (ERa) or promoting (AR) the development of liver
cancer (38).

3.2 Rapid Transduction Pathway
In addition to the classic genomic pathway, recent studies have
found that the rapid transduction pathway is also an important
avenue for estrogen signal transmission to produce an anti-liver
cancer effect (Figure 4).

Leptin is a hormone secreted by white adipose tissue, that can
promote the development of liver cancer. E2 and ER antagonize
the carcinogenic effect of leptin in HepG2 cells by inhibiting cell
proliferation and stimulating apoptosis. This is due to the
reversal of leptin-induced SOCS3/STAT3 changes and the
increase of p38/MAPK by activating ER-b. Similarly, activation
of ER-a and GPER can also increase ERK expression. These
findings provide evidence that various estrogen receptors play
different roles and mechanisms in the occurrence of HCC (39).

E2 has been shown to significantly inhibit the malignant
behavior of HCC cells through the up-regulation of NLRP3
inflammasomes mediated by the ERb/MAPK signal pathway
(40). Further research found that the NLRP3 inflammasome
inhibited the protective autophagy of tumors through the E2/
ERb/AMPK/mTOR pathway. In general, E2 can inhibit the onset
of HCC by activating caspase 1-dependent apoptosis and
inhibiting protective autophagy (41).

In the liver, IL-6 is an important inducer of acute phase
response and infection defense, a mitogen of hepatocytes,
mediating liver regeneration and other functions, and is related
to the metabolic function of the liver. IL-6 is crucial for
maintaining hepatocyte homeostasis (42). However, studies
have found that the continuous activation of the IL-6 signaling
pathway is harmful to the liver, and that IL-6 can promote the
occurrence of liver cancer through multiple steps (43–45). IL-6
mediates liver damage and compensatory hyperplasia caused by
the carcinogen DEN, and ultimately leads to tumors. The
carcinogen DEN mainly promotes the production of IL-6 by
Puffer cells (KCs) throughMyD88. E2 can inhibit the secretion of
IL-6 in KCs and reduce hepatocyte damage and malignant
lesions induced by DEN (46).

The activity of Foxo3a is closely related to the oxidative stress
response in cells. Activated Foxo3a reduces oxidative stress by
binding to the promoters of genes encoding manganese
superoxide dismutase (Mn-SOD) and catalase. Our most recent
study demonstrated that E2 could reduce the expression of ERa-36
in liver cancer cells and increase phosphorylation of Akt and
Foxo3a, preventing Foxo3a from entering the nucleus, thereby
preventing synthesis of Mn-SOD and catalase, triggering oxidative
stress and ultimately apoptosis. Oxidative stress (defined as
excessive production of reactive oxygen species) is one of the
important links in the occurrence and development of many
January 2022 | Volume 11 | Article 763539

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Guo et al. The Mechanism of Estrogen Against Hepatocellular Carcinoma
diseases, but recently researchers have harnessed this process to
develop anti-tumor oxidative therapy and pro-oxidant treatments.
The methodology targets the tumor and causes accumulation of
active oxygen within it, killing the tumor cells. To our knowledge,
we produced the first report that estrogen induces oxidative stress
by regulating Foxo3a, which helped clarify the anti-tumor effect and
mechanism of the estrogen signaling pathway through the oxidative
stress response (6).

GPER is an estrogen membrane receptor located in the
plasma membrane that has low expression in liver cancer
tissues. In the mouse liver cancer model induced by the
carcinogen DEN, knock out of the GPER gene can significantly
promote the occurrence of liver cancer, accompanied by immune
cell infiltration, fibrosis, and the production of inflammatory
factors (such as IL-6). Furthermore, the selective GPER agonist
G-1 can reduce the expression of IL-6 in bone marrow-derived
macrophages, but this effect is inhibited by GPER knockdown.
However, in vitro experiments have shown that the viability and
proliferation of liver cancer cells were not directly affected by
GPER (47). These results indicated that GPER could inhibit
HCC through regulation of the inflammatory response rather
than direct action on tumor cells. However, a recent study found
that GPER was significantly down-regulated in HCC tissues
compared with matched non-tumor tissues. Compared with
GPER negative patients, GPER positive HCC patients were
significantly associated with female sex, HBsAg negative, small
tumor size, low serum AFP levels, and longer overall survival.
GPER/EGFR/ERK signaling triggered by GPER specific agonist
G1 played a crucial role in decreasing the tumor viability of HCC,
both in vitro and in vivo. Clinical analysis indicated that
simultaneous high expression of GPER and phosphorylated
ERK (P-ERK) predicted improved prognosis of HCC. These
findings suggest that specific activation of the GPER/ERK axis
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could be a therapeutic target for HCC (48). Therefore, activation
of GPER could serve as a potential strategy for prevention and
treatment of HCC.

3.3 Other Pathways
In addition to the classic genomic pathways and rapid
transduction pathways, the estrogen signaling pathway was
recently discovered to exert anti-liver cancer effects through
multiple pathways such as tumor microenvironment (TEM),
non-coding RNA (ncRNA) regulation/small molecule RNA, and
metabolites (Figure 4).

3.3.1 Tumor Microenvironment
Stromal cells and cytokine-related components of the tumor
microenvironment tend to promote tumor cell proliferation,
invasion and metastasis, through the action of tumor-
associated macrophages (TAM), bone marrow-derived
suppressor cells (MDSC), tumor-associated neutrophils
(TANs), cancer associated fibroblasts (CAF) and regulatory T
cells (Tregs). These immunosuppressive cells can suppress the
body’s own immune response thereby reducing the effect of
immunotherapy, which has opened a new field of research in the
treatment of liver cancer. Typically, immune cell regulation by
the estrogen signaling pathway enhances normal immune
response. Similarly, recent studies have reported that estrogen
can regulate the microenvironment of liver cancer to exert its
anti-tumor effect (49, 50).

E2 has also been shown to inhibit tumor growth by regulating
the polarization of macrophages. The mechanism involves E2
activation of ER-b that interacts with ATPase coupling factor 6
in the presence of IL-4 to up-regulate SOCS1, thereby inhibiting
JAK1-STAT6 signal pathways, which attenuates the selective
activation of macrophages and the growth of HCC tumors (51).
FIGURE 4 | Anti-hepatocellular carcinoma effect and mechanism of the estrogen signaling pathway. Estrogen plays an antagonistic role against liver cancer through
genomic pathways (A), rapid transduction pathways (B) and other pathways (C) (tumor microenvironment, non-coding RNA and metabolites), inhibiting the
proliferation, invasion and migration of liver cancer tissues or cells.
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NLRP3 inflammasome is an intracellular multi-protein
complex that participates in the innate immune response to
pathogens and other harmful factors. As noted previously,
estrogen can inhibit the protective autophagy of tumors by
regulating the NLRP3 inflammasome, ultimately inhibiting the
progression of HCC (41).

The estrogen signaling pathway has multiple, complex
relationships with the tumor microenvironment. Studies have
confirmed that estrogen can inhibit tumor progression by
regulating the M1 polarization of macrophages, NK cells, CD8+ T
cells, Th1 cells and the resultant inflammatory cytokines, IFNg,
TNFa, IL-12. However, estrogen can also regulate the formation of
an immunosuppressive microenvironment that can promote
tumor immune evasion by regulating CAF, MDSC, Treg cells,
Th2 cells and related cytokines IL-4, IL-6 and other components
(50, 51). In breast and ovarian cancer as well as other estrogen-
dependent tumors, estrogen has been proven to enhance the
immunosuppressive microenvironment thereby promoting tumor
development (50). Nevertheless, the complete picture of tumor-
specific regulation effects and mechanisms of the estrogen signaling
pathways on the tumor microenvironment are still not fully
clarified. A more complete understanding of the specific
mechanisms of the tumor microenvironment regulated by the
different functional pathways of the estrogen signaling pathway
will most certainly facilitate the development of new treatment
strategies related to the estrogen signaling pathway, particularly
enhancing immunotherapy (52).

3.3.2 Non-Coding RNA
With the development of high-throughput RNA sequencing
technology and bioinformatics, an ever-enlarging number of
ncRNA sequences and their functions have been discovered.
Such non-coding protein sequences such as ncRNA perform
important biological functions in cells. lncRNA, miRNA and
eRNA are all non-coding RNAs, proven to play important
functions in the occurrence and development of tumors.
Critically important, the estrogen signaling pathway can also
regulate the occurrence and development of tumors through
ncRNAs (53–55).

miRNA is a short non-coding RNA with a base length of 19-
25 bp, which acts as a post-transcriptional regulator of gene
expression by mediating the degradation and/or translational
inhibition of its target mRNA. A single miRNA can target
hundreds of mRNAs and affect the expression of many genes
through multiple interaction pathways. Multiple studies have
reported the involvement of miRNA in the protective effect of the
estrogen signaling pathway on liver cancer (53).

The miR-545/374a cluster is a microRNA cluster encoded by
the Ftx gene, found to be highly expressed in HBV-related HCC
tissues, and is associated with a poor prognosis of HCC patients
(56). This cluster originates from tumor tissues, and its
expression is positively regulated by HBV infection and may
be induced by HBx expression, suggesting that it could
potentially be a new diagnostic screening marker for HCC. As
might be anticipated, further research found that the miR-545/
374a cluster of male HCC patients was much higher than female
HCC patients. The target gene prediction program found that
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estrogen-related receptor g (ESRRG) was a potential target gene
of miR-545/374a, and ESRRG and expression of miR545 are
inversely related (56).

Gelsolin (GSN) is an important molecule that mediates
metastasis and invasion of liver cancer cells. ERa can bind to
the 5’promoter region of SMG1 to inhibit the transcriptional
expression of circRNA-SMG1.72, thereby inhibiting the invasion
of HCC cells. CircRNA-SMG1.72 can inhibit the expression of
miR-141-3p by producing cavernous bodies, which can in turn
target the binding of GSN mRNA to reduce the expression of
GSN. The end effect, ERa can inhibit the invasion of HCC cells
through the ERa/circRNA-SMG1.72/miR-141-3p/GSN
signaling pathway (57).

Using miRNA PCR array technology, E2 treatment resulted
in up-regulation in 25 and down-regulation in 10 miRNAs of
apoptotic HCC cells. Further studies found that E2 could induce
miR-23a expression by activating ERa and binding to the
regulatory region of miR-23a, or by binding to the regulatory
region of p53 to induce miR-23a expression. The effect was to
down-regulate the expression of its target gene XIAP, thereby
activating caspase-3, inducing apoptosis of liver cancer cells (33).

In addition to the estrogen signaling pathways that can
regulate miRNAs to exert anti-liver cancer effects, other
studies demonstrated that some miRNAs could act on estrogen
signaling pathways ultimately to inhibit anti-liver cancer effects.
miR-18a was found to be highly expressed in female HCC
patients. Overexpression of miR-18a reduced the expression of
ERa and promoted the proliferation of liver cancer cells (58).
The gene ESR1 encoding ERa is one of the targets of miR-18a,
and miR-18a can inhibit the translation of ERa by binding to its
mRNA in the 3’untranslated region. The initial regulatory factor
of miR-18a might represent the abnormal expression or
mutation of p53, and accumulation of these factors might
reduce tumor protection of the estrogen signaling pathway in
the development of female liver cancer (58). miR-221 has been
found to be highly expressed in various solid and hematological
malignancies. Its involvement in the occurrence and
development of tumors has been extensively studied and is
expected to become a biomarker and therapeutic target for a
variety of tumors (59). In liver cancer cells, HBx can promote the
proliferation of liver cancer cells by inhibiting ERa and
increasing the expression of miR-221. Moreover, further
studies found that miR-221 could inhibit ERa expression by
directly binding to ERa, resulting in the proliferation of HCC
cancer cells and acting as a tumor promoter (60).

3.3.3 Metabolites of Estrogen
In addition to the anti-liver cancer effects mediated by estrogen
and estrogen receptors, estrogen metabolites and derivatives also
have special anti-tumor effects in liver cancer.

The liver is the main site of estradiol metabolism.
Cytochrome P450 CYP1A2 in the liver can convert estradiol
into 2-hydroxyestradiol, and then interaction with the enzyme
catechol-O-methyltransferase (COMT) will further methoxylate
it to produce 2-methoxyestradiol (2-ME) (61). HCC cells express
low or almost no CYP1A2. Overexpression of CYP1A2 can
increase the level of the estradiol metabolite 2-ME and
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enhance the inhibitory effect of estradiol on HCC nuclear
xenograft tumors. Both in vitro and in vivo studies have found
that 2-ME could reduce the expression of vascular endothelial
growth factor (VEGF) and Bcl-2, promote cell cycle arrest and
apoptosis of liver cancer cells; the overall effect: inhibition of liver
cancer cell proliferation and tumor growth (61).

Sorafenib is a well-accepted and widely used target drug,
approved for the treatment of advanced HCC. Its clinical efficacy,
however, has been limited due to drug resistance. The adaptive
response of tumor cells to hypoxia is an important mechanism of
tumor resistance (62). In liver cancer cells, sorafenib down-
regulates the expression of HIF-1a, but up-regulates the
expression of HIF-2a, with a final effect of changing the
hypoxic response from the HIF-1a-dependent to the HIF-2a-
dependent pathway. It promotes the expression of VEGF and
Cyclin D1, both being downstream molecules of HIF-2a, and
ultimately causes hypoxic HCC cells to lose sensitivity to
sorafenib. 2-ME can reduce the expression of HIF-1a, HIF-2a
and the downstream molecules VEGF, LDHA and Cyclin D1, to
increase the sensitivity of hypoxic HCC cells to 2-ME. In vivo and
in vitro experiments have shown that 2-ME and sorafenib
synergistically inhibit the proliferation of HCC cells, induce
apoptosis, and inhibit tumor angiogenesis (63).
4 THE ROLE OF THE ESTROGEN
SIGNALING PATHWAY IN VIRAL
LIVER CANCER

Chronic infection with hepatitis B and C viruses is the principal
risk factor for liver cancer. With infection, they cause
inflammation, oxidative stress, and often delayed fibrotic
reactions, eventuating into cirrhosis. This is accompanied by
the appearance of local hypoxia, rearrangement of tissue
structure (epithelial mesenchymal transition, EMT) and
angiogenesis (64). Chronic viral hepatitis can share
characteristics of other viral infections, such as affecting the
expression of host genes through processes such as genetic
changes, DNA repair inhibition, and microRNA differential
expression. These changes include the up-regulation of factors
involved in “stemness“, indicating that both viruses may
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promote the development of HCC by promoting stemness
(65). In addition to gender differences in the incidence and
mortality of liver cancer, significant gender differences have also
been found in the prevalence of HBV chronic infection and
HBV-related HCC, lending support to the influence of sex
hormones in HBV-related HCC (66, 67).

Chronic inflammatory infiltration is an important factor in
the progression of HBV infection to HBV-related HCC. It has
been confirmed that hepatitis-related inflammatory cytokines
such as IL-6, IL-1a and IL-1b are key inflammatory mediators
that stimulate the development of HCC (65, 67). In hepatocytes
and liver cancer cells, the expression of HBx can activate the
downstream signaling proteins IRAK-1, ERKs/p38 and NF-kB of
MyD88, thereby promoting the synthesis and secretion of IL-6
and promoting the progress of HBV-related HCC (68). In
addition, HBV infection can increase the expression of TGF-
b1, IL-1b, TNF-a CTGF and PDGF, thus changing the liver
microenvironment and promoting the progression of liver
fibrosis (69). Therefore, multiple pathways have been briefly
summarized that indicate HBV infection can promote the
progress of HBV-related HCC. Counterbalancing these, the
estrogen signaling pathway can inhibit the progress of HBV-
related HCC by regulating various pathways such as related
signal proteins and inflammatory mediators. As noted
previously, in addition to inhibiting the secretion of IL-6 by
Kupffer cells (46), the estrogen signaling pathway can also
regulate the expression of IL-6 by regulating STAT3 and NF-
kB signaling molecules. The estrogen signaling pathway can also
activate the promoter of ERa binding to IL-1a to reduce its
expression (70), thereby regulating the development of HBV-
related HCC (Figure 5).

Although the estrogen signaling pathway that can regulate
progression of HBV infection and HBV-related HCC, the
genome and products of HBV can in turn counteract the
estrogen signaling pathway and inhibit its protective effect.
HBx was reported to inhibit the transactivation function of
ERa by forming a trimeric complex with ERa and HDAC1,
inhibiting the function of the estrogen signaling pathway, and
HDAC inhibitors can reduce the inhibition of HBx on the
transactivation function of ERa (71). Moreover, HBx can
increase the expression of miR-221, targeting the ERa gene,
FIGURE 5 | The role and mechanism of the estrogen signaling pathway in viral liver cancer. The estrogen signaling pathway can inhibit the progress of HBV-related
HCC by regulating inflammatory mediators. The products of HBV can in turn counteract the estrogen signaling pathway and inhibit its protective effect.
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inhibiting expression of ERa, ultimately inhibiting the protective
effect of the estrogen signaling pathway on liver cancer
(Figure 5) (60).

Increasingly, studies have revealed the protective effect and
mechanism of the estrogen signaling pathway in the
development of HBV-related HCC. Most importantly, the
effect of the estrogen signaling pathway on HBV infection and
HBV-related HCC is not a single pathway or single effect, but
multiple pathways and multiple effects. However, HBV infection
can counteract the estrogen signaling pathway and antagonize its
protective effects.

Of overall HCV-infected patients, men and postmenopausal
women are more likely to develop liver cirrhosis and liver cancer
than premenopausal women. Menopause seems to be associated
with acceleration of liver fibrosis in HCV-infected women,
whereas estrogen replacement therapy can prevent this
progression (72).

Comparing liver tissues of normal people, HCV-related cirrhosis
and HCV-related HCC patients, the expressions of ERa and ERb in
liver tissues of patients with HCV-related liver disease were
increased to varying degrees, but the expression patterns of ERa
and ERb in the cytoplasm and nucleus were different (73). Similarly,
the expression of phosphorylated NF-kB and cyclin D1 were
significantly higher in tissues with HCV-related liver disease. In
HCV-related HCC, the nuclear ER subtype and nuclear cyclin D1
expression were positively correlated, while the cytoplasmic ER
subtype was negatively correlated with cytoplasmic phosphorylated
IKK. These results indicated that the dysregulation of ER subtype
expression and cell sub-localization following chronic HCV
infection could lead to the development of HCV-related cirrhosis
and HCV-related HCC.
5 CONTROVERSY: THE ROLE AND
MECHANISM OF THE ESTROGEN
SIGNALING PATHWAY IN PROMOTING
LIVER CANCER

In contrast to the multiple studies and different pathways
elucidating the protective and preventive roles of the estrogen
signaling pathway in liver cancer, some studies have concluded
the direct opposite: the estrogen signaling pathway promotes the
development of liver cancer. Careful review of these studies
reveals the apparent dual role of the estrogen signaling
pathway is a function of the different subtypes of the estrogen
receptor and the different functional pathways mediated by the
spliceosome (74).

ERa-36 is a newly discovered non-classical ERa isoform.
Compared with nuclear receptors ERa-66, ERa-36 lacks AF-1
and AF-2 transcription activation domains but retains the
DNA binding domain and dimerization domain (Figure 2),
and ERa-36 is mainly expressed in the cytoplasm and plasma
membrane. It mediates non-genomic pathways (or fast signaling
pathways) and plays an important role in mitogenic estrogen
signaling (75, 76). Of specific relevance to this controversy, the
non-genomic transmission pathway mediated by ERa-36
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inhibits the genomic transmission pathway mediated by
classical nuclear receptors (76).

Initially, the function of ERa-36 was investigated in breast
cancer research. ERa (ERa-66) is the most widely used marker
for diagnosing human breast cancer, and according to the
presence or absence of ERa-66, breast cancer is classified as
ER-positive or ER-negative. Anti-estrogens (such as tamoxifen)
have been first-line treatments for advanced ER-positive breast
cancer. However, recent reports have found that breast cancer is
prone to resistance to anti-estrogen therapy, which has an
important relationship with ERa-36 (76).

A retrospective study showed that breast cancer patients with
high levels of ER-a36 experience less benefit from tamoxifen than
those with low levels of ERa-36 expression, and Era-36 expression
is significantly correlated with Her2/Neu expression. These results
indicated that ERa-36 might mediate the resistance mechanism of
breast cancer to anti-estrogen therapy (77). ERa-36 has been shown
to activate downstream signaling pathways through HB-EGF, SRC,
EGFR, HER2, IGF-1R, and ultimately to induce the transcription of
growth-promoting genes such as c-Myc and Cyclin D1, and finally
to stimulate tumor cell proliferation. ERa-36 is also highly
expressed in some tumor stem/progenitor cells and participates in
their cell maintenance (76). These studies have indicated that this
new type of estrogen receptor, ERa-36, mediates an important
regulatory role in the occurrence and development of tumors in the
estrogen signaling pathway. As such, it serves as a marker for poor
prognosis in breast cancer.

The role of ERa-36 in liver cancer has also been explored. In a
study of ERa-66 and ERa-36 mRNA expression in non-tumor,
cirrhotic andmalignant liver tissues andHCC cell lines, it was found
that ERa-66 was highly expressed in non-tumor tissues, cirrhotic
tissues showed a lower level, whereas its expression decreased or
became undetectable in HCC tissues and cell lines. In stark contrast,
the expression level of ERa-36 showed just the opposite trend to
ERa-66. A high expression of aromatase is an important factor in
liver malignancy. It is noteworthy that the expression level of
aromatase has the same trend as ERa-36, but opposite to ERa-
66. These results emphasize that the principal expression of either
ERa-66 to ERa-36 in liver tissues may be directly correlated to the
development and/or progression of HCC (78).

Researchers have proposed a new model in which tissue
damage and/or inflammatory diseases activate the aromatase-
estrogen-ARGE-EGFR axis, eventually leading to liver, breast,
and prostate cancers, and other chronic diseases such as diabetes
(Figure 6) (79), obesity, Alzheimer’s disease and heart disease.
One such study found that in liver cells, the expression of NF2
was positively correlated with the expression of aromatase,
amphiregulin (AREG) and ERa-36, and had a direct
correlation with the degree of malignancy, but was inversely
correlated with expression of ERa-66. Although estradiol
treatment could induce a significant decrease in NF2
expression in HA22T and Huh7 cells, no changes were
observed in HepG2 cells. This effect may be negatively related
to the expression and activity of aromatase. Aromatase
expression in normal and cirrhotic tissue cells is low, while its
expression in liver cancer tissues is high. In addition to detecting
high levels of ERa-36 in HCC tissues and cells, recent studies
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have revealed the role and mechanism of ERa-36 in the
progression of HCC (80). In HCC cells with high expression of
ERa-36, the rapid transduction pathway mediated by ERa-36
can be activated by estrogen, which in turn activates EGFR/Src/
ERK signal regulation and up-regulates the expression of
CyclinD1. In addition, the ERa-36/EGFR signal axis plays an
important role in maintaining and actively regulating the growth
of HCC tumor cells (Figure 6).

EGCG is a natural product with potential anti-cancer
properties and has a dose-dependent inhibitory effect on HCC
cells that highly express ERa-36 (81). EGCG can activate
expression of p-ERK and Caspase-3 by inhibiting the ERa-36/
EGFR/Her-2 feedback loop and the PI3K/Akt and MAPK/ERK
pathways. This culminates in the induction of HCC cell
apoptosis and proliferation inhibition. As noted previously, our
most recent study demonstrated that estrogen can down-regulate
ERa-36 expression and activate the AKT/Foxo3a signaling axis,
triggering oxidative stress and ultimately apoptosis in HCC cells
(Figure 6). In summary, multiple studies have identified ERa-36
and its mediated rapid transduction pathway might present a
logical target for anti-liver cancer drugs.

In addition to the new receptor ERa-36, estrogen-related
receptor g (ERRg) may also mediate the cell growth and
tumorigenesis of various tumors (82). Compared with normal
tissues, the expression level of ERRg in HCC tissues is higher, and
the expression level of ERRg is also closely related to the
pathological tumor grade, metastasis and poor prognosis. In
addition, siRNA-ERRg or GSK5182 (ERRg antagonists) can
induce cell cycle arrest and oxidative stress by increasing the
expression of p21 and p27, thereby inhibiting the growth and
proliferation of HCC cells (Figure 6). These results show that,
similar to ER-a36, ERRgmight be a potential biomarker for liver
cancer, and antagonistic therapy targeting ERRg is expected to
become a new type of therapy for liver cancer.
Frontiers in Oncology | www.frontiersin.org 10214
6 CLINICAL APPLICATION AND
RESULTS OF ESTROGEN THERAPY
FOR LIVER CANCER
Mounting study results lend support to the application of anti-
liver cancer effects of the estrogen signaling pathway to the
development of anti-liver cancer therapies. Although anti-
estrogen therapy for liver cancer dates back more than 20
years, the early attempts failed to achieve satisfactory results.

As a selective estrogen receptor modulator (SERM) that
competes with estrogen for the ER, tamoxifen was used in a
small, prospective controlled trial in 1990 that showed it could be
effective in treating unresectable or incurable liver cancer (10).
Only 38 patients with inoperable HCC were included, but the
survival time of the tamoxifen-treated group was statistically
prolonged with a survival rate at 12 months of 22% (control, 5%).
However, a subsequent large randomized controlled trial showed
that tamoxifen did not prolong liver cancer patient survival (9).
As an alternative, higher doses of tamoxifen were proposed
intending to inhibit HCC in an ER-independent manner (83).
To address this, a double-blind randomized trial from the Asia-
Pacific region showed that high-dose tamoxifen did not prolong
survival of patients with advanced HCC. In fact, on the contrary,
its negative impact could increase as the dose was increased (8).
Other studies suggested that tamoxifen might have survival
benefit for HCC patients who did not have severe liver
insufficiency (7). This seemed to restrict anti-estrogen therapy
only for early liver cancer and might not be effective for advanced
liver disease. According to large trials and Cochrane systematic
reviews, tamoxifen was not deemed beneficial in HCC for overall
survival or quality of life (84). Therefore, tamoxifen does not
justify further testing in HCC, nor should it be used clinically.

Current research results show that the reason for the failure of
tamoxifen may be closely related to the main expression of ERa-66
FIGURE 6 | The role and mechanism of the estrogen signaling pathway in promoting liver cancer. ERa -36 is a novel non-classical ERa isotype, which may mediate
the estrogen signaling pathway to promote liver cancer. Antagonistic treatment of ERa -36 and ERRg is expected to become a new therapy for liver cancer.
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to ERa-36 in HCC tissues. Compared with ERa-66, ERa-36 lacks
two transcriptional activation domains, has three potential
myristoylation sites located near the N terminus., and has a
characteristic 27 amino acid sequence near the C terminus. And
this unique amino acid sequence may cause changes in the ligand-
binding affinity and specificity of ERa-36 (74). Studies have
reported that neither tamoxifen nor another anti-estrogen,
ICI-182,780, failed to block ERa-36-mediated ERK1/2 activation
and/or ERa-36 degradation in breast cancer cells. And anti-
estrogens may more effectively enhance estrogen signal
transduction through ERa-36 to activate ERK1/2. The activation
of these pathways contributes to the proliferation of tumor cells
(25). Another study reported that tamoxifen was found to bind
directly to and activate ERa-36 through transcriptional stimulation
of aldehyde dehydrogenase 1A1 (ALDH1A1) that enhanced the
stemness and ability to metastasize of breast cancer cells (85). These
findings support a potential and profound conflict that depends on
the which ER isomer has the predominant expression in HCC
tissue, ERa-66 or ERa-36, and may explain why tamoxifen fails to
inhibit tumors by antagonizing the estrogen signaling pathway as in
breast cancer. Instead, it may bind to ERa-36 and activate the rapid
transduction pathway mediated by ERa-36 to promote tumor cell
proliferation and metastasis. There is no research report to confirm
this inference, and relevant research is needed to confirm it.

So, can the estrogen signaling pathway be used in the
treatment of HCC? The answer remains to be determined.
Strictly anti-estrogen therapy only antagonizes the estrogen
signaling pathway. There are many other treatment strategies
that could be based on the estrogen signaling pathway, such as
estrogen replacement therapy, a treatment strategy based on
promoting the estrogen signaling pathway, or targeting a specific
estrogen receptor subtype or other key targets in the estrogen
signaling pathway (74). Perhaps one or more of these options
might be efficacious in the treatment of HCC.

Menopausal hormone therapy (MHT) is estrogen replacement
therapy mainly used to treat menopausal symptoms. In a single-
center case-control trial of HCC women and female control
subjects, estrogen menopausal hormone therapy reduced HCC
and HBV-related HCC, and increased overall survival of the HCC
patients (11). This study provides epidemiological evidence for
estrogen replacement therapy to prevent the occurrence and
development of HCC after menopause.

In a systematic review and dose-response meta-analysis of
observational studies on reproductive factors and menopausal
hormone therapy related to the risk of primary liver cancer, estrogen
exposure was found to be associated with the risk of liver cancer in a
J-shaped dose response pattern (12). Late menarche and frequent use
of MHT were associated with a reduction in the risk. When women
with or without a history of oophorectomy were studied, those that
had undergone oophorectomy had an increased risk of liver cancer.
This study provides epidemiological support for the protective effect
of estrogen in the development of liver cancer in females. At present,
there are few comprehensive studies of estrogen replacement therapy
in the treatment of liver cancer, most of which are retrospective,
and most provide only epidemiological evidence. Therefore, research
on the basic mechanism and clinical studies of estrogen replacement
therapy in the treatment of liver cancer would be of great value.
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In summary, estrogen replacement therapy based on the
estrogen signaling pathway for HCC remains a valid and
important potential therapeutic option. To more effectively
develop anti-liver cancer therapies based on the estrogen signaling
pathway, it will be important to explore the phenotypes and
molecular subgroups of individuals who benefit most from
various interventions.
7 DISCUSSION

As an important physiological hormone, estrogen impacts
numerous important processes, such as regulating reproductive
physiology, cell growth and proliferation, immune response, and
metabolism. The estrogen signaling pathway, composed of
estrogen and the estrogen receptor, is the main pathway for
estrogen to exert its physiological functions. The estrogen
signaling pathway is composed of a variety of different estrogen
receptor-mediated genomic pathways and rapid transduction
pathways. The estrogen receptors and related pathway proteins
and effector molecules in the two functional pathways crosstalk
with each other. The differences in the transcriptional activity of
tissues and physiological processes constitute a complex, multi-
functional estrogen signaling pathway.

Epidemiological studies have shown that the incidence and
mortality of liver cancer in women are markedly lower than in
men, suggesting that the estrogen signaling pathway exerts a
protective effect. Recently, evidence has accumulated that has
confirmed the anti-liver cancer effect of the estrogen signaling
pathway. The estrogen signaling pathway can directly regulate
the growth, proliferation, apoptosis and cell cycle of liver cancer
cells through genomic and rapid transduction pathways and
regulate various cellular stress responses such as cell oxidative
stress and autophagy. In addition, tumor microenvironment,
non-coding RNA, metabolites and other factors can indirectly
regulate tumor growth environment, the immune response to
tumors, and epigenetic and genetic changes to exert anti-tumor
effects. In addition, the estrogen signaling pathway can directly
or indirectly inhibit the progression of hepatitis virus infection
and the occurrence and development of hepatitis virus-related
liver cancer by regulating host antiviral responses, viral infection
pathways, viral replication and transcription.

However, in addition to the inhibitory effect of the estrogen
signaling pathway on liver cancer, some studies have also
reported promotion of liver cancer by the estrogen signaling
pathway. Analysis of these controversial results has revealed that
the promotion of estrogen on liver cancer may be mediated by
the new estrogen receptor ERa-36 and estrogen-related receptor
g (ERRg). Analysis of the estrogen signaling pathway and the
functional pathway mediated by the estrogen receptor requires
analysis of the composition of a specific molecular subgroup of a
specific estrogen receptor in a specific environment.

Anti-estrogen therapy based on the anti-estrogen signaling
pathway (such as tamoxifen) applied to the treatment of liver
cancer has not previously achieved satisfactory results. This may
be attributed to the main molecular target being ERa-66, while
HCC typically has low expression of ERa-66. Moreover, ERa-66
January 2022 | Volume 11 | Article 763539
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in HCC usually mediates anti-liver cancer effects. Epidemiological
studies have now provided strong basis for the protective effect of
estrogen replacement therapy/estrogen therapy based on the
estrogen signaling pathway therapy in female liver cancer patients.

In the future, we plan to specifically explore the phenotypes
and molecular subgroups of individuals who benefit most from
various interventions (such as estrogen therapy). This should
facilitate selection of specific interventions for individual patients
to obtain maximum benefit. This anti-liver cancer treatment
should be directed toward personalized, precision treatment.

Based on previously published reports, we have summarized,
analyzed, explored and predicted the potential targets and
mechanisms of the estrogen signaling pathway for anti-liver
cancer therapy in the future. This should provide a strong
theoretical basis for subsequent in-depth research and clinical
application. The most appealing initial candidate would be
estrogen therapy based on the treatment strategy of the estrogen
signaling pathway. Although it has been epidemiologically
characterized as having a protective effect in liver cancer, a large
randomized multicenter controlled trial would be needed to
appropriately answer the efficacy of estrogen therapy on liver
cancer. Equally important, because the estrogen signaling pathway
is composed of different estrogen receptors and complex functional
pathways, it will be necessary to explore which estrogen receptor
phenotype and molecular subgroups of liver cancer patients can
obtain the most optimal outcomes from estrogen therapy. Gender
differences, menopausal status and obesity related to estrogen
therapy also deserve further evaluation.

A second treatment strategy could be based on specific estrogen
receptor subtypes in the estrogen signaling pathway. Three estrogen
receptors, ERa-66, ERb and GPER, are principally responsible for
mediating the anti-tumor effects in liver cancer. In the future,
specific agonists developed for these targets have great potential
for the clinical treatment of liver cancer. Because ERa-36 has a
tumor-promoting effect in liver cancer, and it is highly expressed in
cirrhotic and liver cancer tissues, it has great potential as a
biomarker for liver cancer diagnosis, and antagonists targeting
ERa-36 are expected to become a new type of therapy for liver
cancer. The above specific target treatments need to be based on the
development or application of more accurate, reliable and
convenient estrogen receptor isoform detection methods.
Monitoring of changes in estrogen receptor subtypes after
Frontiers in Oncology | www.frontiersin.org 12216
treatment will facilitate the precision, efficacy analysis and
prognostic evaluation of targeted therapy.

Finally, treatment strategies based on specific key molecules/
inflammatory mediators/regulatory pathways in the estrogen
signaling pathway also have great potential. The estrogen
signaling pathway can regulate the body’s inflammatory
response to inhibit the progression of liver cancer. The key
inflammatory mediators such as IL-6, IL-1a, and IL-1b are
expected to become therapeutic targets. The estrogen signaling
pathway can regulate the tumor microenvironment of liver cancer
through a variety of ways. In the future, can we use the special
immune regulation ability of the estrogen signaling pathway to
combine with existing tumor immunotherapy to enhance efficacy
and overcome problems of acquired drug resistance. This will
require a comprehensive and detailed clarification of the
regulation mechanism of the estrogen signaling pathway on the
tumor microenvironment. In this way, we can distinguish whether
the estrogen signaling pathway regulated by different estrogen
receptors and functional pathways activates the tumor-promoting
microenvironment or the tumor suppressing microenvironment.
More precise regulation of tumor microenvironment, combined
with tumor immunotherapy should offer a comprehensive plan to
obtain maximum benefit.
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Hepatocellular carcinoma (HCC) is a heterogeneous disease that has multiple etiologies. It
is the most common primary liver cancer, the sixth highest cause of cancer incidences, and
the fourth highest cause of cancer-related deaths. The discovery of new biomarkers for the
early detection, treatment, and prognosis of HCC would therefore be extremely useful. This
study investigated differentially expressed ribonucleic acid (RNA) profiles by constructing a
genome-wide profile of clinical samples. Differential expression analysis identified 1,280
differentially expressed messenger RNAs (dif-mRNAs), 99 differentially expressed
microRNAs (dif-miRNAs), 181 differentially expressed long non-coding RNAs (dif-
lncRNAs), and 31 differentially expressed circular RNAs (dif-circRNAs). Gene ontology
(GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) path analysis were
then conducted on these differentially expressed RNAs, revealing that they were clearly
related to cell division, foreign body metabolism, and ribosome assembly. A competing
endogenous RNA (ceRNA) network was then constructed based on the regulatory dif-
miRNA-dif-mRNA and dif-miRNA-dif-lncRNA relationships. These results were also verified
using HCC data from the Cancer Genome Atlas (TCGA); seven dif-miRNAs were verified in
clinical samples by real-time quantitative polymerase chain reaction (RT-qPCR). Kaplan-
Meier survival analysis revealed that the expression levels of Hsa-miR-1269a, Hsa-miR-
421, and Hsa-miR-190b were correlated with overall survival. (P <0.05). Survival analysis of
clinical samples showed that hsa-mir-1269a, hsa-mir-421 were associated with prognosis
(p<0.05).This study revealed the general expression characteristics of specific differentially
expressed miRNAs using a ceRNA network constructed from HCC samples. Hsa-mir-
1269a, hsa-mir-421 may be promising candidates.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer; it is also one of the most common primary
malignancies worldwide. According to global cancer statistics,
HCC is also the fourth highest cause of cancer death (1–3). HCC
usually develops in the context of chronic liver disease; its main
causes are alcoholic and non-alcoholic fatty liver, and hepatitis B
virus (HBV) and hepatitis C virus (HCV) infections (4).
Therefore, it is urgent to better understand HCC tumor biology.

The rapid development of high-throughput next-generation
sequencing (NGS) technologies has enabled the complete
sequencing of entire genomes, permitting further analysis of
the genomic profiles of some cancers (5–7). A recent ribonucleic
acid (RNA) sequencing study of HCC found that a new type of
vacuolar protein sorting 35 (VPS35) oncogene was significantly
reduced in HCC cells. VPS35 plays a carcinogenic role by
increasing the sorting and transport of fibroblast growth factor
receptor 3 (FGFR3) (8). Recent studies have shown that
competitive endogenous RNAs (ceRNAs) can act as natural
decoys. The systematic functionalizations of non-coding RNAs
(ncRNAs), pseudogenes, and circular RNAs (circRNAs)
containing microRNA (miRNA) response elements (MREs)
together form a complex miRNA-centered ceRNA network.
This network constitutes a common microRNA library that
affects gene expression and reveals new mechanisms of RNA
interactions (9–12). As a ceRNA mechanism, the long-ncRNA
(lncRNA) FAL1 can accelerate cell proliferation and metastasis
by competitively binding to miR-1236 (13). However, few studies
have used whole-transcriptome sequencing strategies to describe
a transcriptional map, which could accurately detect the global
gene expression profile.

Here, whole-transcriptome sequencing of tumors and
corresponding adjacent non-tumors was conducted for six
HCC patients. The expression levels of mRNA, lncRNA,
miRNA, and circRNA were then analyzed in the cancer and
paracancer groups, and their functional interactions were
predicted. In addition, these results were validated using HCC
data from the Cancer Genome Atlas (TCGA); a ceRNA network
regulatory mechanism was then constructed. This study could
offer a new molecular mechanism that could help to reveal the
onset and progression of HCC, and its prognosis.
MATERIALS AND METHODS

Patients and Tissue Collection
Cancerous and paracancerous tissue samples were obtained from
six male patients with HCC, none of whom had received
preoperative radiotherapy or chemotherapy. Patients were
selected from the Department of Hepatobiliary and Pancreatic
Surgery of the Affiliated Hospital of Qingdao University. All
patients participating in the study signed an informed consent
form. All specimens were examined for HCC by a pathologist
prior to preservation (freezing via liquid nitrogen). This research
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was approved by the Medical Ethics Committee of the Affiliated
Hospital of Qingdao University.

RNA Extraction and Quality Control
Total RNA was extracted from frozen tumor tissue and matched
paracancerous tissue using TRIzol reagent (Thermofisher
Science; Waltham, Massachusetts, USA). RNA degradation and
contamination were monitored using 1.5% Sepharose gel,
especially for deoxyribonucleic acid (DNA) contamination.
RNA concentration and purity were measured using a
NanoDrop 2000 spectrophotometer (ThermoFisher Scientific,
Wilmington, DE). RNA integrity was assessed using an Agilent
Bioanalyzer 2100 system (Agilent Technologies, CA, USA) with
the RNA Nano6000 assay kit.

Library Construction and Sequencing
RNA samples (2.5 ng) were used as input material to prepare
libraries for RNA sequencing. Sequencing libraries were
constructed and generated using the NEBNextR UltraTM
small RNA Sample Prep Kit for Illumina R (NEB, USA),
according to the manufacturer’s instructions. Index codes were
added to attribute sequences to each individual sample. Finally,
polymerase chain reaction (PCR) products were purified using
the AMPure XP system (AMPure XP system); library quality was
evaluated using the Agilent Bioanalyzer 2100 system. For
clustering and sequencing, index-coded samples were clustered
on the cBot cluster generation system, using the TruSeq PE
Cluster Kitv3-cBot-HS (Il lumina) according to the
manufacturer’s instructions. After cluster generation, the
library was sequenced on the Illumina platform and reads
were generated.

Screening of Differently-Expressed (Dif)-
Messenger RNAs (mRNAs), Dif-miRNAs,
Dif-lncRNAs, and Dif-circRNAs
Samples with biological replicates were screened for differences
using DEseq software; samples without biological replicates were
screened for differences using EBseq software. Dif-mRNA, dif-
circRNA, dif-lncRNA, and dif-miRNA were screened using fold
changes greater than or equal to one and a false discovery rate
(FDR) of <0.05 as screening criteria. Dif-mRNA, dif-lncRNA,
and dif-miRNA were analyzed using the R package
“clusterProfiler” for Gene Ontology-Biological Process (GO-
BP) enrichment analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment of differential genes (14–16).

Protein-Protein Interaction (PPI) Network
and Module Analysis of Dif-mRNAs
STRING (version: 11.0; https://www.string-db.org/) was used to
analyze the interaction relationships between differential
proteins (17). The species was set to human and the import
gene set was set to all degrees. To obtain the interaction pairs
with the closest interaction relationship, the PPI arguments score
was set to 0.99 (high confidence). The PPI network was
constructed using Cytoscape software (version 3.8.0; https://
cytoscape.org/) and the scores of each node were ranked to
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obtain the significant nodes. The most important cluster
modules in the network were analyzed using Cytoscape’s
plugin MCODE (18) (version 2.0.0; PPIMCODE https://apps.
cytoscape.org/apps/). The screening threshold was set to 5.0
points, k-core=2, degree cutoff=2, node score cutoff=2, and
max depth=100 for screening. GO-BP enrichment analysis was
also performed for the important cluster module genes. A GO-
BP threshold of P <0.05 was considered to imply a
significant difference.

Construction of CeRNA Network
The ceRNA network was constructed using miRDB (V5.0;
http://mirdb.org), miRTarBase (V7.0; https://maayanlab.cloud/
Harmonizome/resource/MiRTarBase), miRWalk (http://
mirwalk.umm.uni-heidelberg.de/) and TargetScan (V7.2;
TSCAN.org/VERT_72/). These databases were searched for
dif-miRNAs targeting dif-mRNAs to obtain dif-miRNA-dif-
mRNA regulatory relationships (19). The dif-miRNA-dif-
lncRNA regulatory relationships were obtained by searching
for interactions between dif-lncRNAs and dif-miRNAs using
the miRcode database (version 11; http://www.mircode.org/),
RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/).
The dif-miRNA-dif-mRNA and dif-miRNA-dif-lncRNA
regulatory relationships were integrated and a composite
lncRNA-miRNA-mRNA network was established using
Cytoscape, according to the regulatory mechanism of the
ceRNA network (20).

TCGA Liver Hepatocellular Carcinoma
(LIHC) Database Validation
The data included 374 tumor specimens and 50 paracancerous
normal specimens. The expression matrix and annotation
information for mRNA, miRNA, and lncRNA were
downloaded and the unpaired t-test in LIMMA software
package was used to analyze the differential expression of
tumor and normal tissues. A |logFC| value of >1 and a p value
of <0.05 for mRNA and miRNA were used as cutoff points for
the differential expression of lncRNAs. The differential
expression results of TCGA data, and the dif-mRNAs, dif-
miRNAs, and dif-lncRNAs obtained in this study were
subjected to co-expression analysis, and a Venn graph
was drawn.

Real-Time Quantitative PCR (RT-qPCR)
Thirty specimens of HCC tissues or normal liver tissues and
histopathologically verified paracancerous tissues were selected
from the Department of Hepatobiliary and Pancreatic Surgery,
Affiliated Hospital of Qingdao University. Total RNA was
extracted from HCC tissues and paraneoplastic tissues using
Trizol (Takara). Total RNA was reverse transcribed into
complementary DNA (cDNA) using a PrimeScript TM
RT kit (Takara). RT-qPCR was performed on a LightCycler
480 using ChamQ Universal SYBR qPCR Master Mix (Vazyme)
to determine miRNA expression (21). The study was
approved by the ethics committee of Affiliated Hospital of
Qingdao University.
Frontiers in Oncology | www.frontiersin.org 3221
Survival Analysis
Survival analysis of dif-miRNA using the Kaplan-Meier plotter
(http://kmplot.com). The results were evaluated according to
RT-qPCR. Grouping by 2^-DDCT into high and low expression
groups, survival analysis was performed according to hsa-miR-
1269a, hsa-miR-421, and hsa-miR-190b.
RESULT

Dif-RNA Analysis
On the basis of the set screening conditions, a total of 1,280 dif-
mRNAs were obtained, of which 904 were up-regulated and 376
were down-regulated. Furthermore, 99 dif-miRNAs were
obtained, of which 31 were up-regulated and 68 were down-
regulated; 181 dif-lncRNAs were obtained, of which 148 were
up-regulated and 33 were down-regulated. Finally, 31 dif-
circRNAs were obtained, of which 29 were up-regulated and
two were down-regulated. The heat cluster maps of dif-mRNAs,
dif-lncRNAs, dif-miRNAs, and dif-circRNAs showed that the
tumor samples were clearly divided from the control samples
(Figure 1), suggesting that the obtained differential expression
analysis results were credible.

Functional Enrichment Analysis
of Dif-mRNAs
Following GO and KEGG pathway analysis, the top ten most
enriched dif-mRNAs were identified. GO term analysis revealed
that the genes displayed were related to biological processes such
as cell division, and to the xenobiotic metabolism process
(Figure 2A). KEGG analysis revealed that these genes were
significantly related to fatty acid degradation, complement and
coagulation cascades, and peroxisome signaling pathways,
among other processes (Figure 2B).

PPI Network and Module Extraction
The PPI network of dif-mRNAs consisted of 654 nodes and 2262
mutual pairs, among which nodes with high topological structure
scores were considered to be the key nodes. Employing the
Cytoscape plug-in MCODE, four sub-network modules (score
R ≥5.0) were collected and extracted from the PPI network.
Module A (score=26) contained 26 nodes and 325 interaction
pairs, module B (score = 10.333) contained 19 nodes and 93
interaction pairs, module C (score = 6.8) contained 16 nodes and
51 interaction pairs, and module D (score=5.273) contained 12
nodes and 29 reciprocity pairs (Figure 3A). In addition, Go-BP
enrichment analysis of the interacting genes in these modules
revealed the top five enrichment results of each module; these
were selected for display in order of importance. Among them,
the genes of module A were found to be closely related to
organelle fission and nuclear division, and the genes of module
B were found to be related to platelet degranulation and humoral
immune response. The genes in module C were revealed to be
related to the negative regulation of the cell cycle process, and to
the cell cycle G1/S phase transition. The genes in module D,
meanwhile, were found to be related to the G1/S phase
transitions of the cell cycle and the mitotic cell cycle (Figure 3B).
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A B

DC

FIGURE 1 | Heatmap of differential expression (N, Normal; T, Tumor) (A) differentially expressed mRNAs; (B) differentially expressed lncRNAs; (C) differentially
expressed miRNAs; (D) differentially expressed circRNAs. Red indicates up-regulation and green indicates down-regulation.
A B

FIGURE 2 | Functional enrichment analysis of Dif-mRNAs: (A) Top 10 are enriched for Go-BP terms. (B) Top 10 enriched in KEGG pathway.
Frontiers in Oncology | www.frontiersin.org January 2022 | Volume 11 | Article 7709184222

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xie et al. Integrated RNA analysis of HCC
Enrichment Analysis of Dif-lncRNA,
Dif-miRNA Targeted Regulation Gene
Functional enrichment analysis of dif-lncRNAs (divided into Cis
and Trans dif-lncRNAs) target gene and dif-miRNAs target gene
was performed, with the top ten richest results being selected. In
GO-BP analysis, Cis dif-lncRNA target gene was found to be
significantly related to protein k63-linked ubiquitination and the
activation of NF-Kappa B-inducing Kinase activity, among other
processes. (Figure 4A). Tran dif-lncRNA target gene was shown
to be associated with processes such as cell division and the viral
modulation of host morphology or physiology (Figure 4B). Dif-
miRNA target gene was revealed to be significantly related to
axon guidance and the neurotrophic tyrosine kinase (Trk)
receptor signaling pathway, among other processes
(Figure 4C). KEGG analysis revealed that Cis dif-lncRNA
target gene was significantly correlated with retinol metabolism
and chemical carcinogenesis (Figure 4D) whereas Tran dif-
lncRNA target gene was significantly correlated with the cell
cycle and RNA transport (Figure 4E). Dif-miRNA target gene
was revealed to be associated with pathways in cancer,
aldosterone synthesis, and secretion (Figure 4F).

CeRNA Network Construction
According to the mutual regulation formation and information
of the dif-miRNA-dif-mRNA and dif-miRNA-dif-lncRNA
relationships, lncRNAs and mRNAs that were remarkable
differentially expressed and mutually regulated on alike
miRNAs were screened. Cytoscape was used to construct the
lncRNA-miRNA-mRNA ceRNA network (Figure 5).

TCGA LIHC Data Verification
After setting the screening thresholds at p <0.05 and fold change
>1, screening the TCGA LIHC dif-mRNA, dif-lncRNA, and dif-
miRNA data revealed 4,840 dif-mRNAs, 2,616 dif-lncRNAs, and
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251 dif-miRNAs. These were compared with the dif-mRNAs,
dif-lncRNAs, and dif-miRNAs obtained from Seq analysis
and the dif-lncRNAs and dif-miRNAs identified during co-
expression analysis. Thus, 805 dif-mRNAs, 6 dif-lncRNAs,
and 7 dif-miRNAs were screened; the resulting vine is shown
in Figures 6A–C. Among these RNAs, all seven dif-miRNAs
(Table 1) were up-regulated in HCC tissues.

RT-qPCR and Survival Analysis
Seven dif-miRNAs were detected by qRT-PCR, all of which
showed significantly higher expression levels in all HCC tissues
(Figures 7A–G), consistent with the results obtained from the
preliminary data. Survival analysis of these seven dif-miRNAs in
the Kaplan-Meier database (http://kmplot.com) showed that the
overall survival rates of HCC patients with high expression of
has-miR-1269a, has-miR-421, and has-miR-190b were
significantly lower than those of patients with lower expression
of these targets (p<0.05 Figures 7H–N). Patients were divided
into two groups according to RT-qPCR 2^-DDCT: low
expression group and high expression group. Subsequent
Kaplan-Meier analysis showed that high expression of has-
miR-1269a, has-miR-421 was associated with shorter overall
survival (p<0.05, Figures 8A–C).
DISCUSSION

HCC is one of the most common malignant tumors of the
gastrointestinal tract; it is the sixth-most common malignant
tumor worldwide, and has the fourth highest mortality rate.
Although surgical resection, radiotherapy, chemotherapy, and
liver transplantation have all improved significantly in recent
years (22, 23), the prognosis remains unsatisfactory. The
recurrence rate remains high five years after surgery (24).
A B

FIGURE 3 | Four modules extracted from the PPI network and GO-BP enrichment analysis of the four modules (A) The four modules in the ppi network with a
score>5; (B) Top5 of GO-BP enrichment analysis of genes in the four modules.
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FIGURE 4 | Dif-lncRNAs、Dif-miRNAs GO-BP and KEGG enrichment analysis (A) Top10 GO-BP enrichment analysis of cis-lncRNAs target genes; (B) Top10 GO-
BP enrichment analysis of tran-lncRNAs target genes; (C)Top10 GO-BP enrichment analysis of miRNAs target genes; (D) Top10 KEGG pathway enrichment analysis
of cis-lncRNAs target genes; (E) Top10 KEGG pathway enrichment analysis of tran-lncRNAs target genes; (F) Top10 KEGG pathway enrichment analysis of miRNAs
target genes.
FIGURE 5 | Construction of ceRNA networks by differentially expressed mRNAs, miRNAs and lncRNAs.
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Therefore, elucidating the molecular mechanisms and processes
of HCC is important for discovering new therapeutic targets and
improving the clinical prognoses of patients (13).

CeRNA is a usually used to refer to a class of RNAs,
incorporating lncRNAs, miRNAs, mRNAs, and circRNAs.
These substances can act as sponges after competitively
binding to shared miRNAs. CeRNA networks link protein-
coding mRNAs to ncRNAs (e.g., miRNAs and lncRNAs) after
participating in the development of tumorigenesis (25, 26).

Here, whole transcriptome sequencing of cancer and
paraneoplastic tissues from six HCC patients resulted in the
identification of 1,280 dif-mRNAs, 99 dif-miRNAs, 181 dif-
lncRNAs and 31 dif-circRNAs. Functional enrichment analysis
of dif-mRNAs showed that these differential genes were majorly
involved in cell division, xenobiotic metabolic processes, and
ribosome assembly. A PPI network was constructed, hub genes
were analyzed and identified, and GO-BP enrichment analysis was
performed for four modules. These four modules were
significantly associated with organelle fission, platelet
degranulation, the negative regulation of cell cycle processes,
and cell cycle G1/S phase transition. GO-BP and KEGG
enrichment analyses were performed for dif-miRNAs, dif-
lncRNAs target gene. A ceRNA network of lncRNA-miRNA-
mRNA was constructed based on the mutual regulatory dif-
miRNA-dif-mRNA and dif-miRNA-dif-lncRNA relationships.
In addition, most dif-mRNAs and dif-lncRNAs, and a few dif-
miRNAs, were successfully verified by TCGA data. The differences
highlighted in both sequencing and TCGA data might be related
to sample differences or threshold selection. RT-qPCR validation
and survival analysis (using the Kaplan-Meier database) was
performed for the seven screened dif-miRNAs.

Few studies have used ceRNA networks to assess the prognosis
of HCC, and the discovery of potential biomarkers is crucial to
improve the diagnoses and prognoses of HCC patients. It has
been shown that the ceRNA networks of breast cancer tissues and
Frontiers in Oncology | www.frontiersin.org 7225
matched normal tissues differ, with some ceRNAs being activated
in cancerous tissues, leading to the development of breast cancer;
they are inactive in normal cells, however (27). Those ceRNAs
that are differently expressed in cancer and normal tissues could
be used as potential markers. It is well known that miRNAs are an
integral part of the cancer development process (28).Thus, studies
into the prognostic relevance of miRNA regulatory aspects are
essential. In this context, here seven co-expressed dif-miRNAs
were validated in HCC tissues, consistent with transcriptome
sequencing results and differential miRNA expression in TCGA
HCC. Then, survival analysis was performed, revealing that Hsa-
miR-1269a, Hsa-miR-421, and Hsa-miR-190b were significantly
correlated with overall survival (p <0.05). It has been found that
Hsa-miR-1269a is upregulated in advanced colorectal cancer, and
that it forms a regenerative feedback loop with the transforming
growth factor-beta (TGF-b) signaling pathway to promote
metastasis in colorectal cancer (29). Hsa-miR-1269a has been
shown to be highly expressed in uveal melanoma and clear cell
renal cell carcinoma, interrelated with poor patient prognosis.
Therefore, it can be used as a prognostic effect to predict patient
survival (30, 31). In serum exosomes, Hsa-miR-1269a plays an
oncogenic role in non-small cell lung cancer (NSCLC); it can be
used as a diagnostic marker (32). Hsa-miR-421 has been revealed
to be highly expressed in NSCLC. Furthermore, upon binding to
kelch-like ECH-associated protein 1 (KEAP1) three prime
untranslated region (3’UTR), it has been used to forecast low
survival in NSCLC (33). On the contrary, the expression of Hsa-
miR-421 expression has been found to be downregulated in breast
cancer tissues and metastatic cell lines. Decreased levels of its
expression have been observed to be associated with lymph node
metastasis, recurrence, metastasis, or TNM staging (34). The low
expression of Hsa-miR-190b in breast cancer, meanwhile, has
been associated with better prognoses (35). Although dif-miRNAs
have been validated to some extent, the interconnections of dif-
miRNAs in prediction networks have not been discussed. As
previously reported, miRNA-1269a facilitates the proliferation
and apoptosis of glioma cells by directly targeting ATRX (36). The
lncRNA DLEUI increases the expression of rho associated coiled-
coil containing protein kinase 1 (ROCK1) via Hsa-miR-421,
thereby promoting the progress of papillary thyroid carcinoma
(37). Furthermore, the lncRNA tumor suppressor candidate 8
(TUSC8) can inhibit the evolution of papillary thyroid carcinoma
via the miR-190b myosin regulatory light chain interacting
protein (MYLIP) axis, which in turn can inhibit breast cancer
TABLE 1 | Sequence of each miRNA.

hsa-miR-1269a 5´…CUGGACUGAGCCGUGCUACUGG
hsa-miR-421 5´…AUCAACAGACAUUAAUUGGGCGC
hsa-miR-4326 5´…UGUUCCUCUGUCUCCCAGAC
hsa-miR-7706 5´…UGAAGCGCCUGUGCUCUGCCGAGA
hsa-miR-944 5´…AAAUUAUUGUACAUCGGAUGAG
hsa-miR-190b 5´…UGAUAUGUUUGAUAUUGGGUUG
hsa-miR-217 5´…UACUGCAUCAGGAACUGAUUGGA
A B C

FIGURE 6 | TCGA HCC database and Seq differentially expressed RNAs co-expression analysis (A) Dif-mRNAs co-expression analysis; (B) Dif-lncRNAs co-
expression; (C) Dif-miRNAs co-expression.
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FIGURE 7 | Dif-miRNAs expression in tissue and K-M survival analysis of overall survival (OS) rate (A) has-miR-1269a Up-regulation in HCC (*P < 0.05); (B) has-miR-
421 Up-regulation in HCC (**P < 0.01); (C) has-miR-4326 Up-regulation in HCC (*P < 0.05); (D) has-miR-7706 Up-regulation in HCC (*P<0.05); (E) has-miR-944 Up-
regulation in HCC (**P < 0.01); (F) has-miR-190b Up-regulation in HCC (P < 0.05); (G) has-miR-217 Up-regulation in HCC (*P < 0.05); (H) Correlation of hsa-miR-
1269a with OS (p < 0.05); (I) Correlation of hsa-miR-421 with OS (*p < 0.05); (J) Correlation of hsa-miR-4326 with OS; (K) Correlation of hsa-miR-7706 with OS;
(L) Correlation of hsa-miR-944 with OS; (M) Correlation of hsa-miR-190b with OS (p < 0.05); (N) Correlation of hsa-miR-217 with OS.
A B C

FIGURE 8 | K-M survival analysis of overall survival (OS) of hsa-miR-1269a, hsa-miR-421, and hsa-miR-190b in clinical samples. (A) Correlation of hsa-miR-1269a
with OS (p < 0.05) (B) Correlation of hsa-miR-421 with OS (p < 0.05) (C) Correlation of hsa-miR-4326 with OS.
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growth and metastasis (38). Here, miRNA-1269a was found to
target binding to six transmembrane epithelial antigen of prostate
4 (STEAP4) and kinase insert domain receptor (KDR). STEAP4 is
associated with adipocyte metabolism and mediates
hepatocellular carcinogenesis, whereas KDR is a major growth
factor of endothelial cells. It is the main mediator in inducing
endothelial cell proliferation, survival, migration and tubule
morphogenesis; it is also closely related to tumorigenesis
and metastasis.

This study also has some limitations, however. First, it is
limited by its small sample size regarding the supply of the
general situation of the HCC transcriptome; this may have led to
analytical bias. In addition, the functions of the identified dif-
miRNAs were not been investigated in depth. The predicted
lncRNA-miRNA-mRNA interaction networks need to be further
confirmed by performing in vitro cellular function experiments,
and by using animal models to understand the functions and
mechanisms behind them. Researchers are currently
investigating the direct functions of identified dif-miRNAs and
the molecular mechanisms of targeting RNAs.
CONCLUSIONS

In this study, a ceRNA network was constructed based on whole
transcriptome sequencing data. When screened in combination
with TCGA, seven differentially expressed miRNAs were identified;
further validation revealed that three miRNAs Hsa-miR-1269a,
Hsa-miR-421, were significantly associated with prognosis.
Therefore, these differential miRNAs are expected to be potential
biomarkers or therapeutic targets for the prognosis of HCC.
Frontiers in Oncology | www.frontiersin.org 9227
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Background: Recent studies have confirmed that AT-rich interactive domain-containing
protein 1A (ARID1A) plays a critical role in tumorigenesis, but its role in gallbladder cancer
(GBC) remains unclear.

Methods: In total, 224 patients from Zhongshan Hospital were recruited for this
retrospective study. The clinicopathological and baseline characteristics of the patients
were collected. Bioinformatics analysis was performed to reveal variations in genes and
signaling pathways, and ARID1A and PD-L1 expression and the number of PD1+ tumor-
infiltrating lymphocytes (TILs) were measured by immunohistochemical staining.

Results: ARID1A expression was negatively correlated with overall survival in patients
with GBC, and multivariate analysis identified ARID1A as an independent prognostic
factor for overall survival. A heatmap and gene set enrichment analysis suggested that
cytotoxic T lymphocyte signatures and immune-related signaling pathways were
downregulated in ARID1A low tumors. Subsequent immunohistochemical staining
confirmed that ARID1A expression was negatively correlated with PD-L1 expression
and PD1+ TILs in the tumor microenvironment. The Kaplan–Meier analysis suggested that
high ARID1A expression combined with low PD-L1 expression or low PD1+ TIL counts is
associated with the best prognosis in patients with GBC.

Conclusion: ARID1A inactivation can lead to a worse prognosis in patients with GBC,
potentially by mediating immune evasion through the PD1/PD-L1 pathway.

Keywords: ARID1A, gallbladder cancer, PD-L1, PD1, prognosis, tumor immune
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INTRODUCTION

Gallbladder cancer (GBC) is a rare malignant tumor of the
digestive tract and the most common malignancy of the biliary
tract system. Most patients with GBC already have advanced
disease at diagnosis, and the 5-year survival rate is less than 5%
(1). At present, the prognosis of patients with GBC is mainly
predicted according to the clinical and pathological stages, such
as TNM and the American Joint Committee on Cancer (AJCC)
stage (2). However, the lack of tumor markers represents a
significant deficiency of these staging systems. There is thus an
urgent need to identify novel biomarkers to facilitate the
prediction of prognosis in GBC.

The switch/sucrose non-fermentable (SWI/SNF) chromatin
remodeling protein complex, which consists of 12–15 subunits, is
assembled from the products of 29 genes (3). The SWI/SNF
complex can alter the structure of chromatin and regulate gene
expression by utilizing energy generated by ATP hydrolysis (4).
The results of gene sequencing illustrated that mutations in the
SWI/SNF complex accounted for approximately 20% of
mutations in cancers, making it the most frequently mutated
tumor suppressor in cancer (5). ARID1A is the core subunit of
the SWI/SNF complex, and it can interact with DNA in a
sequence-non-specific manner. ARID1A is also the most
frequently mutated subunit of the SWI/SNF complex (6, 7). In
the last decade, the role of ARID1A in tumors has been widely
investigated, and ARID1A mutations were commonly observed
in multiple cancers (5, 8). These mutations, which are primarily
non-sense or frameshift mutations, can lead to the deficiency of
ARID1A and further tumorigenesis (9). Recent genomic studies
illustrated that ARID1A is mutated in biliary malignancies at a
rate of up to 18% (10–13). Many researchers demonstrated that
ARID1A inactivation is correlated with worse prognosis in
patients with biliary cancer (11, 14, 15).

Recently, the tumor microenvironment (TME) has emerged
as a promising target for cancer treatment, and the PD1/PD-L1
pathway plays an important role in immune evasion in TME.
Some recent studies revealed the correlation between ARID1A
and the PD1/PD-L1 pathway. In particular, PD-L1 expression
was significantly increased in ARID1A-mutated cancers (16, 17),
which could lead to impaired tumor immunity, and this might
represent a potential mechanism by which ARID1A-deficient
tumors escape immune surveillance.

To date, few studies have examined ARID1A mutation in
patients with GBC, and its effect on the PD1/PD-L1 pathway and
the prognosis of patients with GBC remains unclear. In this
study, patients with GBC with low ARID1A expression had a
poor prognosis, and further bioinformatics analysis illustrated
that certain immune-related pathways were suppressed in
ARID1A-low tumors. Immunohistochemistry (IHC) revealed
that ARID1A expression was negatively correlated with PD-L1
expression and PD1+ T-cell infiltration in GBC. We propose that
ARID1A inactivation could lead to a worse prognosis in patients
with GBC, possibly because of impaired immune surveillance in
the TME.
Frontiers in Oncology | www.frontiersin.org 2230
MATERIALS AND METHODS

Patient Cohort
This retrospective study enrolled 244 consecutive patients with
GBC who underwent surgical resection between January 2008 and
December 2013 at Zhongshan Hospital, Fudan University. The
diagnosis of GBC was based on preoperative imaging results,
intraoperative exploration, and postoperative pathological reports.
Written informed consent was obtained from all patients, and the
study was approved by the ethics committee of Fudan University.
The inclusion criteria were as follows: 1) age ≥ 18 years;
2) confirmation of GBC; 3) complete clinical and baseline data
available; and 4) receipt of radical surgery for GBC. The exclusion
criteria were as follows: 1) presence of other tumors or chronic
diseases; 2) incomplete clinical or follow-up data; and 3) failure of
immunohistochemical staining. Among the enrolled patients, four
were excluded because of failed immunostaining, and 16 patients
were excluded because of incomplete follow-up data. Finally, 224
patients with GBC were included in this cohort.

Data Extraction
The clinicopathological and baseline characteristics of the
patients, including age, gender, tumor differentiation, residual
tumor, vascular invasion, and TNM stage, were collected
retrospectively. The clinical staging of GBC was performed
according to the eighth edition of the AJCC staging manual.
Follow-up data were collected at an interval of 3 months, and
overall survival (OS) was calculated from the date of surgery to
that of death or the last visit.

Tissue Microarray and
Immunohistochemistry
Tissue microarray (TMA) was established in this study using
formalin-fixed, paraffin-embedded surgical specimens, and the
specimens were stained immunohistochemically using appropriate
antibodies (anti-ARID1A [1:600, ab182560, Abcam, USA]; anti-PD-
L1 [1:200, SP142, Roche, Switzerland]; anti-PD1 [1:100, ab52587,
Abcam]; anti-CD8 [1:400, ab4055, Abcam]). The ARID1A staining
score was calculated as the percentage of positive tumor cells (0%–
100%) multiplied by the staining intensity score (0 = negative, 1 =
weak, 2 = moderate, and 3 = strong). The calculation of the PD-L1
staining score followed the criteria of the IMpower110 study (18),
with some changes (TC% = 0, IHC0; 0 < TC% < 1%, IHC1; 1% < TC
% < 50%, IHC2; TC% ≥ 50%, IHC3). Images were acquired using a
Nikon Eclipse Ti-S microscope, whereas the numbers of PD1+
tumor-infiltrating lymphocytes (TILs) per field, and CD8+ cells per
field were calculated using Image-Pro Plus 6.0 software. The cutoff
delineating the high and low expression subgroups was determined
by the minimum p-value method using X-title software. Identical
settings were applied in each photograph.

Gene Set Enrichment Analysis
Despite the lack of data on GBC in The Cancer Genome Atlas
(TCGA), cholangiocarcinoma data were collected for differential
expression analysis because the gallbladder shares the same
February 2022 | Volume 12 | Article 787897
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embryonic origin as bile ducts. This is a routine workaround in
the bioinformatics analysis of GBC. In total, 36 cases of
cholangiocarcinoma from TCGA were analyzed, and mRNA
expression data were downloaded from cBioPortal in the
RSEM format. Gene Set Enrichment Analysis (GSEA) was
performed to analyze the divergences of biological pathways
between high and low ARID1A expression, and the differential
gene expression between the high and low expression groups was
explored using the edgeR package. The cutoff of ARID1A
expression was determined as the median.

Statistical Analyses
Statistical analysis was performed using SPSS (version 25.0), Medcalc
Software (version 19.0.4), Stata (version 16.0), and GraphPad Prism
8 (version 8.0.2). Patients’ baseline and clinicopathological
characteristics were compared using Pearson’s chi-square test,
Fisher’s exact test, and the t-test. OS curves were plotted using the
Kaplan–Meier method, and the differences between subgroups were
analyzed using the log-rank test. Independent prognostic variables
were identified by Cox univariate and multivariate regression
analyses. All statistical analyses were two-sided, and statistical
significance was indicated by p < 0.05.
Frontiers in Oncology | www.frontiersin.org 3231
RESULTS

Correlation Between ARID1A Expression
and the Prognosis of Patients With
Gallbladder Cancer
Immunohistochemical staining was performed using 224 GBC
TMAs, and the typical images of high and low ARID1A
expression are presented in Figure 1A. Based on the cutoff, 98
patients were included in the high ARID1A expression subgroup,
and 126 patients were separated into the low ARID1A expression
subgroup. The correlations between clinicopathological
characteristics and ARID1A expression are presented in
Table 1. Remarkably, lower ARID1A expression in GBC
tissues was positively correlated with the TNM stage (p =
0.007, Figure 1B), whereas multivariate Cox regression
analysis identified ARID1A expression as an independent
prognostic factor (p < 0.001, Figure 1C). The Kaplan–Meier
analysis suggested that patients with high ARID1A expression
had longer OS than those with low ARID1A expression (p =
0.002, Figure 1D). We conclude that ARID1A expression is
significantly correlated with patient prognosis in GBC, whereas
high ARID1A expression predicts a better prognosis.
A B

C D

FIGURE 1 | Evaluation of AT-rich interactive domain 1A (ARID1A) expression by immunohistochemical staining in patients with gallbladder cancer (GBC). (A)
Representative immunohistochemical images of tumor tissues with high or low ARID1A expression. (B) Proportions of different TNM stages in patients with high or
low ARID1A expression. (C) Multivariate Cox regression analysis identified ARID1A expression as an independent prognostic factor for overall survival. (D) Kaplan–
Meier survival analysis of overall survival in all patients. **P < 0.01.
February 2022 | Volume 12 | Article 787897
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ARID1A Downregulation Correlated With
T-Cell Inactivation in The Cancer Genome
Atlas Dataset
To investigate the potential mechanism of ARID1A in GBC, we
investigated gene profiles using TCGA cholangiocarcinoma
cohort. As illustrated in Figure 2A, ARID1A expression was
positively correlated with activated CD8+ T-cell signatures. To
further explore the role of ARID1A, differential gene expression
analyses were performed. As depicted in Figure 2B, genes
involved in T-cell activation (e.g., GZMM, CD8A, TIGIT, and
IFNG) and T-cell recruitment (e.g., CXCR3) were significantly
downregulated in the low ARID1A expression group. We then
performed GSEA to determine potential immune lineage
changes related to ARID1A expression. Of note, multiple T-
cell activation-related processes and signaling pathways were
downregulated in tumors with low ARID1A expression,
including allograft rejection, inflammatory response, TNF-a,
and interferon-gamma (IFN-g) s ignal ing pathways
(Figure 2C ) . These resu l t s sugges t tha t ARID1A
Frontiers in Oncology | www.frontiersin.org 4232
downregulation mediates immune evasion by impairing T-cell
proliferation and activation in the biliary cancer TME.

Decreased ARID1A Expression Is
Correlated With High PD-L1 Expression
and Increased PD1+ Tumor-Infiltrating
Lymphocyte Infiltration in the Gallbladder
Cancer Tissue Microarray Dataset
The downregulation of multiple T cell-related pathways,
especially the TNF-a and IFN-g signaling pathways, suggested
the possible involvement of the PD1/PD-L1 pathway in the
observed mechanism of ARID1A. Thus, we investigated the
relationships of ARID1A with PD-L1 expression and PD1+
TIL counts through IHC and found that GBC tissue specimens
with low ARID1A expression exhibited increased PD-L1
expression, and they were more likely to display greater PD1+
TIL infiltration (Figure 3A). Further, we investigated the
correlation between ARID1A and PD-L1 expression, and the
result revealed that the proportion of PD-L1-positive GBC tissue
TABLE 1 | Correlations between ARID1A expression and patient characteristics.

Characteristic Patients (n = 224) ARID1A expression pa

Number % Low (n = 126) High (n = 98)

Age at surgery, yearsb 0.022
Mean ± SD 63.55 ± 11.39 62.02 ± 11.28 65.52 ± 11.29
Gender 0.465
Female 161 71.9 93 68
Male 63 28.1 33 30

Tumor location 0.938
Perihilar 26 11.6 14 12
Distal 29 12.9 17 12
Gallbladder 169 75.5 95 74

pT stage 0.791
T2 139 62.1 76 63
T3 67 29.9 40 27
T4 18 8 10 8

pN stage 0.129
N0 181 80.8 97 84
N1,2 43 19.2 29 14

M stage 0.167
M0 209 93.3 115 94
M1 15 6.7 11 4

TNM stage 0.621
I 27 12.1 13 14
II 100 44.6 54 46
III 63 28.1 38 25
IV 34 15.2 21 13

Tumor differentiation 0.554
Well, moderate 101 45.1 59 42
Poor 123 54.9 67 56

Residual tumor 0.677
R0 201 89.3 114 87
R1 23 10.7 12 11

Vascular invasion 0.420
Absent 166 73.4 96 70
Present 58 26.6 30 28
February 2022 | Volume 12 | Article 7
ARID1A, AT-rich interactive domain 1A.
ap < 0.05 is considered statistically significant.
bThe results of continuous variables are presented as the mean ± SD.
Bold values represent significant p-values (P <0.05).
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specimens was much higher in the ARID1A-low group than in
the ARID1A-high group (p = 0.035, Figure 3B). Meanwhile, the
proportion of GBC tissues with strongly positive PD-L1 staining
on IHC (IHC score ≥ 2) was also higher in the ARID1A-low
group, although the result was not statistically different (p =
0.150, Figure 3C). We also confirmed a negative correlation
between ARID1A expression and the number of PD1+ TILs in
GBC tissue (p < 0.001, Figure 3D).

Low PD-L1 Expression or Reduced PD1+
Tumor-Infiltrating Lymphocyte Infiltration
Combined With High ARID1A Expression
Is Associated With the Best Prognosis in
Gallbladder Cancer
We assessed the impact of ARID1A expression, PD-L1
expression, and PD1+ TIL infiltration on the survival of
Frontiers in Oncology | www.frontiersin.org 5233
patients with GBC. According to the Kaplan–Meier analysis,
patients with high ARID1A expression and low PD-L1
expression in GBC tissue had the best OS (p < 0.001,
Figure 4A). Further analysis revealed that patients with high
ARID1A expression and less PD1+ TIL infiltration had markedly
bet ter OS than the other pat ient subgroups (p <
0.001, Figure 4B).
DISCUSSION

The SWI/SNF complex utilizes energy from ATP hydrolysis to
mobilize nucleosomes and alter the accessibility of DNA (19).
Prior studies revealed that mutations in genes encoding SWI/
SNF subunits were correlated with multiple malignancies (20,
21). ARID1A, which directly interacts with chromatin as a core
A

C

B

FIGURE 2 | Bioinformatics analysis revealed the regulation of immune-related genes and signaling pathways in AT-rich interactive domain 1A (ARID1A)-inactivated
tumors. (A) Heatmap of cytotoxic T lymphocyte (CTL) signatures in tumors with high or low ARID1A expression. (B) Volcano plot presenting the downregulation of
genes involved in CD8+ T-cell activation in ARID1A-inactivated tumors. (C) Gene set enrichment analysis revealed the downregulation of the immune-related pathway
in ARID1A-inactivated tumors.
February 2022 | Volume 12 | Article 787897

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Nan et al. ARID1A’s Role in Gallbladder Cancer
subunit of the SWI/SNF complex, plays critical roles in cancer
cell development, differentiation, and proliferation (22, 23).
ARID1A is commonly classified as a tumor suppressor, and
low ARID1A expression is associated with a poor prognosis in
multiple cancers (24–27). However, the relationship between
ARID1A expression and the prognosis of patients with GBC
remains unclear. In the first part of this study, we observed that
loss of ARID1A was correlated with worse OS and TNM stage in
patients with GBC. Further multivariate analysis identified
ARID1A as an independent prognostic factor for OS. These
findings indicate that ARID1A might be a vital factor for
predicting prognosis in patients with GBC.

It is known that loss of ARID1A can facilitate tumorigenesis
through several mechanisms. Notably, recent studies revealed the
Frontiers in Oncology | www.frontiersin.org 6234
vital effect of ARID1A on tumor immunity. One study confirmed
that ARID1A plays an important role in lymphocyte
development, whereas ARID1A deletion can lead to a
developmental arrest in early T cells (28). Loss of ARID1A was
found to have a significant correlation with the expression of
IFN-g and checkpoint genes (including PD-L1, CTLA4, and
PDCD1) in microsatellite-stable colorectal cancer (29). In
addition, ARID1A has been proven to serve as a biomarker for
the sensitivity to immune checkpoint inhibitors (29–32).

Considering the role that ARID1A might play in tumor
immunity, we examined immune-related signatures and gene
sets in TCGA cholangiocarcinoma cohort. In the second part of
our study, we found that ARID1A expression was correlated with
multiple T cell-related processes, whereas cytotoxic T
A

B C D

FIGURE 3 | The correlation of AT-rich interactive domain 1A (ARID1A) expression with PD-L1 expression and PD1+ tumor-infiltrating lymphocyte (TIL) counts in patients
with gallbladder cancer (GBC). (A) Representative immunohistochemical images of PD-L1 expression and PD1+ TILs in patients with low (left upper) or high (left lower)
ARID1A expression. (B) Distribution of PD1+ TILs in different ARID1A expression groups. (C) Proportion of patients with positive PD-L1 staining. (D) Distribution of the
immunohistochemistry (IHC) score for PD-L1 in the ARID1A-high and ARID1A-low groups. *P < 0.05; ***P < 0.001.
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A B

FIGURE 4 | Kaplan–Meier survival analysis of overall survival (OS) according to AT-rich interactive domain 1A (ARID1A) expression, PD-L1 expression, and PD1+
tumor-infiltrating lymphocyte (TIL) counts. (A) Kaplan–Meier survival analysis of OS in patients with gallbladder cancer based on ARID1A expression and PD1+ TIL
counts. (B) Kaplan–Meier survival analysis of OS based on ARID1A expression and PD-L1 expression. ***P < 0.001.
FIGURE 5 | Sketch map depicting the role of AT-rich interactive domain 1A (ARID1A) in patients with gallbladder cancer (GBC). We propose that in ARID1A-
activated GBC, the relatively low expression of PD-L1 allows tumor-infiltrating lymphocytes (TILs) to function normally and perform immune surveillance. In ARID1A-
inactivated GBC, the upregulation of PD-L1 in tumor cells might lead to immune evasion in the tumor microenvironment via the PD1/PD-L1 pathway.
Frontiers in Oncology | www.frontiersin.org February 2022 | Volume 12 | Article 7878977235

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Nan et al. ARID1A’s Role in Gallbladder Cancer
lymphocyte (CTL) signatures were significantly decreased in
ARID1A-low tumors. Further differential gene expression
analyses also illustrated that genes involved in T-cell activation
were downregulated in ARID1A-low tumors. These findings
indicate that T cells are potentially depleted in biliary tumors
with low ARID1A express ion. Combined with the
downregulation of several related pathways (such as TNF-a
and IFN-g signaling pathways), we propose that loss of
ARID1A may lead to impaired immune surveillance in the
TME of bi l iary cancer by influencing PD1/PD-L1
pathway activity.

ARID1A shares a complex correlation with the PD1/PD-L1
pathway. Loss of ARID1A was proven to be related to high PD-
L1 expression in multiple cancers, including non-small cell
lung cancer (33), gastric cancer (34), ovarian cancer (35),
colorectal cancer (36), and hepatocellular carcinoma (37).
Patients with ARID1A-mutated tumors are more likely to
benefit from anti-PD1/PD-L1 immunotherapy than patients
with wild-type ARID1A tumors (38). Mechanistically, loss of
ARID1A can lead to the activation of phosphatidylinositol 3-
kinase/AKT signaling, which contributes to the elevated
expression of PD-L1 (34, 37). Another scenario holds that
ARID1A deficiency results in increased PD-L1 expression by
directly removing the antagonistic effect on Cd274 gene (which
encodes PD-L1) (39). Our future goal is to confirm whether the
correlation between ARID1A and the PD1/PD-L1 pathway
remains valid in GBC.

In the third part of our study, immunohistochemical staining
revealed significant increases in PD-L1 expression and PD1+ TIL
infiltration in ARID1A-low GBC specimens. Patients with high
PD-L1 expression or those with greater PD1+ TIL infiltration
had a worse prognosis (Supplementary Figure S1). Considering
these variables together, the Kaplan–Meier analysis illustrated
that high ARID1A expression, low PD-L1 expression, and lower
PD1+ TIL infiltration were linked to the best prognosis in GBC.
Meanwhile, because it was reported that loss of ARID1A can lead
to high CD8+ T-cell infiltration via the increased tumor
mutation burden (40), we further determined the number of
CD8+ T cells in GBC specimens by IHC. The results revealed no
significant difference in the number of CD8+ T cells between
ARID1A-high and ARID1A-low tumors (Supplementary
Figure S2). This indicated that the increased number of PD1+
TILs in ARID1A-low GBC tumors was not attributed to an
overall increase in the number of TILs, but it was potentially the
result of high PD-L1 expression in tumor tissue.

Based on the aforementioned findings, we propose that in
GBC, ARID1A might potentially inhibit PD-L1 expression in
tumor cells, which allows TILs to function normally in the TME.
In ARID1A-inactivated GBC, PD-L1 overexpression and
impaired TIL function lead to immune evasion by the tumor
and a worse prognosis (Figure 5). These results suggest the
potentiality of applying anti-PD1/PD-L1 therapy in patients with
ARID1A-mutated GBC.

However, a few limitations should be acknowledged. As a
single-center retrospective study with a relatively small sample
Frontiers in Oncology | www.frontiersin.org 8236
size, it is necessary to validate these findings in a large
prospective, multicenter, randomized study. In addition, the
results of immunohistochemical staining in this study were
based on TMA, which may not completely reflect the actual
situation as a semiquantitative method. Currently, we have
established an ARID1A-depleted GBC cell line, and we aim to
validate these findings in humanized mice. We hope that the
exact role of ARID1A in the progression of GBC will be revealed
in our future work.
CONCLUSIONS

Our study identified the association of ARID1A downregulation
with unfavorable clinical outcomes and prognosis in patients
with GBC. Loss of ARID1A predicted increased PD-L1
expression and elevated PD1+ TIL infiltration, which might
lead to impaired immune surveillance in the TME of GBC.
The combination of high ARID1A expression, low PD-L1
expression, and reduced PD1+ TIL infiltration predicted the
best OS in patients with GBC. ARID1A is a prognostic factor,
and it might serve as a marker to predict the efficacy
of immunotherapy.
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REFERENCES
1. D’Hondt M, Lapointe R, Benamira Z, Pottel H, Plasse M, Letourneau R, et al.

Carcinoma of the Gallbladder: Patterns of Presentation, Prognostic Factors
and Survival Rate. An 11-Year Single Centre Experience. Eur J Surg Oncol
(2013) 39(6):548–53. doi: 10.1016/j.ejso.2013.02.010

2. Edge SB, Edge SB. AJCC Cancer Staging Manual. 8th Ed. New York, USA:
Springer (2017).

3. Nakayama RT, Pulice JL, Valencia AM, McBride MJ, McKenzie ZM, Gillespie
MA, et al. SMARCB1 Is Required for Widespread BAF Complex-Mediated
Activation of Enhancers and Bivalent Promoters. Nat Genet (2017) 49
(11):1613–23. doi: 10.1038/ng.3958

4. Clapier CR, Iwasa J, Cairns BR, Peterson CL. Mechanisms of Action and
Regulation of ATP-Dependent Chromatin-Remodelling Complexes. Nat Rev
Mol Cell Biol (2017) 18(7):407–22. doi: 10.1038/nrm.2017.26

5. Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J, et al. Proteomic
and Bioinformatic Analysis of Mammalian SWI/SNF Complexes Identifies
Extensive Roles in Human Malignancy. Nat Genet (2013) 45(6):592–601. doi:
10.1038/ng.2628

6. Lawrence MS, Stojanov P, Mermel CH, Robinson JT, Garraway LA, Golub
TR, et al. Discovery and Saturation Analysis of Cancer Genes Across 21
Tumour Types. Nature (2014) 505(7484):495–501. doi: 10.1038/nature12912

7. Wilsker D, Patsialou A, Zumbrun SD, Kim S, Chen Y, Dallas PB, et al. The
DNA-Binding Properties of the ARID-Containing Subunits of Yeast and
Mammalian SWI/SNF Complexes. Nucleic Acids Res (2004) 32(4):1345–53.
doi: 10.1093/nar/gkh277

8. Sun X, Wang SC, Wei Y, Luo X, Jia Y, Li L, et al. Arid1a Has Context-
Dependent Oncogenic and Tumor Suppressor Functions in Liver Cancer.
Cancer Cell (2017) 32(5):574–89.e6. doi: 10.1016/j.ccell.2017.10.007

9. Berns K, Caumanns JJ, Hijmans EM, Gennissen AMC, Severson TM, Evers B,
et al. ARID1A Mutation Sensitizes Most Ovarian Clear Cell Carcinomas to
BET Inhibitors. Oncogene (2018) 37(33):4611–25. doi: 10.1038/s41388-018-
0300-6

10. Chae H, Kim D, Yoo C, Kim KP, Jeong JH, Chang HM, et al. Therapeutic
Relevance of Targeted Sequencing in Management of Patients With Advanced
Biliary Tract Cancer: DNA Damage Repair Gene Mutations as a Predictive
Biomarker. Eur J Cancer (2019) 120:31–9. doi: 10.1016/j.ejca.2019.07.022

11. Javle M, Bekaii-Saab T, Jain A, Wang Y, Kelley RK, Wang K, et al. Biliary
Cancer: Utility of Next-Generation Sequencing for Clinical Management.
Cancer (2016) 122(24):3838–47. doi: 10.1002/cncr.30254

12. Sicklick JK, Fanta PT, Shimabukuro K, Kurzrock R. Genomics of Gallbladder
Cancer: The Case for Biomarker-Driven Clinical Trial Design. Cancer
Metastasis Rev (2016) 35(2):263–75. doi: 10.1007/s10555-016-9602-8

13. Wardell CP, Fujita M, Yamada T, Simbolo M, Fassan M, Karlic R, et al.
Genomic Characterization of Biliary Tract Cancers Identifies Driver Genes
and Predisposing Mutations. J Hepatol (2018) 68(5):959–69. doi: 10.1016/
j.jhep.2018.01.009

14. Conci S, Ruzzenente A, Simbolo M, Bagante F, Rusev B, Isa G, et al. Multigene
Mutational Profiling of Biliary Tract Cancer Is Related to the Pattern of
Recurrence in Surgically Resected Patients. Updates Surg (2020) 72(1):119–28.
doi: 10.1007/s13304-020-00718-5
15. Sasaki M, Nitta T, Sato Y, Nakanuma Y. Loss of ARID1A Expression Presents
a Novel Pathway of Carcinogenesis in Biliary Carcinomas. Am J Clin Pathol
(2016) 145(6):815–25. doi: 10.1093/ajcp/aqw071

16. AshizawaM, Saito M,Min AKT, Ujiie D, Saito K, Sato T, et al. Prognostic Role
of ARID1A Negative Expression in Gastric Cancer. Sci Rep (2019) 9(1):6769.
doi: 10.1038/s41598-019-43293-5

17. Li L, Li M, Jiang Z, Wang X. ARID1A Mutations Are Associated With
Increased Immune Activity in Gastrointestinal Cancer. Cells (2019) 8(7):678.
doi: 10.3390/cells8070678

18. Herbst RS, Giaccone G, de Marinis F, Reinmuth N, Vergnenegre A, Barrios CH,
et al. Atezolizumab for First-Line Treatment of PD-L1-Selected Patients With
NSCLC. N Engl J Med (2020) 383(14):1328–39. doi: 10.1056/NEJMoa1917346

19. Euskirchen G, Auerbach RK, Snyder M. SWI/SNF Chromatin-Remodeling
Factors: Multiscale Analyses and Diverse Functions. J Biol Chem (2012) 287
(37):30897–905. doi: 10.1074/jbc.R111.309302

20. Tessier-Cloutier B, Schaeffer DF, Bacani J, Marginean CE, Kalloger S, Kobel
M, et al. Loss of Switch/Sucrose Non-Fermenting Complex Protein Expression
in Undifferentiated Gastrointestinal and Pancreatic Carcinomas.
Histopathology (2020) 77(1):46–54. doi: 10.1111/his.14096

21. Zhou Y, Xu Q, Tao L, Chen Y, Shu Y,Wu Z, et al. Enhanced SMARCD1, a Subunit
of the SWI/SNF Complex, Promotes Liver Cancer Growth Through the mTOR
Pathway. Clin Sci (Lond) (2020) 134(12):1457–72. doi: 10.1042/CS20200244

22. Nagarajan S, Rao SV, Sutton J, Cheeseman D, Dunn S, Papachristou EK, et al.
ARID1A Influences HDAC1/BRD4 Activity, Intrinsic Proliferative Capacity
and Breast Cancer Treatment Response. Nat Genet (2020) 52(2):187–97. doi:
10.1038/s41588-019-0541-5

23. Wang SC, Nassour I, Xiao S, Zhang S, Luo X, Lee J, et al. SWI/SNF
Component ARID1A Restrains Pancreatic Neoplasia Formation. Gut (2019)
68(7):1259–70. doi: 10.1136/gutjnl-2017-315490

24. He F, Li J, Xu J, Zhang S, Xu Y, Zhao W, et al. Decreased Expression of
ARID1A Associates With Poor Prognosis and Promotes Metastases of
Hepatocellular Carcinoma. J Exp Clin Cancer Res (2015) 34:47. doi:
10.1186/s13046-015-0164-3

25. Kim MJ, Gu MJ, Chang HK, Yu E. Loss of ARID1A Expression is Associated
With Poor Prognosis in Small Intestinal Carcinoma. Histopathology (2015) 66
(4):508–16. doi: 10.1111/his.12566

26. Yang L, Wei S, Zhao R, Wu Y, Qiu H, Xiong H. Loss of ARID1A Expression
Predicts Poor Survival Prognosis in Gastric Cancer: A Systematic Meta-
Analysis From 14 Studies. Sci Rep (2016) 6:28919. doi: 10.1038/srep28919

27. Yoshino J, Akiyama Y, Shimada S, Ogura T, Ogawa K, Ono H, et al. Loss of
ARID1A Induces a Stemness Gene ALDH1A1 Expression With Histone
Acetylation in the Malignant Subtype of Cholangiocarcinoma.
Carcinogenesis (2019) 41(6):734–42. doi: 10.1093/carcin/bgz179

28. Astori A, Tingvall-Gustafsson J, Kuruvilla J, Coyaud E, Laurent EMN,
Sunnerhagen M, et al. ARID1a Associates With Lymphoid-Restricted
Transcription Factors and Has an Essential Role in T Cell Development.
J Immunol (2020) 205(5):1419–32. doi: 10.4049/jimmunol.1900959

29. Mehrvarz Sarshekeh A, Alshenaifi J, Roszik J, Manyam GC, Advani SM,
Katkhuda R, et al. ARID1A Mutation May Define an Immunologically Active
Subgroup in Patients With Microsatellite Stable Colorectal Cancer. Clin
Cancer Res (2021) 27(6):1663–70. doi: 10.1158/1078-0432.CCR-20-2404
February 2022 | Volume 12 | Article 787897

https://www.frontiersin.org/articles/10.3389/fonc.2022.787897/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.787897/full#supplementary-material
https://doi.org/10.1016/j.ejso.2013.02.010
https://doi.org/10.1038/ng.3958
https://doi.org/10.1038/nrm.2017.26
https://doi.org/10.1038/ng.2628
https://doi.org/10.1038/nature12912
https://doi.org/10.1093/nar/gkh277
https://doi.org/10.1016/j.ccell.2017.10.007
https://doi.org/10.1038/s41388-018-0300-6
https://doi.org/10.1038/s41388-018-0300-6
https://doi.org/10.1016/j.ejca.2019.07.022
https://doi.org/10.1002/cncr.30254
https://doi.org/10.1007/s10555-016-9602-8
https://doi.org/10.1016/j.jhep.2018.01.009
https://doi.org/10.1016/j.jhep.2018.01.009
https://doi.org/10.1007/s13304-020-00718-5
https://doi.org/10.1093/ajcp/aqw071
https://doi.org/10.1038/s41598-019-43293-5
https://doi.org/10.3390/cells8070678
https://doi.org/10.1056/NEJMoa1917346
https://doi.org/10.1074/jbc.R111.309302
https://doi.org/10.1111/his.14096
https://doi.org/10.1042/CS20200244
https://doi.org/10.1038/s41588-019-0541-5
https://doi.org/10.1136/gutjnl-2017-315490
https://doi.org/10.1186/s13046-015-0164-3
https://doi.org/10.1111/his.12566
https://doi.org/10.1038/srep28919
https://doi.org/10.1093/carcin/bgz179
https://doi.org/10.4049/jimmunol.1900959
https://doi.org/10.1158/1078-0432.CCR-20-2404
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Nan et al. ARID1A’s Role in Gallbladder Cancer
30. Sun D, Tian L, Zhu Y, Wo Y, Liu Q, Liu S, et al. Subunits of ARID1 Serve as
Novel Biomarkers for the Sensitivity to Immune Checkpoint Inhibitors and
Prognosis of Advanced Non-Small Cell Lung Cancer. Mol Med (2020) 26
(1):78. doi: 10.1186/s10020-020-00208-9

31. He Y, Wang X. Identification of Molecular Features Correlating With Tumor
Immunity in Gastric Cancer by Multi-Omics Data Analysis. Ann Transl Med
(2020) 8(17):1050. doi: 10.21037/atm-20-922

32. Li Z, Lin J, Zhang L, Li J, Zhang Y, ZhaoC, et al. Comprehensive Analysis ofMultiple
Parameters Associated With Tumor Immune Microenvironment in ARID1A
Mutant Cancers. Future Oncol (2020) 16(29):2295–306. doi: 10.2217/fon-2020-0243

33. Naito T, Udagawa H, Umemura S, Sakai T, Zenke Y, Kirita K, et al. Non-Small
Cell Lung Cancer With Loss of Expression of the SWI/SNF Complex Is
Associated With Aggressive Clinicopathological Features, PD-L1-Positive
Status, and High Tumor Mutation Burden. Lung Cancer (2019) 138:35–42.
doi: 10.1016/j.lungcan.2019.10.009

34. Kim YB, Ahn JM, Bae WJ, Sung CO, Lee D. Functional Loss of ARID1A Is
Tightly Associated With High PD-L1 Expression in Gastric Cancer. Int J
Cancer (2019) 145(4):916–26. doi: 10.1002/ijc.32140

35. Kuroda Y, Chiyoda T, Kawaida M, Nakamura K, Aimono E, Yoshimura T,
et al. ARID1A Mutation/ARID1A Loss Is Associated With a High
Immunogenic Profile in Clear Cell Ovarian Cancer. Gynecol Oncol (2021)
162(3):679–85. doi: 10.1016/j.ygyno.2021.07.005

36. Tokunaga R, Xiu J, Goldberg RM, Philip PA, Seeber A, Battaglin F, et al. The
Impact of ARID1A Mutation on Molecular Characteristics in Colorectal
Cancer. Eur J Cancer (2020) 140:119–29. doi: 10.1016/j.ejca.2020.09.006

37. Iseda N, Itoh S, Yoshizumi T, Yugawa K, Morinaga A, Tomiyama T, et al.
ARID1A Deficiency Is Associated With High Programmed Death Ligand 1
Expression in Hepatocellular Carcinoma. Hepatol Commun (2021) 5(4):675–
88. doi: 10.1002/hep4.1659
Frontiers in Oncology | www.frontiersin.org 10238
38. Okamura R, Kato S, Lee S, Jimenez RE, Sicklick JK, Kurzrock R. ARID1A
Alterations Function as a Biomarker for Longer Progression-Free Survival
After Anti-PD-1/PD-L1 Immunotherapy. J Immunother Cancer (2020) 8(1):
e000438. doi: 10.1136/jitc-2019-000438

39. Fukumoto T, Fatkhutdinov N, Zundell JA, Tcyganov EN, Nacarelli T,
Karakashev S, et al. HDAC6 Inhibition Synergizes With Anti-PD-L1
Therapy in ARID1A-Inactivated Ovarian Cancer. Cancer Res (2019) 79
(21):5482–9. doi: 10.1158/0008-5472.CAN-19-1302

40. Hu G, Tu W, Yang L, Peng G, Yang L. ARID1A Deficiency and Immune
Checkpoint Blockade Therapy: From Mechanisms to Clinical Application.
Cancer Lett (2020) 473:148–55. doi: 10.1016/j.canlet.2020.01.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nan, Wang, Wang, Zhang, Bo, Wang and Liu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
February 2022 | Volume 12 | Article 787897

https://doi.org/10.1186/s10020-020-00208-9
https://doi.org/10.21037/atm-20-922
https://doi.org/10.2217/fon-2020-0243
https://doi.org/10.1016/j.lungcan.2019.10.009
https://doi.org/10.1002/ijc.32140
https://doi.org/10.1016/j.ygyno.2021.07.005
https://doi.org/10.1016/j.ejca.2020.09.006
https://doi.org/10.1002/hep4.1659
https://doi.org/10.1136/jitc-2019-000438
https://doi.org/10.1158/0008-5472.CAN-19-1302
https://doi.org/10.1016/j.canlet.2020.01.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Yunfei Xu,

Shandong University, China

Reviewed by:
Zhixiang Jian,

Guangdong Provincial People’s
Hospital, China

Ning Wei,
University of Pittsburgh Medical

Center, United States

*Correspondence:
Qiang Xia

xiaqiang@shsmu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Cancer Molecular Targets
and Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 21 December 2021
Accepted: 28 January 2022

Published: 24 February 2022

Citation:
Zhao Z, Zhao Z, Wang J, Zhang H, Xi Z
and Xia Q (2022) ABCC6 Knockdown
Fuels Cell Proliferation by Regulating
PPARa in Hepatocellular Carcinoma.

Front. Oncol. 12:840287.
doi: 10.3389/fonc.2022.840287

ORIGINAL RESEARCH
published: 24 February 2022

doi: 10.3389/fonc.2022.840287
ABCC6 Knockdown Fuels Cell
Proliferation by Regulating PPARa
in Hepatocellular Carcinoma
Zhicong Zhao1,2†, Zhenjun Zhao1†, Jianye Wang1,3, He Zhang1,4, Zhifeng Xi1

and Qiang Xia1,5,6*

1 Department of Liver Surgery, Renji Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China,
2 Department of Systems Biology, Beckman Research Institute of City of Hope, Duarte, CA, United States, 3 Department of
Surgery, School of Medicine, Technical University of Munich, Munich, Germany, 4 Department of Surgery, The University of
Hong Kong-Shenzhen Hospital, Shenzhen, China, 5 Shanghai Engineering Research Center of Transplantation and
Immunology, Shanghai, China, 6 Shanghai Institute of Transplantation, Shanghai, China

The ATP binding cassette (ABC) transporter family is ubiquitous in eukaryotes, specifically in
vertebrates,andplaysacrucial role inenergyhomeostasis, cell signaling, anddrug resistance.
Accumulating evidence indicates that some ABC transporters contribute to cancer cell
proliferation and tumor progression; however, relatively little is known about the behavior of
the ABC transporter family in hepatocellular carcinoma (HCC). By analyzing two public
transcriptomic databases, we evaluated the effect of genes in the ABC transporter family on
HCC prognostic prediction; ABCC6 was selected for further study. Notably, ABCC6 was
found tobedownregulated inHCCtissuesandcorrelatedwith favorableoutcomes inpatients
with HCC. Moreover, ABCC6 knockdown not only significantly promoted cell proliferation in
vitro and in vivo, but also inhibited cell cycle arrest and cell apoptosis. Transcriptome analysis
revealed that ABCC6 depletion enhanced the “mitotic cell cycle” and “DNA replication”
pathways, and suppressed the “PPAR signaling pathway”. Further investigation
demonstrated that PPARa, one of the key regulators in peroxisome metabolism, is located
downstream of ABCC6. In summary, our study provides profound insights into the behavior
of ABC transporter family genes in variousHCCcohorts, identifies ABCC6 as a biomarker for
early-stageHCCdiagnosis, andoffersexperimentalbasis for further investigationsof targeting
ABCC6 in the treatment of patients with HCC.

Keywords: ABC transporter family, ABCC6, biomarker, cell proliferation, hepatocellular carcinoma,
PPARa, peroxisome
INTRODUCTION

Hepatocellular carcinoma (HCC) is the sixth most common cancer worldwide and accounts for
approximately 85% of primary liver cancers (1). Moreover, incidence rates of HCC are significantly
higher in China, Southeast Asia, and Africa than the rest of the world (2). Risk factors for HCC
include hepatitis B virus infection, cirrhosis, non-alcoholic fatty liver disease, excessive alcohol
consumption, autoimmune disease, and accumulation of reactive oxygen species (ROS) (3, 4).
Additionally, early diagnosis through surveillance and curative treatment has considerably
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improved the 5-year survival of patients with HCC (5).
Therefore, it’s strongly recommended to systematically screen
target populations that are at a particularly high risk for
developing HCC.

TheATP binding cassette (ABC) transporter family represents
one of the largest families of transmembrane proteins (6). ABC
transporters are found among all living organisms, and are
classified into seven subfamilies, designated ABCA-ABCG (6).
By utilizing the energy from ATP hydrolysis, ABC transporters
can translocate specific substrates across the membrane (7).
Furthermore, the past few decades have witnessed numerous
studies documenting the contribution of ABC transporters to
multidrug resistance. Specifically, someABC transporters, such as
ABCC1, ABCG2, and ABCB1, are highly efficient at extruding
drugs from cancer cells, resulting in substantial multidrug
resistance (8). More recently, accumulating evidence indicates
that some ABC transporters also contribute to cancer cell
proliferation and tumor progression (6, 7). For example, ABCC4
knockdown induces cell cycle arrest and apoptosis in acute
myeloid leukemia (9). Overexpression of ABCC1 correlates with
reduced overall survival in patients with neuroblastoma (10).
Elevated ABCA13 mRNA levels are linked to poor clinical
outcomes in patients with gastric adenocarcinoma (11). At the
same time, some ABC transporters (e.g., ABCA1, ABCA2, and
ABCA7) are essential for lipid transport and homeostasis (12).
However, because ABC transporters perform multiple functions
simultaneously, controversial results have been reported (13).
Thus, there is a pressing need to understand the overall behavior
of ABC transporter family genes in HCC.

ABCC6, primarily localized in the basolateral membrane of
hepatocytes, belongs to the ABC transporter C subfamily (14).
Several studies have demonstrated that ABCC6 plays an
important role in mineralization homeostasis. It’s well-
established that ABCC6 mutations cause a complex autosomal
recessive disease, called pseudoxanthoma elasticum (PXE) (15,
16). Mechanistically, ABCC6 overexpression results in the efflux
of ATP, which is rapidly converted into nucleoside
monophosphates and pyrophosphate and alters the
extracellular environment (17). Moreover, recent studies have
suggested that ABCC6 variations correlate with altered plasma
triglyceride levels and increased coronary risks (18, 19).
Additionally, genetic deletion of Abcc6 in mice disturbs
cholesterol homeostasis and lipid metabolism (20). However,
the role of ABCC6 in tumor biology has been poorly investigated.

In the present study, we first analyzed the prognostic value of
ABC transporter family genes using the Cancer Genome Atlas
(TCGA) and GSE14520 datasets, and then identified ABCC6 as a
potential biomarker for early-stage HCC diagnosis and
prognostic prediction. Specifically, ABCC6 expression was
downregulated in HCC tissues and positively correlated with
favorable overall survival in patients with HCC. Functional
studies further revealed that ABCC6 knockdown significantly
enhanced cancer cell proliferation in vitro and in vivo.
Mechanistically, ABCC6 depletion inhibits the PPARa
(Peroxisome proliferator-activated receptor alpha) activity and
protects HCC cells from oxidative damage.
Frontiers in Oncology | www.frontiersin.org 2240
MATERIALS AND METHODS

Cell Culture
HCC Cell lines MHCC97H, SMMC7721, and Huh7 were
obtained from Cell Resource Center of Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences. Normal
human hepatic cell line L-02 and human HCC cell lines
MHCC97L and LM3 were kindly given from Huashan
Hospital, Cancer Metastasis Institute, Fudan University,
Shanghai. All cell lines were grown in DMEM medium (Gibco)
supplemented with 10% Fetal bovine serum(FBS)(Gibco), and
1% penicillin-streptomycin (Gibco), incubated at 37°C and 5%
CO2. Mycoplasma contamination was tested every month.

Patients and Samples
Fresh human HCC tumor tissues and adjacent paratumor tissues
were collected from patients who underwent surgical resection or
liver transplantation at Department of Liver Surgery, Renji
Hospital, Shanghai Jiao Tong University School of Medicine.
Written informed consent was obtained from each patient. For
Clinical analyses, two independent HCC cohorts of HCC
patients were retrospectively adopted. HCC cohort 1
(hepatectomy cohort) included 153 HCCs collected between
February 2010—August 2015 from Department of Liver
Surgery, Renji Hospital, Shanghai Jiao Tong University School
of Medicine. HCC cohort 2 (liver transplantation cohort)
included 70 HCCs collected between January 2015—April 2016
from Department of Liver Surgery, Renji Hospital, Shanghai Jiao
Tong University School of Medicine. All patients were diagnosed
with HCC according to the NCCN guidelines and routinely
followed up. This study was approved by the Renji Hospital
Ethics Committee.

Constructs and Transfections
Human full-length ABCC6 cDNA was inserted to the lentiviral
vector CMV-MCS-3FLAG-SV40- EGFP-IRES-Puromycin
plasmid by Fubio company (Shanghai, China). Short hairpin
RNA (shRNA) targeting ABCC6 was constructed into PLKO.1
plasmid by Genepharma Company (Shanghai, China), while a
non-target shRNA (5’- GCGCGCTTTGTAGGATTCG-3’) was
used as a negative control. To construct stable cell lines with
overexpression or downregulation of ABCC6, lentivirus particles
were generated based on above plasmids and transfected into
HCC cell lines in the presence of polybrene. 48 hours after
infection, puromycin (2mg/ml) was added into culture cells.
Knockdown and overexpression efficiency was confirmed by
western blot. The shRNA target sequences employed in this
study are listed as below: shABCC6#1: GTGGCCGAG
AATGCTATGAAT; shABCC6#2: CGTAGATGAAAGC
CAGAGGAT.

Tissue Microarray Immunohistochemistry
Analysis
Two tissue microarrays with definite HCC diagnosis were
constructed in this study. All HCC samples were first reviewer
histologically by hematoxylin and eosin staining to identify the
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border between Tumor and paratumor. Then, representative
areas were punched out and mounted onto a recipient block
with a semi-automated TMArrayer. Immunohistochemistry
assays using tissue microarray were performed according to
standard protocol. Briefly, paraffin-embedded tissue microarray
slides were deparaffinized and rehydrated for 30 min. Antigen
retrieval was done by incubating the slides in citrate buffer (pH
6.0) by boiling for 10 min in the microwave oven. After fully
cooled down, the slides were incubated with ABCC6 antibody
(Proteintech, 27848-1-AP) overnight at 4°C. After washing three
times with PBST, the slides were incubated with HRP-conjugated
secondary antibody (Proteintech, SA00001-2). Signals were
developed in DAB detection solution (Beyotime, p0203) under
microscopic observation and counterstained with hematoxylin.
After staining, photographs were captured using Leica
microscope. The Image-Pro Plus v6.0 software was used to
calculate the integrated optical density (IOD) of each
photograph, and the ratio of IOD to total tissue area was
calculated as staining intensity.

CCK-8, Colony Formation, and EdU
(5-Ethynyl-2’-Deoxyuridine)
Incorporation Assays
For CCK-8 assay, HCC cell lines were infected with indicated
lentivirus and selected for 1 week to generate stable knockdown
or overexpression cells. Then, the cells were seeded into 96-well
plates at a density of 3 × 103 cells per well and incubated at 37°C.
Every 24 hours, 10% (V/V) CCK-8 (Dojindo, CK04-11) was
added to the culture medium and incubated for one hour. Cell
viability was measured at OD 450 nm using a SpectraMax i3
microplage reader (Molecular Devices, USA).

Colony formation assay were performed to evaluate the long-
term proliferation ability. HCC cell lines were seeded into 60mm
dishes at a density of 3 × 103 cells per well and cultured for 14
days. The medium was changed twice a week. Cells were washed
gently with PBS and fixed in 4% formaldehyde for 20 minutes
followed by staining with 0.1% (w/v) crystal violet. The cell
culture plates were scanned to obtain digital images, and the
colonies were counted under microscope.

The EdU (5-Ethynyl-2’-Deoxyuridine) incorporation assay was
performed using BeyoClick™ EdU Cell Proliferation Kit
(Beyotime, C0078S) according to the manufacturer’s instructions
to further validate cell proliferation ability. Briefly, 1×105 cells were
planted in 24-well plates with coverslips 24 hours before
experiments. Then, 50 mM EdU labeling medium was added into
eachwell and incubated for 2hat37°C.The cellswerefixedusing4%
paraformaldehyde for 20 min and treated with 0.5% Triton X-100
for 10 min at room temperature. Then, the cells were stained with
Click Reaction mix for 30 min, and the nuclei were stained using
DAPI. Proliferation rate was determined by quantifying the
percentage of EdU+ cells using fluorescence microscope.

Transwell-Migration Assay
8mm transwell inserts (Falcon, USA) were used to measure the
migratory of cells. Briefly, 5×104 HCC cells in 200 ml of DMEM
were placed into the upper chamber, 500 ml DMEM medium
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containing 10% FBS was added to the lower chambers. After 48 h,
the non-migrated cells on the top side were wiped carefully and
the inserts were fixed in 5% formaldehyde solution for 10 min.
After that, each inset was stained with 0.1% crystal violet for 10
min, then washed with PBS for three times. Three random
microscopic fields were captured and cells were counted for
each group.

Cell Apoptosis and Cell Cycle Assay
Stable 97H and Huh7 cells were seeded into 6-well plates at a
density of 5× 105 cells per well 24 hours before the apoptosis
assay. After treating with 20 mM cisplatin (Selleck Chemicals,
S1166) for 24 hours, cells were harvested by trypsinization,
washed twice with PBS, stained with APC-Annexin V and PI
following the manufacturers’ instructions (MultiSciences, 70-
AP107-100). Flow cytometry was performed using Beckman
CytoFLEX and the results were analyzed with FlowJo software.

For cell cycle analysis, cells were harvested and fixed in cold 70%
ethanol overnight at 4°C. Cells were then stained with PI staining
solution (SangonBiotech,E607306) for15min, followedbywashing
with PBS twice. Flow cytometry was performed using Beckman
CytoFLEX and the results were analyzed with FlowJo software.

Intracellular ROS Assay
The intracellular ROS level was detected by CellROX™

Cytometry Assay Kit (Thermo Fisher, C10493). Briefly, cells
were harvested and stained with 500 nM CellRox reagent for 60
min at 37°C. After washing the cells once with PBS, immediately
analyzed the samples by Beckman CytoFLEX. The results were
analyzed with FlowJo software.

Seahorse XF Cell Energy Phenotype Assay
Cellular energy phenotypes and metabolic switching was
measured by Seahorse XFe96 Analyzer (Agilent, USA) with
Seahorse XF Cell Energy Phenotype Test Kit (Agilent, 103325-
100). Inbrief, 0.5-1×105 cellswere seeded in96-well Seahorseplates
with XF RPMI medium supplemented with 2 mM glutamine, 10
mMglucose, 1mMpyruvate, and5mMHEPES, and then incubated
in aCO2-free incubator for 1 hour prior to the assay. For assessment
of energy phenotypes, 100 mM oligomycin and FCCP were used
according to the manufacturer’s instructions.

b-Galactosidase Staining
The b-galactosidase staining was performed using Senescence b-
Galactosidase Staining Kit (Beyotime, C0602) according to the
manufacturer’s instructions. Briefly, 5×105 cells were planted in
6-well plates with coverslips 24 hours before experiments. The
cells were fixed using 4% paraformaldehyde for 20 min and then
stained with working solution at 37°C overnight. The second day,
cells were washed with PBS for three times and observed under
microscope. Senescence rate was determined by quantifying the
percentage of positive cells.

ATP and Malondialdehyde (MDA) Assay
Tomeasure the intracellular ATP level, we utilized the CellTiter-Glo
Cell Viability Assay (Premega, G9241). Control and stable ABCC6
knockdownHCC cells were seeded into 96-well plates at a density of
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1 × 104 cells per well and incubated at 37°C. The second day, added
100ml CellTiter-Glo reagent to the medium in each well, mixed the
contents for 2 minutes and incubated at room temperature for 10
minutes. The luminescent signals were measured using a
SpectraMax i3 microplage reader (Molecular Devices, USA).

To evaluate lipid peroxidation, we utilized the MDA assay
(Beyotime, S0131S). Control and stable ABCC6 knockdown HCC
cells were seeded into 6-well plates at a density of 1 × 106 cells per
well and incubated at 37°C. Cells were lysed using Western lysis
buffer, and the protein concentration was measured using a BCA
protein Assay kit (Thermo Fisher). MDA assay was performed
according to the manufacturer’s instructions. Signal was measured
at OD 532 nm using a SpectraMax i3 microplage reader (Molecular
Devices, USA). Relative MDA level was normalized by the protein
concentration of each sample.

In Vivo Tumor Growth Assays
NSG (NOD-scid IL2Rgammanull) mice were purchased from
Shanghai Model Organisms Ltd. and bred at the specific-
pathogen-free core facilities in Renji Hospital. All mice were
housed on a 12 hours-12 hours light-dark cycle. 5×106 shNS and
shABCC6 97H cells were injected subcutaneously into 6-weeks-
old NSG mice (n=4 per group). Tumors were measured using a
caliper and the tumor volume was calculated as (width × width ×
length/2). Mice were euthanized when they met the institutional
euthanasia criteria for tumor size. At the end-point, tumors were
collected and weighted. Animal experimental protocols were
approved by the Institutional Animal Care and Use Committee
of Renji Hospital, Shanghai Jiao Tong University School
of Medicine.

Western Blot
Total protein was extracted using RIPA Lysis Buffer (Thermo
Fisher) according to the manufacturer’s instructions. The protein
concentration was measured using a BCA protein Assay kit
(Thermo Fisher). Equal amounts of proteins were separated by 8-
10% SDS-PAGE gel and then transferred onto polyvinylidene
fluoride membranes. Chemiluminescence signaling was detected
by ECL Western Blotting Substrate (Vazyme, E412-01). Antibodies
used for western blot were listed below: ABCC6 (Proteintech,
27848-1-AP), b-actin (Cell Signaling Technology, 3700S), PPARa
(Novus, NB300-57), Cyclin D1 (Cell Signaling Technology, 2978S),
ACOX1 (Proteintech, 10957-1-AP).

Real-Time Quantitative PCR
Total RNA was extracted from cell liens using Trizol (Thermo
Fisher) according to the manufacturer’s instructions. RNA
concentration was measured using Thermo Scientific
Nanodrop Spectrophotometer. 0.8-1 µg total RNA was
subjected to reverse transcription using HiScript III 1st Strand
cDNA Synthesis Kit (Vazyme, R312-01) according to the
manufacturer’s instructions. The Quantitative real-time PCR
(qRT-PCR) was conducted using ChamQ SYBR Color qPCR
Master Mix (Vazyme, Q441-02) in the Bio-Rad Real-Time PCR
system. Gene expression levels were normalized to the
expression of GAPDH or ACTB. Primers used for qRT-PCR
were listed below: ABCC6-F: AGATGGTGCTTGGATTCGCC,
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ABCC6-R: GCCACACAGTAGGATGAATGAG; ABCA6-F:
AAACAGAAAAGCGTGTATCAGCA, ABCA6-R: GAGG
AGCCATTCCAGGAAACT; ABCG5-F: TGGACCAGGC
AGATCCTCAAA, ABCG5-R: CCGTTCACATACAC
CTCCCC; PPARA-F: TTCGCAATCCATCGGCGAG, PPARA-
R: CCACAGGATAAGTCACCGAGG; ACOX1-F: GGAAC
TCACCTTCGAGGCTTG , ACOX 1 - R : T TCCCC
TTAGTGATGAGCTGG; CCND1-F: GCTGCGAAGTGGA
AACCATC, CCND1-R: CCTCCTTCTGCACACATTTGAA;
GAPDH-F: GGAGCGAGATCCCTCCAAAAT, GAPDH-R:
GGCTGTTGTCATACTTCTCATGG.
RNA-Seq
Total RNA was isolated from shNS and shABCC6 97H cells using
Trizol (Thermo Fisher) according to the manufacturer’s
instructions. rRNA was subsequently depleted from total RNA
using NEBNext rRNA depletion kit (New England BioLabs).
After that, NEBNext Ultra Directional RNA Library Prep Kit
(New England BioLabs) was used for library preparation. RNA
sequencing was performed by Annorad Ltd. using Novaseq 6000
platform. GO and KEGG analysis were performed using David
Bioinformatics Resources 6.8 (https://david.ncifcrf.gov/). Gene
set enrichment analysis (GSEA) was carried out using GSEA
software v2.0.
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM).
Statistical comparisons were performed by using two-tailed t-tests,
one-way ANOVA or Kaplan-Meier analysis. P values less than 0.05
were considered statistically significant. NS, not significant. All
statistical analyses were carried out using R (Version 4.0.1) or
Graphpad Prism 8 (GraphPad Software).
RESULTS

ABC Transporter Family Gene Expression
and Behavior in HCC
To evaluate the role of ABC family genes in HCC, we first
analyzed two public HCC datasets; the Cancer Genome Atlas
(TCGA) and the GSE14520 (with the largest number of HCC
patients and detailed clinical information) datasets. By
comparing the expression levels of ABC family genes in HCC
tumors and paratumors, we found that approximately 1/3 of the
ABC genes were significantly upregulated, and 1/3 were
downregulated (Figure 1A). After incorporating the clinical
prognosis information into analysis, it was noted that some ABC
family genes correlated with overall survival or progression-free
survival of patients HCC. However, only ABCA6, ABCB11, ABCC6,
and ABCG5 showed consistent results in both TCGA and
GSE14520 datasets (Tables 1, 2). Notably, high ABCA6, ABCB11,
ABCC6, and ABCG5 expression levels were correlated with
favorable overall survival (Figures 1B, C). Additionally,
bioinformatics analyses also showed that the mRNA levels of
these genes were attenuated in tumors comparing with those in
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paratumor tissues (Figures 1D, E). Furthermore, expression levels
of these genes gradually decreased as TNM staging advanced in
both TCGA and GSE14520 datasets (Figures 1F, G). Similarly, we
also found that their expression levels decreased with advanced
HCC histological staging in the TCGA dataset (Figure 2A).
Collectively, our data suggest that among all ABC family genes,
ABCA6, ABCB11, ABCC6, and ABCG5 might serve as potential
tumor suppressor genes in HCC.
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Identification of ABCC6 as a Biomarker for
Early-Stage HCC
It is well-established that overall survival rates are significantly
higher in patients with HCC that are diagnosed at an early-stage
and receive immediate treatment (21). However, because early-
stage HCC does not present significant symptoms, delayed
diagnosis and treatment are common and likely contribute to
poor cancer outcomes (22). To further assess the clinical value of
A
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G

FIGURE 1 | The Role of ABC transporter family genes in HCC. (A) Heat map showing the differential expression of ABC transporter family genes in TCGA dataset.
(B) Kaplan-Meier analysis showing the overall survival of patients with HCC in correlation with high or low ABC family genes level. Data was derived from TCGA
dataset. (C) Kaplan-Meier analysis showing the overall survival of HCC patients in correlation with high or low ABC family genes level. Data was derived from
GSE14520 dataset. (D) TCGA dataset showing the differential expression of ABC family genes in HCC paratumor tissues and tumor tissues. (E) GSE14520 dataset
showing the differential expression of ABC family genes in HCC paratumor tissues and tumor tissues. (F) TCGA database showing the expression level of ABC family
genes with advanced HCC TNM staging. (G) GSE14520 dataset showing the expression level of ABC family genes with advanced HCC TNM staging. Error bars
indicate means ± SEM. P-values were determined by two tailed t-test (D, E), one-way ANOVA (F, G) and Kaplan-Meier analysis (B, C). **P < 0.01, ***P < 0.001,
****P < 0.0001.
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ABCA6, ABCB11, ABCC6, and ABCG5 in patients with HCC, we
re-analyzed the public datasets and focused on early-stage HCC
(TNM stage I & II). Interestingly, Kaplan-Meier analyses showed
that ABCC6 positively correlates with overall survival in TNM
stage I and II HCC patients in both datasets, suggesting that
ABCC6 displays significant prognostic value in early-stage HCC.
In contrast, ABCA6, ABCB11, and ABCG5 did not display
consistent prognostic value in early-stage HCC (Figures 2B, C).

Furthermore, we measured the expression of ABCA6, ABCC6,
and ABCG5 in 50 pairs of early-stage tumor tissues and
paratumor tissues using quantitative reverse transcription
polymerase chain reaction (qRT-PCR). Consistent with our
bioinformatic analysis, this assessment also showed
significantly lower ABCC6 expression in tumor tissues than in
paratumor tissues (Figure 2D), suggesting that ABCC6 might be
a potential diagnostic marker in HCC.

Evaluating the Clinical Effects of ABCC6
Expression in Patients With HCC
Our previous studies have identified ABCA6, ABCC6 and ABCG5
as potential tumor-suppressor genes in HCC. To further narrow
down our candidate gene, we assessed the mRNA level of these
genes in normal human tissues using the BioGPS database
(http://biogps.org). Only ABCC6 was found to be specifically
expressed in normal liver tissue (Figure 3A), highlighting its
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importance in liver homeostasis. Moreover, western blotting
assays confirmed lower ABCC6 expression in tumor tissue
than in paratumor tissues (Figure 3B). Accordingly, we
focused on the function of ABCC6 in the development and
progression of HCC.

To further validate our bioinformatic data, we employed two
independent HCC cohorts. Cohort 1 (hepatectomy cohort)
included 153 individuals who were hospitalized between 2010
and 2015 who underwent liver resection surgery at the
Department of Liver Surgery, Renji Hospital, Shanghai Jiao
Tong University School of Medicine. Cohort 2 (liver
transplantation cohort) included 70 individuals who underwent
liver transplantation between 2015 and 2016 at the Department of
Liver Surgery, Renji Hospital, Shanghai Jiao Tong University
School of Medicine. To evaluate the association between ABCC6
expression and clinicopathological features of HCC, we used
immunohistochemistry to detect ABCC6 expression in tissue
microarrays of patients from both cohorts. Consistently, ABCC6
was significantly downregulated in tumor tissues compared to
paratumor tissues (Figures 3C–E). We divided all cases into high
and low ABCC6 groups according to the immunohistochemistry
expression level, and noticed that patients with high ABCC6
expression displayed increased overall survival and disease-free
survival (Figures 3F, G), which is consistent with the TCGA and
GSE14520 bioinformatic results. Multivariate Cox regression
TABLE 1 | Cox regression analysis of ABC family genes in GSE14520 cohort.

GSE14520 cohort (n=242)

Factor OS Factor PFS

Relative hazard (95% CI) P Relative hazard (95% CI) P

Low ABCA6 expression 1.884 (1.253 to 2.834) 0.002 Low ABCB11 expression 1.620 (1.153 to 2.277) 0.005
Low ABCB11 expression 2.191 (1.442 to 3.331) <0.001 High ABCD3 expression 1.437 (1.024 to 2.017) 0.036
Low ABCB4 expression 1.606 (1.072 to 2.405) 0.022 Low ABCG5 expression 1.484 (1.058 to 2.081) 0.022
Low ABCC6 expression 1.739 (1.157 to 2.615) 0.008
High ABCD3 expression 1.666 (1.108 to 2.505) 0.014
Low ABCG5 expression 1.797 (1.193 to 2.706) 0.005
Fe
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TABLE 2 | Cox regression analysis of ABC family genes in TCGA cohort.

TCGA cohort (n=365)

Factor OS Factor PFS

Relative hazard (95% CI) P Relative hazard (95% CI) P

Low ABCA6 expression 1.433 (1.012 to 2.028) 0.043 High ABCA2 expression 1.481 (1.060 to 2.070) 0.021
Low ABCA8 expression 1.488 (1.048 to 2.113) 0.026 Low ABCA9 expression 1.493 (1.070 to 2.084) 0.018
Low ABCA9 expression 1.794 (1.255 to 2.564) 0.001 Low ABCD2 expression 1.845 (1.313 to 2.591) <0.001
Low ABCB11 expression 1.463 (1.033 to 2.071) 0.032 High ABCF2 expression 1.615 (1.152 to 2.265) 0.005
High ABCB6 expression 1.470 (1.036 to 2.085) 0.031
High ABCC1 expression 1.706 (1.201 to 2.425) 0.003
High ABCC5 expression 1.587 (1.121 to 2.248) 0.009
Low ABCC6 expression 2.044 (1.432 to 2.918) <0.001
High ABCC8 expression 1.419 (1.001 to 2.011) 0.049
Low ABCD2 expression 1.586 (1.117 to 2.252) 0.010
High ABCF2 expression 1.473 (1.037 to 2.092) 0.030
Low ABCG5 expression 1.561 (1.098 to 2.218) 0.013
Low ABCG8 expression 1.735 (1.218 to 2.473) 0.002
40
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analysis of clinical prognostic information demonstrated that
downregulated ABCC6 was not only an independent prognostic
marker, but also correlated with some malignant and aggressive
clinicopathological features, such as high AFP values and large
tumor size (Table 3). Furthermore, we interrogated the TCGA
database and analyzed the relationship betweenABCC6 expression
and several proliferation markers (e.g., MKI67, CCNB1, RRM2,
and CDC20). A negative correlation was observed between
expression of ABCC6 and these proliferation markers
(Figure 3H). Collectively, our data suggest that ABCC6 is
downregulated in HCC tumor tissues and correlates with
favorable outcomes in patients with HCC.
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ABCC6 Knockdown Promotes HCC
Proliferation In Vitro and In Vivo
Next, we investigated the effect of ABCC6 on the biological
function of HCC cell lines in vitro. ABCC6 expression and
protein levels were first examined in five commercial available
HCC cell lines (MHCC97H, MHCC97L, SMMC7721, Huh7, and
HCC-LM3) and one normal human hepatic cell line (L-02).
Enhanced ABCC6 levels were observed in MHCC97H,
MHCC97L, and Huh7 cells, while lower ABCC6 levels were
observed in SMMC7721 and HCC-LM3 cells. All HCC cell lines
displayed lower ABCC6 protein levels than normal hepatic cell
line (Figures 4A, B). Furthermore, different HCC cell lines were
A
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FIGURE 2 | ABCA6, ABCC6, and ABCG5 might serve as tumor suppressor genes in HCC. (A) TCGA database showing the expression level of ABC family genes
in different HCC histologic staging. (B) Kaplan-Meier analysis showing the overall survival of early stage HCC patients (TNM I & II) with high or low ABC family genes
level. Data was derived from TCGA database. (C) Kaplan-Meier analysis showing the overall survival of early stage HCC patients (TNM I & II) with high or low ABC
family genes level. Data was derived from GSE14520 dataset. (D) qPCR analysis validating the differential expression of ABCA6, ABCC6 and ABCG5 in 50 pairs of
early-stage HCC tumor and paratumor tissues. Error bars indicate means ± SEM. P-values were determined by two tailed t-test (D), one-way ANOVA (A) and
Kaplan-Meier analysis (B, C). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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FIGURE 3 | The clinical outcomes of ABCC6 in patients with HCC. (A) BioGPS database showing the mRNA expression level of ABCA6, ABCC6, and ABCG5 in
different normal human tissues. (B) Western blotting displaying ABCC6 protein levels in 13 pairs of HCC tumor and paratumor tissues. (C) Statistical analysis
showing the differential protein level of ABCC6 in Renji Hospital hepatectomy HCC tissue array. (D) Representative IHC figure showing the ABCC6 protein level in
Renji Hospital hepatectomy HCC tissue array. (E) Representative IHC figure showing the ABCC6 protein level in Renji Hospital liver transplantation HCC tissue array.
(F) Kaplan-Meier analysis showing the overall survival and disease-free survival of HCC patients in correlation with high or low ABCC6 levels in Renji Hospital
hepatectomy cohort. (G) Kaplan-Meier analysis showing the overall survival and disease-free survival of HCC patients in correlation with high or low ABCC6 levels in
Renji Hospital liver transplantation cohort. (H) Heatmap and histogram showing the expression of proliferation-related genes in correlation with different ABCC6
expression level. Data was derived from TCGA dataset. Error bars indicate means ± SEM. P-values were determined by two tailed t-test (C), one-way ANOVA (H)
and Kaplan-Meier analysis (F, G). ****P < 0.0001.
TABLE 3 | Cox regression analysis of risk factors associated with overall survival in Renji Hospital hepatectomy cohort.

Variables Univariate analysis Multivariate analysis

HR 95% CI P Value HR 95% CI P Value

ABCC6 expression (High vs. Low) 0.33 0.14-0.78 0.012 0.33 0.14-0.78 0.012
Gender (Male vs. Female) 1.65 0.74-3.72 0.225
Age (≧50 vs.<50) 0.97 0.52-1.81 0.991
AFP (≧200 vs.<200) 2.78 1.44-5.33 0.002 1.84 0.93-3.63 0.049
ALT (≧50 vs.<50) 1.82 0.98-3.40 0.058
Tumor size (≧5 cm vs.<5cm) 2.75 1.44-5.23 0.002 2.18 1.10-4.34 0.026
Tumor nodule number (Multiple vs. Single) 0.50 0.27-0.93 0.027
Cancer embolus (Presence vs. Absence) 8.18 4.21-15.90 <0.001 6.14 3.04-12.42 <0.001
Pathology grade 1.34 0.74-2.44 0.334
Tumor necrosis (Presence vs. Absence) 2.36 1.04-5.32 0.039
Cirrhosis (Presence vs. Absence) 2.41 0.95-6.13 0.066
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chosen for loss- or gain-of-function studies based on their
endogenous ABCC6 levels. ABCC6 knockdown (using two
short hairpin RNAs) or overexpression efficiency was
confirmed by western blotting (Figures 4C, D). CCK-8 assay,
colony formation assay and EdU (5-Ethynyl-2’-Deoxyuridine)
incorporation assays all showed significantly enhanced
proliferation ability in HCC cells with ABCC6 knockdown
(Figures 4E–G), and the proliferation ability was decreased
after ABCC6 overexpression (Figures 4H–J). Taken together,
these data suggest that ABCC6 plays a tumor-suppressive role by
inhibiting HCC proliferation in vitro.

We further examined the role of ABCC6 in HCC
development and progression in vivo using an NSG (NOD-scid
IL2Rgammanull) xenograft mouse model. The same number of
control or ABCC6 knockdown MHCC97H cells was injected
subcutaneously into the left flank of NSG mice. As expected,
tumor size, tumor growth curve, and tumor weight were
substantially augmented following ABCC6 knockdown
(Figures 4K–M), indicating that ABCC6 depletion also
facilitates tumor progression in vivo.

ABCC6 Knockdown Influences Cell Cycle
and Cell Apoptosis
To further study the role of ABCC6 in tumor biology, we
knocked down or overexpressed ABCC6 in HCC cells and
evaluated their migration ability. The results showed that
migrative ability was promoted by ABCC6 depletion and
hindered by ABCC6 overexpression (Figure 5A). In addition,
cell cycle analysis showed that ABCC6 knockdown significantly
increased the percentage of cells in the G2/M phase and
decreased the G0/G1 phase, suggesting that ABCC6 may
regulate the cell cycle in cancer cells (Figures 5B, C). ABCC6
depletion also affected the proportion of b gal-positive cells in
vitro (Figure 5D), revealing the possible role of ABCC6 in
regulating cell senescence. Furthermore, ABCC6 knockdown
significantly inhibited cisplatin-induced cell apoptosis in both
97H and Huh7 cells (Figures 5E, F), implying that ABCC6
depletion might contribute to HCC growth by ensuring
apoptosis resistance.

We then performed gene set enrichment analysis (GSEA) using
GSE14520 sequence data. Notably, the “fatty acidmetabolism” and
“peroxisome” pathways were highly active in samples with high
expression of ABCC6 (Figure 5G). Furthermore, to evaluate the
potentialdown-streamtargets ofABCfamily genes,we analyzed the
TCGA dataset and overlapped the co-expression gene (R>0.4 or
<-0.4) of ABCC6, ABCA6, ABCB11, ABCG5. Thirteen genes were
identified as co-expression genes through overlapping (Figure 6A).
Intriguingly, CAT, PPARA, ACOX1, and ACOX2 are essential
peroxisomal genes.

Transcriptome-Wide Analysis of ABCC6 in
HCC Cells
Next, we sought to elucidate the mechanism by which ABCC6
regulates HCC cell proliferation. To comprehensively assess the
effects of ABCC6 on HCC cells, we performed RNA-sequencing
using control and ABCC6-knockdown MHCC97H cells. The
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volcano plot showed that 657 genes were downregulated while
396 genes were upregulated after ABCC6 depletion (|log2(FC)|>1,
P<0.05) (Figure 6B and Supplementary Table 1). Gene Ontology
(GO) analysis showed that “DNA replication” and “cell cycle”
pathways were significantly enhanced as a result of ABCC6
knockdown, while lipid and fatty acid metabolism were
significantly inhibited (Figures 6C, D). Additionally, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis also
exhibited the upregulation of “cell cycle” and “DNA replication”
pathways, and the downregulation of “PPAR signaling pathway”
(Figures 6E, F). Finally, we examined the expression of key genes in
the “cell cycle” and “fatty acid metabolism” pathways. Strikingly, the
expression of CCND1, CCNB1, CDK1, and CDK2 was all
significantly augmented by ABCC6 knockdown, while PPARA,
ACOX1, CD36, ACSL4 were mitigated (Figure 6G). Taken
together, these data suggest that ABCC6 depletion enhances cell
proliferation by regulating peroxisome activity.

ABCC6 Knockdown Inhibits PPARa
Activity
Peroxisomes are membrane-bound oxidative organelles found in
the cytoplasm and involve more than 50 different metabolic
enzymes. Peroxisomes play key roles in lipid metabolism and are
essential for ROS production (23). Recent studies have reported
that cancer cells exhibit remarkable alterations in peroxisome
activity (24), and peroxisome metabolism is largely reduced in
HCC (25). Our previous results demonstrated that ABCC6 is
positively correlated with both “peroxisome” pathway and
essential peroxisomal genes in the HCC public dataset; ABCC6
knockdown significantly inhibited the expression of PPARA and
ACOX1 in HCC cells. Thus, we consider the possibility whether
ABCC6 depletion promotes cell proliferation by inhibiting
peroxisome activity.

It is well-established that ABCC6 overexpression results in the
efflux of ATP, which decreases intracellular ATP levels.
Accordingly, we found that ABCC6 knockdown increased
intracellular ATP levels (Figure 7A). Consistent with our
RNA-sequence results, qRT-PCR analysis showed that PPARA
and ACOX1 were decreased after ABCC6 depletion, while the
mRNA level of CCND1 was enhanced (Figure 7B). Furthermore,
western blotting indicated that ABCC6 knockdown mitigated the
protein levels of PPARa and ACOX1, while enhanced the
protein level of CyclinD1, vice versa (Figures 7C, D). As
PPARa and ACOX1 mainly influence lipid metabolism, we
performed the malondialdehyde (MDA) assay to evaluate lipid
peroxidation. As expected, ABCC6 knockdown significantly
inhibited lipid peroxidation in HCC cells (Figure 7E).
Moreover, seahorse assay showed that ABCC6 depletion
affected the cellular energy phenotype and mitigated the
oxygen consumption rate (OCR) of cancer cells under stress
conditions (Figure 7F), most likely due to the lower lipid
peroxidation activity. We further examined the intracellular
ROS levels and found that ABCC6 overexpression elevated
ROS levels (Figure 7G). To determine whether PPARa directly
contributes to cell proliferation, we treated ABCC6 knockdown
cells with PPARa agonist fenofibrate and monitored cell growth.
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Consistently, fenofibrate treatment partially rescued the cell
proliferation phenotypes (Figures 7H, I). Taken together, these
findings support the notion that ABCC6 knockdown inhibits
peroxisomal ACOX1 and PPARa to prevent oxidative damage in
HCC cells, thereby enhancing cell proliferation.
Frontiers in Oncology | www.frontiersin.org 10248
DISCUSSION

ABC transporter family genes have diverse roles in energy
homeostasis, lipid metabolism, drug resistance, and tumor
progression. Although several studies suggested that ABC
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FIGURE 4 | ABCC6 knockdown promotes HCC cell lines proliferation in vitro and in vivo. (A) qPCR analysis showing ABCC6 mRNA expression level in different
HCC cell lines. (B) Western blot displaying ABCC6 protein level in different HCC cell lines as well as one normal human hepatic cell line (L-02). (C) Western Blot
validating the ABCC6 knockdown efficiency in 97H and Huh7 cell lines. (D) Western Blot validating the ABCC6 overexpression efficiency in 7721 and LM3 cell lines.
(E) CCK-8 assay showing the cell proliferation of ABCC6 knockdown 97H and Huh7 cells. (F) Colony formation assay of ABCC6 knockdown 97H cells. (G) Edu
incorporation assay showing the effect of ABCC6 knockdown on the cell proliferative ability of 97H and Huh7 cells. (H) CCK-8 assay showing the cell proliferation of
ABCC6 overexpression 7721 and LM3 cells. (I) Colony formation assay of ABCC6 overexpression 7721 cells. (J) Edu incorporation assay showing the effect of
ABCC6 overexpression on the cell proliferative ability of 7721 and LM3 cells. (K) Images showing the subcutaneous xenograft of ShNS, ShABCC6-1, and
ShABCC6-2 97H cells. n=4; The scale bar indicates 1cm. (L) The growth curves of ShNS, ShABCC6-1, and ShABCC6-2 97H cells subcutaneously injected into
NSG immunodeficient mice. (M) The weight of tumors collected from xenograft NSG mouse model implanted with ShNS, ShABCC6-1, and ShABCC6-2 97H cells.
Error bars indicate means ± SEM. P-values were determined by two tailed t-test (E–J) and one-way ANOVA (L, M). *P < 0.05, **P < 0.01, ***P < 0.001.
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transporter family genes might serve as cancer drivers in multiple
cancer types (7), other studies indicated that some ABC family
genes may be tumor suppressors. For example, eight ABC
transporter genes (e.g., ABCA8, ABCC6, and ABCC9) were
significantly downregulated in prostate cancer tissues
compared with noncancerous tissues (26). However, the
behavior of ABC transporter family genes in HCC has not
been clearly investigated. In this study, we evaluated the
expression level and prognostic prediction value of all ABC
Frontiers in Oncology | www.frontiersin.org 11249
transporter family members in TCGA and GSE14520 datasets,
and found that ABCC6 is significantly downregulated in HCC
tumor tissues and correlated with favorable outcomes in patients
with HCC. Consistent with our findings, a previous study also
demonstrated that the ABCC6 protein was highly expressed in
liver tissue, but remained non-detectable in a small panel of
human tumor samples (27).

It is well-established that ABCC6 mutation is responsible for
PXE; however, the biological function of ABCC6 in HCC was
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FIGURE 5 | ABCC6 affect HCC cell lines migration, cell cycle arrest and apoptosis. (A) Transwell assay showing the effect of ABCC6 knockdown and
overexpression in the migration ability of HCC cell lines. (B) The results of cell cycle analysis by flow cytometry in ABCC6 knockdown 97H and Huh7 cells. The blue
peak and the red peak represents G0-G1, G2-M stage respectively. The middle is S stage. (C) Statistical analysis showing the effect of ABCC6 knockdown in the
cell cycle of 97H and Huh7 cells. (D) b-galactosidase staining showing the senescence status of HCC cell lines after ABCC6 knockdown. (E) Flow cytometry analysis
showing the effect of ABCC6 knockdown on the apoptosis of 97H cells treating with 20 mM cisplatin for 24 hours. (F) Flow cytometry analysis showing the effect of
ABCC6 knockdown on the apoptosis of Huh7 cells treating with 20 mM cisplatin for 24 hours. (G) GSEA analysis showing the enrichment pathway of ABCC6 high
samples in GSE14520 dataset. Error bars indicate means ± SEM. P-values were determined by two tailed t-test (A, C–F). *P < 0.05, **P < 0.01, ***P < 0.001.
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largely unexplored. Our in vitro and in vivo results indicated that
ABCC6 knockdown significantly promoted HCC cell
proliferation. Moreover, ABCC6 depletion suppressed cell cycle
arrest and apoptosis. To further investigate the mechanisms of
ABCC6 in HCC, we performed GSEA, co-correlation analysis,
and transcriptome sequencing. Notably, GO and KEGG analysis
indicated that “cell cycle” and “DNA replication” pathways were
significantly upregulated, while “PPAR signaling pathway” was
downregulated. Furthermore, PPARA and ACOX1 were found to
be potential targets of ABCC6.
Frontiers in Oncology | www.frontiersin.org 12250
PPARa, a key regulator of peroxisome metabolism, is closely
related to energy homeostasis and lipid metabolism (28). Recent
studies have shown that PPARa-deficient mice are remarkably
sensitive to DEN(diethylnitrosamine)-induced liver cancer, and
PPARa inhibits HCC development by mediating the NF-kB
pathway (29). Additionally, the PPARa agonist, fenofibrate,
caused inhibitory effects in different cancer cell lines and
animal tumor models, including hepatocarcinogenesis (30–32).
In our study, we found that ABCC6 knockdown suppressed
PPARa expression transcriptionally, and fenofibrate partially
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FIGURE 6 | Transcriptome-wide analysis of ABCC6 knockdown 97H cells. (A) Venn diagram showing the overlap among positive correlation (R>0.4) genes of
ABCA6, ABCB11, ABCC6 and ABCG5. Data was derived from TCGA database. (B) Volcano plot showing the up-regulated and down-regulated genes in ABCC6
knockdown 97H cells. Cut-off value: |log2(FC)|>1, P<0.05. (C) Gene Ontology (GO) enrichment analysis of up-regulated genes in ABCC6 knockdown 97H cells. (D)
Gene Ontology (GO) enrichment analysis of down-regulated genes in ABCC6 knockdown 97H cells. (E) KEGG pathway analysis of up-regulated genes in ABCC6
knockdown 97H cells. (F) KEGG pathway analysis of down-regulated genes in ABCC6 knockdown 97H cells. (G) Heatmap showing the relative expression levels of
cell cycle, fatty acid metabolism and ABCC6 correlated genes based on the RNA-seq results.
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rescued the cell proliferation phenotype, suggesting that PPARa
is the downstream target of ABCC6. Moreover, ACOX1 is the
rate-limiting enzyme in fatty acid b-oxidation. A previous study
suggested that ACOX1 is controlled by PPARa, and ACOX1
dysfunction contributes to hepatocarcinogenesis (33). We
demonstrated that ABCC6 knockdown mitigated lipid
metabolism and oxygen consumption in HCC cells, which
could promote cell proliferation by preventing HCC cells from
oxidative damage.
Frontiers in Oncology | www.frontiersin.org 13251
The current study still has several limitations. First, it does not
address why ABCC6 is downregulated in tumor tissues.
Moreover, although we demonstrated that ABCC6 regulates
the activity of peroxisomes in HCC, further studies are
required to determine the underlying mechanism by which
ABCC6 suppresses the expression of PPARa and ACOX1.
Additionally, our study does not investigate whether ABCC6 is
responsible for the resistance to clinically approved HCC drugs,
such as sorafenib, regorafenib, and lenvatinib.
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FIGURE 7 | ABCC6 knockdown suppressed PPARa expression in HCC cells. (A) ATP level of ABCC6 knockdown and control 97H and Huh7 cells. (B) qPCR
analysis showing the expression of PPARA, ACOX1 and CCND1 in ABCC6 knockdown 97H cells. (C) Western blot showing the protein levels of ABCC6, Cyclin D1,
PPARa and ACOX1 in ABCC6 knockdown 97H and Huh7 cells. (D) Western blot showing the protein levels of ABCC6, Cyclin D1, PPARa and ACOX1 in ABCC6
overexpression 7721 and LM3 cells. (E) MDA assay showing the relative lipid peroxidation level of ABCC6 knockdown and control 97H and Huh7 cells. (F) Seahorse
assay displaying the baseline and stressed energy phenotype of ABCC6 knockdown and control 97H cells. (G) Flow cytometry analysis showing the intracellular
ROS level of vector and ABCC6 overexpression 97H cells. (H) CCK-8 assay showing the effect of PPARa agonist fenofibrate in the proliferation of ABCC6
knockdown and control 97H cells. (I) Colony formation assay showing the effect of PPARa agonist fenofibrate in the proliferation of ABCC6 knockdown and control
97H cells. Error bars indicate means ± SEM. P-values were determined by two tailed t-test (A, E) and one-way ANOVA (B, H, I). *P < 0.05, **P < 0.01, ***P < 0.001.
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In conclusion, ABCC6 depletion inhibits peroxisome activity,
protects cancer cells from oxidative damage, and therefore
promotes cell proliferation. Our study provides profound
insights into the behavior of ABC transporter family genes in
various HCC cohorts, identifies ABCC6 as a potential biomarker
for early-stage HCC diagnosis, and highlights the significance of
ABCC6 in liver cancer progression.
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3 Department of Radiation and Medical Oncology, Zhongnan Hospital of Wuhan University, Wuhan, China, 4 Hepatobiliary
and Pancreatic Surgery, Zhongnan Hospital of Wuhan University, Wuhan, China, 5 Allergy Department of Zhongnan Hospital,
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Hepatocellular carcinoma (HCC) is one of the most common types of cancer. Despite
decades of research efforts, the search for novel biomarkers is still urgently needed for the
diagnosis of HCC and the improvement of clinical outcomes. Previous studies of HCC
clinical biomarkers have usually focused on serum and urine samples (e.g., serum Alpha-
fetoprotein (AFP). However, cellular membrane proteins in lesion tissues are less used in
HCC diagnosis. The abnormal expression of membrane glycoproteins in tumor lesions are
considered as potential targets for tumor diagnosis and tumor therapies. Here, a lectin
array has been employed to screen and identify abnormal glycopatterns and cellular
membrane glycans in HCC lesion tissues compared with adjacent non-tumor tissues. We
found that there was significantly less expression of Erythrina cristagalli (ECA) lectin
binding (Galb1-3/b1-4) glycans on the cellular membrane of HCC lesion tissues compared
with those of adjacent non-tumor tissues. Immunohistochemistry analysis further showed
that ECA-binding ability on the membrane proteins of HCC tissues progressively
decreased in different tumor-node-metastasis (TNM) stages (stage I to stage III) as the
malignancy of liver cancer increased. Receiver operating curve (ROC) analysis showed
ECA-binding ability yielding a sensitivity of 85% and specificity of 75%, and a combination
of ECA and AFP has better clinical diagnostic efficiency, yielding a sensitivity of 90% and
specificity of 85%, than ECA or AFP assay alone. ECA pull-down followed by mass
spectrometry further showed that there was significantly less expression of ECA binding
membrane catalase (CAT) and prolyl 4-hydroxylase beta polypeptide (P4HB) in HCC
tissues compared with the adjacent non-tumor tissues. The abnormally increased
expression of total CAT and P4HB and decreased expression of galactosylated
membrane CAT and P4HB in HCC cell lines were correlated with an HCC metastasis
status. Our findings suggest that abnormal declined ECA-binding galatosylated
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membrane glycans and two galactosylated-CAT and P4HB glycoproteins in lesion tissues
are potential biomarkers in the diagnosis and/or metastasis prediction for HCC.
Keywords: lectin array, Erythrina cristagalli (ECA) lectin, hepatocellular carcinoma, catalase (CAT), prolyl 4-
hydroxylase beta polypeptide (P4HB), membrane biomarker for diagnosis
INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common type of
primary liver cancer and the third leading cause of death among
cancers worldwide according to World Health Organization—
WHO 2020 (1, 2). The overall 5-year survival rates have been
reported to be as low as about 18% around the world (3). The
incidence and mortality of HCC have been increasing rapidly for
the past several years worldwide, and this represents a
considerable public health burden (4–7). The major risk factors
of HCC include chronic infection with hepatitis B or C virus
(HBV or HCV), type 2 diabetes, heavy alcohol intake, and
obesity (8). The poor prognosis of HCC is due to the rapid
progression and lack of specific symptoms of HCC and over 60%
of patients are diagnosed at an advanced stage or when
metastasis has occurred (9).

Several biomarkers have been identified for HCC, such as
alpha-fetoprotein (AFP), apyrimidinic endodeoxyribonuclease 1
(APEX1), glypican 3 (GPC3), Dickkopf-1 (DKK1), and Golgi
protein-73 (GP73) (10–14). Most clinical HCC biomarkers have
usually focused on serum and urine samples (e.g., serum AFP).
Among them, AFP is considered currently the most successful
diagnostic marker for HCC. Measurement of serum abnormal
AFP levels serves as a routine method in clinical HCC
surveillance and diagnosis, whereas sensitivity and specificity
are still poor (15). Despite decades of research efforts, the search
for novel biomarkers is still urgently needed for the diagnosis of
HCC and the improvement of clinical outcomes.

In general, membrane proteins play important roles in tumor
cell survival and cell communication, as they function as
transporters, receptors, anchors, and enzymes. They also
served as potential targets for drugs that block receptors or
inhibit enzymes related to diseases, and targets for tumor
diagnosis and tumor immunotherapies (such as chimeric
antigen receptor T cell (CAR-T)). However, to date, membrane
proteins are rarely used for HCC diagnosis (16).

Over 50% of proteins in mammal cells and 70–90% of
mammal cell membrane proteins and secreted proteins are N-
glycosylated (17). Thus, we intended to explore glycoconjugates
biomarkers on the cellular surface of human HCC and further
assess their value and performance in the diagnosis of HCC.

Lectins are a group of proteins that have a significant
carbohydrate-binding ability that could specifically recognize
glycan structures on glycoproteins (18). Currently, lectin array
and lectin-agarose are usually used for screening and enrichment
of low abundant glycoproteins to discover new biomarkers for
cancer diagnosis and therapy (19).

In this study, we extracted cell membrane proteins from HCC
and adjacent tissues samples and performed lectin array with 35
kinds of different lectins, combined with mass spectrometry (MS),
2255
to identify membrane glycoproteins biomarkers for HCC
diagnosis. We found significantly decreased Erythrina cristagalli
lectin (ECA) lectin-binding ability and ECA-binding membrane
glycoproteins catalase (CAT) and prolyl 4-hydroxylase beta
polypeptide (P4HB) from HCC tissues samples as potential
candidates with diagnostic and/or metastasis prediction value for
human HCC. Our findings also provide a set of potential targets
for HCC diagnostic application and therapeutic strategies.
MATERIALS AND METHODS

Ethics Statements
The collection and use of all human HCC samples for research
presented here were approved by the Ethical Committee of
Wuhan University School of Medicine in Wuhan, China.
Informed consent was obtained from each patient for the
collection of the HCC samples. The study methodologies were
conducted in accordance with the ethical guidelines of the
Declaration of Helsinki.

HCC Tissue Specimens
Surgically resected primary HCC tissues and paired adjacent
non-tumor tissues were collected from a total of 41 HCC patients
who had not experienced prior chemotherapy or radiotherapy at
the Zhongnan Hospital of Wuhan University School of Medicine
(Wuhan, China). Medical records were reviewed by study
physicians to confirm the diagnosis of HCC and to record
patient characteristics [e.g., AFP, tumor size, tumor number,
tumor, node, and tumor-node-metastasis (TNM) classification].
A lectin array assay was performed using 10 HCC tissues and
paired adjacent non-tumor tissues. Immunofluorescence was
performed using 7 HCC tissues and paired adjacent non-
tumor tissues. Immunohistochemistry was performed using 5
HCC tissues (TNM = I), 10 HCC tissues (TNM = II), and 5 HCC
tissues (TNM = III). ECA pull down assay was performed
followed by an LC–MS/MS or Western blot analysis using 4
HCC tissues and paired adjacent non-tumor tissues.

Cell Lines
Human low metastatic liver cell MHCC-97L was a gift from Prof.
Fubing Wang from the Hubei Key Laboratory of Tumor
Biological Behaviors of the Zhongnan Hospital of Wuhan
University School of Medicine, and high metastatic liver cell
HCC-LM3 was purchased from the China Center for Type
Culture Collection (CCTCC) of Wuhan University, China.
Human hepatocellular carcinoma cells Huh7.5.1, normal liver
cells L02, MHCC-97L, and HCC-LM3 were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
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with 10% fetal bovine serum (FBS, Gibco) (Invitrogen, USA) at
37°C in a 5% CO2 atmosphere as previously described (20, 21).

Membrane Protein Extraction
Membrane protein extraction was performed using a Membrane
and Cytosol Protein Extraction Kit (Beyotime, Shanghai, China)
(22). Briefly, 30–50 mg tissues or 3 × 106 cells were resuspended
in 1 ml of membrane protein isolation solution A and
homogenized on ice (for tissue samples) or lysed by two
freeze-thaw cycles at liquid nitrogen and 37°C water bath
respectively (for cell samples). Cell debris was discarded after
centrifugation at 700g at 4°C for 10 min. The supernatant was
centrifuged at 14,000g at 4°C for 30 min to settle the membrane
protein debris. The pellet was resuspended in 300 ml solution B
and vortexed at a high speed for 5 s twice. After centrifugation at
14,000g at 4°C for 5 min, the resulting supernatant was collected
as the membrane protein fraction.

Lectin Array Analysis
Lectin array analysis was performed as previously described (20). In
brief, 35 kinds of commercially available lectins from the Vector
Laboratories (Burlingame, CA) and the Sigma-Aldrich were
immobilized onto a microplate. The total membrane proteins (2
mg) fromHCC tissues and adjacent non-tumor tissues were labeled
with fluorescent dye Cy3 (GE Healthcare; Buckinghamshire, UK)
and about 10–15 mg protein was spotted for each individual spot on
the lectin microplate. The Mean Fluorescence Intensity (MFI) at
570 nm was determined on a SpectraMax® i3x microplate reader
(Molecular Devices, Sunnyvale, CA), and average backgrounds
were removed. The lectin microarray data were normalized, and
the fold change was evaluated by comparison of the data fromHCC
tissues with adjacent non-tumor tissues and then analyzed by using
GraphPad Prism 9.0.

Immunohistochemistry (IHC) and
Image Analysis
The IHC staining was performed as follows. Briefly, the tissue
sections were formalin-fixed and paraffin-embedded.
Approximately 4 mm of tissue sections were deparaffinized,
rehydrated, and subjected to antigen retrieval in boiling citrate
buffer (Servicebio) containing 0.05% Tween 20 for 30 min, then
blocked with 0.3% peroxide for 10 min and 5% bovine serum
albumin (BSA) for 30 min. The sections were incubated with
biotin-conjugated ECA (1:250; Vector) overnight at 4°C, and
then were incubated with 1:10,000 dilution of horseradish
peroxidase (HRP)-conjugated streptavidin at 37°C for 45 min
according to the instructions of the manufacturer. Finally, tissue
sections were incubated with 3′, 3′-diaminobenzidine (DAB)
(Sigma) until a brown color developed, and was counterstained
with Harris’ modified hematoxylin. The slides were scanned
using the Phenoptics™ Vectra 3 System (Akoya Biosciences,
Inc., USA), and the digital images were acquired at ×200
magnification using the Phenochart 1.0.2 software. The entire
area of the slides was scored and quantified using inForm® 2.4.0
Advanced Image Analysis software. Using supervised machine
learning algorithms, images were scored in the mode of 0–3+(4-
bin) which was divided into 3 bins as 0/1+, 1+/2+, 2+/3+ after the
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process of cell segmentation (detecting cells and their nuclear
and membranous compartments) (23). Percentage positivity of
the cell nuclei and membrane within each bin was presented and
the H-score is calculated using the percentages in each bin and
range from 0 to 300. The sensitivity and specificity calculations
were performed as described in the previous study.

Immunofluorescence (IF) Analysis
The IF staining was performed as follows: 8 mm of frozen sections
was set from −80°C to room temperature for 15 min and fixed
with 4% paraformaldehyde for 10 min. After washing with 1×
PBS, the cells were then incubated with 5% BSA for 30 min at
room temperature and with biotin-conjugated ECA (1:25; Vector)
overnight at 4°C. After washing with 1× PBS, the cells were
incubated with FITC-conjugated streptavidin (1:500; EY) and
4′,6-diamidino-2-phenylindole (DAPI) (1:5,000; Sigma-Aldrich)
in the dark for 30 min at room temperature. The coverslips were
washed with PBS, mounted, and analyzed with a Leica Aperio
VERSA 8 microscope (Leica Biosystems Richmond, Inc., USA).

ECA Lectin Pull-Down Assay
ECA pull-down assay was performed as follows: biotin-ECA was
mixed with total membrane proteins to the final concentration of
20 mg/ml and incubated at 4°C overnight. Then 30 ml streptavidin
agarose resin (Thermo Scientific, USA) was washed with 1× PBS
three times, resuspended with the protein mixture, and incubated
at 4°C overnight. After being washed with 1× PBS three times to
remove the unbound proteins, the resin was boiled at 100°C for 10
min and followed by SDS-PAGE and western blot analysis. The
total membrane protein concentration was measured using a BCA
protein assay kit (Fermentas, USA).

TripleTOF/TOF-Mass Spectrum
(MS) Analysis
In brief, 25 ml of membrane proteins extracted from HCC tissue
and paired adjacent non-tumor tissue were prepared by biotin-
conjugated ECA plus streptavidin agarose resin pull down, and
then analyzed with SDS-PAGE and stained by commassie blue
staining solution. The corresponding protein bonds were excised
for MS analysis by the Wuhan Institute of Biotechnology of
China. For protein identification, MS/MS spectra acquired by
TripleTOF 5600+ were searched with ProteinPilot v.4.5 against
the Uniprot-SwissProt human reference proteome database,
using the Paragon Algorithm. The parameters were set as
below: Sample Type, Identification; Cys Alkylation,
Iodoacetamide; Digestion, Trypsin; Search Effort, Rapid ID.
Only proteins with a threshold >95% confidence (>1.3 Unused
Score) were considered for protein identification.

Western Blot
Approximately 10 mg of total membrane and ECA binding
membrane proteins by ECA lectin pull-down assay were
subjected to 10% SDS-PAGE. After electrophoresis, the gels
were transferred onto PVDF membranes (Millipore, Germany)
and the membranes were blocked with 5% skim milk at room
temperature for 2 h. The blot was probed with rabbit polyclonal
antibody against CAT and P4HB (1:1,000; ABclonal) as primary
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antibodies at 4°C overnight, respectively, and incubated with
goat anti-rabbit antibody IgG as a secondary antibody (1:10,000;
Proteintech) at 37°C for 45 min, and developed using an ECL
system (UVP Bioimaging, USA). Na+/K+-ATPase (ABclonal,
Wuhan, China) was used as an internal membrane control for
quantitation, and densitometric analysis of each band was
measured using Image J software.

Statistical Analysis
Data were presented as mean ± SD. Differences between the two
groups were tested by unpaired Student’s t tests. Differences
between more than two groups were tested by one-way ANOVA
followed by Sidak’s multiple comparisons test. GraphPad Prism
software (Version 9.0) was used to determine statistical
significance. P-values under 0.05 were considered statistically
significant (*p <0.05, **p <0.01, *** p <0.001, ****p <0.0001). NS
represents no statistical significance.
RESULTS

Significantly Declined ECA Binding
Membrane Glycans of HCC Lesion Tissues
Compared to Adjacent Non-Tumor
Tissues With Lectin Array
HCC tissues and paired adjacent non-tumor tissues were collected
as described in Materials and Methods (Table 1). To identify the
Frontiers in Oncology | www.frontiersin.org 4257
differentially expressed cellular surface glycoconjugates of HCC
tissues compared to adjacent non-tumor tissues, a lectin
microarray analysis with 35 kinds of different lectins was
performed on 10 pairs of purified membrane proteins from 10
HCC and adjacent non-tumor tissues and analyzed with heatmap
by Graphpad Prism 9.0 (Figures 1A, B). A total of 35 kinds of
lectins and their corresponding binding glycans are shown in
Table 2. We observed differential expression of glycopatterns of
membrane proteins in HCC lesion tissues compared with adjacent
non-tumor tissues (Table 3). A 1.3-fold change (FC) cut-off was
applied to classify glycans binding with lectins as up (≥1.3-fold) or
down-regulated (≤0.76-fold). A total of 9 lectins that could bind
with cellular membrane glycans of HCC tissues showed up-
expressed MFI with 1.3 times (Table 3) and a total of 15 lectins
showed down-expressed MFI with 0.76 times over adjacent non-
tumor tissues (Table 3 and Figure 1C). Among downregulated
glycan-binding lectins, 11 lectins showed statistical significance and
it is noticeable that ECA was presented the most significant
difference (FC = 0.307, ****p <0.0001) (Table 3) and was selected
to further confirm its association with HCC. Because Galb1-
3GlcNAc/Galb1-4GlcNAc are usually considered as binding
ligands for ECA (25), we postulate that abnormal declined ECA-
binding membrane galactosylated glycans expression in lesion
tissues of HCC samples compared with adjacent non-tumor tissues.

We then performed immunofluorescence (IF) analysis using
FITC-conjugated-ECA staining with 7 paired HCC tissues and
adjacent non-tumor tissues to confirm the galactosylated glycan
expression profiles. Consistent with the lectin array analysis,
March 2022 | Volume 12 | Article 855952
TABLE 1 | Summary of clinical characteristics of human HCC samples.

Groups For lectin array analysis For IF analysis For MS analysis For IHC analysis For WB analysis

Cases (24) 10 7 1 20 3
Gender
Male 8 6 1 18 2
Female 2 1 – 2 1

Age (year)
<50 5 1 – 2 –

≥50 5 6 1 18 3
AFP (ng/ml)
<20 4 2 1 12 2
≥20 6 5 – 8 1

HBV-DNA (copies/ml)
<1.00E+03 8 5 1 16 3
≥1.00E+03 2 2 – 4 –

Tumor size
<5 5 3 1 9 3
≥5 5 4 – 11 –

Tumor number
Single 9 7 1 16 3
Multiple 1 0 – 4 –

Vascular invasion
Absent 9 2 1 16 1
Present 1 5 – 4 2

Metastasis
Absent 8 5 1 11 3
Present 2 2 – 9 –

TNM stage
Stage I 4 0 – 5 1
Stage II 4 4 1 10 2
Stage III 2 3 – 5 –
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HCC tissues presented dramatically decreased green FITC
fluorescence of ECA compared to adjacent non-tumor tissues
(Figures 1D, E).

Significantly Declined ECA Binding-
Glycans in Different TNM Stage of HCC
Lesion Tissues
TwentyHCC tissue samples (TNMI= 5, TNMII = 10, TNMIII = 5)
with paired adjacent non-tumor tissues served to confirm the
expression change and evaluate the potential clinical significance of
ECA using immunohistochemistry (IHC) (Table 4). The staining
intensity of ECA showed a significantly lower level inHCC tissues of
different TNMstages (fromStage 1 to Stage III) comparedwith those
in adjacent non-tumor tissues (****p <0.0001) (Figures 2A–F). The
binding affinity of ECA to cellular membrane glycans of HCC
decreased with significant progressive from early Stage I to late
Stage III (Stage I vs late Stage II: ****p <0.0001, Stage I vs late Stage
III: ****p<0.0001, Stage II vs Stage III: ***p=0.0010,Figure 2G). The
IHC analysis result is positively correlated with the lectin blot data.
These results indicated that decreased b1, 3/b1,4 galactosylated
glycans binding with ECA may be related to the malignant
progression and differentiation of HCC. Further, an ROC curve
analysis was used to test the performance of ECA for HCC diagnosis
(Figure2H). ThedownregulationofECAshowedgoodperformance
in distinguishing HCC tissues from adjacent non-tumor tissues
control, and the area under the curve (AUC) values are 0.84 (95%
confidence interval—CI: 0.7084 to 0.9616), with a sensitivity of 85%
(95% CI = 63.96–94.76%) and specificity of 75% (95% CI =
53.13–88.81%).

Then we further analyzed the correlation between HCC
serum AFP concentrations and binding affinities of lectin ECA
to membrane proteins of HCC tissues. The subjects were divided
Frontiers in Oncology | www.frontiersin.org 5258
into two groups according to the serum AFP concentration cut-
off value 20 ng/L, as shown in Figure 2I. The high concentration
AFP group (≥20 ng/L) showed a significantly lower ECA IHC
score compared with the low concentration AFP group (≤20 ng/
L), which indicates that the binding affinity of lectin ECA with
HCCmembrane glycoproteins is negatively correlated with HCC
serum AFP concentrations.

We further combined decreased ECA with increased AFP to
access whether this combination could enhance the diagnostic
performance. The results showed that the combination of ECA
and AFP results yielded a better clinical diagnostic efficiency
between HCC tissues and adjacent non-tumor tissues than ECA
or AFP assay alone, and yielded a sensitivity of 90% and
specificity of 85%, while the sensitivity of AFP used alone was
only 40%. These results imply that declined b1,3/b1,4
galactosylated glycans-binding ECA may be a potential
biomarker for HCC diagnosis.

Identification of Significantly Declined
ECA-Binding Membrane Galactosylated
CAT and P4HB Protein Expression in
HCC Tissues
Based on the above results, we then sought to identify specific
membrane galactosylated glycoproteins in HCC. For protein
identification, we employed the workflow as summarized in
Figure 3A. ECA-binding membrane proteins from HCC
tissues and adjacent non-tumor tissues were pulled down by
biotin-ECA plus streptavidin-resin pull-down assay, followed by
SDS-PAGE and coomassie blue staining shown in Figure 3B.
The differentially expressed protein bands (indicated by the red
arrow) between HCC tissue and adjacent non-tumor tissue were
excised and analyzed by liquid chromatography-tandem mass
A

B
D

E

C

FIGURE 1 | Lectin array and immunofluorescence analysis of glycopatterns on membrane proteins of HCC tissues and adjacent non-tumor tissues. (A) Workflow of
the strategy for the determination of differentially expressed membrane glycopatterns in HCC tissues compared with adjacent non-tumor tissues. (B, C) Expressions
of glycans on the membrane proteins between HCC tissues and adjacent non-tumor tissues analyzed by 35 different lectins presented as a heatmap (B) and Venn
diagram (C). #1 to #10: 10 HCC patients; (D, E) Immunofluorescence analysis of fluorescence intensity of glycans binding with ECA on cell membrane proteins
between HCC and adjacent non-tumor tissues. Images are stained as FITC-conjugated ECA (green, membrane) and DAPI (blue, nuclei). Fluorescent intensities in
(E) are presented as the mean ± SD using unpaired Student’s t-tests (***p < 0.001).
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spectrometry (LC–MS/MS). A total of 169 differentially
expressed proteins were identified, among which 69 proteins
were consistent with the molecular weights (MWs) of
corresponding excised membrane proteins. The protein list is
filtered based on Unused ProtScore, from our MS results
(Table 5). Both CAT and P4HB are displayed as the two
highest coverage and scored with peptides at 95% confidence
by MS/MS spectra shown in Figures 3C, D. Therefore, decreased
ECA binding-galactosylated-CAT and P4HB are selected for
further research.

Much Less Membrane Galactosylated CAT
and P4HB Expression in High Metastatic
HCC Cells Compared to Low Metastatic
and Normal Liver Cells
First, we detected the total membrane CAT and P4HB proteins
expression by western blot. A higher expression of total
membrane CAT and P4HB was found in the Huh7.5.1 cell line
compared to L02 (***p <0.001, Figures 4A–C). Next, biotin-
conjugated ECA pull-down and western blot assay were
performed to verify the expressional changes of ECA-binding-
membrane-galactosylated CAT and P4HB proteins in HCC
Frontiers in Oncology | www.frontiersin.org 6259
Huh7.5.1 cell line and normal L02 liver cell line. ECA-binding-
galactosylated-CAT and P4HB protein expressions were
dramatically decreased in the HCC Huh7.5.1 cell line
compared to the L02 cell line (***p <0.001, Figures 4A, D, E).
These results reveal that an increased expression of total CAT
and P4HB proteins and a decreased b1,3/b1,4 galactosylated-
CAT and P4HB on the cell membrane of the HCC cell line
correlate with HCC malignancy.

MHCC-97L is a low metastatic liver cell line, while HCC-LM3
cell is a high metastatic cell line. We examined the total membrane
CAT and P4HB protein expression and found a relatively higher
expression of total CAT and P4HB proteins in the normal L02
liver cell line compared to the lowmetastatic MHCC-97L and high
metastatic HCC-LM3 cell line (***p <0.001, Figures 4F–H).
However, a progressively decreased expression of ECA-binding-
galactosylated-CAT and P4HB was found in the high metastatic
HCC-LM3 cell line compared to the low metastatic MHCC-97L
and normal L02 liver cell line (***p <0.001, Figures 4F, I, J).
These results indicated that increased expression of total
membrane CAT and P4HB proteins and decreased galactosylated
membrane CAT and P4HB proteins may be correlated with HCC
malignant metastasis.
TABLE 2 | Different glycan patterns between HCC tissues and adjacent non-tumor tissues by lectin microarray analysis.

No. Abbr. Source Preferred carbohydrate specificity Company

1 AAL Aleuria aurantia Fuca1-6GlcNAc, Fuca1-3(Galb1-4)GlcNAc Vector (USA)
2 ACA Amaranthus caudatus Galb1-3GalNAc Vector (USA)
3 BPL Bauhinia purpurea Galb1-3GalNAc, GalNAc Vector (USA)
4 BS-I Bandeiraea simplicifolia a-Gal, a-GalNAc, Gala-1,3Gal, Gala-1,6Glc Sigma-Aldrich (USA)
5 ConA Canavalia ensiformis 6(Mana1-3)Man, terminal GlcNAc Calbiochem
6 DBA Dolichos biflorus aGalNAc Vector (USA)
7 DSA Datura stramonium (GlcNAcb1-4)n, Galb1-4GlcNAc Vector (USA)
8 ECA Erythrina cristagalli Galb1-3GlcNAc, Galb1-4GlcNAc Vector (USA)
9 EEL Euonymus europaeus Gala3Gal Vector (USA)
10 GNA Galanthus nivalis High-Mannose,Mana1-3Man Vector (USA)
11 GSL-I Griffonia simplicifolia aMan Vector (USA)
12 GSL-II Griffonia simplicifolia Agalactosylated Tri/tetra-antennary glycans Vector (USA)
13 HHL Hippeastrum hybrid High-Man, Mana1-3Man, Mana1-6Man Vector (USA)
14 Jacalin Artocapus integrifolia Galb1-3GalNAca-Ser/Thr(T) Vector (USA)
15 LCA Lens culinaris Fuca1-6GlcNAc, a-D-Glc, a-D-Man Vector (USA)
16 LTL Lotus tetragonolobus Fuca1-3Galb1-4GlcNAc Vector (USA)
17 MAL-I Maackia amurensis Galb1-4GlcNAc Vector (USA)
18 MAL-II Maackia amurensis Siaa2-3Gal Vector (USA)
19 MPL Maclura pomifera Galb3GalNAc Vector (USA)
20 NPA Narcissus pseudonarcissus High-Man, Mana1-6Man Vector (USA)
21 PHA-E Phaseolus vulgaris Bisecting GlcNAc Vector (USA)
22 PHA-E+L Phaseolus vulgaris Bisecting GlcNAc, bi-antennary Vector (USA)

N-glycans
23 PNA Peanut Galb1-3GalNAca-Ser/Thr(T) Vector (USA)
24 PSA Pisum sativum core-fucosylated, trimannosyl structure Sigma-Aldrich (USA)
25 PTL-I Psophocarpus tetragonolobus GalNAc Vector (USA)
26 PTL-II Psophocarpus tetragonolobus Gal Vector (USA)
27 PWM Sambucus nigra N−acetyl−D−glucosamine Vector (USA)
28 SBA Solanum tuberosum a or b GalNAc, GalNAca1-3GalNAc Sigma-Aldrich (USA)
29 SJA Sophora japonica bGalNAc Vector (USA)
30 SNA Soybean Sia2-6Gal/GalNAc Vector (USA)
31 STL Solanum tuberosum GlcNAcb1-4GlcNAc, Mixture Man5 to Man9 Vector (USA)
32 UEA-I Ulex europaeus Fuca1-2Galb1-4GlcNAc Sigma-Aldrich (USA)
33 VVA Vicia villosa GalNAca1-3Gal Vector (USA)
34 WFA Wisteria floribunda GalNAcb1-4GlcNAc, Galb1-3(-6)GalNAc Vector (USA)
35 WGA Triticum vulgaris GlcNAc Sigma-Aldrich (USA)
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Consistent with the results from HCC cell lines, the total
membrane CAT and P4HB expression were higher in HCC tissues
compared with adjacent non-tumor tissues (Figures 4K–M). We
furthermeasured the expression levels of ECA-binding-galactosylated-
CAT and P4HB on the cellular membrane of HCC tissues vs. adjacent
non-tumor tissues by using biotin-conjugated ECA pull-down and
western blot analysis as shown in Figures 4K, N, O. We also found
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much lower expression levels of ECA-binding-membrane CAT and
P4HB in HCC tumor tissues than adjacent non-tumor tissues from
three HCC patients (Figures 4K, N, O). All the above results reveal a
remarkably higher total membrane CAT and P4HB proteins and a
significantly lower galactosylated membrane CAT and P4HB proteins
expression in both HCC cell lines and HCC tissues compared with
normal liver cells and adjacent non-tumor tissues.
TABLE 3 | Lectin binding glycopatterns of membrane glycoproteins between HCC tissues and adjacent non-tumor tissues.

Lectin Carbohydrate specificity Fold change (HCC/Adjacent non-tumor)

UEA-I Fuca1-2Galb1-4Glc(NAc) 0.147**
PSA core-fucosylated, trimannosyl structure 0.225**
STL GlcNAcb1-4GlcNAc, Mixture Man5 to Man9 –

ECA Galb1-4GlcNAc, Galb1-3GlcNAc 0.307****
SBA a or b GalNAc, GalNAca1-3GalNAc 0.372*
GSL-I aMan 0.394**
GNA High-Mannose,Mana1-3Man 0.412**
SJA bGalNAc 0.428*
VVA GalNAca1-3Gal 0.514*
MAL-I Galb-1,4GlcNAc 0.523**
PNA Galb1-3GalNAca-Ser/Thr(T) –

WFA GalNAcb1-4GlcNAc, Galb1-3(-6)GalNAc 0.636*
SNA Sia2-6Gal/GalNAc 0.660*
AAL Fuca1-6GlcNAc, Fuca1-3(Galb1-4)GlcNAc –

GSL-II Agalactosylated Tri/tetra-antennary glycans –

EEL Gala3Gal –

NPA High-Man, Mana1-6Man –

WGA GlcNAc –

MAL-II Siaa2-3Gal –

PTL-II Gal –

ACA Galb1-3GalNAc –

PHA-E Bisecting GlcNAc –

HHL High-Man, Mana1-3Man, Mana1-6Man –

PHA-E+L Bisecting GlcNAc, bi-antennary N-glycans –

DBA aGalNAc 1.330*
ConA 6(Mana1-3)Man, terminal GlcNAc 1.522*
PWM N−acetyl−D−glucosamine 1.685*
DSA (GlcNAcb1-4)n, Galb1-4GlcNAc 1.769**
BPL Galb1-3GalNAc, GalNAc 1.813**
Jacalin Galb1-3GalNAca-Ser/Thr(T) 1.830*
LCA Fuca1-6GlcNAc, a-D-Glc, a-D-Man 1.881***
MPL Galb1-3GalNAc, GalNAc –

BS-I a-Gal, a-GalNAc, Gala-1,3Gal, Gala-1,6Glc –

LTL Fuca1-3Galb1-4GlcNAc 2.490***
PTL-I Galb1-3GalNAc, GalNAc –
–: no significance; *p ＜ 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
TABLE 4 | Immunohistochemistry analysis of ECA in different TNM stages of HCC and adjacent non-tumor tissues.

TNM Stage N Scores for ECA

Low Moderate High

I HCC 5 0 5 0
Adjacent 5 0 1 4

II HCC 10 0 10 0
Adjacent 10 0 7 3

III HCC 5 2 3 0
Adjacent 5 0 5 0
March 2022 | Volume 12 | Article 85
Membrane staining was scored according to four categories: 0 for ‘no staining’, 1+ for ‘light staining visible only at high magnification’, 2+ for ‘intermediate staining’ and 3+ for ‘dark staining
of linear membrane. Scores = 1 × (% of 1+ cells) + 2 × (% of 2+ cells) + 3 × (% of 3+ cells) (23).
Low: score ＜100; Moderate: 100＜score＜200; High: score ＞200.
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DISCUSSION

Most tumor biomarkers are glycoproteins. In view of the
complex relationship between the diversity of glycans and
tumors, and the importance of glycosylation in cell migration,
proliferation, and differentiation, proteins with specific glycans
have been used as valuable diagnostic, prognostic, and
therapeutic biomarkers in liver cancer, breast cancer, lung
cancer, and other malignant tumors and can further serve as
important targets for tumor diagnosis and therapy (26). The
high-throughput glycoproteomics technology based on the lectin
array for screening tumor biomarkers has been recently widely
used in the clinical research of malignant tumors (27). Lectins are
biomolecules found in nature with specific affinities toward
particular glycan structures, thus forming a relatively strong
Frontiers in Oncology | www.frontiersin.org 8261
complex (28, 29). Because of this characteristic, lectins have
been used in analytical techniques (e.g., lectin affinity
chromatography) for the selective capture or separation of
certain glycans in complex samples, or used in lectin
microarrays for characterizing glycosylation profiles in diverse
clinical situations (30). Lectins have also been developed for the
detection of specific aberrant and cancer-associated
glycostructures to assist diagnosis, prognosis based on the
assessment of patient serum glycoproteins using lectins, such
as Sialic acid-binding immunoglobulin-like lectin 15 (Siglec-15)
(31), Galectin-8 (32), and Galectin-3 (33).

The lectin ECA was isolated from the E. cristagalli seeds,
which can specifically recognize and bind with Gal (galactose)
b1-3GlcNAc (N-acetylglucosamine)/Galb1-4GlcNAc glycans
(25). From our results, we showed that ECA had a good
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FIGURE 2 | IHC analysis of the ECA-binding galactosylated glycans in the different stages of HCC and adjacent non-tumor tissues. (A–F) IHC analysis of staining
intensity of glycans binding with ECA on cell membrane proteins among HCC tissues and adjacent non-tumor tissues. Images are stained as brown (HRP-avidin plus
biotin-conjugated ECA) and blue (hematoxylin, nuclei). (A–C) are representative data for (D–F). (D, E) are statistical analysis for (A–C), respectively. (G) Comparison
of staining intensity of ECA between different stages of HCC tissues. (H) Correlation analysis of serum AFP levels and ECA binding affinity. (I) ROC curves analysis of
ECA between HCC tissues and adjacent non-tumor tissues. Significance analysis for (D–F) and (H) was performed using unpaired Student’s t-tests, and for G with
one way ANOVA followed by Sidak’s multiple comparisons test (*p < 0.05, **p < 0.01; ****p < 0.0001).
A

B

D
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FIGURE 3 | Identification of significantly decreased membrane glycoprotein galactosylated CAT and P4HB in HCC tissues with LC-MS/MS. (A) Workflow showing
the strategy for the identification of decreased membrane galactosylated CAT and P4HB glycoproteins in HCC tissues. (B) SDS-PAGE analysis of the differential
membrane proteins between adjacent non-tumor tissues and HCC tissues pull downed by biotin-conjugated ECA. The differentially expressed membrane protein
bands indicated by red arrow were excised for MS analysis. (C) The amino-acid sequence (GAGAFGYFEVTHDITK) from MS is identified as CAT. (D) The amino-acid
sequence (ILFIFIDSDHTDNQR) from MS is identified as P4HB.
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TABLE 5 | Major results of the mass spectrometry analysis.

Rank Unuesd score UniProtKB number Abbreviation Full name Length (aa) Molecular weight (kD)

1 28.73 P04040 CAT Catalase 527 59.756
2 26.48 P07237 P4HB Protein disulfide-isomerase 508 57.116
3 25.31 P07099 EPHX1 Epoxide hydrolase 1 455 52.949
4 22.9 Q13423 NNT NAD(P) transhydrogenase, mitochondrial 1,086 113.896
5 22.46 P55084 HADHB Trifunctional enzyme subunit beta, mitochondrial 474 51.294
6 18.61 P27338 MAOB Amine oxidase [flavin-containing] B 520 58.763
7 17.47 Q02413 DSG1 Desmoglein-1 1,049 113.748
8 12.27 P31930 UQCRC1 Cytochrome b-c1 complex subunit 1, mitochondrial 480 52.646
9 11.29 P07355 ANXA2 Annexin A2 339 38.604
10 10.63 P11021 HSPA5 Endoplasmic reticulum chaperone BiP 654 72.333
11 9.88 P50440 GATM Glycine amidinotransferase, mitochondrial 423 48.455
12 9.17 P06576 ATP5F1B ATP synthase subunit beta, mitochondrial 529 56.56
13 8.61 P27797 CALR Calreticulin 417 48.142
14 8.4 P07327 ADH1A Alcohol dehydrogenase 1A 375 39.859
15 7.76 P33121 ACSL1 Long-chain-fatty-acid—CoA ligase 1 698 77.943
16 7.74 P01857 IGHG1 Immunoglobulin heavy constant gamma 1 330 36.106
17 7.35 P22695 UQCRC2 Cytochrome b-c1 complex subunit 2, mitochondrial 453 48.443
18 6.67 P22310 UGT1A4 UDP-glucuronosyltransferase 1-4 534 60.025
19 6.53 P11509 CYP2A6 Cytochrome P450 2A6 494 56.501
20 6.45 Q8NBX0 SCCPDH Saccharopine dehydrogenase-like oxidoreductase 429 47.151
Frontiers
 in Oncology | www
.frontiersin.org
 M9262
 arch 2022 | Volu
20 proteins with the highest Unuesd scores. aa: amino acid.
A
B

D E

F
G

I

H

J

K

L M

N

C

O

FIGURE 4 | Biotin-conjugated ECA pull down and western blot analysis of decreased membrane glycoproteins CAT and P4HB in different HCC cell lines and HCC tissues.
(A–E) ECA lectin pull down and western blot analysis of membrane glycoprotein and total CAT and P4HB in human hepatocarcinoma cell line Huh7.5.1 and human normal
liver cell L02. (F–J) Biotin-conjugated ECA pull down and western blot analysis of membrane glycoprotein and total CAT and P4HB from low metastatic cell (MHCC-97L), high
metastatic cell (HCC-LM3) and human normal liver cell L02. (K–O) Biotin-conjugated ECA lectin pull down and western blot analysis of membrane glycoprotein and total CAT
and P4HB from 3 HCC tissues (T) and adjacent non-tumor tissues (N). P1, P2 and P3 represent HCC tissues from three patients; N1, N2 and N3 represent adjacent-non-
tumor tissues from three HCC patients, respectively. (A, F, K) are the representative data for (B–E), (G-J, L-O), respectively. (B, D, I, L, N) (for CAT), (C, E, I. J, M, O) (for
P4HB) are statistical analysis. Relative intensities based on endogenous membrane protein Na+/K+-ATPase are presented as the mean ± SD using unpaired Student’s t-tests
for (B–E, L–O), and using one way ANOVA followed by Sidak’s multiple comparisons test for (G–J) (*p < 0.05, **p < 0.01; ***p < 0.001. ****p < 0.0001).
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diagnostic performance with a statistically significant difference
and a high AUC value with a sensitivity of 85% and specificity of
75%, which can efficiently differentiate HCC tissues from
adjacent non-tumor tissues. We also showed that the
combined application of ECA and serum AFP acquired a
much higher specificity at 90% and sensitivity at 85% than
ECA or AFP assay alone. To our knowledge, this is the first
report showing that abnormal declined b1,3/b1,4 galactosylated
membrane glycans-binding ECA can serve as a potential
biomarker for HCC diagnosis or malignant prognosis.

In the present study, we also firstly found and determined two
abnormal declined membrane galactosylated-CAT and P4HB
glycoproteins as potential biomarkers in HCC diagnosis and
malignancy progression prediction. CAT is a key enzyme in the
metabolism of H2O2 and reactive oxygen species (ROS) (34).
Previous studies have shown that the functional CAT is mainly
located in peroxisomes; moreover, it has also been found in the
cytoplasm, mitochondria, and on the cytoplasmic membrane of
human cancer cells (35). So far, elevated expression of total CAT
protein level has been found on the cell surface of tumor cells
such as gastric cancer, skin cancer, colon cancer, and chronic
myeloid leukemia (36–39). Consistently, in this study, we also
found an increased total CAT expression, and we also firstly
found that there was significantly decreased ECA-binding
membrane galactosylated CAT of human HCC tissues
compared to adjacent non-tumor tissues, and decreased as the
malignancy of liver cancer increased accordingly, which suggest
that both increased total CAT protein and decreased
galactosylated CAT glycoprotein level might be involved in the
development of HCC.

P4HB is a multifunctional protein that catalyzes the
formation and rearrangement of disulfide bonds. It can act as a
molecular chaperone to refine misfolded proteins in response to
endoplasmic reticulum (ER) stress (40). It has been reported that
P4HB is indicated as a diagnosis and prognosis biomarker and
the abnormal higher expression of total P4HB protein level has
been found in various tumor types, such as renal cell carcinoma
(41), bladder carcinoma (24), gastric cancer (42), diffuse gliomas
(43), lung cancer (44), and hepatocellular carcinoma (45). The
high P4HB was associated with HCC tumorigenesis and
epithelial-to-mesenchymal transition (45, 46). Consistently, in
this study, we also found an increased total P4HB expression,
and we also firstly identified that membrane galactosylated
modification of P4HB in HCC tissues was reduced compared
with adjacent non-tumor tissues, and decreased galactosylated-
P4HB was associated with HCC malignancy and metastasis.
These data clearly suggest that both increased total P4HB and
decreased galactosylated P4HB might be involved in the
development of HCC.

Our analysis still has some limitations. First, a larger sample
size and multicenter study might be needed to further confirm
our results. Second, the N/O-glycan profile characteristic of ECA
binding galactosylated membrane glycoproteins CAT and P4HB
needs further elucidation. Third, the regulation mechanism of
decreased galactosylated membrane glycoproteins CAT and
Frontiers in Oncology | www.frontiersin.org 10263
P4HB in HCC needs to be further explored. But our study
provided comprehensive information of HCC-associated cellular
membrane glycopatterns and ECA/ECA-binding membrane
CAT and P4HB glycoproteins that may contribute to
understanding the complex physiological changes of HCC
patients. Our results also provided a new insight for the
research of HCC biomarkers and anti-tumor drug targets by
using ECA-binding membrane CAT and P4HB glycoproteins,
which is conducive to understanding HCC mechanisms and
provides a set of potential targets for diagnostic application and
therapeutic strategies.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical Committee of Wuhan University School
of Medicine. The patients/participants provided their written
informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

YK, HC, MC, YL, JL and QL performed the experiments and
analyzed the data. TG and YY provided the test samples. TG, YY,
and YX assisted in the analysis of clinical data. HX contributed
IHC stain expertise. XLZ initiated the study, analyzed data, and
created and revised the manuscript. All authors listed have made
a substantial, direct, and intellectual contribution to the work
and approved it for publication.
FUNDING

This work was supported by grants from the National Key R&D
Program of China (2018YFA0507603), the National Natural
Science Foundation of China (91740120, 22077097, 21721005,
and 21572173), the National Grand Program on Key Infectious
Disease of China (2017ZX10201301-006), the National
Outstanding Youth Foundation of China (81025008), the
Medical Science Advancement Program (Basic Medical
Sciences) of Wuhan University (TFJC 2018002), the Key R&D
Program of Hubei Province (2020BCB020), the Hubei Province’s
Outstanding Medical Academic Leader Program (523-276003),
the Innovative Group Project of Hubei Health Committee
(WJ2021C002), and the Foundational Research Funds for the
Central University of China.
March 2022 | Volume 12 | Article 855952

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Kong et al. ECA Glycosylation for HCC Diagnosis
REFERENCES
1. Zheng R, Qu C, Zhang S, Zeng H, Sun K, Gu X, et al. Liver Cancer Incidence

and Mortality in China: Temporal Trends and Projections to 2030. Chin J
Cancer Res (2018) 30:571–9. doi: 10.21147/j.issn.1000-9604.2018.06.01

2. European Association for the Study of the Liver. EASL Clinical Practice
Guidelines: Management of Hepatocellular Carcinoma. J Hepatol (2018)
69:182–236. doi: 10.1016/j.jhep.2018.03.019

3. Global Burden of Disease Liver Cancer Collaboration. The Burden of
Primary Liver Cancer and Underlying Etiologies From 1990 to 2015 at
the Global, Regional, and National Level: Results From the Global Burden of
Disease Study 2015. JAMA Oncol (2017) 3:1683–91. doi: 10.1001/
jamaoncol.2017.3055

4. Befeler AS, Di Bisceglie AM.Hepatocellular Carcinoma: Diagnosis and Treatment.
Gastroenterology (2002) 122:1609–19. doi: 10.1053/gast.2002.33411

5. Gower E, Estes C, Blach S, Razavi-Shearer K, Razavi H. Global Epidemiology
and Genotype Distribution of the Hepatitis C Virus Infection. J Hepatol
(2014) 61:S45–57. doi: 10.1016/j.jhep.2014.07.027

6. Gao Q, Zhu H, Dong L, ShiW, Chen R, Song Z, et al. Integrated Proteogenomic
Characterization of HBV-Related Hepatocellular Carcinoma. Cell (2019)
179:561–77.e22. doi: 10.1016/j.cell.2019.08.052

7. Satomaa T, Heiskanen A, Leonardsson I, Angstrom J, Olonen A, Blomqvist
M, et al. Analysis of the Human Cancer Glycome Identifies a Novel Group of
Tumor-Associated N-Acetylglucosamine Glycan Antigens. Cancer Res (2009)
69:5811–9. doi: 10.1158/0008-5472.CAN-08-0289

8. Islami F, Miller KD, Siegel RL, Fedewa SA, Ward EM, Jemal A. Disparities in
Liver Cancer Occurrence in the United States by Race/Ethnicity and State. CA
Cancer J Clin (2017) 67:273–89. doi: 10.3322/caac.21402

9. Craig AJ, von Felden J, Garcia-Lezana T, Sarcognato S, Villanueva A. Tumour
Evolution in Hepatocellular Carcinoma. Nat Rev Gastroenterol Hepatol
(2020) 17:139–52. doi: 10.1038/s41575-019-0229-4

10. Tsuchiya N, Sawada Y, Endo I, Saito K, Uemura Y, Nakatsura T. Biomarkers
for the Early Diagnosis of Hepatocellular Carcinoma. World J Gastroenterol
(2015) 21:10573–83. doi: 10.3748/wjg.v21.i37.10573

11. Cao L, Cheng H, Jiang Q, Li H, Wu Z. APEX1 Is a Novel Diagnostic and
Prognostic Biomarker for Hepatocellular Carcinoma. Aging (2020) 12:4573–
91. doi: 10.18632/aging.102913

12. Zhou F, Shang W, Yu X, Tian J. Glypican-3: A Promising Biomarker for
Hepatocellular Carcinoma Diagnosis and Treatment. Med Res Rev (2018)
38:741–67. doi: 10.1002/med.21455

13. Jiang K, Shang S, Li W, Guo K, Qin X, Zhang S, et al. Multiple Lectin Assays
for Detecting Glyco-Alteration of Serum GP73 in Liver Diseases. Glycoconj J
(2015) 32:657–64. doi: 10.1007/s10719-015-9614-6

14. Chen L, Li M, Li Q, Wang C-j, Xie S-q. DKK1 Promotes Hepatocellular
Carcinoma Cell Migration and Invasion Through b-Catenin/MMP7 Signaling
Pathway. Mol Cancer (2013) 12:157. doi: 10.1186/1476-4598-12-157

15. Li J, Cheng Y, Guo J, He J, Jiang Z, Liang J, et al. Guidelines of Chinese Society
of Clinical Oncology (CSCO) Hepatocellular Carcinoma Vol. 98. China:
People’s Medical Publishing House (2018).

16. Zalba S, ten Hagen TLM. Cell Membrane Modulation as Adjuvant in Cancer
Therapy. Cancer Treat Rev (2017) 52:48–57. doi: 10.1016/j.ctrv.2016.10.008

17. Han Y, Xiao K, Tian Z. Comparative Glycomics Study of Cell-Surface N-
Glycomes of HepG2 Versus LO2 Cell Lines. J Proteome Res (2019) 18:372–9.
doi: 10.1021/acs.jproteome.8b00655

18. Hirabayashi J, Yamada M, Kuno A, Tateno H. Lectin Microarrays: Concept,
Principle and Applications. Chem Soc Rev (2013) 42:4443–58. doi: 10.1039/
c3cs35419a

19. Badr HA, AlSadek DMM, Darwish AA, ElSayed AI, Bekmanov BO,
Khussainova EM, et al. Lectin Approaches for Glycoproteomics in FDA-
Approved Cancer Biomarkers. Expert Rev Proteomics (2014) 11:227–36. doi:
10.1586/14789450.2014.897611

20. Xiang T, Yang G, Liu X, Zhou Y, Fu Z, Lu F, et al. Alteration of N-Glycan
Expression Profile and Glycan Pattern of Glycoproteins in Human Hepatoma
Cells After HCV Infection. Biochim Biophys Acta Gen Subj (2017) 1861:1036–
45. doi: 10.1016/j.bbagen.2017.02.014

21. Li S, Liu XY, Pan Q, Wu J, Liu ZH, Wang Y, et al. Hepatitis C Virus-Induced
FUT8 Causes 5-FU Drug Resistance in Human Hepatoma Huh7.5.1 Cells.
Viruses (2019) 11:378. doi: 10.3390/v11040378
Frontiers in Oncology | www.frontiersin.org 11264
22. Chen H, Shi Y, Sun L, Ni S. Electrospun Composite Nanofibers With All-
Trans Retinoic Acid and MWCNTs-OH Against Cancer Stem Cells. Life Sci
(2020) 258:118152. doi: 10.1016/j.lfs.2020.118152

23. Mazières J, Brugger W, Cappuzzo F, Middel P, Frosch A, Bara I,
et al. Evaluation of EGFR Protein Expression by Immunohistochemistry
Using H-Score and the Magnification Rule: Re-Analysis of the
SATURN Study. Lung Cancer (2013) 82:231–7. doi: 10.1016/j.lungcan.
2013.07.016

24. Wu Y, Peng Y, Guan B, He A, Yang K, He S, et al. P4HB: A Novel Diagnostic
and Prognostic Biomarker for Bladder Carcinoma. Oncol Lett (2021) 21:95.
doi: 10.3892/ol.2020.12356

25. Wu AM,Wu JH, Tsai MS, Yang Z, Sharon N, Herp A. Differential Affinities of
Erythrina Cristagalli Lectin (ECL) Toward Monosaccharides and Polyvalent
Mammalian Structural Units. Glycoconj J (2007) 24:591–604. doi: 10.1007/
s10719-007-9063-y

26. Wang J, Zhou C, ZhangW, Yao J, Lu H, Dong Q, et al. An Integrative Strategy
for Quantitative Analysis of the N-Glycoproteome in Complex Biological
Samples. Proteome Sci (2014) 12:4. doi: 10.1186/1477-5956-12-4

27. Silva MLS. Lectin Biosensors in Cancer Glycan Biomarker Detection. Adv Clin
Chem (2019) 93:1–61. doi: 10.1016/bs.acc.2019.07.001

28. Silva MLS. Lectin-Based Biosensors as Analytical Tools for Clinical Oncology.
Cancer Lett (2018) 436:63–74. doi: 10.1016/j.canlet.2018.08.005

29. Yang J, Liu X, Shu J, Hou Y, Chen M, Yu H, et al. Abnormal
Galactosylated-Glycans Recognized by Bandeiraea Simplicifolia Lectin I in
Saliva of Patients With Breast Cancer. Glycoconj J (2020) 37:373–94. doi:
10.1007/s10719-020-09910-6

30. Yu H, Shu J, Li Z. Lectin Microarrays for Glycoproteomics: An Overview of
Their Use and Potential. Expert Rev Proteomics (2020) 17:27–39. doi: 10.1080/
14789450.2020.1720512

31. Li B, Zhang B, Wang X, Zeng Z, Huang Z, Zhang L, et al. Expression
Signature, Prognosis Value, and Immune Characteristics of Siglec-15
Identified by Pan-Cancer Analysis. Oncoimmunology (2020) 9:1807291. doi:
10.1080/2162402X.2020.1807291

32. Elola MT, Ferragut F, Cardenas Delgado VM, Nugnes LG, Gentilini L,
Laderach D, et al. Expression, Localization and Function of Galectin-8, a
Tandem-Repeat Lectin, in Human Tumors. Histol Histopathol (2014)
29:1093–105. doi: 10.14670/HH-29.1093

33. Dong R, ZhangM, Hu Q, Zheng S, Soh A, Zheng Y, et al. Galectin-3 as a Novel
Biomarker for Disease Diagnosis and a Target for Therapy (Review). Int J Mol
Med (2018) 41:599–614. doi: 10.3892/ijmm.2017.3311

34. Glorieux C, Zamocky M, Sandoval JM, Verrax J, Calderon PB. Regulation of
Catalase Expression in Healthy and Cancerous Cells. Free Radic Biol Med
(2015) 87:84–97. doi: 10.1016/j.freeradbiomed.2015.06.017

35. Heinzelmann S, Bauer G. Multiple Protective Functions of Catalase Against
Intercellular Apoptosis-Inducing ROS Signaling of Human Tumor Cells. Biol
Chem (2010) 391:675–93. doi: 10.1515/bc.2010.068

36. Hwang TS, Choi HK, Han HS. Differential Expression of Manganese
Superoxide Dismutase, Copper/Zinc Superoxide Dismutase, and Catalase in
Gastric Adenocarcinoma and Normal Gastric Mucosa. Eur J Surg Oncol
(2007) 33:474–9. doi: 10.1016/j.ejso.2006.10.024

37. Sander CS, Hamm F, Elsner P, Thiele JJ. Oxidative Stress in Malignant
Melanoma and Non-Melanoma Skin Cancer. Br J Dermatol (2003) 148:913–
22. doi: 10.1046/j.1365-2133.2003.05303.x

38. Rainis T, Maor I, Lanir A, Shnizer S, Lavy A. Enhanced Oxidative Stress and
Leucocyte Activation in Neoplastic Tissues of the Colon. Dig Dis Sci (2007)
52:526–30. doi: 10.1007/s10620-006-9177-2

39. Zelen I, Djurdjevic P, Popovic S, Stojanovic M, Jakovljevic V, Radivojevic S,
et al. Antioxidant Enzymes Activities and Plasma Levels of Oxidative
Stress Markers in B-Chronic Lymphocytic Leukemia Patients. J BUON (2010)
15:330–6.

40. Jang I, Pottekat A, Poothong J, Yong J, Lagunas-Acosta J, Charbono A,
et al. PDIA1/P4HB Is Required for Efficient Proinsulin Maturation and ß Cell
Health in Response to Diet Induced Obesity. eLife (2019) 8:e44528. doi: 10.7554/
eLife.44528

41. Xie L, Li H, Ma LZ, Dang Y, Guo J, Liu J, et al. Autophagy-Related
Gene P4HB: A Novel Diagnosis and Prognosis Marker for Kidney
Renal Clear Cell Carcinoma. Aging (2020) 12:1828–42. doi: 10.18632/
aging.102715
March 2022 | Volume 12 | Article 855952

https://doi.org/10.21147/j.issn.1000-9604.2018.06.01
https://doi.org/10.1016/j.jhep.2018.03.019
https://doi.org/10.1001/jamaoncol.2017.3055
https://doi.org/10.1001/jamaoncol.2017.3055
https://doi.org/10.1053/gast.2002.33411
https://doi.org/10.1016/j.jhep.2014.07.027
https://doi.org/10.1016/j.cell.2019.08.052
https://doi.org/10.1158/0008-5472.CAN-08-0289
https://doi.org/10.3322/caac.21402
https://doi.org/10.1038/s41575-019-0229-4
https://doi.org/10.3748/wjg.v21.i37.10573
https://doi.org/10.18632/aging.102913
https://doi.org/10.1002/med.21455
https://doi.org/10.1007/s10719-015-9614-6
https://doi.org/10.1186/1476-4598-12-157
https://doi.org/10.1016/j.ctrv.2016.10.008
https://doi.org/10.1021/acs.jproteome.8b00655
https://doi.org/10.1039/c3cs35419a
https://doi.org/10.1039/c3cs35419a
https://doi.org/10.1586/14789450.2014.897611
https://doi.org/10.1016/j.bbagen.2017.02.014
https://doi.org/10.3390/v11040378
https://doi.org/10.1016/j.lfs.2020.118152
https://doi.org/10.1016/j.lungcan.2013.07.016
https://doi.org/10.1016/j.lungcan.2013.07.016
https://doi.org/10.3892/ol.2020.12356
https://doi.org/10.1007/s10719-007-9063-y
https://doi.org/10.1007/s10719-007-9063-y
https://doi.org/10.1186/1477-5956-12-4
https://doi.org/10.1016/bs.acc.2019.07.001
https://doi.org/10.1016/j.canlet.2018.08.005
https://doi.org/10.1007/s10719-020-09910-6
https://doi.org/10.1080/14789450.2020.1720512
https://doi.org/10.1080/14789450.2020.1720512
https://doi.org/10.1080/2162402X.2020.1807291
https://doi.org/10.14670/HH-29.1093
https://doi.org/10.3892/ijmm.2017.3311
https://doi.org/10.1016/j.freeradbiomed.2015.06.017
https://doi.org/10.1515/bc.2010.068
https://doi.org/10.1016/j.ejso.2006.10.024
https://doi.org/10.1046/j.1365-2133.2003.05303.x
https://doi.org/10.1007/s10620-006-9177-2
https://doi.org/10.7554/eLife.44528
https://doi.org/10.7554/eLife.44528
https://doi.org/10.18632/aging.102715
https://doi.org/10.18632/aging.102715
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Kong et al. ECA Glycosylation for HCC Diagnosis
42. Zhang J, Guo S, Wu Y, Zheng ZC, Wang Y, Zhao Y. P4HB, a Novel Hypoxia
Target Gene Related to Gastric Cancer Invasion and Metastasis. BioMed Res
Int (2019) 2019:9749751. doi: 10.1155/2019/9749751

43. Zou H, Wen C, Peng Z, Shao Y, Hu L, Li S, et al. P4HB and PDIA3 Are
Associated With Tumor Progression and Therapeutic Outcome of Diffuse
Gliomas. Oncol Rep (2018) 39:501–10. doi: 10.3892/or.2017.6134

44. Ercan H, Mauracher L-M, Grilz E, Hell L, Hellinger R, Schmid J, et al.
Alterations of the Platelet Proteome in Lung Cancer: Accelerated F13A1 and
ER Processing as New Actors in Hypercoagulability. Cancers (2021) 13:2260.
doi: 10.3390/cancers13092260

45. Dai J, Jiang L, Qiu L, Shao Y, Shi P, Li J. WHSC1 Promotes Cell Proliferation,
Migration, and Invasion in Hepatocellular Carcinoma by Activating Mtorc1
Signaling. Onco Targets Ther (2020) 13:7033–44. doi: 10.2147/OTT.S248570

46. Xia W, Zhuang 1J, Wang G, Ni J, Wang J, Ye Y. P4HB Promotes HCC
Tumorigenesis Through Downregulation of GRP78 and Subsequent
Upregulation of Epithelial-to- Mesenchymal Transition. Oncotarget (2016)
8:8512–21. doi: 10.18632/oncotarget.14337
Frontiers in Oncology | www.frontiersin.org 12265
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kong, Chen, Chen, Li, Li, Liu, Xiong, Guo, Xie, Yuan and Zhang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
March 2022 | Volume 12 | Article 855952

https://doi.org/10.1155/2019/9749751
https://doi.org/10.3892/or.2017.6134
https://doi.org/10.3390/cancers13092260
https://doi.org/10.2147/OTT.S248570
https://doi.org/10.18632/oncotarget.14337
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Xuesong Gu,

Harvard Medical School, United States

Reviewed by:
Huang Guohong,

People’s Hospital of Xinjiang Uygur
Autonomous Region, China

Mingyi Wang,
Weihai Municipal Hospital, China

*Correspondence:
Yi Zhang

yizhang@sdu.edu.cn

Specialty section:
This article was submitted to

Cancer Molecular Targets
and Therapeutics,

a section of the journal
Frontiers in Oncology

Received: 20 January 2022
Accepted: 07 March 2022
Published: 30 March 2022

Citation:
Zhang X, Gui X, Zhang Y,

Liu Q, Zhao L, Gao J, Ji J and
Zhang Y (2022) A Panel of Bile
Volatile Organic Compounds

Servers as a Potential Diagnostic
Biomarker for Gallbladder Cancer.

Front. Oncol. 12:858639.
doi: 10.3389/fonc.2022.858639

ORIGINAL RESEARCH
published: 30 March 2022

doi: 10.3389/fonc.2022.858639
A Panel of Bile Volatile Organic
Compounds Servers as a
Potential Diagnostic Biomarker
for Gallbladder Cancer
Xin Zhang1, Xinru Gui1, Yanli Zhang2, Qi Liu1, Liqiang Zhao3, Jingxian Gao3,
Jian Ji1 and Yi Zhang1*

1 Department of Clinical Laboratory, Qilu Hospital of Shandong University, Shandong University, Jinan, China,
2 Department of Clinical Laboratory, Shandong Provincial Third Hospital, Jinan, China, 3 Department of Research and
Development, Hanon Advanced Technology Group Co., Ltd, Jinan, China

As no reliable diagnostic methods are available, gallbladder cancer (GBC) is often
diagnosed until advanced stages, resulting in a poor prognosis. In the present study,
we assessed whether volatile organic compounds (VOCs) could be used as a diagnostic
tool for GBC. The VOCs in bile samples collected from 32 GBC patients were detected by
gas chromatography-ion mobility spectrometry (GC-IMS), and 54 patients with benign
gallbladder diseases (BGD) were used as controls. Both principal component analysis and
unsupervised hierarchical clustering analysis gave a clear separation of GBC and BGD
based on the bile VOC data collected from GC-IMS. A total of 12 differentially expressed
VOCs were identified, including four upregulated (cyclohexanone, 2-ethyl-1-hexanol,
acetophenone, and methyl benzoate) and eight downregulated [methyl acetate, (E)-
hept-2-enal, hexanal, (E)-2-hexenal, (E)-2-pentenal, pentan-1-ol, 1-octen-3-one, and
(E)-2-octenal] in GBC compared with BGD. ROC analysis demonstrated a 12-VOC
panel con-structed by four machine learning algorithms, which was superior to the
traditional tumor marker, CA19-9. Among them, support vector machines and linear
discriminant analysis provided the highest AUCs of 0.972, with a sensitivity of 100% and a
specificity of 94.4% in the diagnosis of GBC. Collectively, VOCs might be used as a
potential tool for the diagnosis of GBC.

Keywords: gallbladder cancer, volatile organic compounds, diagnosis, biomarker, bile
INTRODUCTION

Gallbladder cancer (GBC) is one of the most common malignant tumors of the biliary system in
Eastern Asia with high mortality (1). In 2020, there are an estimated 115,949 new cases and 84,695
GBC-related deaths worldwide (2). At present, surgical resection is the most effective treatment for
GBC (3). Unfortunately, due to the atypical clinical symptoms, the patients often are diagnosed at
advanced stages and can not accept surgical treatment, resulting in a poor prognosis for this
aggressive disease. Detection in an earlier stage of GBC and removal of precancerous lesions will
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reduce the disease burden and mortality rate. However, currently
used tumor biomarkers, such as CA 19-9 and CA 242, have low
sensitivity and specificity (4–6). Moreover, they have nonspecific
elevations in benign gallbladder diseases (BGD), such as
gallstones, cholecystitis, polyps, and gallbladder adenomyosis
(7, 8). Therefore, it is urgently necessary to identify new
biomarkers for the early clinical diagnosis.

Metabolomics is one of the most promising approaches for
identifying biomarkers of disease and increasing understanding of
metabolic processes in cancer (9). As an important part of
metabolism products, volatile organic compounds (VOCs)
reflect the metabolic changes produced in a variety of different
biochemical reactions in the human body. VOCs are a type of
organic matter that exists in the form of steam at room
temperature, which can be divided into aromatic hydrocarbons,
alkanes, olefins, halohydrocarbons, esters, and ketones. Due to
their distinct odors, VOCs emitted from different substrates can
be detected by gas chromatography-mass spectrometry (GC-MS),
gas chromatography-ion mobility spectrometry (GC-IMS),
electronic nose (E-Nose), or even trained sniffer dogs (10–12).
Bhatt et al. (13) have studied the plasma metabolomics of 20
patients with esophageal adenocarcinoma and 19 patients with
gastroesophageal reflux disease, disclosing nine VOCs and
unveiling significant differences between the two groups. Lima
et al. (14) have performed the GC-MS to detect the volatile
metabolomic signature of urine and established a panel of six
volatile biomarkers for the identification of prostate cancer. When
compared with other fecal-based techniques, VOCs emitted from
feces, such as propan-2-ol, hexan-2-one, and ethyl 3-methyl-
butanoate, have a superior diagnostic capability for the diagnosis
of colorectal cancer (15, 16). Until now, little is known about
VOCs in GBC, and their potential utility to serve as biomarkers for
GBC diagnosis remains largely unclear.

In the present study, we performed GC-IMS to obtain the
metabolomic profiling of VOCs in bile from patients with GBC
and BGD. Moreover, we aimed to develop a volatile biomarker
panel that could act as a minimally invasive approach for the
early detection of GBC. To the best of our knowledge, we, for the
first time, showed that VOCs could be used as bile biomarkers for
the diagnosis of GBC.
MATERIALS AND METHODS

Study Population
In the present study, patients who were older than 18 years and
histologically diagnosed with GBC were recruited from 2018 to
2021 in Qilu Hospital of Shandong University. Inclusion criteria
were set as follows: 1) patients without any history of other
malignant tumor or anti-cancer therapy, 2) patients who were
cooperative with supplying fresh bile sample and complete
medical records, and 3) patients who underwent radical
resection and reported GBC by pathological examination.
Patients with BGD, such as cholecystitis and gallbladder
polyps, who met the above-mentioned conditions except for
the pathologically reported GBC, were included as controls.
Frontiers in Oncology | www.frontiersin.org 2267
The experimental scheme was approved by the Ethics
Committee of Qilu Hospital of Shandong University, and the
informed consent were got from each patient.

Sample Preparation
Bile samples were collected when the patient was first treated
with endoscopic retrograde cholangiopancreatography
(ERCP) or percutaneous transhepatic cholangiodrainage
(PTCD). The collected specimens were centrifuged at 3,000
rpm for 10 min at 4°C. The supernatants were aliquoted and
stored at -80°C immediately.

Analysis of the VOCs in Bile
VOC profiles from bile samples were detected using GC-IMS
(G.A.S. Dortmund, Germany). All samples underwent the same
procedure. Briefly, 0.5 mL bile was placed in each headspace
bottle and incubated at 80°C for 10 min. Subsequently, 1 mL
headspace gas was extracted for analysis. Nitrogen was used as
the carrier air. The IMS drift gas was always maintained at 150
mL/min, while the initial flow rate of the carrier air was
maintained at 2 mL/min for 2 min, and then it was linearly
increased to 150 mL/min in 10 min. Other major experimental
parameters were as follows: drift tube temperature: 45°C; gas
chromatography column temperature : 60°C; in let-
chromatography column converter temperature: 60°C; column-
migration tube converter temperature: 45°C; ion mode: positive
ion mode. Each analysis was conducted in triplicate.

Statistical Analysis
The software R (x64 3.6.2) and the software package “ggord” were
used for principal component analysis (PCA). The level of each
VOC was compared with Mann–Whitney U test. The area under
the curve (AUC) was calculated on the receiver operating
characteristic (ROC) curve and compared using MedCalc
9.3.9.0. The analysis of machine learning was carried out using
Matlab R2016a (Python Software Foundation, Beaverton, USA)
based on the Statistics and Machine Learning Toolbox. Based on
identified VOCs, decision tree (DT), support vector machines
(SVM), linear discriminant analysis (LDA), gradient enhancement
machines (GBMs), and K-nearest neighbor (KNN) were used for
classification. Hierarchical 10-fold cross-validation was used to
optimize the parameters of the training cohort.
RESULTS

Clinical Characteristics of GBC and BGD
Patients
A cohort consisting of 86 patients with definite pathological
diagnoses, including 32 GBC patients (age 52–77 years, mean 63)
and 54 BGD patients (age 56–66 years, mean 59), were included
in the present study. Moreover, 70% recruited subjects were
randomly selected as a training cohort (n = 24 GBC and n = 36
BGD), while the remaining 26 samples (n = 8 GBC and n = 18
BGD) were set as a test cohort. There were no significant
differences between the two cohorts in terms of age, sex, and
March 2022 | Volume 12 | Article 858639
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some biochemical indexes. Table 1 lists more detailed clinical
characteristics of these patients.

Coefficient of Variation for VOC Analysis
With GC-IMS
Room-temperature stability was assessed in the same samples
that were measured in parallel every hour within 12 h, with a
total of 12 injections. Figure 1A shows that the intensity
difference of the selected signal peaks in the 12 repeated
determinations was little under the same experimental
conditions. The average CV for the bile at room temperature
for 12 h was within 10% (Supplementary Table 1). Figure 1B
presents that repeated freeze-thaw cycles might affect the VOC
composition, while the average CV of VOCs within three freeze-
thaw cycles was less than 10% (Supplementary Table 2). In the
present study, each sample was detected within 3 h after being
thawed at room temperature.

VOC Profile Analysis in GBC and BGD
Patients
The VOC was characterized by the molecular gas chromatography
preservation index, and the migration time of molecular ions was
Frontiers in Oncology | www.frontiersin.org 3268
measured and quantified according to the signal peak strength.
For each sample, we would generate the 3D data (retention
index, migration time, and peak strength) (Supplementary
Figure S1). Our VOCs were selected from a 2D spectral map
(the vertical view of 3D spectra, with color to indicate peak
strength), and each point represented a signal peak (Figure 2A).
Figure 2A shows that we could visually see the difference in the
VOC between a GBC sample and a BGD sample, with red
representing a higher concentration of the substance in the bile
of GBC compared with BGD, and blue representing a
lower concentration.

Using VOCal software (v0.1.1) with a GC-IMS library, a total
of 45 VOC peaks were manually selected based on retention
index and migration time in all patients. These species (peaks)
included 19 defined substances and six unknown substances
(Figure 2B). A 3D scatterplot generated from PCA
demonstrated that the VOC profile of GBC patients generally
differed from that of BGD, and the respective clustering trend
could be observed (Figure 2C). Unsupervised hierarchical
clustering analysis showed a clear separation of GBC and BGD
(Figure 2D). These data indicated that VOCs had potential as
biomarkers for the diagnosis of GBC.
TABLE 1 | Clinical characteristics of GBC and BGD patients.

Charateristics GBC BGD

Training set Test set Training set Test set

Cases 24 8 36 18
age (years)* 60.6 ± 10.3 58.9 ± 6.5 62.1 ± 10.3 57.4 ± 16.4
Male/Female 16/8 5/3 23/13 10/8
ALB (g/L)# 37.3 (32.7-39.9) 41.0 (35.3-43.2) 42.0 (40.3-45.4) 41.4 (37.8-43.5)
AKP (U/L)# 337.5 (140.3-469.8) 330.0 (261.5-505.3) 119.0 (66.0-131.0) 151.5 (81.3-368.5)
AST (U/L)# 64.0 (32.5-155.8) 85.5 (43.3-121.5) 37.5 (21.0-45.0) 42.0 (17.3-81.0)
ALT (U/L)# 92 (45.5-184.0) 91.5 (68.0-202.3) 38.5 (13.0-74.0) 50.5 (16.5-100.5)
March 2022 | Volume 1
*Data represents mean ± standard deviation; #Data represents the median (interquartile range). GBC, gallbladder cancer; BGD, benign gallbladder diseases; ALB, albumin; AKP, alkaline
phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase.
A

B

FIGURE 1 | Stability evaluation of bile VOCs analysis with GC-IMS. (A) Room-temperature stability was assessed in the same samples that measured in parallel
every hour within 12 hours, with a total of 12 injections. (B) Freeze/thaw sta-bility evaluation was assessed in the same samples that measured within three freeze-
thaw cycles.
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Quantitative Analysis of VOCs in the
Training Cohort
The internal standard method was used for quantification
according to the peak volume of VOCs. Briefly, 10 mL
4-methyl-2-pentanol at a concentration of 15 mL/L was used as
the internal standard, which was added to each sample. Figure 3
shows that 12 differentially expressed VOCs were identified,
including four up-regulated (cyclohexanone, 2-ethyl-1-hexanol,
acetophenone, and methyl benzoate) and eight down-regulated
[methyl acetate, (E)-hept-2-enal, Hexanal, (E)-2-hexenal, (E)-2-
pentenal, pentan-1-ol, 1-octen-3-one, and (E)-2-octenal] in GBC
patients compared with BGD patients. The other seven VOCs
showed no significant difference between GBC and BGD
(Supplementary Table 3).

ROC curve analyses realized that pentan-1-ol, (E)-2-octenal,
(E)-hept-2-enal, (E)-2-hexenal, (E)-2-pentenal, cyclohexanone,
Frontiers in Oncology | www.frontiersin.org 4269
and acetophenone were robust in distinguishing GBC patients
from BGD patients, with AUCs>0.75 (Table 2). Among them,
(E)-hept-2-enal was significantly superior to CA19-9, a routine
clinically used marker in the diagnosis of GBC.

Diagnostic Performance of VOCs With
Machine Learning Algorithms
To ensure the accuracy of the diagnostic model under limited
data sets, the machine learning method was used to analyze the
heterogeneous signal patterns of gallbladder diseases. Coupled
with the above-mentioned 12 VOCs, four popular machine
learning algorithms (DT, SVM, LDA, and KNN) were used to
construct diagnostic models. Figure 4A shows the prediction
and classification of the model for the training cohort, with each
AUC>0.9 in distinguishing GBC patients from BGD patients. In
the test cohort, ROC analysis demonstrated that the machine
A B

D

C

FIGURE 2 | Bile VOCs profile analysis. (A) 2D spectral map for BGD and GBC, and each point represent a signal peak. (B) GC-IMS signals detected in the bile of
BGD and GBC patients. (C) A 3-dimensional scatterplot generated from PCA for of VOCs profiles in BGD and GBC patients. (D) Heatmap of GC-IMS VOCs profiles
in BGD and GBC patients. Note: 1. Unknown-1, 2. Unknown-2, 3. Unknown-3, 4. Unknown-4, 5. Unknown-5, 6. Unknown-6, 7. Methyl benzoate-M, 8. Methyl
benzoate-D, 9. pentan-1-o1, 10. 2-heptanone, 11. Nonanal, 12. methyl acetate-M, 13. methyl acetate-D, 14. Methyl isobutyl ketone, 15. 1-propene-3-methylthio,
16. 2-Pentanone, 17. Butyl acetate, 18. 1-octen-3-one-M, 19. 1-octen-3-one-D, 20. (E)-hept-2-enal-1, 21. (E)-hept-2-enal-2, 22. (E)-hept-2-enal-3, 23. (E)-2-
octenal-1, 24. (E)-2-octenal-2, 25. (E)-2-octenal-3, 26. Hexanal-1, 27. Hexanal-2, 28. Hexanal-3, 29. (E)-2-pentenal-1, 30. (E)-2-pentenal-2, 31. (E)-2-pentenal-3,
32. (E)-2-hexenal-1, 33. (E)-2-hexenal-2, 34. (E)-2-hexenal-3, 35. cyclohexanone-1, 36. cyclohexanone-2, 37. cyclohexanone-3, 38. 2-ethyl-1-hexanol-1, 39. 2-ethyl-
1-hexanol-2, 40. 2-ethyl-1-hexanol-3, 41 Acetophenone-1, 42. Acetophenone-2, 43. Acetophenone-3, 44. Benzaldehy de-M, 45. Benzaldehy de-D.
March 2022 | Volume 12 | Article 858639
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learning models performed better than CA19-9 in differentiating
GBC from BGD (Figure 4B). Among them, SVM and LDA
provided the highest AUCs of 0.972, with a sensitivity of 100%
and a specificity of 94.4% (Supplementary Table 4).
DISCUSSION

There are still numerous challenges for us to more accurately
diagnose GBC. In the present study, we explored the potential
Frontiers in Oncology | www.frontiersin.org 5270
role of GC-IMS in the detection of GBC and thus reported
several meaningful findings. First, GC-IMS could discriminate
between bile samples collected from patients with GBC and
BGD. Second, we identified 12 specific VOCs, which might play a
relevant role in assessing GBC. Third, the model based on the
VOC profile allowed for accurate discrimination between GBC
and BGD groups. However, this observation was limited to a
small cohort of patients.

There is increasing interest in the application of VOCs in
exhaled breath for diagnosing a variety of cancers (17, 18).
A B D

E F G

I

H

J K L

C

FIGURE 3 | Quantitative analysis of VOCs in the training cohort. The levels of Cyclohexanone (A), 2-ethyl-1-hexanol (B), Acetophenone (C), Methyl benzoate (D),
Methyl acetate (E), (E)-hept-2-enal (F), Hexanal (G), (E)-2-hexenal (H), (E)-2-pentenal (I), Pentan-1-ol (J), 1-octen-3-one (K), (E)-2-octenal (L). *P < 0.05, **P < 0.01,
***P < 0.001(Mann–Whitney U test). Data represents the median (interquartile range).
TABLE 2 | The AUC, sensitivity and specificity of each VOC for GBC diagnosis.

VOC molecular AUC (95% CI) Sensitivity (%) Specificity (%) P*

Methyl benzoate 0.711 (0.580 - 0.821) 87.5 52.8 0.361
Pentan-1-ol 0.774 (0.648 - 0.872) 70.8 80.6 0.790
Methyl acetate 0.675 (0.542 - 0.791) 54.2 80.6 0.166
1-octen-3-one 0.704 (0.572 - 0.815) 79.2 63.9 0.352
(E)-2-octenal 0.799 (0.675 - 0.891) 95.8 52.8 0.995
2-ethyl-1-hexanol 0.694 (0.562 - 0.807) 75.0 66.7 0.156
(E)-hept-2-enal 0.965 (0.883 - 0.995) 100 88.9 0.011
Hexanal 0.787 (0.662 - 0.882) 75.0 83.3 0.903
(E)-2-hexenal 0.834 (0.715 - 0.917) 100 69.4 0.658
(E)-2-pentenal 0.792 (0.667 - 0.886) 91.7 63.9 0.940
Cyclohexanone 0.874 (0.763 - 0.945) 66.7 97.2 0.165
Acetophenone 0.795 (0.671 - 0.888) 70.8 100 0.658
March 2022 | Volume 12 | Article 8
*Compared with CA19-9 using MedCalc 9.3.9.0 software. AUC, area under the curve; CI, confidence interval; VOC, volatile organic compounds; GBC, gallbladder cancer.
58639

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. VOCs in Gallbladder Cancer Diagnosis
Since VOCs exist in the form of steam, a large number of
compounds enter into a gaseous state. Moreover, these
molecules diffuse into the blood and are carried to the
alveolar membrane, where they spread to the lungs and are
exhaled during breathing (19). However, VOCs in exhaled
breath may be altered by external factors, such as the
surrounding environment, diet, and bacteria (20). Bile is
aspirated during ERCP, which is less likely to be affected by
confounding factors. Therefore, VOCs in bile may better
represent the metabolic activities of surrounding cells in the
biliary tract. Navaneethan et al. (21) have reported that the
measurement of VOCs in bile is useful to distinguish patients
with cholangiocarcinoma from primary sclerosing cholangitis.
Recently, they have performed another prospective
observational study and found that VOCs in the biliary fluid
can help accurately discriminate pancreatic cancer from
chronic pancreatitis (22). Our study presented for the first
time that bile headspace VOCs were significantly altered in
GBC patients. Moreover, both PCA plots and unsupervised
hierarchical clustering analysis revealed a clear separation for
GBC and BGD cases, suggesting that the VOC profile of GBC
patients generally differed from that of BGD patients.

Although GC-IMS has been first used in the detection of
bile VOCs, it has been successfully implemented feasibly into
others. Maxine and her colleagues have observed a significant
difference in fecal VOC profiles using GC-IMS between coeliac
disease and refractory coeliac disease (23). Based on urinary
VOC profiles, both GC-IMS and GC-TOF-MS methods can
establish an interdependence among bladder cancer, prostate
cancer, and non-cancerous samples (24). A similar study
conducted by Daulton et al. has suggested that GC-IMS
and GC-TOF-MS can distinguish pancreatic ductal
adenocarcinoma from healthy controls, whereas only GC-
IMS can accurately discriminate chronic pancreatitis from
healthy controls (25). In the present study, we performed a
Frontiers in Oncology | www.frontiersin.org 6271
preliminary analysis to assess the use of the GC-IMS in the
diagnosis of GBC. GC-IMS possesses a strong separation
capability of complex components with the ultra-high
sensitivity of the ion migration spectrum to detect trace
vo la t i l e s o f 10 - 9 or les s wi thout enr i chment and
concentration. Meanwhile, the detection time is shortened to
10 min, which significantly improves the simplicity of
detection operation, detection time, and efficiency. In
contrast, traditional methods usually need to concentrate the
samples, and the detection process can last more than 1 h. It
was worth noting that the advantage of this study was to
explore the experimental conditions by using orthogonal
experiments and to test the effects of room temperature and
repeated freeze-thaw cycles on VOCs. The sample was
relatively stable within 12 h at room temperature, which
facilitated the detection.

In this study, 12 specific VOC molecules linked to GBC were
identified. Some of them have also been suggested as potential
biomarkers in breath or stool for other diseases. For instance,
cyclohexanone is associated with colorectal cancer (26), breast
cancer (27), and lung cancer (28). 2-Ethyl-1-hexanol is elevated
in the detection of VOCs in patients with lung cancer (28),
colorectal cancer (29), and prostate cancer (30). The detailed
mechanism of VOC production is not well understood until now,
while some researchers have pointed out that these compounds
may act directly on the enzyme function (31). Aldehyde
dehydrogenase is an important catalyst in the human body,
resulting in the oxidization of aldehydes to carboxylic acid
(32). Moreover, the carboxylic acids further participate in the
synthesis of intracellular lipids, providing materials for the cell
membrane (33). With the vigorous metabolism of tumor cells,
the activity of acetaldehyde dehydrogenase is increased (34, 35).
Therefore, this may explain why the levels of (E)-hept-2-enal,
(E)-2-hexenal, (E)-2-pentenal, (E)-2-octenal, and hexanal are
reduced in the bile of tumor patients. These findings were
A B

FIGURE 4 | Diagnostic performance of VOCs with machine learning algorithm. (A) The confusion matrix of models constructed by DT, SVM, LDA and KNN in the
training cohort. (B) ROC curves analysis for machine learning models and CA19-9 in differentiating GBC from BGD in the test cohort.
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consistent with some studies that volatile aldehydes are
decreased in tumor cells (36, 37).

At present, the diagnosis of GBC mainly depends on the
clinical manifestations of the disease, CT, B-ultrasound, and
other imaging examinations, while these approaches are too
subjective, and there are too many external interference
factors. Serum CA19-9 test is one of the few non-invasive
markers for clinicians to make a preliminary diagnosis (38, 39).
However, it only provides limited sensitivity and poor
specificity for GBC diagnosis (40). We found that detection
of serum CA19-9 had a sensitivity of 87.5% and a specificity of
33.3% using the given cutoff value, with an AUC of 0.604.
Among the identified VOCs, (E)-hept-2-enal was superior to
CA19-9 in the diagnosis of GBC, while others at most had a
considerable diagnostic performance. To ensure the accuracy
of the diagnostic model using limited data sets, a machine
learning method was used to analyze the heterogeneous signal
patterns of gallbladder diseases to obtain higher diagnostic
accuracy. In the present study, four popular machine learning
algorithms were used to construct the diagnostic model
consisting of multiplexed indexes. Besides, the diagnostic
accuracy of the VOC combination reached above 90%, which
was superior to CA19-9. Support vector machines and
linear discriminant analysis provided near 100% accuracy.
Thus, we think bile VOCs panel is a suitable biomarker for
GBC diagnosis.
CONCLUSIONS

In the present study, our sample size was small, so it was difficult
to avoid bias. Therefore, a large sample size and multicenter
study should be carried out to further demonstrate the existing
data. Meanwhile, it is necessary to further explore the relevant
mechanism between the production of endogenous VOCs and
the occurrence and development of GBC or BGD. This
study provided an experimental basis for the application of
VOC analysis in GBC and made it possible to be used in the
early diagnosis of GBC, which had an extremely broad
application prospect.
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Ubiquitin-specific peptidase 10 (USP10) can sustain cellular functions and regulate cellular
processes. It plays an essential role in cancer inhibition or facilitation by reversing ubiquitin-
proteasome degradation. Studies have identified USP10 to be involved in tumor
progression in various cancers. However, the pan-cancer expression pattern of USP10,
its prognostic value, and the association between tumor immune cell infiltration and
USP10 expression remain to be discussed and thus comprised the aims of the present
study. Based on clinical samples and bioinformatic analyses, high USP10 expression was
observed in most cancer tissues except for ovarian cancer. High USP10 expression
correlated with pathological stage and node metastasis and predicted poor patient
prognosis. In addition, further analyses at the TIMER and GEPIA databases showed
that USP10 is involved in the infiltration of multiple immune cells and regulated the
infiltration levels of specific immune cell subpopulations, particularly in pancreatic
adenocarcinoma (PAAD) and liver hepatocellular carcinoma (LIHC). Importantly, USP10
might influence survival by modulating immune infiltration in patients with PAAD and LIHC.
These results identified USP10 as a potential biomarker for pan-cancer prognosis, and in
certain cancers, USP10 could identify cl inical prognosis l inked to tumor
immune infiltration.

Keywords: USP10, prognosis, immune infiltration, pan-cancer, biomarker
INTRODUCTION

Currently, in many human populations and regions, the leading cause of death is cancer,
representing a severe threat to human health (1). The malignant phenotype of neoplasms usually
correlates with dysregulation of protein synthesis (2). Proteostasis disorders and aberrant gene
expression in cancer affect the patients’ clinical outcomes. In addition, there has been increasing
interest in the role of the tumor microenvironment (TME) in cancer metastasis, in which the
infiltration levels of dendritic cells, neutrophils, macrophages, T cells, and B cells, vary significantly.
Targeting of immune cells that infiltrate the TME using immunotherapy has become a landmark in
the history of tumor therapy and has dramatically advanced the development of oncological
immunology (3).
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There are various types of post-translational modifications of
proteins. Among them, ubiquitination and deubiquitination,
which add or remove ubiquitin from target proteins to
promote protein degradation or stabilization, are essential to
regulate cell cycle processes, cell signaling, the DNA damage
response, and the nuclear factor kappa B (NF-kB) pathway (4, 5).
Protein ubiquitination is the result of the covalent modification
of substrate proteins by ubiquitin-activating enzyme E1,
ubiquitin-binding enzyme E2, and ubiquitin-ligase E3.

Deubiquitinating enzymes (DUBs) can mediate and regulate
the reversible deubiquitination of substrate proteins and are
important factors in regulating the ubiquitin system. On the
one hand, they are involved in the recycling of ubiquitin
molecules, processing ubiquitin precursors, and editing of
ubiquitin chains to regulate the function of conjugated
proteins. On the other hand, they can influence proteostasis by
removing ubiquitin from substrates and exert pro- or anti-cancer
effects (4, 6). In addition, the function of DUBs in cells can be
regulated by modifications such as phosphorylation,
ubiquitination, and sumoylation, which in turn affect their
catalytic activity, cellular localization, or protein abundance.

Ubiquitin-specific peptidase 10 (USP10) is a crucial DUB that
is primarily localized in the cytoplasm. The USP10 gene is
situated on chromosome 16q24.1 and encodes a protein
product comprising 798 amino acids (relative molecular
mass = ~ 93 KDa) (7, 8). Its molecular structure is mainly that
of a cysteine-type endopeptidase and a ubiquitin sulfhydryl
esterase. USP10 acts as a regulator of the cell cycle and
autophagy by deubiquitinating various proteins that are post-
translationally transferred to the cytoplasm. USP10 specifically
deubiquitinates and stabilizes P53. Under DNA damage stress
conditions, USP10 is stabilized by Ataxia Telangiectasia mutated
(ATM) kinase phosphorylation modification at Thr42 and
Ser337, which drives its entry into the nucleus where it
deubiquitinates P53, thereby regulating the P53 downstream
network functions (9). In addition, by acting on wild-type
P53, USP10 can exercise cancer suppressive functions;
however, for some mutant P53s, USP10 might exert cancer-
promoting functions.

Studies have shown that the abnormal expression of USP10 in
different types of cancer correlates strongly with patient
prognosis. High USP10 expression in prostate cancer, breast
cancer, non-small cell lung cancer, colon cancer, and melanoma
is associated with poor patient prognosis (10–14). However, low
expression of USP10 predicts a poor prognosis in patients with
ovary cancer (15). Furthermore, USP10 could deubiquitinate
sirtuin 6 (SIRT6) to antagonize transcriptional activation of c-
Myc oncogenes to inhibit tumor formation (16). In non-small
cell lung cancer with mutant P53, targeting USP10 could boost
drug sensitivity in patients with lung cancer (17). By contrast,
USP10 is closely associated with tumor immunity. USP10 has
been identified to be involved in metastasis and can drive tumor-
associated macrophage polarization in colorectal cancer (18).
Depletion of USP10 markedly reduced apoptosis and immune
cell infiltration (19). It also stimulates the production of reactive
oxygen species (ROS) in T cells, thereby promoting malignant
mutations (20). These studies suggest that USP10 has a critical
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function in the initiation and progression cancer, and in tumor
immunity. Therefore, the design of highly selective inhibitors
might bring new hope for anti-cancer immunotherapy.

However, to date, USP10 has not been studied in pan-cancer.
Its potential prognostic value and the relevance of immune
infiltration are unclear, and there is a lack of macroscopic
presentation and discussion. Therefore, this study aimed to
determine whether USP10 influences the prognosis of patients
with cancer and if such an influence is associated with immune
cell infiltration.
MATERIALS AND METHODS

Oncomine Database
The Oncomine cancer database was used to analyze USP10
mRNA expression levels in different cancer types (https://www.
oncomine.org/resource/login.html) (21). The threshold was set
as a P-value of 0.001, a fold-change of 1.5, and the gene rank
of ‘all’.

TIMER Database
TIMER (https://cistrome.shinyapps.io/timer/) (22) enables the
systematic analysis of immune cell infiltration in various types
of cancer. Using TIMER, the association between USP10
expression in different tumors and six types of immune
infiltrates (including B cells, CD4+ T cells, CD8+ T cells,
macrophages, neutrophils, and dendritic cells) was explored,
as well as the correlation between USP10 expression and
immune cell gene markers after determining the tumor
purity. Finally, we determined the associations between the
expression of USP10 and the genetic markers of specific
subpopulations of immune infiltrating cells.

HPA Database
The Human Protein Atlas (HPA) (http://www.proteinatlas.org/)
was used to assess differences in USP10 expression at the protein
level. This database contains immunohistochemical (IHC) data
for USP10 protein levels in eight cancer tissues and their normal
counterparts (breast, liver, lung, skin, colon, kidney, ovarian, and
prostate cancers).

GEPIA Database
Gene Expression Profiling Interactive Analysis (GEPIA) (http://
gepia.cancer-pku.cn/) (23) is an online interactive web server for
the analysis of tumor samples from The Cancer Genome Atlas
(TCGA) and RNA sequencing expression data from the
Genotype-Tissue Expression (GTEx) project. We used GEPIA
to evaluate the association ofUSP10 expression with prognosis in
various tumor types, including overall survival (OS) and relapse-
free survival (RFS). We further estimated the interaction between
USP10 expression and specific markers related to tumor immune
cell infiltration.

PrognoScan Database
The PrognoScan database (http://www.abren.net/PrognoScan/)
(24) was used to assess the correlation between USP10 expression
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and survival rate in different types of cancer, and to explore the
prognostic value of USP10.

Kaplan-Meier Plotter Database
The Kaplan-Meier plotter database (http://kmplot.com/analysis/)
(25) uses meta-analysis data to discover and validate prognosis-
related biomarkers. The association between USP10 expression
and patient survival in pan-cancer was investigated.

cBioPortal Database
The open web resource cBioPortal database (http://www.
cbioportal.org/) (26) is used to explore multidimensional
cancer genome datasets. We used cBioPortal to analyze the
impact of USP10 mutations and copy number variation on
various cancers.

UALCAN Database
The UALCAN (http://ualcan.path.uab.edu/) (27) database
contains valuable cancer OMICS data and information to help
understand tumor staging and node metastasis related to the
USP10 protein in a diverse range of cancers, which could inform
mechanistic studies.

Tissue Specimens
From May 2008 to Oct 2015, we collected tumors and adjacent
non-tumor tissues from 12 patients suffering from different types
of cancer who underwent surgical treatment in the Shanghai East
Hospital Affiliated to Tongji University. The Ethics Committee
of Shanghai East Hospital Affiliated to Tongji University
approved this study (No. 2019tjdx110). Exemption from
informed consent was granted because of the retrospective
nature of the study.

Hematoxylin and Eosin (H&E) Staining
Cancerous and control tissues from the breast, liver, lung,
colorectum, kidney, ovary, prostate, stomach, skin, cerebrum,
esophagus, and uterus were fixed in 4% paraformaldehyde. After
deparaffinization and rehydration, sections were cuts at 4 mm
thick and stained with H&E according to the manufacturer’s
Frontiers in Oncology | www.frontiersin.org 3276
protocol (C0105S, Beyotime, Jiangsu, China). The sections were
finally dehydrated and sealed for viewing under a light
microscope (×200, Leica DM3000; Wetzlar, Germany).

Immunofluorescence Staining
All tumor sections (4 mm) were deparaffinized and hydrated,
quenched in 3% H2O2, immersed in citrate buffer, heated to
retrieve the antigen, and then stained using immunofluorescence.
USP10 primary antibodies (Invitrogen, Waltham, MA, USA; Cat.
#PA5-52334) and fluorescently-conjugated secondary antibodies
were applied, followed by 4′,6-diamidino-2-phenylindole (DAPI)
staining to visualize the nuclei. The sections were observed under
a microscope (×200, Leica DM3000).

Statistical Analysis
Data in Oncomine are presented based on gene ranking, fold-
change, and P-values. Survival curves were plotted using
PrognoScan, Kaplan-Meier plotter, and GEPIA, and the results
are displayed as the hazard ratio (HR) and P-value, or the P-
value alone, from a log-rank test. Gene expression correlation
was estimated using Spearman’s correlation, and r values were
used to determine the magnitude of the correlation. P-values less
than 0.05 were considered statistically significant.
RESULTS

Transcriptional and Translational Levels of
USP10 in Pan-Cancer
In the Oncomine database, the levels of USP10 mRNA in various
cancers and normal tissues were analyzed. The results showed
that USP10 expression in breast cancer, cervical cancer, colorectal
cancer, gastric cancer, head and neck cancer, leukemia, lung
cancer, lymphoma, melanoma, myeloma, and prostate cancer
was higher than that in normal tissues (Figure 1A). By contrast,
in some datasets, lower USP10 expression was observed for brain
and CNS cancer, bladder cancer, kidney cancer, ovarian cancer,
and sarcoma. Supplementary Table 1 shows the detailed results
for the expression of USP10 in various cancer types.
A

B

FIGURE 1 | The mRNA expression level of USP10 in pan-cancer. (A) Oncomine data showing enhanced or reduced USP10 expression in various tumor tissue
types and in normal tissues. (B) TGCA data showing the expression levels of human USP10 in different types of cancer, with GTEx data as a control. **P < 0.01;
***P < 0.001. NS, no significance.
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Next, TCGA RNA-seq data from multiple malignancies was
analyzed for USP10 expression (Figure 1B). Significantly higher
USP10 expression was detected in adrenocortical carcinoma
(ACC), breast invasive carcinoma (BRCA), cervical squamous
cell carcinoma and endocervical adenocarcinoma (CESC),
cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD),
(esophageal carcinoma (ESCA), glioblastoma multiforme
(GMB), (head and neck cancer (HNSC), (kidney chromophobe
(KICH), kidney renal clear cell carcinoma (KIRC), kidney renal
papillary cell carcinoma (KIRP), brain lower grade glioma
(LGG), liver hepatocellular carcinoma (LIHC), lung
adenocarcinoma (LUAD), lung squamous cell carcinoma
(LUSC), ovarian serous cystadenocarcinoma (OV), pancreatic
adenocarcinoma (PAAD), prostate adenocarcinoma (PRAD),
rectum adenocarcinoma (READ), skin cutaneous melanoma
(SKCM), stomach adenocarcinoma (STAD), testicular germ
cell tumors (TGCT), and thyroid carcinoma (THCA) tissues
compared with that in adjacent normal tissues. However,
significantly lower USP10 expression was observed in acute
myeloid leukemia (LAML) and thymoma (THYM) compared
with that in adjacent normal tissues. The analyses of the two
databases were relatively consistent, except for KIRC and OV.
These analytical differences were mainly due to the different
databases and different sample sizes.

We used immunofluorescence (IF) to examine the expression of
USP10 protein in various cancer tissues and their normal
counterparts. USP10 protein expression was higher in breast
cancer, liver cancer, lung cancer, colorectal cancer, kidney cancer,
prostate cancer, stomach cancer, skin cancer, cerebrum cancer,
esophagus cancer, and uterus cancer tissues than in normal
tissues (Figure 2 and Supplementary Figure 1). However, USP10
protein levels were lower in ovarian cancer tumor tissues compared
with those in normal tissues (Figure 2), which was in line with the
results for the mRNA levels from the Oncomine database
(Figure 1A). Furthermore, the immunohistochemistry (IHC)
results from the HPA database shown in Supplementary
Frontiers in Oncology | www.frontiersin.org 4277
Figure 2 showed similar results. Normal lung, prostate, and liver
tissues showed moderate USP10 IHC staining, whereas tumor
tissues showed intense staining. Normal breast, colon, kidney, and
skin tissue samples showed weak USP10 staining, while tumor
tissues showed intense staining. Interestingly, the normal ovary
tissue sample had moderate USP10 staining, while tumor tissue had
low staining (Supplementary Figure 2). These results suggested
that USP10 protein levels are generally upregulated in the above
tumor tissues but downregulated in ovarian cancer. The
transcriptional and translational levels of USP10 in these cancer
types were broadly consistent.

Diagnostic Value of USP10 in
Representative Tumors
Given that USP10 expression was upregulated in a variety of
cancers, we used ROC curves to assess the diagnostic value of
USP10 for pan-cancer. The results revealed that USP10 had a
certain accuracy (area under the ROC curve (AUC) > 0.7) to
predict 12 representative tumors, including BRCA (AUC =
0.749) (Figure 3A), CESC (AUC = 0.786) (Figure 3B), CHOL
(AUC = 1.000) (Figure 3C), COAD (AUC = 0.921) (Figure 3D),
ESCA (AUC = 0.949) (Figure 3E), HNSC (AUC = 0.800)
(Figure 3F), LIHC (AUC = 0.717) (Figure 3G), LUAD
(AUC = 0.714) (Figure 3H), LUSC (AUC = 0.842)
(Figure 3I), PAAD (AUC = 0.973) (Figure 3J), READ
(AUC = 0.905) (Figure 3K), and STAD (AUC = 0.948)
(Figure 3L). Among them, USP10 had high accuracy (AUC >
0.9) for PAAD, CHOL, ESCA, STAD, and READ. These results
suggested that USP10 has a different diagnostic value depending
on the type of cancer.

Prognostic Value of USP10 in
Different Cancers
We than investigated whether USP10 expression was linked to
the prognosis of patients with cancer. The impact of USP10
expression on survival rates was evaluated using PrognoScan,
FIGURE 2 | The protein level of USP10 in different types of cancer. Representative images of H&E stained normal and tumor slides (left 1st). Immunofluorescence
staining analysis (left 2nd to 4th) showing that an evident fluorescent signal in the tumor tissue sections compared with that in the control group. However, in ovarian
cancer, normal tissue has a stronger fluorescent signal than tumor tissue. All scale bars = 50 mm. H&E, hematoxylin-eosin staining. N, normal tissues; T, tumor tissues.
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primarily using Gene Expression Omnibus (GEO) data. Notably,
the expression of USP10 had a marked effect on the prognosis of
six types of cancers, including brain cancer, skin cancer, lung
cancer, ovarian cancer, colorectal cancer, and breast cancer
(Figures 4A–L). In patients with these cancers, high USP10
expression could be an independent risk factor. Details of the
association between USP10 expression and the prognosis of
different cancers are shown in Supplementary Table 2.

To further investigate USP10’s prognostic potential various
cancers, Kaplan-Meier Plotter was employed, which mainly uses
TCGA data from Affymetrix microarrays. Figures 5A–F show
the details of the expression of USP10 in the different types of
cancer. High USP10 expression correlated with unfavorable
prognosis of in terms of OS and RFS in PAAD; OS in BRCA
and LUSC; and RFS in LIHC and CESC. However, a favorable
prognosis in terms of OS was related to high USP10 expression in
OV. The analysis revealed that USP10 mRNA and protein levels
were downregulated significantly in ovarian tumor tissues
compared with those in normal tissues, but high USP10
expression improved the OS of patients with ovarian cancer
significantly (Figures 4E, 5D). In addition, we examined
USP10-related survival (OS and RFS) using the GEPIA
database (Figures 5G–I). Poor prognosis in PAAD (RFS, HR =
1.6, P = 0.027), LUAD (RFS, HR = 1.4, P = 0.027), and HNSC
Frontiers in Oncology | www.frontiersin.org 5278
(OS, HR = 1.4, P = 0.024) correlated with higher USP10
expression. These results suggest that USP10 expression has
different prognostic values depending on the cancer type.

Genetic Alterations of USP10 in
Pan-Cancer and TMB-Based Survival
Analysis of USP10 Expression in
Patients With Tumors
Tumorigenesis is usually accompanied by genetic alterations.
Therefore, the genetic alterations of USP10 were examined in
various tumor samples in the TCGA database (Figure 6A).
USP10 showed the highest alteration frequency (6.99%) in
patients with endometrial tumors with “mutation” as the
primary type. Copy number alterations (CAN) of the “deep
deletion” type were the predominant type of mutation in prostate
adenocarcinoma cases, with a frequency of 5.26%. Noticeably,
almost all the tumor cases with genetic alterations had deletions
or mutations of USP10 (Figure 6A). USP10 gene mutations were
observed in numerous cancers; therefore, we next explored the
potential relationship between the tumor mutational burden
(TMB) and USP10 expression in the clinical survival prognosis
of different types of cancer (Figure 6B). USP10 expression
correlated significantly with the OS of patients with STAD
(HR = 0.57, P = 0.038) and UCEC (HR = 0.47, P = 0.039) with
A B D
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FIGURE 3 | Receiver operating characteristic (ROC) curves for USP10 in representative tumors. (A) BRCA, (B) CESC, (C) CHOL, (D) COAD, (E) ESCA, (F) HNSC,
(G) LIHC, (H) LUAD, (I) LUSC, (J) PAAD, (K) READ, (L) STAD. Values under the ROC curve ranges from 0.5 to 1. The closer the area under the curve (AUC) is to 1,
the better the diagnosis. The horizontal coordinate is the False Positive Rate (FPR), and the vertical coordinate is the True Positive Rate (TPR).
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a high TMB, showing a better prognosis compared with subjects
with a low TMB (Figure 6C). By contrast, the expression of
USP10 correlated significantly with OS in patients with LUAD
(HR = 1.77, P = 0.0074) with a high TMB; however, their
prognosis was worse compared with patients with a low TMB
(Figure 6C). These results suggested that patient prognosis is
affected by the association between USP10 expression and the
TMB in certain cancers. Moreover, genetic alterations in USP10
might play an important role in the genomes of endometrial and
prostate cancers. These findings warrant further in-
depth investigation.

USP10 Expression and Clinical
Parameters of Patients With
Different Cancers
To obtain a more detailed understanding of the role of USP10 in
the progression of cancers, USP10 expression was analyzed in
patients with multiple cancers based on different clinical
parameters using UALCAN. In terms of tumor staging, the
expression of USP10 was increased significantly in patients
with LUSC at stages 1, 2, and 3; and in patients with READ
and LUAD at stages 1, 2, 3, and 4 (Figure 7A). Moreover,
patients with STAD had markedly elevated USP10 expression in
stages 1, 2, 3, and 4; and the changes at stage 1 and 3 were
statistically significance (P < 0.05) (Figure 7A). The expression
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of USP10 was upregulated in patients with LIHC. Interestingly,
with the deterioration of LIHC, USP10 expression increased
gradually (Figure 7A). Notably, patients with HNSC showed
significant overexpression of USP10 in stages 1, 2, 3, and 4. In
addition, the comparisons of stage 1 vs. 2, stage 1 vs. 4, stage 2 vs.
3, and stage 3 vs. 4 were also statistically significant. However,
USP10 was downregulated significantly in stage 3, possibly
influenced by different molecular signaling pathways or
different molecular subtypes (Figure 7A). For lymph node
metastasis, patients with LUSC, READ, and LUAD with N0,
N1, or N2 metastasis, USP10 expression was higher than that in
patients with other stages of metastasis (Figure 7B). The same
USP10 expression pattern was observed for patients with STAD
and HNSC N0, N1, N2, or N3 metastasis and in patients with
LIHC with N0 metastasis (Figure 7B). Thus, the expression of
USP10 correlated closely with the proliferation and lymph node
metastasis of tumors.

The Association of USP10 Expression With
Immune Cell Infiltration in Various Cancers
Numerous inflammatory and immune cells infiltrate cancer
tissue, and recent studies have revealed the importance of
tumor-infiltrating lymphocytes (TILs) in predicting the
prognosis of patient survival (28–31). Therefore, the
relationship between USP10 expression and immune cell
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FIGURE 4 | Correlation between USP10 expression and the prognosis of various types of cancer using data from the PrognoScan database. (A) Overall survival
(OS) of a cohort of 74 patients with brain cancer (GSE4412-GPL96). (B) OS of a cohort of 38 patients with skin cancer (GSE19234). (C, D) OS and relapse-free
survival (RFS) survival curves for patients in two lung cancer cohorts [GSE13213 (n=117) and GSE31210 (n=204)]. (E) OS of a cohort of 278 patients with ovarian
cancer (GSE9891). (F–H) OS (n = 55), disease-free survival (DFS) (n = 55), disease free survival (DSS) (n = 49) survival curves for a cohort of patients with colorectal
cancer (GSE17537). (I, J) OS and DFS survival curves for two cohorts of patients with breast cancer [GSE9893 (n =155) and GSE7378 (n =54)]. (K, L) RFS (n =159)
and DSS (n =159) survival curves for a cohort of patients with breast cancer (GSE1456-GPL96). Patients with high USP10 expression are represented by the red
curve. Significance is indicated by a P-value < 0.05.
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FIGURE 5 | Correlation between USP10 expression and the prognosis of various types of cancer in the Kaplan–Meier Plotter (A–F) and GEPIA (G–I) databases.
Overall survival (OS) and relapse-free survival (RFS) survival curves of patients with (A) pancreatic cancer (PAAD), (B) liver cancer (LIHC), (C) breast cancer (BRCA),
(D) ovarian cancer (OV), (E) lung squamous cell carcinoma (LUSC), (F) cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), (G) pancreatic
cancer (PAAD), (H) lung adenocarcinoma (LUAD), (I) head and neck squamous cell carcinoma (HNSC). Patients with high USP10 expression are represented by the
red curve. Significance is indicated by a P-value < 0.05.
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FIGURE 6 | cBioPortal access of TGCA data showing USP10 mutation features in pan-cancer correlation of the TMB and USP10 in Kaplan–Meier Plotter.
(A) Mutation type alteration frequencies. (B) The potential associations between the TMB and USP10 expression in the OS of patients with cancer, shown as a
forest plot. (C) Survival curves between the TMB and USP10 expression in the OS of patients with cancer. TMB, tumor mutation burden. STAD, stomach
adenocarcinoma; LUAD, lung adenocarcinoma; UCEC, uterine corpus endometrial carcinoma. OS, overall survival. *P < 0.05.
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infiltration in 39 types of cancer was assessed using the TIMER
database. (Supplementary Figure 3). Notably, in 14 cancers, the
expression of USP10 correlated significantly with B cell
infiltration levels. Moreover, the expression of USP10
correlated strongly with the infiltration level of dendritic cells
in 10 cancers, with neutrophils in 24 cancers, with macrophages
in 18 cancers, with CD4+ T cells in 13 cancers, and with CD8+ T
cells in 15 cancers. Notably, USP10 expression levels in ACC,
CHOL, HNSC-HPV+, UCEC, and UCS were not significantly
associated with the infiltration of B cells, CD4+ T cells, CD8+ T
cells , macrophages, neutrophils, and dendritic cells
(Supplementary Figure 3). Thus, USP10 might exert a
fundamental function in the TME of cancers.

The correlation between the expression of USP10 and
immune cell infiltration in various cancers prompted us to
identify those cancers in which prognosis and immune
infiltration were associated with USP10 expression. The effect
Frontiers in Oncology | www.frontiersin.org 8281
of immunotherapy and immune cell infiltration can be better
evaluated in cancers for which the tumor purity has been
determined (32, 33). Therefore, we selected PAAD, LIHC, and
LUAD cancers for validation. After determining the tumor
purity, we found that for PAAD, high expression of USP10
correlated significantly and positively with the infiltration levels
of CD8+ T cells (r = 0.387, P = 1.67e-07), B cells (r = 0.355,
P = 1.94e-06), macrophages (r = 0.318, P = 2.31e-05), neutrophils
(r = 0.383, P = 2.32e-07), and dendritic cells (r = 0.417, P = 1.37e-
08) (Figure 8A). Similarly, there were significant positive
correlations with the infiltration levels of dendritic cells (r =
0.34, P = 8.68e-11), neutrophils (r = 0.267, P = 4.64e-07),
macrophages (r = 0.273, P = 2.47e-07), CD4+ T cells (r =
0.118, P = 2.81e-02), CD8+ T cells (r = 0.188, P = 4.46e-04),
and B cells (r = 0.264, P = 6.78e-07), in LIHC (Figure 8B).
However, USP10 expression correlated weakly with immune cell
infiltration in LUAD, including only CD8+ T cells (r = 0.134,
A

B

FIGURE 7 | UALCAN database analysis of correlation between clinicopathological parameters and USP10 expression in multiple cancer types. (A) Association
between USP10 expression and tumor stages in patients with different types of cancer. (B) The association between USP10 expression and nodal metastasis status
in patients with different types of cancer. LUAD, lung adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUSC, lung squamous cell carcinoma; STAD, stomach
adenocarcinoma; HNSC, head and neck squamous cell carcinoma; READ, rectal adenocarcinoma. *P < 0.05; **P < 0.01; ***P < 0.001.
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P = 2.92e-03), macrophages (r = 0.147, P = 1.07e-03), and
neutrophils (r = 0.192, P = 1.7e-05) (Figure 8C). These
findings suggested that USP10 might play an important part in
immune cell infiltration in these cancers.

Assessment of Correlations Between
Immune Cell Markers and USP10
Expression
Next, we used the TIMER database to investigate potential
correlations between USP10 and immune cell marker genes in
PAAD, LIHC, and LUAD, such as CD8+ T cells, B cells, tumor-
associated macrophages (TAMs), monocytes, M1/M2
macrophages, natural killer (NK) cells, DCs, neutrophils,
general T cells, and T cell with different functions, e.g., T
follicular helper (Tfh) cells, T helper type 1 (Th1) cells, T
helper type 2 (Th2) cells, T helper type 17 (Th17) cells,
regulatory T cells (Tregs), and exhausted T cells (Table 1). The
results, which were adjusted for tumor purity, showed that in
PAAD and LIHC, the expression level of USP10 correlated
significantly with most immune markers for the various
immune cells. However, in LUAD, the expression level of
USP10 was only associated with 23 marker genes (Table 1).

Interestingly, USP10 expression correlated significantly with
markers of Tregs (CCR8 (encoding C-C motif chemokine
receptor 8) and STAT5B (encoding signal transducer and
activator of transcription 5B)) in LUAD, LIHC, and PAAD
(Table 1). The expression of USP10 was statistically significant
for TAMs, monocytes, and M1/M2 macrophages in PAAD and
LIHC, but not in LUAD (Table 1). Specifically, it was markedly
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correlated with marker genes of monocytes (CD86, CSF1R
(encoding colony stimulating factor 1 receptor)), marker genes
of TAMs (CD68, IL10 (encoding interleukin-10)), marker genes
of M1 macrophages (NOS2 (encoding nitrous oxide synthase 2),
IRF5 (encoding interferon regulatory factor 5), and PTGS2
(encoding prostaglandin-endoperoxide synthase 2)), marker
genes of M2 macrophages (CD163, VSIG4 (encoding V-set and
immunoglobulin domain containing 4), andMS4A4A (encoding
membrane spanning 4-domains A4A)) in PAAD and LIHC
(Figure 9). Given the homologous data in GEPIA and TIMER
from the TCGA, we used the GEPIA database to further assess
the associations between the expression of USP10 and markers
genes of monocytes and TAMs in tumor tissues of PAAD, LIHC,
and LUAD. Similar results to those obtained using TIMER were
observed (Table 2). These results indicated that USP10 might
participate in immune cell infiltration and regulate the
polarization of macrophages in both PAAD and LIHC TMEs.
The precise mechanism requires confirmation in further studies.

Analysis of Survival Related to
USP10 Expression Based on Immune
Cell Infiltration
USP10 expression correlated significantly with poor prognosis
and immune infiltration of patients with PAAD and LIHC;
therefore, we investigated whether USP10 expression could
affect the prognosis of patients with PAAD and LIHC via
immune infiltration (Figure 10). Based on USP10 expression in
relevant immune cell subsets, we found that in PAAD, high
USP10 expression was linked to increased infiltration of B cells
A
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FIGURE 8 | TIMER database analysis of the correlation between USP10 expression and immune infiltration level in LUAD, LIHC, and PAAD. (A) In PAAD, USP10
expression was not related to tumor purity, but correlated significantly and positively with infiltration levels of dendritic cells, neutrophils, macrophages, CD8+ T cells,
and B cells. (B) In LIHC, USP10 expression was not related to tumor purity, but correlated significantly and positively with dendritic cells, neutrophils, macrophages,
CD4+ T cells, CD8+ T cells, and B cells. (C) In LUAD, USP10 expression correlated weakly with tumor purity and correlated significantly and positively with CD8+ T
cells, macrophages, and neutrophils, but had no significant relationship with the immune infiltration of B cells, CD4+ T cells, and dendritic cells. PAAD, pancreatic
adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma. Significance is indicated by a P-value < 0.05.
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TABLE 1 | Analysis of correlations between USP10 expression and immune cell markers by TIMER.

Description Gene markers PAAD LIHC LUAD

None Purity None Purity None Purity

Cor P Cor P Cor P Cor P Cor P Cor P

CD8+ T cells CD8A 0.214 * 0.189 0.013 0.173 ** 0.191 ** 0.071 0.106 0.13 *
CD8B 0.251 ** 0.22 * 0.038 0.388 0.107 0.047 0.038 0.388 0.073 0.107

T cells (general) CD3D 0.154 0.039 0.12 0.118 0.067 0.196 0.082 0.127 -0.082 0.062 -0.031 0.494
CD3E 0.194 * 0.162 0.035 0.129 0.013 0.156 * -0.005 0.910 0.063 0.161
CD2 0.202 * 0.174 0.023 0.1 0.055 0.121 0.024 -0.028 0.520 0.038 0.398

B cells CD19 0.146 0.051 0.115 0.134 0.143 * 0.128 0.018 -0.036 0.412 0.002 0.968
CD79A 0.157 0.035 0.118 0.123 0.077 0.136 0.085 0.114 -0.052 0.236 -0.019 0.681

Monocytes CD86 0.289 *** 0.267 ** 0.279 *** 0.329 *** -0.055 0.213 0 0.991
CD115 (CSF1R) 0.257 ** 0.255 ** 0.266 *** 0.315 *** -0.003 0.938 0.051 0.255

TAMs CCL2 0.016 0.832 -0.012 0.873 0.184 ** 0.223 *** -0.02 0.656 0.019 0.675
CD68 0.325 *** 0.312 *** 0.225 *** 0.245 *** -0.015 0.741 0.037 0.416
IL10 0.201 * 0.173 0.024 0.245 *** 0.27 *** -0.037 0.408 0.014 0.765

M1 Macrophages INOS (NOS2) 0.224 * 0.184 0.016 0.149 * 0.158 * 0.085 0.055 0.098 0.030
IRF5 0.261 ** 0.237 * 0.33 *** 0.323 *** -0.042 0.346 -0.007 0.872
COX2 (PTGS2) 0.337 *** 0.33 *** 0.285 *** 0.353 *** 0.089 0.044 0.081 0.072

M2 Macrophages CD163 0.342 *** 0.337 *** 0.277 *** 0.317 *** 0.092 0.037 0.158 **
VSIG4 0.26 ** 0.261 ** 0.218 *** 0.259 *** -0.097 0.028 -0.053 0.239
MS4A4A 0.255 ** 0.239 * 0.24 *** 0.284 *** -0.08 0.068 -0.026 0.564

Neutrophils CD66b (CEACAM8) 0.149 0.046 0.124 0.106 0.034 0.514 0.046 0.398 -0.063 0.153 -0.052 0.251
CD11b (ITGAM) 0.264 ** 0.244 * 0.361 *** 0.397 *** -0.053 0.230 -0.001 0.984
CCR7 0.157 0.036 0.128 0.096 0.143 * 0.161 * -0.012 0.785 0.047 0.295

Natural killer cells KIR2DL1 0.021 0.779 0.023 0.763 0.091 0.080 0.073 0.177 0.031 0.486 0.047 0.298
KIR2DL3 0.064 0.398 0.03 0.693 0.176 ** 0.189 ** 0.122 * 0.162 **
KIR2DL4 0.215 * 0.115 0.019 0.189 ** 0.198 ** 0.111 0.012 0.141 *
KIR3DL1 0.029 0.699 0.006 0.938 0.174 ** 0.197 ** 0.069 0.120 0.093 0.040
KIR3DL2 0.226 * 0.198 * 0.063 0.230 0.077 0.154 0.121 * 0.166 **
KIR3DL3 0.188 0.012 0.166 0.030 0.04 0.437 -0.016 0.774 0.081 0.067 0.095 0.035
KIR2DS4 0.105 0.163 0.078 0.313 0.101 0.052 0.114 0.034 0.056 0.208 0.087 0.053

Dendritic cells HLA-DPB1 0.159 0.034 0.126 0.101 0.211 *** 0.238 *** -0.198 *** -0.17 **
HLA-DQB1 0.212 * 0.192 0.012 0.126 0.015 0.147 * -0.197 *** -0.167 **
HLA-DRA 0.265 ** 0.241 * 0.287 *** 0.328 *** -0.205 *** -0.173 **
HLA-DPA1 0.259 ** 0.234 * 0.274 *** 0.312 *** -0.139 * -0.109 0.015
BDCA-1 (CD1C) 0.137 0.068 0.116 0.132 0.124 0.017 0.142 * -0.234 *** -0.208 ***
BDCA-4 (NRP1) 0.362 *** 0.388 *** 0.541 *** 0.552 *** 0.142 * 0.164 **
CD11c (ITGAX) 0.15 0.045 0.104 0.177 0.312 *** 0.355 *** -0.083 0.065 0.034 0.454

Th1 cells T-bet (TBX21) 0.108 0.149 0.091 0.237 0.139 * 0.161 * 0.077 0.082 0.152 **
STAT4 0.097 0.196 0.117 0.128 0.06 0.245 0.07 0.195 -0.073 0.096 -0.026 0.571
STAT1 0.412 *** 0.396 *** 0.385 *** 0.392 *** 0.263 *** 0.322 ***
IFN-g (IFNG) 0.091 0.227 0.078 0.308 0.139 * 0.148 * 0.076 0.084 0.133 *
TNF-a (TNF) 0.083 0.269 0.069 0.372 0.26 *** 0.289 *** -0.001 0.987 0.058 0.200

Th2 cells GATA3 0.213 * 0.2 * 0.221 *** 0.267 *** 0.088 0.046 0.15 **
STAT6 0.436 *** 0.417 *** 0.429 *** 0.404 *** 0.137 * 0.147 *
STAT5A 0.372 *** 0.344 *** 0.316 *** 0.315 *** 0.081 0.066 0.146 *
IL13 -0.019 0.799 -0.025 0.749 0.039 0.451 0.016 0.771 -0.073 0.097 -0.035 0.440

Tfh cells BCL6 0.458 *** 0.444 *** 0.432 *** 0.427 *** 0.155 ** 0.156 **
IL21 0.183 0.015 0.161 0.036 0.087 0.096 0.103 0.057 0.138 * 0.168 **

Th17 cells STAT3 0.528 *** 0.524 *** 0.476 *** 0.483 *** 0.33 *** 0.324 ***
IL17A 0.1 0.182 0.1 0.194 0.086 0.097 0.096 0.075 0.001 0.981 0.018 0.686

Tregs FOXP3 0.235 * 0.213 * 0.257 *** 0.278 *** 0.019 0.671 0.08 0.075
CCR8 0.348 *** 0.324 *** 0.409 *** 0.438 *** 0.09 0.041 0.153 **
STAT5B 0.39 *** 0.427 *** 0.523 *** 0.512 *** 0.321 *** 0.331 ***
TGFb (TGFB1) 0.129 0.086 0.095 0.216 0.294 *** 0.334 *** 0.01 0.818 0.048 0.287

Exhausted T cells PD-1 (PDCD1) 0.18 0.016 0.144 0.060 0.129 0.013 0.13 0.016 0.047 0.286 0.103 0.022
CTLA4 0.178 0.017 0.145 0.058 0.136 * 0.154 * -0.009 0.845 0.063 0.163
LAG3 0.122 0.102 0.114 0.138 0.079 0.128 0.086 0.109 0.108 0.015 0.156 **
TIM-3 (HAVCR2) 0.247 ** 0.226 * 0.287 *** 0.342 *** -0.093 0.034 -0.04 0.379

　 GZMB 0.196 * 0.156 0.042 0.084 0.105 0.078 0.146 0.089 0.042 0.147 *
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PAAD, pancreatic adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma. TAM, tumor-associated macrophage; Treg, regulatory T cell; Tfh, follicular helper T
cell; Th, T helper cell. Purity, adjusted correlation according to tumor purity; None, non-adjusted correlation. Cor, R value of Spearman’s correlation. *P < 0.01; **P < 0.001; ***P < 0.0001.
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(OS, HR = 2.22, P = 0.027), NK cells (OS, HR = 2.12, P = 0.049),
Tregs (OS, HR = 2.14, P = 0.021), and Th2 cells (OS, HR = 2.12,
P = 0.042); and with decreased infiltration of CD4+ T cells,
macrophages, and Th1 cells (all P < 0.05), and predicted inferior
prognostic survival in patients with PAAD (Figure 10A and
Supplementary Figure 4A). In LIHC, overexpression of USP10
and abundant infiltration of B cells (OS, HR = 4.89, P = 0.0061)
and Treg cells (OS, HR = 1.63, P = 0.038) or reduced infiltration
of Th1 cells (OS, HR = 2.22, P = 0.019) predicted a worse
prognosis (Figure 10B and Supplementary Figure 4B).

Interestingly, USP10 expression with increased (OS, HR =
2.41, P = 0.027) or decreased (OS, HR = 2, P = 0.012) CD8+ T cell
infiltration had a marked impact on the survival of patients with
PAAD and predicted a worse survival outcome (Figure 10A and
Supplementary Figure 4A). In addition, USP10 expression in
LIHC correlated statistically with enriched infiltration of
macrophages (OS, HR = 1.76, P = 0.021), indicating a worse
prognosis. In contrast, USP10 expression was associated with
Frontiers in Oncology | www.frontiersin.org 11284
reduced infiltration of macrophages (OS, HR = 0.54, P = 0.021),
predicting a better survival outcome (Figure 10B and
Supplementary Figure 4B). These results further demonstrated
that USP10 might regulate macrophage polarization in the TME
of LIHC and have an important impact on prognosis. Critically,
the potential explanation for how USP10 influences the prognosis
of patients with PAAD and LIHC might stem in part from
immune infiltration.
DISCUSSION

USP10 specifically cleaves ubiquitin from ubiquitin-conjugated
protein substrates and thus affects cellular processes. Although
the aberrant expression of USP10 has been reported in many
cancers (10–12, 14, 34, 35), and the role of USP10 in
tumorigenesis and prognosis has been partially confirmed in
several cancers (10–14), a systematic bioinformatic analysis is
FIGURE 9 | The correlation between the expression of USP10 and marker genes for M2 macrophages, M1 macrophages, TAMs, and monocytes in LUAD, LIHC,
and PAAD, as shown by scatter plots. The monocyte markers were CSF1R and CD86; the markers for TAMs were CCL2, CD68, and IL10; the markers for M1
macrophages were PTGS2, IRF5, and NOS2; and the markers for M2 macrophages were MS4A4A, VSIG4, and CD163. PAAD, pancreatic adenocarcinoma; LIHC,
liver hepatocellular carcinoma; LUAD, lung adenocarcinoma. TAMs, tumor-associated macrophages. Significance is indicated by a P-value < 0.05.
TABLE 2 | Analysis of the correlations between USP10 expression and genetic markers of monocytes and macrophages using GEPIA data.

Description Gene markers PAAD LIHC LUAD

Tumor Normal Tumor Normal Tumor Normal

R P R P R P R P R P R P

Monocytes CD86 0.340 *** -0.700 0.300 0.320 *** 0.380 * -0.033 0.470 -0.130 0.35
CD115 (CSF1R) 0.320 *** 0.230 0.770 0.280 *** 0.410 * 0.034 0.450 0.220 0.091

TAMs CCL2 0.130 0.079 -0.180 0.820 0.210 *** 0.170 0.220 0.005 0.910 0.097 0.46
CD68 0.400 *** -0.940 0.058 0.230 *** 0.430 * 0.064 0.160 0.017 0.9
IL10 0.180 0.015 -0.910 0.093 0.260 *** 0.130 0.350 -0.042 0.360 -0.074 0.58

M1 Macrophages INOS (NOS2) 0.130 0.080 0.360 * 0.015 0.770 0.110 0.460 0.068 0.140 0.290 0.026
IRF5 0.320 *** -0.470 ** 0.320 *** 0.240 0.088 0.009 0.840 0.058 0.66
COX2 (PTGS2) 0.110 0.140 -0.850 0.150 0.170 * 0.120 0.400 0.097 0.034 0.350 *

M2 Macrophages CD163 0.310 *** 0.037 0.960 0.190 ** 0.330 0.018 0.027 0.550 -0.029 0.83
VSIG4 0.290 *** -0.980 0.017 0.210 *** 0.350 0.013 -0.066 0.150 -0.200 0.13

　 MS4A4A 0.280 ** -0.950 0.055 0.220 *** 0.370 * -0.054 0.240 -0.200 0.14
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PAAD, pancreatic adenocarcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma. TAM, tumor-associated macrophage. Tumor, association analysis in tumor tissues
from TCGA; Normal, association analysis in normal tissues from TCGA. *P < 0.01; **P < 0.001; ***P < 0.0001.
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still lacking. Based on bioinformatics, this study investigated
USP10 expression in pan-cancer and its correlation with
prognosis and analyzed the importance of USP10 in the
development of different cancers. Moreover, the association
between USP10 gene expression in the TME and immune cell
infiltration was determined. Our findings provide useful insights
to further explore the role of USP10 in tumorigenesis and
progression via mechanistic studies.

In this study, we analyzed the differential expression of USP10
and its prognostic value in different types of cancer. The results
showed that USP10 mRNA was highly expressed in most tumor
types, except for bladder cancer (BLCA), brain and central
nervous system cancer, OV, sarcoma (SARC), acute myeloid
leukemia (AML), and THYM. The results of the current study
suggest that USP10 acts as a therapeutic target for PRAD and
AML (36, 37). In addition, IF analysis of 12 clinical samples and
the IHC images available through an online database confirmed
this trend at the protein level. The results for liver, breast, lung,
and colon cancers were similar to those in previous research (11–
13, 34). Takayama et al. (10) showed that high expression of
USP10 is related significantly to poor prognosis in patients with
prostate cancer, which is consistent with our experimental
validation. However, Wang et al. (38) showed reduced
expression of USP10 in human LUAD tissues, which
contradicts the results of the present study, possibly because
most of the samples analyzed in Wang’s study were derived from
metastatic tumor tissues rather than in situ tumors. Furthermore,
we found that USP10 was overexpressed in gastric cancer, which
is inconsistent with Zang et al.’s (7) findings and might be caused
by the different subtypes of cancer and sample differences.
Therefore, the sample size needs to be further expanded.
Frontiers in Oncology | www.frontiersin.org 12285
Another exciting finding of this study was that the USP10
protein level was significantly lower in ovarian tumor tissues
than in adjacent tissues. Furthermore, survival analysis found
that low USP10 expression predicted poor prognosis in patients
with ovarian cancer. A previous study by Han et al. (15) agreed
with our findings and showed that differential USP10 expression
correlated with promoter hypermethylation. Whether USP10 has
utility as an independent biomarker of prognosis in OV requires
further biological experiments.

Kaplan–Meier survival analysis using the TCGA database
demonstrated that in most cancer types (PAAD, LIHC, LUAD,
and BRCA), high USP10 expression was associated with poor
prognosis. Similarly, as previously reported, USP10
overexpression was shown to be associated with a shorter
patient survival time (11, 12).. Moreover, USP10 mutations are
closely associated with the development of cancers. We
postulated that USP10 expression might be linked to the TMB
in various cancers to influence patient survival and is a useful
immunotherapy biomarker for checkpoint blockade selection in
many types of cancer (39, 40). Analysis revealed that USP10
expression was obviously associated with a high TMB in STAD,
LUAD, and UCEC, which influenced patient OS. Previous
studies have shown that the TMB predicted prognosis in
patients with non-small-cell lung and colorectal cancers (41,
42). Further studies showed that high USP10 expression
correlated closely with the stage of cancer and the presence of
lymph node metastasis in patients suffering from various types of
cancer. These findings suggested that USP10 might serve as a
predictable biomarker to determine the prognosis of different
cancers. However, more in-depth molecular experimental
evidence is needed to verify this.
A B

FIGURE 10 | Forest plot of the prognostic value of the expression of USP10 in immune cell subpopulations of patients with PAAD and LIHC. (A) In patients with
PAAD, the prognostic benefit of USP10 expression depends on the patients’ different immune cell subsets, according to the forest plot. (B) In patients with LIHC,
there was an association between the expression of USP10 and OS for the infiltration of different immune cell subgroups, according to a forest plot. PAAD,
pancreatic adenocarcinoma; LIHC, liver hepatocellular carcinoma. OS, overall survival. *P < 0.05.
March 2022 | Volume 12 | Article 829705

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Gao et al. USP10 in Pan-Cancer
Importantly, we found that in different types of cancer, USP10
expression was associated with immune cell infiltration levels
and has a critical function in cancer immunity, particularly in
PAAD and LIHC. Thus, the results of the present study revealed
the possible use of USP10 as a cancer biomarker and its function
in tumor immunology. We revealed that the infiltration of
dendritic cells, neutrophils, macrophages, CD4+ T cells, CD8+
T cells, and B cells in PAAD and LIHC are associated
significantly with USP10 expression; whereas, there was only a
weak correlation between immune cell infiltration and USP10
expression in LUAD. Interestingly, the association between the
expression of USP10 and the expression levels of marker genes of
immune cells (e.g., CD19, CD79A, CCL2, CD66b, HLA-DQB1,
CD1C, and ITGAX) was not always consistent with the overall
trend, suggesting that specific interactions exist between USP10
and certain subtypes of immune cells. Furthermore, the close
association between USP10 expression and immune cell marker
gene expression suggested that USP10 might function in PAAD
and LIHC tumor immune regulation. DCs and macrophages,
which are important antigen-presenting cells (APCs), were most
related to the expression of USP10 in LIHC. Tumor metastasis is
promoted by DCs via their effects on Treg levels and the
reduction in the CD8+ T cell response (43). However, in
PAAD, DCs correlated weakly with USP10. These differences
suggested heterogeneity between cancers that recruit APCs to the
TME. A recent study showed that USP10 promotes tumor
progression and TAM polarization in colorectal cancer (18).
Therefore, our results revealed that USP10 might regulate
TAM polarization.

In addition, Tregs are the most important cell type in the TME.
Tregs are believed to suppress the excessive immune response by
expressing cytotoxic T-lymphocyte associated protein 4 (CTLA4)
and secreting IL-10 and transforming growth factor beta (TGFb),
thereby promoting the immune escape of tumor cells (44, 45).
TGFb signaling can be activated by USP10 depletion (46).
Recently, researchers have found that depletion of Tregs does
not prevent their suppressive activity. Moreover, the therapeutic
effect of programmed cell death-1 (PD-1) and PD-1 ligand-1 (PD-
L1) signaling blockade therapy on patients with tumors is still not
as beneficial as expected. However, Maj et al. (47) showed that in
the TME, Tregs are highly apoptotic and can greatly reduce the
efficacy of PD-L1 anti-tumor immunotherapy. We further found a
significant positive correlation between USP10 and genetic
markers of Tregs (CCR8 (encoding C-C motif chemokine
receptor 8) and STAT5B (encoding signal transducer and
activator of transcription 5B)) (Table 1), suggesting that USP10
could be involved in activating the immunosuppressive activity of
Tregs in PAAD and LIHC.Moreover, in PAAD and LIHC, USP10
levels correlated significantly with several T helper cell markers
(STAT1, STAT6, STAT5A, and STAT3) (Table 1). Studies have
shown that STAT signaling is involved in numerous aspects of
immune regulation, including immune escape and shaping the
epigenetic structure of immune cells (48, 49). These findings
suggest that USP10 might be closely related to STAT signaling
to regulate tumor immune responses. Importantly, the prognosis
of PAAD and LIHC was influenced by USP10 through immune
cell infiltration. Taken together, USP10 is closely associated with
Frontiers in Oncology | www.frontiersin.org 13286
immune cell activity in the TME and might affect patient
prognosis through immune infiltration. These findings
suggested that USP10 is an immune-related therapeutic target.
Nevertheless, USP10’s exact role in tumor immunity requires
further exploration.

In conclusion, we determined the universal applicability of
USP10 in pan-cancer and found that high expression of USP10 is
usually associated with poor clinical prognosis. Furthermore,
USP10 is intimately linked to immune cell infiltration in certain
cancers and might affect the overall survival of patients with
PAAD and LIHC via immune infiltration. These results will
enhance our understanding USP10’s vital function in
tumorigenesis and serve as a useful basis for future studies.
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Supplementary Figure 1 | The protein level of USP10 in different types of cancer.
Representative images of H&E stained normal and tumor slides (left 1st).
Immunofluorescence staining analysis (left 2nd to 4th) showing an evident
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fluorescence signal in the tumor tissue sections compared with that in the control
group. All scale bars = 50 mm. H&E, hematoxylin-eosin staining. N, normal tissues;
T, tumor tissues.

Supplementary Figure 2 | Protein expression of USP10 in cancers versus
normal tissues as assessed in the HPA database. Compared to normal tissues,
USP10 was significantly overexpressed in breast cancer, liver cancer, lung
cancer, skin cancer, colon cancer, kidney cancer, and prostate cancer tissues.
However, in ovarian cancer, there was a significant low expression of USP10
in tumor tissues compared with that in normal tissues. N, normal tissues;
T, tumor tissues.

Supplementary Figure 3 | TIMER database analysis of the correlation between
USP10 expression and immune cell infiltration levels in different cancer types.
USP10 expression levels in PAAD, LIHC, PCPG, PRAD, THCA, KIRC, and BLCA
generally correlated positively with immune cell infiltration. However, in ACC, CHOL,
HNSC-HPV+, UCEC, and UCS, USP10 expression levels were not significantly
correlated with infiltration of B cells, CD4+ T cells, CD8+ T cells, macrophages,
neutrophils, and dendritic cells. Red box, positive Spearman’s correlation; blue box,
Frontiers in Oncology | www.frontiersin.org 14287
negative Spearman’s correlation; gray box, no significant correlation. Significance is
indicated by a P-value < 0.05.

Supplementary Figure 4 | Analysis of the prognostic value ofUSP10 expression in
immune cell subsets in patients with PAAD and LIHC using Kaplan–Meier Plotter. (A)
In PAAD, high USP10 expression was linked to increased infiltration of B cells, NK
cells, Tregs, and Th2 cells (allP < 0.05); andwith decreased infiltration of CD4+ T cells,
macrophages, and Th1 cells (all P < 0.05), and predicted inferior prognostic survival in
patients with PAAD. However, USP10 expression with increased (OS, HR = 2.41, P =
0.027) or decreased (OS, HR = 2, P = 0.012) CD8+ T cell infiltration had a marked
impact on the survival of patients with PAAD and predicted a worse survival outcome.
(B) In LIHC, overexpression of USP10 and abundant infiltration of B cells and Treg
cells (all P < 0.05) or reduced infiltration of Th1 cells (P < 0.05) predicted a worse
prognosis. Interestingly, USP10 expression in LIHC correlated statistically with
enriched infiltration of macrophages (OS, HR = 1.76, P = 0.021), indicating a worse
prognosis. In contrast, USP10 expression was associated with reduced infiltration of
macrophages (OS, HR = 0.54, P = 0.021), predicting a better survival outcome.
PAAD, pancreatic adenocarcinoma; LIHC, liver hepatocellular carcinoma. OS, overall
survival. HR, hazard ratio. Significance is indicated by a P-value < 0.05.
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Background: ACYP1 plays important physiological and metabolic roles in glycolysis and
membrane ion pump activity by catalyzing acyl phosphate hydrolysis. ACYP1 is related to
tumorigenesis and progression and poor prognosis in gastrointestinal cancer. However,
its pancancer roles and mechanisms are unclear. Our study aimed to understand the
ACYP1 expression signature and prognostic value across cancers and investigate
immune infiltration patterns in liver hepatocellular carcinoma (LIHC) and verify them in
LIHC samples.

Methods: Transcriptional expression profiles of ACYP1 across cancers were analyzed
using Oncomine and TIMER. The prognostic value of ACYP1 was assessed across
PrognoScan, Kaplan—Meier Plotter, and GEPIA. Significant pathways associated with
ACYP1 in LIHC were obtained viaGene Set Enrichment Analysis. The correlation between
ACYP1 expression and immune infiltration in LIHC was investigated using TIMER. We
validated ACYP1 expression, prognostic value, and association with immune cells in
tumor tissues by immunohistochemistry and flow cytometry.

Results: ACYP1 was overexpressed across cancers. High expression of ACYP1
correlated with a poor prognosis in most tumor types, especially in LIHC. ACYP1 was
significantly implicated in immune and metabolic related pathways. High ACYP1
expression showed significant correlations with the abundances of Th2 cells, Tregs,
macrophages, dendritic cells, and myeloid-derived suppressor cells in LIHC. LIHC
patients with high ACYP1 expression showed significantly shorter overall survival and
relapse-free survival rates concomitant with increased infiltration of CD4+ T cells. Mouse
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subcutaneous tumors with ACYP1 overexpression exhibited significantly accelerated
tumor progression with increased aggregation of CD4+ T cells.

Conclusion: Overall, ACYP1 may serve as a vital prognostic biomarker and play an
immunoregulatory role in LIHC.
Keywords: ACYP1, pancancer, liver hepatocellular carcinoma, LIHC, immune infiltration, prognosis, biomarker
INTRODUCTION

Acylphosphatase (ACYP) is a small cytoplasmic enzyme
commonly found in many organs and tissues of vertebrates.
ACYP is involved in multiple cellular physiological processes by
catalyzing the hydrolysis of acylphosphates. Compounds
containing carboxyl phosphate bonds are substrates of ACYP
and play a crucial role in regulating glycolysis, the tricarboxylic
acid (TCA) cycle, and membrane ion pump activity (1, 2). Two
isoenzymes of ACYP, namely, the erythrocyte and muscle types,
have been identified and are encoded by the ACYP1 and ACYP2
genes, respectively. The erythrocyte type has higher catalytic
activity. Recent studies have shown that ACYP is involved in
erythrocyte senescence and cell differentiation and is also related
to metabolism in the context of hyperthyroidism (3–7). In
addition, ACYP expression is involved in colon cancer
metastasis and glioblastoma progression by regulating
intracellular Ca2+ homeostasis (8). Recently, ACYP1 was
reported to be involved in imatinib-resistant gastrointestinal
stromal tumors (GISTs) (9). ACYP1 is considered to be a
metabolism-related gene used to predict the prognosis of
patients with gastric and liver cancer and may become an
important candidate target for metabolic therapy (10–12). A
recent study revealed that the high expression of ACYP1 was
significant ly associated with a poor prognosis for
cholangiocarcinoma (CHOL) patients, which may be related to
the effect of ACYP1 on cell viability and apoptosis (13). However,
few pancancer studies have been performed on ACYP1, and its
mechanism in different tumors remains unclear.
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The clinical efficacy of immunotherapy is affected by the
tumor microenvironment (TME), which includes hypoxia, low
pH, and inhibitory metabolites. Therefore, alleviating metabolic
inhibition of immune cells in the TME may improve the efficacy.
In general, tumor cells tend to use glycolysis for energy, resulting
in the production of large amounts of lactic acid, which inhibits
the function of effector T cells by reducing proliferation and
cytokine production (14). Several studies have shown that
ACYP1 is a metabolism-related gene involved in gastric and
liver cancer progression (15–17). ACYP1 can affect glycolysis via
the dephosphorylation of 1,3 bisphosphoglycerate, and glycolysis
was found to be highly active in tissues with high ACYP1
expression (1). However, the role of ACYP1 in the TME of
LIHC is still unclear.

This study was focused on the prognostic value across
cancers, signaling pathways and the TME in LIHC by
analyzing the expression of ACYP1. Immunohistochemical
(IHC) and flow cytometry were performed to prove its role in
the TME of LIHC. Our study aims to elucidate the importance of
ACYP1 in LIHC prognosis.
MATERIALS AND METHODS

ACYP1 Expression and Prognostic Value
Across Cancers
In this study, the transcriptional signature of ACYP1 across
cancers was analyzed based on the Oncomine database, TIMER
database, and UALCAN network. The correlation between levels
of ACYP1 mRNA and the ending event of patients with different
cancer types was analyzed by assessing PrognoScan (microarray
data), Kaplan–Meier Plotter (GEO, TCGA and EGA data) and
GEPIA (TCGA and GTEx data) datasets. The effect of ACYP1
mRNA expression on overall survival (OS), disease-free survival
(DFS), and relapse-free survival (RFS) across cancers was
calculated. The relevance of ACYP1 expression and clinical
characteristics of LIHC was determined using the Kaplan–
Meier Plotter database.

GSEA and GSVA Analysis
RNA-seq data were obtained from the TCGA database (https://
portal.gdc.cancer.gov/). GSEA and GSVA were performed to
explore potential pathways associated with ACYP1 via KEGG
and Hallmark terms using R version 4.0.5 (normalized
enrichment score (NES) ≥1.0 and false discovery rate (FDR)
adjusted p value <0.25).
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Correlation Between ACYP1 Expression
and Immune Cell Infiltration
The TIMER database used RNA expression profiles to analyze
the infiltration of immune cells in tumor tissues. Multiple
immune deconvolution methods were used to explore tumor
immunological, clinical, and genomic characteristics. The
correlation of ACYP1 expression with the abundance of
subtypes of immune infiltrating cells, immune cell markers,
and tumor purity was analyzed.

Validation of the Role of ACYP1
Tumor tissue slides of LIHC patients at Tianjin Medical
University Cancer Hospital were subjected to IHC using the
following antibodies at the indicated concentrations: anti-
ACYP1 (ab231323, Abcam) 1:100; anti-CD4 (67786-1-Ig,
Peprotech) 1:100; and anti-CD8 (66868-1-Ig, Peprotech) 1:100.
Stained tissues were scanned and captured using CaseViewer
software (3DHISTECH). The H-scores were used to quantify
staining intensity (protein expression). The ACYP1 low
expression and high expression groups were set based on the
median level of ACYP1 expression. Kaplan—Meier survival
curves with log-rank tests were used to analyze the effect of
high ACYP1 expression. The use of patient information and
tissue was approved by Tianjin Medical University Cancer
Institute and the hospital ethics committee.

The ACYP1 protein overexpression plasmids were purchased
from Genewiz (Suzhou, China). Briefly, HEK293T cells were
transfected with a lentiviral plasmid (Plvx-IRES-Puro-ACYP1)
along with packaging plasmids using polyethylenemine. Hep1-6
cells were infected with the virus. Hep1-6 control cells (Vector)
and hep1-6 ACYP1 overexpressing cells (ACYP1) were injected
into the right flanks of mice (2x106 cells per mouse) to establish a
subcutaneous implantation model. From day 8 after injection,
tumor size was measured every three days and tumor volume was
calculated as length × width2/2. After 30 days, the mice were
sacrificed to assess tumor growth. The weight of the tumor was
also measured. For flow cytometry analysis of immune cell
populations, cells from different mouse tumors were divided
into an appropriate number of tubes in 100 µl PBS. Cells were
stained with antibodies for 30 minutes at 4°C. Absolute cell
numbers and frequency of immune cells were identified with
appropriate gating. At least 1x106 cells were recorded for tumor
analysis. C57BL/6J mice were obtained from Beijing Vital River
Laboratory Animal Technologies. All mice were age-matched
and kept under specific pathogen-free conditions. All animal
procedures were approved by the Animal Ethics Committee of
Tianjin Medical University, Tianjin, China.

Statistical Analysis
All statistics were analyzed using SPSS statistical software
(version 24.0.0). P<0.05 was considered to indicate statistical
significance. The adjusted P value cutoff of 0.01 and the fold
change of 1.5 were set in Oncomine. We used a univariate Cox
regression model to calculate the HR and Cox P value and the
log-rank test to compare survival curves. Spearman’s correlation
was used to analyze the correlation of gene expression.
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RESULTS

The Expression of ACYP1 in
Human Cancers
First, we analyzed ACYP1 mRNA expression levels in Oncomine
across cancers. ACYP1 expression was higher in a variety of
cancer groups than in the respective normal tissues. Decreased
expression of ACYP1 was found in the head and neck cancer,
breast cancer, etc. (Figure 1A and Supplementary Table S1).
The TIMER database was used to evaluate ACYP1 expression
across cancers. ACYP1 expression was significantly higher in
most cancers than in their respective adjacent normal tissues
(Figure 1B). TCGA and GTEx databases were used to identify
ACYP1 expression characteristics. ACYP1 was found to be
upregulated in lymphoid neoplasm diffuse large B-cell
lymphoma (DLBC), pancreatic adenocarcinoma (PAAD), skin
cutaneous melanoma (SKCM), thymoma (THYM), etc. ACYP1
was downregulated in some cancers, such as uterine
carcinosarcoma (UCS) and brain lower grade glioma
(Supplementary Figure S1).

Prognostic Potential of ACYP1 Expression
Based on the difference in expression across cancers, the
prognostic value of ACYP1 was predicted in different
databases. The relationships between ACYP1 expression levels
and prognosis for each type of cancer were explored using
Kaplan–Meier Plotter. ACYP1 was found to be an adverse
prognostic factor for LIHC (OS: HR=2.25, p=2.9e-0.6; RFS:
HR=1.82, p=0.0011) (Figures 2A, B). ACYP1 also had an
adverse effect on OS, but not on RFS for BRCA patients (OS:
HR=6.97, p=0.003) (Figures 2C, D). For colorectal cancer,
ACYP1 was only a favorable prognostic factor in terms of OS,
but not RFS in READ (HR=0.39, p=0.029) (Figures 2E, F). For
HNSC, ACYP1 was a significant protective factor in terms of OS
and RFS (OS: HR=0.4, p=0.018; RFS: HR=0.33, p=0.047)
(Figures 2G, H). In addition, high expression of ACYP1 was
beneficial only for LUSC patients (OS: HR=0.73, p=0.028; RFS:
HR=0.71, log-rank p=0.18) (Figures 2I, J) and not LUAD
patients, in which ACYP1 had an adverse effect on RFS
(OS: HR=0.82, p=0.18; RFS: HR=1.49, p=0.07) (Figures 2K, L).
For soft tissue cancer, ACYP1 significantly influenced OS
and RFS (OS: HR=1.58, p=0.025; RFS: HR=1.68, p=0.034)
(Figures 2M, N).

According to the ACYP1 expression level, patients were
divided into two groups to assess the role in survival via
PrognoScan. The results showed that high ACYP1 expression
was an adverse prognostic factor for five of these tumor types,
including breast, colorectal, brain, soft tissue cancers and skin.
Interestingly, in lung cancer and head and neck cancers, ACYP1
played a protective role (Supplementary Figures S2A–J). These
results suggested that ACYP1 may play variable roles across
cancers, while the role of poor prognosis may be predominant.

We also analyzed the RNA sequencing data of ACYP1 in
TCGA by using GEPIA. We first analyzed the overall effect of
ACYP1 on all 33 cancer types. Of note, high expression
of ACYP1 indicated poor prognosis across cancers in a total of
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9497 patients, and OS and DFS were significantly different (OS:
HR= 1.1, P = 0.039; DFS: HR= 1.1, P = 0.049) (Supplementary
Figures S3A, B). We then analyzed the role of ACYP1 in each of
the cancer types. However, unlike findings from PrognoScan and
Kaplan–Meier Plotter, high expression levels of ACYP1 only
indicated a poorer prognosis in LIHC (OS: p=0.00015; RFS:
p=0.00026) (Supplementary Figures S3C–P).

Relationship Between ACYP1 Expression
and Clinical Features in LIHC Patients
Then we investigated the relationship between ACYP1
expression and clinicopathologic characteristics. The results
showed that male sex, Asian race, stage I tumor, stage, grade,
AJCC T stage, microvascular invasion, history of alcohol
consumption, and hepatitis virus infection were closely related
to high expression of ACYP1, which indicates a worse OS in
LIHC (Figure 3A). Similarly, high expression of ACYP1 also
indicates a worse PFS in LIHC, especially in males, white race,
Asian race, stage I to stage III, grade 2 and 3, AJCC T2 and T3,
microvascular invasion, alcohol consumption, and hepatitis virus
infection (Figure 3B).

The results from the Wurmbach mixed liver dataset showed
that ACYP1 expression varied significantly by cancer type, grade,
hepatitis virus infection status, and vascular invasion
(Supplementary Figures S4A–D). In the UALCAN database,
ACYP1 expression in cancer stage, patient age, tumor grade, and
histological subtypes was significantly different. No association
was found between ACYP1 expression and the patient’s race or
sex(Supplementary Figures S4E–J). Moreover, ACYP1 was
significantly associated with early and late recurrence of LIHC.
ACYP1 levels were significantly upregulated in patients with
early recurrence (Supplementary Figure S5). ACYP1 may be an
important factor in the recurrence and prognosis of LIHC.
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Significant Pathways Associated With
ACYP1 in LIHC
We performed KEGGGSEA and GSVA (Supplementary Table S2)
to explore the potential role of ACYP1 in signaling pathways. The
immune-related pathways were highly enriched in LIHC by KEGG
GSEA (NSE≥1.0, FDR<0.25), including Fc-gamma-r-mediated
phagocytosis, primary immunodeficiency, TCR signaling pathway,
antigen processing and presentation, JAK-STAT pathway, leukocyte
transendothelial migration, chemokine signaling pathway and so on,
which are shown in red (Figure 4A). It also affected several cancer-
related pathways, such as DNA replication, the P53 signaling
pathway, apoptosis, the WNT signaling pathway, and the MAPK
signaling pathway, as shown in blue. ACYP1, as an important
enzyme involved in glycolysis (Supplementary Figure S6D), was
significantly involved in metabolism-related pathways, including
glycolysis gluconeogenesis, sphingolipid metabolism, pyruvate
metabolism, mTOR signaling, inositol phosphate metabolism,
aminoacyl transfer biosynthesis, pyrimidine metabolism, and
purine metabolism, as shown in yellow. The top ten signaling
pathways related to ACYP1 are shown in Figure 4B. The KEGG
GSVA analysis showed similar pathways associated with ACYP1 in
LIHC (Figure 4C). Furthermore, the Hallmark GSEA and GSVA
analysis (Supplementary Table S3) showed that immune-related
pathways, including the TNFa signaling pathway, allograft rejection,
inflammatory response, and interferon-gamma response, were
highly enriched in LIHC (Supplementary Figures S6A–C).

ACYP1 Expression and Immune Infiltration
in LIHC
Based on the above analysis, we determined that ACYP1 plays an
important role in regulating immune-related pathways in LIHC.
Therefore, it is necessary to investigate whether ACYP1
expression is related to immune infiltration in LIHC. The
A B

FIGURE 1 | ACYP1 expression levels across cancers. Elevated or decreased levels of ACYP1 expression in multiple cancer types in Oncomine (A) and TIMER (B).
*P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 2 | The survival of patients with high and low expression of ACYP1 across cancers in the Kaplan–Meier Plotter database
(I, J), LUAD (K, L), and SARC (M, N) patients. OS, overall survival; RFS, relapse-free survival.
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FIGURE 3 | Correlation of ACYP1 expression from LIHC patients in various clinicopathologies with OS (n=364) (A) and RFS (n=370)
free survival. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4 | Signal pathways involved in ACYP1. (A) Correlation between ACYP1 expression and KEGG pathways in LIHC analyzed via GSEA. (B) T
negative correlations with ACYP1 in LIHC. (C) Relationships between ACYP1 expression and KEGG pathways in LIHC performed via GSVA (NSE≥1.
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results indicated that ACYP1 expression had no significant
correlations with tumor purity. In addition, the ACYP1
expression level was closely related to the infiltration of B cells
(R=0.264, p=6.66e-07) and other B-cell subtypes; including CD8+
T cells (R=0.125, p=2.05e-02), CD4+ T cells (R=0.201, p=1.75e-
04) and their subtypes, Tregs (R=0.361, p=4.42e-12), NK cells
(R=0.201, p=1.70e-04), macrophages (R=-0.414, p=9.43e-16),
monocytes (R=-0.253, p=1.87e-06), macrophages/monocytes
(R=0.274, p=2.38e-07), dendritic cells (DCs) (R=0.419, p=4.19e-
16), myeloid-derived suppressor cells (MDSCs) (R=0.565,
p=1.84e-30), neutrophils (R=0.309, p=4.60e-09) and cancer-
associated fibroblasts (R=0.271, p=3.06e-07) (Figure 5). We
created a heatmap and lollipop plot of the correlation between
ACYP1 and infiltration of various immune cell types via
CIBERSORT (Supplementary Figure S7, Supplementary Table
S4). Moreover, correlation analysis of ACYP1 in all other tumors
with various immune cell infiltrations was performed in
TIMER1.0 (Supplementary Figure S8) and TIMER2.0
(Supplementary Figure S9), respectively. These results revealed
that ACYP1 expression affects patient survival by affecting the
infiltration of various immune cell types in LIHC, with the
strongest correlations with CD4+ Th2 T cells, Tregs, DCs,
macrophages, and MDSCs.

Then the correlation between ACYP1 expression and the
expression of biomarkers of immune cell subsets was
investigated in LIHC patients. Some representative markers
were selected to characterize various infiltrating immune cells
in LIHC. We analyzed T-cell subsets, such as CD8+ T cells, Th1
cells, Th17 cells, Tregs, exhausted T cells, and different types of
macrophages, such as M1, M2, and tumor-associated
macrophages. The results showed that ACYP1 expression was
significantly associated with the expression of 45 of the 49
assessed markers in LIHC. Similarly, ACYP1 expression was
significantly correlated with the infiltration levels of MDSCs, Th2
cells, DCs, and macrophages and respective markers for these
four immune cell types (Table 1). Moreover, ACYP1 expression
was correlated with the infiltration of B cells, T cells and other
subtypes, neutrophils, and NK cells infiltration to varying
degrees. Therefore, these results confirmed that ACYP1
expression may influence the infiltration of various immune
cell types in different ways and ultimately comprehensively affect
the prognosis of LIHC patients.

Preliminary Experimental Verification of
the ACYP1 Signature in LIHC
IHC was performed to evaluate the expression of ACYP1 in 50
LIHC specimens. According to ACYP1 expression level, all
specimens were classified as either high expression (ACYP1
high) or low expression (ACYP1 low). Images of representative
samples were taken at 100× and 400× magnification and ACYP1
expression is shown (Figures 6A, B). Of note, we investigated the
prognostic role of ACYP1 in LIHC patients and revealed that
patients with high expression of ACYP1 had worse OS (p=0.0141)
and RFS (p=0.0131) (Figure 6E). The relative levels of immune
cell infiltration showed that the infiltration of CD4+ T cells, but
not CD8+ T cells was stronger in the ACYP1 high expression
Frontiers in Oncology | www.frontiersin.org 8296
group than in the other group (p<0.05) (Figures 6A–D). Then, we
extended our studies to the subcutaneous implantation tumor
model of Hep1-6 (mouse hepatoma cells) to explore the potential
roles of ACYP1 in tumor progression and the TME. The
expression of ACYP1 was significantly up-regulated in ACYP1-
overexpressing stable cell lines (Supplementary Figure S10A).
Remarkably, ACYP1 overexpression significantly accelerated
tumor growth under the skin (Figure 6F). The tumor in the
ACYP1 overexpression group were significantly larger and
weighted more than those in the vector group (Figures 6G, H).
Moreover, we explored whether immune cells were involved in the
high ACYP1 expression-mediated LIHC progression. In
comparison with the vector group, a prominent accumulation of
CD4+ T cells was found in ACYP1 overexpressing mice, while no
obvious changes were found in CD8+ T cells (Figures 6I, J and
Supplementary Figure S10B). These results indicated that
ACYP1 expression was positively related to CD4+ T cells, which
is consistent with the results from TCGA.
DISCUSSION

Acylphosphatase, as a cytoplasmic enzyme, widely exists in a
variety of vertebrate tissues and can catalyze the hydrolysis of
carboxyl phosphate bonds in carboxyl phosphate. These carboxyl
phosphate bonds mainly exist in two forms: metabolic products,
such as 1,3-bisphosphoglyceric acid, and acetyl phosphate, and
membrane ion pump intermediates, such as active intermediates
of K+, Ca2+, and Na+-ATPase (18–20). The hydrolytic activity
of ACYP on 1,3 diphosphoglyceric acid suggests that ACYP plays
a regulatory role in glycolysis. It has been confirmed that ethanol
production is significantly increased in yeast cells overexpressing
the ACYP gene. ACYP plays a regulatory role in the ion
transport system. It affects membrane pumps via hydrolyzing
the phosphate of aspartic acid under the action of Ca2+, Na+,
and K+-ATPase in neuronal erythrocyte membranes, cardiac
sarcolemmas, and skeletal muscle sarcolemmas (19–23).

The roles of the ACYP in cancer have not been well studied,
and a few studies have explored this topic. ACYP expression is
associated with the metastatic phenotype of human colorectal
cancer and plays an oncogenic role in gliomas via activating the
c-MYC signaling pathway (8, 24). Recent studies have shown
that high expression of ACYP1 can affect the prognosis of
CHOL, and hepatocellular CHOL patients via affecting cell
proliferation in vitro (13).

As a metabolism-related gene with prognostic value in gastric
cancer and liver cancer, ACYP1 may become an important
candidate target for metabolic therapy (10–12). Our study
revealed that ACYP1 plays an adverse role in LIHC patients,
although its implication may vary depending on clinical
characteristics such as sex, race, tumor stage, tumor grade,
vascular invasion, alcohol consumption, and hepatitis status
according to multifactor regression analysis. The TME is likely
to help elucidate the underlying mechanisms of tumor
progression. In this study, ACYP1 overexpression in LIHC
tumors may result in much more immune suppressive cell
May 2022 | Volume 12 | Article 875097

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


of various immune cells, including B cells, CD8+ T cells, CD4+ T
d their respective subtypes. LIHC, liver hepatocellular carcinoma.

Zhou
et

al.
A
C
Y
P
1
P
redicts

LIH
C
P
rognosis

Frontiers
in

O
ncology

|
w
w
w
.frontiersin.org

M
ay

2022
|
Volum

e
12

|
A
rticle

875097
9

FIGURE 5 | Effects of ACYP1 expression on the TME in LIHC by using TIMER. ACYP1 expression had a significant correlation with the infiltration
cells, Tregs, Tfh cells, macrophages, monocytes, macrophages/monocytes, NK cells, DCs, MDSCs, neutrophils, cancer-associated fibroblasts, an
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infiltration, while the molecular mechanism needs to be
further investigated.

There are some studies have explored biomarkers of
prognosis or treatment in pancancer based on public
databases. The results suggested that single gene may deeply
involve in the immunological features and cancer prognosis.
Chao Deng et al. performed multidimensional bioinformatics
Frontiers in Oncology | www.frontiersin.org 10298
analysis to examine the relationship between NRP genes and
prognostic in pancancer, and finally found the NRP family genes
are significantly correlated with cancer prognosis and immune
infiltration in bladder urothelial carcinoma (25). Xiaoyu Zhang
and colleagues reported MXD3 played an important role in
predict prognosis of glioma, and may expected to be as a
clinical therapeutic target via analyzing public databases and
experimental validation (26). To facilitate researchers exploring
the prognosis associated genetic features in multi-omic levels in
pancancer and finding critical genes for drug discovery and
precision medicine, an online platform was developed by
Ouyang Jian and colleagues. Our results were further validated
on this platform (27). In this study, we analyzed the expression
levels of ACYP1 and its prognostic value across cancers using
multiple databases. First, in Oncomine, ACYP1 expression was
higher in a variety of cancer groups versus their corresponding
normal control groups. Moreover, reduced expression of ACYP1
was found in brain cancer, breast cancer, head and neck cancer,
and other cancers, while TCGA database analysis results via
TIMER were not the same. The differences may be due to
different algorithms in the two databases. We further explored
the effect of ACYP1 on the prognosis of various cancers. In
PrognoScan, high ACYP1 expression was a risk factor for
adverse outcomes in breast, colorectal, brain, skin, and soft
tissue cancers. In Kaplan–Meier Plotter and GEPIA, ACYP1
was closely related to a poor prognosis in LIHC and was related
to the following clinical characteristics: male sex, Asian race, all
tumor stages, all tumor grades, AJCC T stage, microvascular
invasion, alcohol consumption (yes or no), and hepatitis virus
infection (yes or no). Thus, at present, we have evidence that
ACYP1 has the potential to be a pancancer prognostic
biomarker, especially in LIHC.

The TME can inhibit immune responses via multiple
mechanisms. Aerobic glycolysis, known as the Warburg effect, the
most common type of tumor metabolic reprogramming, the results
in a TME characterized by hypoxia, low pH, low nutrient status and
the production of inhibitory metabolites such as lactic acid, which
promote tumor progression by affecting immune cell function.
Aerobic glycolysis is a hallmark of liver cancer, which involves
cancer progression, and even induces an immunosuppressive TME
via key enzymes (28). In breast cancer, aerobic glycolysis affects
MDSCs and maintains tumor immunosuppression (29).
Macrophages promote tumor growth via regulating tumor cell
aerobic glycolysis with PGK1 phosphorylation (30). The glycolysis
pathway is actively regulated during the differentiation of Tregs,
providing necessary biological energy sources for Tregs
biosynthesis, proliferation, and migration (31–33). Therefore,
addressing the metabolic limitations of immune responses in the
tumor immunemicroenvironment may improve the effectiveness of
cancer immunotherapy. Given that ACYP1 is an important
metabolic enzyme in glycolysis, we hypothesized that the
upregulation of ACYP1 in LIHC may affect immune cell
infiltration via increasing the glycolysis rate. In our study, the
pathway analysis suggested that ACYP1 was highly related to
immune-related pathways in LIHC. The higher expression of
ACYP1 may be closely related to negative immunity in the tumor
TABLE 1 | Correlation between ACYP1 expression and immune cell markers
in LIHC.

Cell type Gene markers Cor p

B cell CD19 0.238 0.000008 ***
CD79A 0.167 0.001880 **

T cell CD3D 0.303 0.000000 ***
CD3E 0.24 0.000007 ***
CD2 0.223 0.000029 ***

CD8+ T cell CD8A 0.205 0.000128 ***
CD8B 0.208 0.000099 ***

Th1 T-bet 0.096 0.074700
IL-2 0.116 0.031700 *
IFN-g 0.243 0.000005 ***
TNF 0.272 0.000000 ***

Th2 GATA3 0.261 0.000001 ***
STAT5A 0.242 0.000005 ***
IL13 0.178 0.000896 ***

Th17 STAT3 0.147 0.006170 **
IL17A 0.08 0.137000

Tfh BCL6 0.212 0.000075 ***
IL21 0.071 0.189000

Treg FOXP3 0.214 0.000061 ***
CCR8 0.312 0.000000 ***
STAT5B 0.187 0.000495 ***
TGFb 0.325 0.000000 ***

T cell exhaustion PD-1 0.237 0.000009 ***
CTLA-4 0.359 0.000000 ***
LAG3 0.274 0.000000 ***
TIM-3 0.379 0.000000 ***
GZMB 0.152 0.004630 **
TOX 0.228 0.000019 ***
TIGIT 0.305 0.000000 ***

TAM CCL2 0.232 0.000013 ***
CD68 0.205 0.000122 ***
IL10 0.239 0.000007 ***

M1 macrophage iNOS 0.087 0.109000 n.s.
IRF5 0.366 0.000000 ***
COX2 0.276 0.000000 ***

M2 macrophage CD163 0.109 0.042400 *
VSIG4 0.185 0.000547 ***
MS4A4A 0.172 0.001380 **

Neutrophils CD66b 0.094 0.081200 n.s.
CD11b 0.337 0.000000 ***

NK CD16 0.330 0.000000 ***
CD56 0.346 0.000000 ***

DC CD1c 0.103 0.057100 n.s.
CD83 0.37 0.000000 ***
CD209 0.104 0.053600 n.s.
MHCII 0.219 0.000042 ***

Monocyte CD14 -0.301 0.000000 ***
CD64 0.338 0.000000 ***
CD15 0.368 0.000000 ***
LIHC, liver hepatocellular carcinoma; Tfh, follicular helper T cell; Th, T helper cell; Treg,
regulatory T cell; TAM, tumor associated macrophage; NK, natural killer cell; DC, dendritic
cell; Cor, R value of Spearman’s correlation. *P < 0.05, **P < 0.01, ***P < 0.001.
n.s. "no significance".
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FIGURE 6 | Preliminary experimental verification of the ACYP1 signature in LIHC. (A) Representative samples with low and high
low and high group were taken at 100x and 400x magnification. (B–D) Relative quantitative analysis of ACYP1 (B), CD4 (C) and
the ACYP1 low group in 50 LIHC patients. (F) Subcutaneous growth of Hep1-6 tumors in the vector group and ACYP1 overexp
the vector group and ACYP1 overexpression group (n=6). (H) The weight of subcutaneous Hep1-6 tumors in vector group and
CD8+ T cells in subcutaneous Hep1-6 tumors from vector mice and ACYP1 overexpressing mice (n=6). Positive cell percentage
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itself. ACYP1 expression was also significantly correlated with the
gene markers of these four immune cell types. The strength of the
correlation between different markers and ACYP1 expression
varied, suggesting that ACYP1 has characteristic interactions with
certain immune cell subtypes.

The results from public data analysis were verified via using
human LIHC tumor specimens and mouse subcutaneous tumor
specimens. First, in LIHC patients, high expression of ACYP1
indicates a poor OS. In a mouse subcutaneous tumor model, high
expression of ACYP1 was closely related to tumor progression.
Moreover, immune infiltration was assessed by IHC in human
tumor specimens and flow cytometry in mouse tumor samples.
The results were consistent with the TCGA data, in which high
expression of ACYP1 was positively associated with CD4+ T cells,
but was not correlated with CD8+ T cells. Our results suggest the
possibility that the immunosuppressive TME resulting from by
ACYP1 may be the culprits of LIHC progression.

In this study, we investigated the roles of ACYP1 in pancancer and
eventually showed an important role in the development of LIHC
(Figure 7). Based on its physiological role and ectopic expression in liver
cancer, our analysis integrated metabolism-related pathways and the
immune microenvironment. The results showed that ACYP1 was an
enzyme in the progress of glycolysis and promoted tumor progression
via participating in the glycolysis and immunosuppression. Interestingly,
glycolysis was closely associated with immune microenvironment and
affect the prognosis of patients. The liver itself is an immune organ, with
rich populations of immune cells, and it is also a key organ in regulating
glucose metabolism (34). In the process of LIHC development and
treatment, changing inmetabolism and immune cells play a crucial role.
So, a bridge between glucose metabolism and immunotherapy was
necessary. According to our results, ACYP1 could be that link, and as a
candidate drug target for LIHC intervention.

In conclusion, we demonstrated for the first time the role of
ACYP1 in predicting prognosis, and the TME, and associated
pathways across cancers. To this end, we confirmed that ACYP1
predicts a poor prognosis and an immunosuppressive TME in
LIHC. Overall, ACYP1 has potential as a pancancer prognostic
Frontiers in Oncology | www.frontiersin.org 12300
marker from the perspective of tumor immunology and provides
a novel target for the treatment of LIHC.
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Cholangiocarcinoma (CCA) is one of the most difficult to treat cancers, and its nature of
being largely refractory to most, if not all, current treatments results in generally poor
prognosis and high mortality. Efficacious alternative therapies that can be used
ubiquitously are urgently needed. Using acquired vulnerability screening, we observed
that CCA cells that reprofile and proliferate under CDK4/6 inhibition became vulnerable to
ribosomal biogenesis stress and hypersensitive to the anti-ribosome chemotherapy
oxaliplatin. CCA cells overexpress the oncogenic ribosomal protein RPL29 under
CDK4/6 inhibition in a manner that correlated with CDK4/6 inhibitor resistance.
Depletion of RPL29 by small interfering RNAs (siRNAs) restored the sensitivity of CCA
cells to CDK4/6 inhibition. Oxaliplatin treatment suppressed the RPL29 expression in the
CDK4/6 inhibitor treated CCA cells and triggered RPL5/11-MDM2-dependent p53
activation and cancer apoptosis. In addition, we found that combination treatment with
oxaliplatin and the CDK4/6 inhibitor palbociclib synergistically inhibited both parental and
CDK4/6 inhibitor-resistant CCA, and prevented the emergence of CDK4/6 and oxaliplatin-
resistant CCA. This drug combination also exerted suppressive and apoptosis effects on
CCA in the in vitro 3-dimensional culture, patient-derived organoid, and in vivo xenograft
CCA models. These results suggest the combination of the CDK4/6 inhibitor palbociclib
and the anti-ribosome drug oxaliplatin as a potentially promising treatment
for cholangiocarcinoma.

Keywords: acquired vulnerability, ribosomal biogenesis stress, CDK4/6 inhibitor, oxaliplatin, cholangiocarcinoma
(CCA), palbociclib
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INTRODUCTION

Cholangiocarcinoma (CCA) is a highly lethal gastrointestinal
malignancy that has one of the worst prognoses among solid
tumors. Most patients with CCA are diagnosed at a late stage.
Although, surgery is the only curative treatment; most patients
are ineligible for tumor resection. Gemcitabine plus cisplatin is
recommended as first-line treatment for advanced stage disease
with objective response rate only 25 percent (1).

Although novel molecular targetable mutations, such as
activating IDH1/2 mutations and FGFR fusions, have been
identified, these mutations present in only a small percentage
of patients (2). Almost all patients eventually experience disease
progression while on first-line systemic therapy and succumb to
their disease. Therefore, novel therapeutic drugs/strategies to
treat CCA are urgently needed. Targeted therapies that can be
broadly applied do not yet exist, because CCA includes
genetically heterogeneous tumors with no single major
molecular driver (3–8).

Previously reported evidence showed that deregulation of
genes that encode cell cycle regulators is common in CCA,
which highlights cell cycle inhibition as a logical strategy for
CCA treatment (9), and several preclinical studies, including our
work, have reported corroborating evidence (10–12). However, a
clinical study in CDK4/6 inhibitor monotherapy for CCA fell
short of expectations (13). There are some hypotheses that may
explain the aforementioned disappointing results. For one thing,
the shortcoming in clinical level may be a result of a failure to
identify the CCA with suitable molecular profiles for the CDK4/6
inhibition. Second, the efficacy of CDK4/6 inhibitor
monotherapy may be compromised by the emergence of
acquired drug resistance, which can develop rapidly. These
challenges will need to be overcome to leverage the benefit of
the cell cycle inhibitors in CCA. Considering the inevitable
emergence of drug resistance, identification of rational
combinations is an appealing concept, and one of the most
active fields of study in cancer drug resistance (14).

It has been demonstrated that cancer cells that are being
treated with drugs try to adapt and reprofile their molecular
networks to survive, proliferate, and become drug-resistant. This
adaptation comes at a fitness cost of some collateral physical
characters, which may result in an acquired vulnerability
(acquired sensitivity) within the drug-resistant cancer cell (15).

In the present study, we hypothesized that while under strong
CDK4/6 inhibition, CCA cells would reprofile their molecular
networks and, as a result, become dependent on a new converged
biological process/pathway to survive the inhibition. We then set
forth to identify the newly emerging therapeutic targets in
CDK4/6 inhibitor-resistant cancer cells by leveraging the
acquired vulnerability of the cancer cells that grew under
CDK4/6 inhibition in the hope that inhibition of the novel
target would synergize with CDK4/6 inhibition and prohibit
the escape of CCA from CDK4/6 inhibition. We performed
acquired vulnerability screening and analyzed pathway
reprofiling in CDK4/6 inhibitor-resistant CCA. Our results
revealed an acquired vulnerability of resistant CCA cells to
ribosome biogenesis stress, and drug synergism between
Frontiers in Oncology | www.frontiersin.org 2304
CDK4/6 inhibitor and a drug already used in the treatment of
CCA, oxaliplatin. We also uncovered the mechanistic basis for
the observed drug synergism, and validated the efficacy of this
drug combination in both in vitro and in vivo CCA models,
which facilitates direct translation for clinical investigation of
these findings.
MATERIALS AND METHODS

Cell Culture and the Establishment of
Resistant Cell Lines
KKU-055 and KKU-213B cell lines were obtained from the
Japanese Collection of Research Bioresources (JCRB) Cell Bank
(Osaka, Japan). The culture methods were previously described
(10). Cell lines were routinely tested for mycoplasma.
Palbociclib-resistant cell lines and single-resistant clones were
generated as previously described (16, 17).

Cell Viability Assay
Palbociclib, ribociclib, abemaciclib, oxaliplatin, cisplatin, and
actinomycin D were purchased from Selleck Chemicals
(Houston, TX, USA). Phenanthriplatin was generously
provided by Professor Stephen J Lippard of the Department of
Chemistry, Massachusetts Institute of Technology, Boston, MA,
USA. Drug testing in resistant cell lines and 3-demensional (3D)
spheroids was performed as previously described (10).

Western Blotting and Immunoprecipitation
Assay
The whole-cell lysates were prepared by lysis in 0.5% NP-40
buffer (NP-40, 1 M HEPES pH 7.4, 5M NaCl, 0.5M EDTA pH 8)
supplemented with a protease inhibitor and a phosphatase
inhibitor (Thermo, 78420, USA). The nuclear-cytoplasmic
fractionation lysates were prepared using cytoplasmic buffer
(10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT,
0.05% NP-40, pH 7.9) and nucleoplasmic buffer (5 mM HEPES,
1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% glycerol, pH
7.9). Equal amounts of lysate were used for Western blotting as
previously described (10). Immunoprecipitation was performed
according to standard protocol (18).

Immunofluorescence Staining
Cells were seeded in six-well plates at a 2,000 cell/well density
and incubated for 24 hours. The next day, the culture medium
was removed and new culture medium treated with 5 mM
oxaliplatin, 0.5 mM cisplatin, or Vehicle was added into
different wells and reincubated for 24 hours (10).

Proteomic Analysis by Quantitative
Mass Spectrometry
Two palbociclib-resistant clones (KKU-055R29 and KKU-
055R30) and the KKU-055wt were selected for 3-plex dimethyl
labeling proteomic analysis. The cells were lysed in 8 M urea lysis
buffer containing protease and phosphatase inhibitors (Thermo,
78420, USA). Equal amounts of whole-cell lysate were digested,
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labeled, fractionated, and subjected to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) using the Q Exactive™

Plus Hybrid Quadrupole-Orbitrap™ mass spectrometer as
previously described (19). The raw data were analyzed for
protein identification and relative quantification using
MaxQuant software (Max Planck Institute of Biochemistry,
Planegg, Germany). The files were searched against the human
UniProt database (August 2019) using previously described
search parameters (19). Proteins matched the reverse database
and contaminants were excluded, and imputed missing values
were derived from the normal distribution (width: 0.3,
downshift: 0.5). The pathway analysis was performed and the
statistics were calculated using Perseus software (version 1.6.14.0,
Max Planck Institute of Biochemistry).

Gene Set Enrichment Analysis
Gene expression profile from the Kyoto Encyclopedia of Genes
and Genomes (KEGG) ribosome signature gene set (88 genes by
gene family) analysis was performed as previously described (10).
The normalized enrichment score was calculated, and the genes
with a positive rank metric score were specified.

In Vivo Studies
The protocols for all in vivo experiments in this study were
approved by the Mahidol University – Institute Animal Care and
Use Committee. Experiments were performed as previously
described (10). A total of 10 × 106 of KKU-055 cells was
subcutaneously injected into female 2-month-old non-obese
diabetic/severe combined immunodeficiency (NOD/SCID)
mice, and the resulting tumor was allowed to grow to 0.5 cm
in diameter. After that, 75 mg/kg palbociclib was administered
daily via oral gavage until the tumor re-grew during treatment to
obtain a palbociclib-resistant tumor. The palbociclib-resistant
tumor was then excised and engrafted into a new cohort of study
mice. After confirmation of tumor engraftment, 75 mg/kg
palbociclib daily via oral gavage, 5 mg/kg oxaliplatin weekly
via intraperitoneal injection, or the combination of both was
given to tumor engrafted study mice. Hematoxylin and eosin
(H&E) staining of mouse tumor tissues was performed according
to standard protocol (10).

Drug Testing in Patient-Derived Organoids
The study protocol was approved by the Institutional Review
Board for Human Research (SI494/2019 and NCI006/2020).
Intrahepatic CCA tissues were pasted using surgical blades and
then washed with 12 ml of wash media (advanced DMEM/F12
containing 1 x Glutamax™ (Thermo, 10565018, USA), 10 mM
HEPES, and 100 U/ml Penicillin/Streptomycin). The tissue paste
was collected by centrifugation at 400 x g, 4°C for 5 min, then
digested with 5 ml of the wash media containing 2 mg/ml
collagenase D at 37°C for 30 min. Undigested tissues were
filtered out with cell strainers. The cells were embedded in 70%
matrigel and cultured in organoid culture media (20) until
organoids formed. The organoids were dissociated into single
cells by incubating with 1 ml of TrypLETM Express (Gibco,
12604021, USA) at 37°C for 5 min. In a 384-well plate format, the
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cells suspended in organoid culture media containing 5%
matrigel were plated at 1000 cells/well, and incubated for 72 h.
Eight concentrations of each drug with the following final
concentrations: Palbociclib at 10, 5, 1, 0.5, 0.25, 0.125, 0.062,
and 0.031 mM; Oxaliplatin at 100, 50, 10, 5, 2.5, 1.25, 0.62, and
0.31 mM; Palbociclib plus Oxaliplatin combination at 1:1 ratio,
were added and incubated for 5 days. Cell viability was measured
using ATPlite™ Luminescence Assay System (Perkin Elmer,
Waltham, MA, USA) following the manufacturer’s instruction,
and the cell viability percentages were calculated by normalizing
with non-treated control (0.05% DMSO).

Statistical Analysis
Unless otherwise stated, comparison was made and statistical
significance was determined between groups using a two-sided
Student’s t-test. A p-value of less than 0.05 was considered
statistically significant for all tests. Data are shown as the mean
± standard deviation (SD) of at least 3 experiments. Analysis of
variance (ANOVA) or Kruskal-Wallis test was used for
comparisons among 3 or more groups.
RESULTS

Characterization of CDK4/6
Inhibitor-Resistant CCA Cells
To investigate acquired vulnerability in CCA cells that proliferate
despite CDK4/6 inhibition, we developed the CDK4/6 inhibitor-
resistant CCA cell lines KKU-055R and KKU-213BR from
parental KKU-055 (KKU-055wt) and KKU-213B (KKU-
213Bwt) cells by culturing the parental cells with the CDK4/6
inhibitor palbociclib using a step-wise dosing protocol
(Figure 1A). The KKU-055R and KKU-213BR palbociclib
GR50s were 18.57- and 15.53-fold higher than that of the
parental cells, respectively (Figure 1B). We isolated and
expanded up to 29 single cells (clones) from KKU-055R, and 13
clones fromKKU-213BR to study various mechanisms of CDK4/6
inhibitor resistance (Figure 1A). We validated that these drug-
resistant clones were resistant to the all of the FDA-approved
CDK4/6 inhibitors (i.e., palbociclib, ribociclib, and abemaciclib)
(Figures 1C, D, and Supplementary Figures 1A, B). The resistant
clones divided under CDK4/6 inhibitor treatments with varied
rates and doubling times, which suggests heterogeneous behavior
among the cells (Figures 1E, F). We then explored the
mechanisms of drug resistance in 12 randomly selected KKU-
055R clones by immunoblotting (Supplementary Figure 1C).
Virtually all of the representative clones demonstrated altered
levels of proteins previously reported to be associated with CDK4/
6 inhibitor resistance (21). More specifically, clones 8, 18, and 30
showed pRB downregulation; clones 12, 15, 18, 27, 28, and 29
showed CDK4-Cyclin Ds downregulation and cyclin E
upregulation; and, clones 12, 15, 27, 28, and 30 showed CDK6
overexpression that correlated with slight upregulation of
phospho-S6 kinase. These results indicated that we had
established CDK4/6 inhibitor-resistant CCA clones that had
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developed varied adaptive molecular profiles to survive under
CDK4/6 inhibitor treatment.
Acquired Vulnerability Screening
Uncovered Hypersensitivity of CDK4/6
Inhibitor-Resistant Clones to Ribosome
Biogenesis Stress
We used the IncuCyte® Live-Cell Analysis System to perform
acquired vulnerability screening by comparing the 5-day growth
curves of twenty-nine resistant KKU-055R clones to the growth
curves of KKU-055wt while under treatment with individual drugs
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from a small cancer drug library that covered 25 cancer pathways
plus commonly used chemotherapies. We defined acquired
vulnerability as positive when the average (n=4) area under the
curve (AUC) of a resistant clone was smaller than the AUC of the
parental cell by at least two fold (Figure 2A). As expected, we found
all of the KKU-055R clones to universally resistant to all 3 of the
CDK4/6 inhibitors (i.e., palbociclib, ribociclib, and abemaciclib)
[Figure 2B (blue color indicates less sensitivity to a drug compared
to the sensitivity observed in KKU-055wt]. None of the resistant
clones acquired vulnerability to the standard first-line CCA
chemotherapy gemcitabine or cisplatin, except clone 12, which
developed sensitivity to cisplatin (shown in red). We also found
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FIGURE 1 | Characterization of CDK4/6 inhibitor-resistant CCA cells. (A) Palbociclib-resistant KKU-055 and KKU-213B CCA cells (KKU-055 pooled R, and KKU-
213B pooled R) were generated using a step-wise dosing protocol, and then isolated into single clones via serial dilution. All resistant cells were maintained in 1 µM
palbociclib. (B) Palbociclib dose-response curves for parental KKU-055wt and pooled resistant cells. Error bars represent standard deviation of triplicate cultures.
(C) Palbociclib dose-response curves for KKU-055wt and resistant clones. Error bars represent standard deviation of triplicate cultures. (D) Abemaciclib and
ribociclib dose-response curves for KKU-055wt and resistant clones. Error bars represent standard deviation of triplicate cultures. (E) Relative confluencies of
resistant KKU-055 clones compared to KKU055wt under 140 nM palbociclib or 100 nM abemaciclib treatment at 120 hours. (F) Doubling time of KKU-055wt and
twenty-nine KKU-055-resistant clones.
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that several resistant clones became hypersensitive to mTOR
inhibitors [i.e., everolimus (13/29 clones), and rapamycin (6/29
clones)] (Figure 2B), which is consistent with previous findings
from breast cancer studies that investigated whether targeting
activated PI3K/mTOR signaling may overcome acquired
resistance to CDK4/6-based therapies (21–23). Unexpectedly, we
found that most of the resistant clones (25/29 clones, 86.2%) had
acquired sensitivity to oxaliplatin, which is a platinum agent that is
used in combination with fluoropyrimidine, or gemcitabine as one
of the standard second-line CCA treatment (Figure 2B,
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Supplementary Figure 2A). To validate the acquired vulnerability
to oxaliplatin, we generated oxaliplatin dose-response curves for
several KKU-055R and KKU-213BR clones, as well as for pools of
KKU-055R, and KKU-213BR cells. We found a consistent
reduction in oxaliplatin GR50s in all the clones and pooled
resistant cells (Figures 2C–E). Oxaliplatin is an atypical platinum
agent, which unlike the prototypical cisplatin, kills cancer cells by
interfering with ribosome biogenesis (24). Clonogenic survival assay
confirmed that the resistant clones were more sensitive to
oxaliplatin compared to KKU-055wt cells (Supplementary
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FIGURE 2 | Cancer drug library screening reveal the acquired vulnerability of CDK4/6 inhibitor-resistant clones to ribosome biogenesis stress. (A) Acquired
vulnerability concept (top). Drugs were considered to be acquired vulnerability-positive when the 5-day area under the cell proliferation curve (AUC) of a resistant
clone was lower than 50% of the AUC of the parental cell (left). A small cancer drug library (right). (B) Heat map showing the relative sensitivity of each KKU-055-
resistant clone compared to KKU-055wt (less sensitive: blue, more sensitive: red). (C) Oxaliplatin dose-response curves for KKU-055wt, KKU-213B, and their pooled
resistant cells. (D) Oxaliplatin dose-response curves for KKU-055wt and resistant clones. (E) Oxaliplatin dose-response curves for KKU-213Bwt and resistant clones.
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Figure 2B). We then tested the relative sensitivity of the resistant
clones to other drugs known to interfere with ribosomal biogenesis,
such as phenanthriplatin (24) and actinomycin D. We found most
of the KKU-055R and 213BR clones tested and the pooled resistant
clones to be vulnerable to anti-ribosome biogenesis drugs
(Supplementary Figures 2C–H). To further confirm the target of
oxaliplatin in the ribosomal pathway, we also treated CCA cells with
omacetaxine, which is a ribosome inhibitor whose anti-cancer
function relies on intact ribosome function. We found that
increasing the dose of oxaliplatin antagonized the anti-cancer
activity of omacetaxine, which suggests that both drugs exploit a
similar biological pathway to inhibit cancer cells (Supplementary
Figure 3A). Of note, the observed antagonism was more noticeable
in resistant KKU-055R cells compared to the parental cells, which
suggests a more pronounced ribosomal dependency in the resistant
cells. In addition, to exclude the possibility that resistant cells
acquired a vulnerability to DNA damage-induced killing, we
treated KKU-055R clones with various doses of cisplatin. We
found that none of the resistant clones acquired sensitivity to
cisplatin compared to the KKU-055wt (Supplementary
Figure 3B). We, therefore, concluded that our acquired
vulnerability screen had uncovered an acquired vulnerability to
ribosomal biogenesis stress that may be targeted by oxaliplatin, an
anti-ribosomal biogenesis drugs.
Altered Ribosome Expressions in CDK4/6
Inhibitor-Resistant CCA Cells
To understand the acquired sensitivity to anti-ribosome biogenesis
agents, we quantitatively analyzed the proteomic profiles of resistant
clones. We selected KKU-055R30 with a low level of pRB, and
KKU-055R29 with cyclin E overexpression to compare with KKU-
055wt cells. We found quite similar proteomic changes in both
resistant clones. Top changes that were shared between the two
resistant clones were cell cycle (p=0.0000017 vs. p=0.0000013),
amino acid and glucose metabolism (p=0.0000014 vs.
p=0.0000085), phagocytosis (p=0.0000031 vs. p=0.000023),
regulation of actin (p=0.00000078 vs. p=0.0000058), and
ribosomal proteins (p=0.0000044 vs. p=0.000013), all respectively
(Figure 3A). As a result of the acquired vulnerability to anti-
ribosomal biogenesis agents observed in the resistant cells, we
focused on common changes in ribosomal proteins. We found
significant enrichment of 15, and 10 ribosomal proteins in KKU-
055R29, and KKU-055R30, respectively (Figure 3B). Individually,
Ribosomal Protein (RP) Large subunit 29 (RPL29) was the most
significantly upregulated in both resistant cells compared to KKU-
055wt (Figure 3C).

Interestingly, we found the levels of RPL29 in resistant cells to be
associated with drug treatment. More specifically, RPL29 was
upregulated under palbociclib treatment, but it was downregulated
under oxaliplatin treatment (Figure 3D and Supplementary
Figures 4A, B). This finding suggests a functional role of RPL29 in
CCA survival under these two treatments. Interestingly, the level of
RPL29 was also suppressed in oxaliplatin treatment in spite of
palbociclib treatment (Supplementary Figure 4B). The drug-
induced ribosomal changes were specific to RPL29, but not to the
other key RPs in the ribosome checkpoint pathway, such as RPL5,
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RPL11, and RPS14 (Figure 3D). Of note, cisplatin treatment did not
cause any noticeable change in RPL29 expression (Figure 3E).
Interestingly, we also observed drug-induced changes in RPL29 in
the CDK4/6 inhibitor sensitive KKU-055wt cells, in a lesser extent
(Supplementary Figure 4B), which suggests that drug-induced
changes in RPL29 are a consequence of molecular reprofiling in
resistant cells. RPL29 is a long half-life protein that was stable for 96
hours under cycloheximide treatment. We found that oxaliplatin
significantly shortened the half-life of RPL29 to 20 hours
(Figures 3F, G). Oxaliplatin had no effect on the half-life of RPL5
orRPL11 (Figure5F).Therefore, to surviveCDK4/6 inhibition,CCA
cells reprofiled theirmolecularnetworks as reflectedbydrug-induced
changes in RPL29. To further investigate whether RPL29 plays an
essential role in the survival of the resistant clones, we partially
depleted RPL29 by 2 independent sequences of RPL29 siRNA
(Supplementary Figure 4C). We found that RPL29 siRNA-a, and
b, which depleted 50% of the endogenous RPL29, significantly
decreased the survival of the resistant clones, and the addition of
palbociclib further decreased the survival of the resistant clones
(Figures 3H-J).

Ribosome Biogenesis Checkpoint-
Mediated Activation of p53 in CDK4/6
Inhibitor-Resistant Clones Under
Oxaliplatin Treatment
Ribosomal biogenesis is tightly linked to cellular activities, such
as growth and cell cycle progression. Perturbation of ribosomal
biogenesis can cause nucleolar stress. The process through which
RPs transmit nucleolar stress signals via MDM2-p53 has been
described as a crucial tumor suppression mechanism (25).
Downregulation of RPL29 has been linked to p53 activation by
RPL5/11 sequestration of MDM2 in the nucleus (18, 26–28).
Since we found that oxaliplatin promotes downregulation of
RPL29, we hypothesized that oxaliplatin triggers RPL5/11-
mediated MDM2 sequestration and p53 activation in CDK4/6
inhibitor-resistant cells.

As shown by the immunoblots in Figure 4A, oxaliplatin
downregulated RPL29 in all of the resistant clones tested (to a
lesser extent in wild-type cells), and promoted relocation of RPL5
and RPL11 from the cytoplasm to the nucleus. We also detected
activation of p53 as indicated by elevated p53 S9 phosphorylation,
and upregulation of the p53 functional target p21 (Figure 4A).
Translocation of RPL5 and RPL11 was also confirmed by
immunofluorescence staining (Figure 4B and Supplementary
Figure 5A). The drug-induced relocalizations of RPL5 and
RPL11 were specific to oxaliplatin – not cisplatin (Figure 4C
and Supplementary Figure 5B).

We demonstrated by co-immunoprecipitation an increase in
MDM2-RPL5/11 complex in the resistant cells upon oxaliplatin
treatment (Figure 4D and Supplementary Figure 5C). We also
observed the departure of p53 from the MDM2 complex upon
oxaliplatin treatment (Figure 4D). We, therefore, concluded that
under oxaliplatin treatment, RPL29 was suppressed, and RPL5/
11 were relocalized to the nucleus to sequestrate MDM2, which
caused p53-mediated growth inhibition in the resistant
cells (Figure 4E).
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FIGURE 3 | Dysregulated expression of specific ribosomal protein in CDK4/6 inhibitor-resistant CCA cells. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichments in palbociclib-treated KKU-055R29 (left) and KKU-055R30 (right) compared to untreated KKU-055wt. (B) Ribosome gene set enrichment shows
significant ribosomal protein enrichment in palbociclib-treated KKU-055R29 and KKU-055R30 compared to untreated KKU-055wt (p<0.05). The heat map shows the
enrichments in triplicate (highest in red, lowest in blue). Ribosomal proteins in the RPL29 complex are shown in bold. (C) Volcano plots of protein expressions in palbociclib-
treated KKU-055R29 (left) and KKU-055R30 (right) compared to untreated KKU-055wt. (D)Western blot analysis of ribosomal proteins in KKU-055-resistant clone R29 after
24 hours of treatment with 1 µM palbociclib, 5 µM oxaliplatin, or vehicle. b-Actin was used as the loading control. (E)Western blot analysis of ribosomal proteins in KKU-
055wt and KKU-055-resistant clones after 24 hours of treatment with 0.5 µM cisplatin or vehicle. (F)Western blot analysis of ribosomal proteins in KKU-055-resistant clone
R29 (right) after 24-, 48-, and 96-hours of treatment with vehicle, 0.5 µM cycloheximide, or 0.5 µM cycloheximide combined with 5 µM oxaliplatin. (G)Quantitation of RPL29
half-life in KKU-055wt compared to that of KKU-055R. At each time point, the protein amount was quantitated and normalized relative to b-actin. (H) Phase-contrast images
of KKU-055-resistant clone R29 treated with non-targeting siRNA (siCtrl) or RPL29 siRNAs (siRPL29-a, siRPL29-b) for 48 hours, and then treated with 0.5 uM palbociclib
(PD) or vehicle for 72 hours. (I) Images of crystal violet staining from H. (J) Relative survival from F was quantified. The bars represent the average of 3 replicates ± standard
deviation (SD). Analysis for statistical significance was performed using Student’s t-test (*p≤0.05, and ***p≤0.001).
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Oxaliplatin Synergizes With Palbociclib to
Inhibit CDK4/6 Inhibitor-Resistant CCA
We set forth to evaluate the efficacy of CDK4/6 inhibitor and
oxaliplatin combination therapy for preventing cancer drug
resistance. We performed in vitro cancer inhibition assays of
different oxaliplatin+palbociclib combinations, and we
calculated the combination index (CI) for each combination.
We found that most of the evaluated combinations generated
synergistic effect (CI <1), and that a higher dose of oxaliplatin
produced stronger synergism (Figure 5A). Similar results were
Frontiers in Oncology | www.frontiersin.org 8310
observed in the phenanthipatin+palbociclib combination
(Supplementary Figure 6A). Results from isobologram
confirmed the synergistic effect between oxaliplatin and
palbociclib with 90%, 75%, and 50% growth inhibition (Fa 90,
75, 50, respectively) (Figure 5B). These results were also
validated in 3D spheroid models (Supplementary Figure 6B).

Mechanistically, palbociclib exerts a cytostatic effect in vitro
(Figure 5C). The addition of low-dose oxaliplatin (GR50 of
parental KKU-055wt cells) effectuated small upregulation of the
dying annexin V-positive KKU-055wt cells. In contrast, it caused
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FIGURE 4 | Oxaliplatin treatment promotes growth inhibition in the CDK4/6 resistant clones through p53 activation. (A) Western blot analysis of RPL29, RPL5,
RPL11, p-p53 (S9), and p21 in the nucleus (N) and cytoplasm (C) of KKU-055wt and KKU-055-resistant clones after 24-hours of treatment with 5 µM oxaliplatin or
vehicle. (B, C) Fluorescence images of RPL11 in KKU-055wt and KKU-055-resistant clones after 24 hours of treatment with 5 µM oxaliplatin (B) or 0.5 µM cisplatin
(C) compared to vehicle control (VC). DAPI (4′,6-diamidino-2-phenylindole) staining was performed to identify the nucleus. Percent intensity quantification is shown in
bar graphs. The bars represent the averages of 3 replicates ± SD. Analysis for statistical significance was performed using Student’s t-test (***p≤0.001, ns; not
statistically significant). (D) Immunoprecipitation of MDM2 interacting proteins in a resistant clone under 24-hours of oxaliplatin treatment. Western blot analysis of the
MDM2 interactors is shown on the left, and expressions of endogenous proteins are shown on the right. b-Actin was used as the loading control. (E) Schematic of
oxaliplatin-induced RPL29 degradation and RPL5/11-MDM2-mediated p53 activation in palbociclib-resistant cells.
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FIGURE 5 | Dual oxaliplatin plus palbociclib synergistically inhibited emergence of drug-resistant cells. (A) Combination index matrices of indicated doses of
palbociclib and oxaliplatin combination treatment in KKU-055wt and resistant clone R29. Colors in the matrix indicate different levels of drug effect (synergistic: blue,
antagonistic: red). (B) Isobologram of 0.13 µM palbociclib and 1.25 µM oxaliplatin combination treatment in KKU-055 resistant clone R29. (C) Annexin V assay of the
KKU-055wt and resistant clones treated with 0.13 µM palbociclib, 4 µM oxaliplatin, the combination of both, or vehicle for 48 hours. Percent annexin V-positive cells
quantification is shown in bar graphs. The bars represent the average of 4 replicates ± SD. Analysis for statistical significance was performed using Student’s t-test
(*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). (D) Clonogenic survival assay of KKU-055wt and resistant clones that were treated with 1 µM palbociclib, 5 µM oxaliplatin,
the combination of both, or vehicle (left). The resistant clones were cultured in medium without drug for six weeks (drug holiday), and then treated with 1 µM
palbociclib, 5 µM oxaliplatin, the combination of both, or vehicle (middle). The results are representative wells of triplicates. Percent intensity quantification is shown in
bar graphs (right), and the bars represent the average of 3 replicates ± SD. (E) The emergence of drug-resistant cells was demonstrated by crystal violet staining.
Two-month cultures of KKU-055wt cells under 0.5 µM palbociclib, 5 µM oxaliplatin, and the combination of both in 2 of 96-well plates (192 wells). The number of
emergences well was counted and plotted in a bar graph (right). (F) KKU-055 pooled R and KKU-213B pooled R were treated with the combination of 0.5 µM
palbociclib and 5 µM oxaliplatin (upper), or sequentially treated with 5 µM Oxaliplatin for 7 days and followed by 0.5 µM Palbociclib for another 7 days (lower) for 2
months. The emergence of the drug-resistant cell were shown in crystal violet staining.
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significant increases in annexin V-positive cells in all resistant
clones, as well as in the pooled cells. Similar results were observed
in the oxaliplatin + plabociclib combination (Figure 5C).

Drug resistance, whether preexisting or acquired, is largely
thought to be a stable and heritable process. However, over the
past few decades, clinical evidence has suggested the role of unstable
(reversible) non-heritable mechanisms of acquired drug resistance
that affect chemotherapy and targeted agents. We, therefore,
examined whether oxaliplatin can overcome both stable and
reversible types of CDK4/6 inhibitor resistance. After a 6-week
drug holiday, several CDK4/6 inhibitor-resistant clones (i.e., 22, 25,
and 26) retained their CDK4/6 inhibitor resistance, which indicated
stable resistance in these clones. In contrast, the resistance to
palbociclib was reversed in some clones, such as 9 and 21
(Figure 5D), which indicates reversible resistance.

We found oxaliplatin to be effective against both stable and
reversible resistancewhengiven to the cellswithout drugholiday, or
when given in combinationwith palbociclib (Figure 5D, left panel).
After a 6-weekdrugholiday, oxaliplatinwas still effective against the
clones with stable resistance (clones 22, 25, 26). However,
oxaliplatin monotherapy was not effective against the cells with
reversible resistance. Interestingly, only the oxaliplatin+palbociclib
combination was relatively effective against the reversed clones
(Figure 5D, right panel). These findings indicate that continuous
pressure from CDK4/6 inhibition is required to maintain acquired
vulnerability to oxaliplatin. We then investigated the application of
CDK4/6 inhibitor and oxaliplatin combination for preventing the
emergenceofdrug-resistant cells.Weperformed long-termcultures
ofKKU-055wt cells underhighdosesofpalbociclib, oxaliplatin, and
the combination of the two for 2 months in 2 of 96-well plates (192
wells) (Figure 5E).Within 2months, we found that 52 (27.1%) and
74 (38.5%) colonies of drug-resistant cells emerged in palbociclib
and oxaliplatin monotherapy, respectively; however, there was no
emergence (0%) of resistant cells from the combination treatment,
which indicates a complete block of drug resistance by this drug
combination. In contrast, complete suppression of resistant cells
was not achieved by the palbociclib+cisplatin combination
(Supplementary Figure 6C). Lastly, we found that the
combination regimen was more effective compared to the
sequential regimen in suppression of the pool drug resistant
KKU-055R, and KKU-214BR cells (Figure 5F).

Effect of Oxaliplatin+Palbociclib
Combination Treatment in an In Vivo
Model for CDK4/6 Inhibitor-Resistant CCA
and Patient-Derived Organoid Models
To assess the physiological effect and relevance of the oxaliplatin
+palbociclib combination, we developed a mouse xenograft
model for CDK4/6 inhibitor-resistant CCA. CDK4/6 inhibitor-
sensitive KKU-055wt cells were implanted into the flanks of
NOS/SCID mice, and the tumor was allowed to grow to 0.5 cm in
diameter. To obtain a CDK4/6 inhibitor-resistant tumor, we
treated the mice with 75 mg/kg/day palbociclib until the tumor
regrew under the treatment. The CDK4/6 inhibitor-resistant
tumor was then engrafted into a cohort of NOD/SCID mice to
generate the CDK4/6 inhibitor-resistant model (Figure 6A).
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Although 13/16 (81.3%) and 16/16 (100%) of the drug-
resistant tumors developed under palbociclib monotherapy and
oxaliplatin monotherapy, respectively, only half (10/20, 50%) of
the palbociclib-resistant tumors grew under the oxaliplatin
+palbociclib combination treatment, which suggests that the
combination therapy was more effective than monotherapy in
the in vivo setting (Figure 6B). This combination treatment was
also effective in suppressing tumor invasion and metastasis. We
did not detect any tumor metastasis or invasion in the mice
under combination therapy (0/20 tumors injected). In contrast,
we found 12/16 and 3/16 metastasis sites/tumor injected in mice
treated with palbociclib and oxaliplatin monotherapy,
respectively (Figure 6C). In agreement with the in vitro cell
death results, tumors extracted from combination treated mice
and oxaliplatin monotherapy treated mice contained a large
proportion of cancer cell death and necrosis (Figures 6D, E).
To evaluate the clinical relevance of the combination, we tested it
against 2 models of drug-naïve patient-derived intrahepatic CCA
organoid, and we found that the combination was effective
against the CCA organoids and lowered of the effective dose of
each drug (Figures 6F, G). Taken together, these results indicate
the comparative effectiveness of oxaliplatin+palbociclib
combination therapy against drug-naïve CCA and CDK4/6
inhibitor-resistant CCA cells in the in vivo settings.
DISCUSSION

Acquired vulnerability screening in CCA clones under CDK4/6
inhibitor treatment revealed that while attempting to survive and
proliferate under CDK4/6 inhibition, CCA cells alter their
ribosomal balance, which results in a novel drugable weakness.
Our approach did not focus on identification of the drug-resistant
mechanism, but rather on the exploitable profile of the resistant
cells. The resistant clones that we developed reflected clonal
heterogeneity, and possessed several possible CDK4/6 inhibitor-
resistantmechanisms. Fortunately,we found that almost all of them
succumbed to the anti-ribosome biogenesis drug oxaliplatin. Via a
series of experiments, we demonstrated that different CDK4/6
inhibitor-resistant mechanisms may translate into a common
weakness in ribosome biogenesis that can be targeted by
oxaliplatin, one of the standard drug used in CCA treatment.

In addition to their primary function in ribosome biogenesis,
many RPs have extraribosomal functions (22, 23), such as
apoptosis, cell cycle arrest, cell migration, and invasion (24).
RPL29 was identified as an oncoprotein because of its ability to
promote cancer cell proliferation, to promote tumor angiogenesis,
and to inhibit cell differentiation (25–28). Expression of RPL29was
also reported to be associated with cancer drug resistance (29). In
this study, we showed that RPL29 is a central protein that enables
the survival of CCA under CDK4/6 inhibition, and that oxaliplatin
treatment results in early degradation of RPL29 and cancer cell
death, which is mediated at least partly by p53-mediated cell death.
A functional link between ribosome biogenesis stress and cell cycle
control was recently established. Imbalanced expression of
ribosomal proteins can trigger cell cycle arrest or cell death as a
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result of CDK4 binding and blocking by RPS14 or RPL22, or p53
activation by RPL5 or RPL11 (30–32). Interestingly, we showed a
novel feedback mechanism by which cell cycle arrest by drug
inhibitor stimulates upregulation of an oncogenic ribosomal
protein. Further study is needed to elucidate how CDK4/6
inhibition causes RPL29 upregulation.

CDK4/6 inhibitors have shown great potential as new resources
against cancer. However, their effect as single agents is limited, and
the focus now is on identifying novel drug combination strategies.
The cooperation between CDK4/6 inhibitors and endocrine
therapy has been quite successful in estrogen-positive breast
cancers. Other pathways that depend on CDK4-cyclin D
complex, such as RAS-ERK and PI3K-AKT-mTOR, may also be
Frontiers in Oncology | www.frontiersin.org 11313
good options for combination with CDK4/6 inhibition (33). Our
results demonstrate a new approach in which we induced acquired
dependency ofCCAcells on ribosomebiogenesis created byCDK4/
6 inhibition. In agreement with this notion, our results showed that
continuous pressure fromCDK4/6 inhibition is needed to produce
optimumanti-cancer activity. Byway of example,we found that the
oxaliplatin+palbociclib combination outperformed oxaliplatin
monotherapy in resistant mouse model.

Since oxaliplatin is already a component of some of the standard
regimens forCCA. i.e. FOLFOX, FOLFIRINOX,GemOx, the addition
of a CDK4/6 inhibitor to oxaliplatin is an appealing possibility.

We showed that oxaliplatin treatment can accelerate RPL29
degradation, but we still do not know howRPL29 is upregulated by
A

B D

E

F G

C

FIGURE 6 | Palbociclib treatment enhances the antitumor effect of oxaliplatin in an in vivo model. (A) Schematic of the in vivo study. (B) The number of drug-resistant
tumors that developed under Palbociclib (PD), oxaliplatin (OX), or palbociclib and oxaliplatin combination (PD+OX) treatment. (C) The number of invasion and metastasis
sites in mice treated with palbociclib, oxaliplatin, or palbociclib and oxaliplatin combination treatment. (D) Hematoxylin and eosin (H&E) staining was used to identify areas
of necrosis/apoptosis. (tumor area: T, coagulative necrosis area: N, apoptotic cell: black arrow). (E) Percent apoptotic and necrotic areas in each tumor were calculated
and are shown in a bar graph. The bars represent the average of each treatment ± standard error of the mean (SEM). Analysis for statistical significance was performed
using Student’s t-test (*p≤0.05, and **p≤0.01). (F–G) Dose response curves of patient-derived CCA organoids (PDO). The PDOs were treated with Palbociclib,
Oxaliplatin, or combination of Palbociclib+Oxaliplatin as indicated. Error bars represent standard deviation of triplicate cultures.
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CDK4/6 inhibition, especially in CDK4/6 inhibitor-resistant cells.
One possible explanation is that the activated PI3K-AKT-mTOR
pathway in the resistant clones causes collateral overproduction of
RPs (34). However, this cannot be a comprehensive explanation
because only about half of the clones contained an activated PI3K-
AKT-mTORpathway.Disturbed ribosomebiogenesis could alsobe
the result of altered RB or p130 activities in a cell trying to survive
under CDK4/6 inhibition (35) thereby causing derangement in
rRNA expression. We also do not know whether CDK4/6
inhibition-induced acquired vulnerability to oxaliplatin also
occurs in other types of cancer cells, or in cells with inherited
resistance to CDK4/6 inhibition.
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LncRNA USP2-AS1 Promotes
Hepatocellular Carcinoma Growth by
Enhancing YBX1-Mediated HIF1a
Protein Translation Under Hypoxia
Shi-Ping Chen1†, Gui-Qi Zhu1†, Xiao-Xia Xing2,3†, Jing-Lei Wan2, Jia-Liang Cai2,
Jun-Xian Du4, Li-Na Song2, Zhi Dai2,3* and Jian Zhou1*

1 Department of Liver Surgery and Transplantation, Liver Cancer Institute, Zhongshan Hospital, Fudan University; Key
Laboratory of Carcinogenesis and Cancer Invasion of Ministry of Education, Shanghai, China, 2 Liver Cancer Institute,
Zhongshan Hospital, Fudan University, Shanghai, China, 3 State Key Laboratory of Genetic Engineering, Fudan University,
Shanghai, China, 4 Department of General Surgery, Zhongshan Hospital, Fudan University, Shanghai, China

Recently, the role of lncRNAs in tumorigenesis and development has received increasing
attention, but the mechanism underlying lncRNAs-mediated tumor growth in the hypoxic
microenvironment of solid tumors remains obscure. Using RNA sequencing, 25 hypoxia-
related lncRNAs were found to be upregulated in HCC, of which lncRNA USP2-AS1 were
significantly increased under hypoxia. We further confirmed that USP2-AS1 was
significantly upregulated in liver cancer using FISH assay and that USP2-AS1 was
associated with advanced liver cancer and increased tumor size. Furthermore,
overexpression of USP2-AS1 under hypoxia dramatically increased HCC proliferation
and clone formation, whereas the opposite results were observed after USP2-AS1
knockdown. We also found that overexpression of USP2-AS1 increased migration and
invasion of HCC cells, while USP2-AS1 knockdown led to the opposite effect. In addition,
USP2-AS1 knockdown can increase the efficacy of lenvatinib in our mice tumor xenograft
model. Our findings also suggest that USP2-AS1 could increase the protein level of HIF1a
by enhancing YBX1 protein binding to HIF1a mRNA under hypoxia and the therapeutic
effect of lenvatinib can be enhanced by combination with HIF1a inhibitors in liver cancer.

Keywords: TME: tumor microenvironment, USP2-AS1: ubiquitin specific peptidase 2 antisense RNA 1, YBX1: Y-box
binding protein 1, lncRNA, HIF1a, Lenvatinib, hypoxia, HCC
Abbreviations: HCC, Hepatocellular carcinoma; OS, Overall survival; TME, Tumor microenvironment; DFS, Disease-free
survival; USP2-AS1, ubiquitin specific peptidase 2 antisense RNA 1; RIP, RNA immunoprecipitation; TCGA, The Cancer
Genome Atlas; YBX1, Y-box binding protein 1; HIF1a, hypoxia inducible factor 1 subunit alpha; FISH, Fluorescent in situ
hybridization; Edu,5-Ethynyl-2’-deoxyuridine; ECL, Enhanced Chemiluminescence; LIHC, Liver Hepatocellular Carcinoma;
GO, Gene oncology; NC, Normal Contrast.
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INTRODUCTION

Liver cancer, including hepatocellular carcinoma (HCC) (80% of
cases), is the fourth most common cancer and one of the leading
causes of cancer-related mortality. About 50% of all liver cancer
cases and deaths worldwide occur in China (1). HCC can be
treated by different treatments, including liver transplantation,
surgical resection, chemotherapy and radiation, targeted
therapy, and immunotherapy. However, drug resistance
and recurrence are common. Liver cancer has a five-year
survival of less than 30% (2, 3). Therefore, insights into
hepatocarcinogenesis are urgently needed to find effective
therapeutic targets for HCC.

Hypoxia is one of the important features of the tumor
microenvironment (TME) and is essential for tumor growth
and progression (4). Hypoxia affects tumor angiogenesis (5),
metabolic reprogramming (6), enhancing tumor invasion and
metastasis ability (7), and immune escape (8, 9) by regulating
different genes. Hypoxia-induced resistance to drug therapy has
attracted a lot of attention from researchers (10–13). Hypoxia-
inducible factor-1a (HIF1a) is a master regulator and interacts
with upstream binding sites (called HIF regulatory elements) of
hypoxia-responsive genes. Increased level of HIF1a has been
shown to contribute to resistance to sorafenib and lenvatinib in
HCC since antiangiogenic drug treatment results in insufficient
oxygen supply, and elevated HIF1a and mediate the hypoxic
adaptation of tumor cells (13, 14). Hypoxia-induced sorafenib
resistance has been extensively investigated and METTL3
(methytrans ferase-like 3), HSP90a (heat shock protein 90
alpha), ATAD3A (ATPase family AAA domain-containing 3A),
FOXO3A (forkhead box O3), have all been found to be involved
in hypoxia-associated therapy resistance (15–18). However, the
association of hypoxia-mediated abnormal lncRNAs expression
and lenvatinib resistance remains uninvestigated.

Long non-coding RNAs (LncRNAs) are defined as non-
coding RNA molecules that are longer than 200 nucleotides in
length with limited or no protein-coding capacity and they have
been shown to play significant roles in cancer (19, 20). Abnormal
expression of lncRNAs mediates carcinogenesis, tumor
progression, and invasion. Olivero et al. demonstrated that p53
activates the lncRNA Pvt1b to inhibit Myc and suppress
tumorigenesis (21). SATB2-AS1 inhibits tumor metastasis by
regulating SATB2 (22). LncRNAs also affect immunotherapeutic
and chemotherapy efficacy and have different clinical and
prognostic implications (23–26). However, the effect of
hypoxia on the expression of lncRNAs remains elusive.

In this study, we identified 25 hypoxia-associated lncRNAs by
RNA sequencing (RNA-seq) that are both upregulated in HCC
tissues and Huh7 cells treated with hypoxia (1% O2) for 48
hours. We found that HCC patients with higher USP2-AS1
expression had a worse prognosis. We confirmed that lncRNA
USP2-AS1 promoted the proliferation and invasion of HCC by
enhancing YBX1-mediated HIF1a translation under hypoxia. In
combination with USP2-AS1 knockdown, the efficacy of
lenvatinib increased in a mouse model of subcutaneous
liver cancer.
Frontiers in Oncology | www.frontiersin.org 2317
MATERIALS ND METHODS

Cells Culture
The human hepatoma cell lines MHCC97H, Huh7, PLC,
MHCCLM3, Hep3B and human normal liver cells LO2 were
from Liver Cancer Institute, Zhongshan Hospital, Fudan
University. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM High Glucose Pyruvate, Gibco) with 10% fetal
bovine serum (FBS, Sigma) and 1% antibiotics in an incubator
with 5% CO2 at 37°C. For hypoxic treatment, cells were cultured
in a hypoxia incubator with 1% O2, 5% CO2, and 94% N2 for
48h, then were harvested. All cells used in this study have tested
negative for mycoplasma.

In Vivo Proliferation Assay
Five-week-old female BALB/c nude mice housed in a suitable
environment according to the protocols approved by the Animal
Ethics Committee of Zhongshan Hospital. 3×106 Huh7 cells with
USP2-AS1 overexpression or normal control after treated with
hypoxia (1% O2) for 48h were subcutaneously injected into either
side of the flank of each female nude mouse (n=4 mice per
group). All mice were sacrificed after 4 weeks for tumor weight
and volume measurement.

To explore the anti-tumor effect of lenvatinib combined with
USP2-AS1 knockdown, the mice were randomly divided into
two groups (n=4 mice per group), 3×106 Huh7 cells with USP2-
AS1 knockdown or Normal Contrast (NC) after treated with
hypoxia (1% O2) for 48h were subcutaneously injected into either
side of the flank of each female nude mouse. When the tumor
volume exceeded 50 mm3, lenvatinib solvent diluted with PBS
(22.6mg/kg per time for each nude mouse according to the
manufacturer’s instructions) or PBS (as Normal Contrast) was
administered by oral gavage, five times a week. Two weeks after
the injection of lenvatinib, the mice were sacrificed for tumor
weight and volume measurement.

Protein Extraction and Immunoblotting
The cells were plated in a six-well plate and washed twice with PBS,
then SDS-PAGE Sample Loading Buffer,1X 200uL (purchased from
Shanghai Beyotime Biotechnology Company) was directly added to
lyse the cells for protein extraction. The samples were then heated at
95°C for 10minutes and then loaded onto a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) to separate
proteins based on their different molecular weights. The gel was
then transferred to a nitrocellulose membrane. The membrane was
incubated with the corresponding primary and secondary
antibodies, and the signals were visualized by ECL (Enhanced
Chemiluminescence). The film was scanned by the ImageStudio
system, photographed, and preserved for follow-up analysis.

RNA Extraction and qRT-PCR
The RNA was extracted from cells or tissues with RNAeasy™

Animal RNA Isolation Kit with Spin Column (purchased from
Shanghai Beyotime Biotechnology Company, China) according
to the manufacturer’s protocol. Following the manufacturer’s
instructions, Hifair®II 1st Strand cDNA Synthesis SuperMix
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(YEASEN Biotechnology, Shanghai, China) PCR premix was
used for qRT-PCR. The gene expression level relative to GAPDH
was calculated by the 2-DDCT method. Each experiment was
performed in triplicates. The sequences of primers used in
qRT-PCR are listed in Supplementary Table 2.

Lentivirus, siRNA, and Cell Transfection
USP2-AS1 overexpression and knockdown lentiviral expression
vectors are provided by Tsingke Biotechnology Co., Ltd (Beijing,
China). Transfection was performed with corresponding
transfection reagents when the cell density reached 30%-50%.
6-8h after transfection, the medium was changed, and
puromycin was used for 48h for selection. After 2 weeks, a
stably transfected cell line was obtained. YBX1-siRNAs
and negative control siRNAs were provided by Ribobio
Biotechnology Co. , Ltd (Guangzhou, China). Viral
transfections were carried out using the corresponding viral
transfection reagents, Polyplus jetPRIME transfection reagents
were used for all siRNAs transfection.

Cell Proliferation and Colony
Formation Assay
Cell proliferation assays were carried out using the BeyoClick™

EdU Cell Proliferation Kit with Alexa Fluor 555(EdU-555,
Beyotime, China), according to the manufacturer’s protocols.
In brief, 5000 cells were cultured in a 96-well plate. After the
adherence of the cells, the 2 × Edu culture medium was
added and incubated for 2 hours. After fixing, washing, and
permeating, the configured Click Additive Solution was added
and incubated at room temperature in the dark for 30 minutes.
The nuclei were stained with Hoechst 33342 and incubated
at room temperature in the dark for 10 minutes. Finally,
the cells were observed and photographed using a
fluorescence microscope.

Clone Formation Assay
A total of 2000 cells were inoculated in a six-well plate. After the
cells adhered to the wall, they were cultured in the anoxic
incubator of 1% O2, and the culture medium was changed
twice a week. Cells were harvested after 15 days. Each
experiment was performed with three replicates.

Migration and Invasion Assay
Cell migration and invasion assays were carried out using the
Boyden chamber (BD Bioscience) with an aperture of 8um with
or without Matrigel, and the experiments were performed
according to the manufacturer’s protocols. The cells were
washed with PBS and digested into a single-cell suspension.
1 × 105 cells (suspended in 200ul medium containing 10%FBS)
were added to the upper chamber and 600ul containing 30% FBS
was added to the lower chamber and cultured in the hypoxia
incubator for an appropriate time. The cells were fixed with
4% paraformaldehyde, stained with crystal violet, and washed
by PBS. The cells on the surface of the upper chamber
were observed and photographed using a microscope. The
experiments were repeated three times.
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RNA-Protein Immunoprecipitation
RIP was performed by the MagnaRIPTM RNA-Binding Protein
Immunoprecipitation Kit (Merck Millipore) according to the
manufacturer’s protocols. 2 × 107 cells were lysed by Complete
RIP Lysis Buffer, centrifuged and the supernatant was incubated
with magnetic beads conjugated to antibody (Five micrograms
per analysis) against Y-box binding protein 1 (YBX1) at 4°C
overnight. After the protein was digested by protease K, RNA
was purified by phenol-chloroform. Finally, the qRT-PCR test
was performed with specific primers for quantitative analysis of
lncRNA USP2-AS1 and HIF1a mRNA.

RNA Pulldown
LncRNA pulldown assay was performed by the Pierce™

Magnetic RNA-Protein PullDown Kit from Thermo according
to the manufacturer’s protocols. Approximately 50 pmol of the
RNA 3’ end desthiobiotinylation labeled lncRNA USP2-AS1 full-
length or its truncated probes (synthesized by BersinBio,
Guangzhou, China) were incubated with 50ul of streptavidin
magnetic beads for 30 minutes at room temperature. The beads
were then washed by using an equal volume of 20 mM Tris (pH
7.5). 100ul 1× RNA-protein binding buffer (Containing 100ug
total protein) was added to the tube containing streptavidin
magnetic beads and gently mixed and incubated at room
temperature for 60 minutes. After washing the beads 1-2 times
with an equal volume of 1x wash buffer (100ul), the beads were
mixed with 50ul Elution Buffer and incubated at 37°C for 30
minutes. Supernatants were collected for silver staining or
WB analysis.

Tissue Microarrays and Liver
Cancer Samples
HCC tissue microarrays were purchased from Shanghai Outdo
Biotech Company (T16-339 TMA1, T16-339 TMA2, T16-T16-
TMA3) for the FISH experiment. The clinical information was
statistically analyzed based on the high and low USP2-AS1
positive cell rates. A total of 208 pairs of non-duplicate liver
cancer paired samples and 216 liver cancer tissue samples (8
samples were repeated) were collected on the three tissue
microarrays, of which the third tissue microarray had a small
number of duplicate samples. These samples were included in
the analysis of USP2-AS1 expression in normal liver and HCC
tissues. In the survival and prognostic analysis, we excluded the
duplicate samples. Two liver cancer samples used in the USP2-
AS1 FISH experiment and 36 paired samples of HCC used in the
qRT-PCR experiment came from Zhongshan Hospital Fudan
University (approved by the Institutional Review Board (IRB) at
Zhongshan Hospital Fudan University).

RNA In Situ Hybridizations
LncRNA USP2-AS1 in situ hybridization kit was provided by
Wuhan Servicebio technology Co., Ltd. Briefly, the dehydrated
and fixed tissue microarray was dripped with a probe specific for
lncRNA USP2-AS1 and hybridized overnight at 55°C in a
thermostat. After hybridization, tissue microarray was washed
by 2 × SSC at 37°C for 10 minutes, 1 × SSC at 37°C for 2 × 5
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minutes and 0.5 × SSC for 10 minutes at room temperature, or
formamide was added to wash nonspecific hybrids. Then the
microarray was blocked with BSA and incubated with anti-DIG-
488 at 37°C for 50 minutes, washed 4 times (5 minutes per wash).
Finally, DAPI dye was added and incubated for 8 minutes,
protected from light. After being washed, anti-fluorescence
quenching tablets were added to seal. The rate of USP2-AS1
positive cells was counted using a fluorescence microscope.

Related Web Tools
The protein-coding ability of USP2-AS1 has displayed by
PhyloCSF (PhyloCSF in the UCSC Genome Browser (https://
genome.ucsc.edu/). We use the lncATLAS (https://lncatlas.crg.
eu/) to predict the location of USP2-AS1 in HCC cells. The
binding site of USP2-AS1 with YBX1 was predicted through the
online website catRAPID (http://service.tartaglialab.com/
update_submission/380192/4af202c73a). We also used the
RNAfold Webserver (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) to predict the secondary structure
of USP2-AS1. TCGA-LIHC (The Cancer Genome Atlas-Liver
hepatocellular carcinoma) was used for verifying the
overexpression of lncRNA USP2-AS1 in liver cancer and the
correlation between YBX1 and HIF1A, YBX1 and USP2-AS1.

Statistical Analysis
All experiments in this study were performed at least three times.
Data were expressed as mean± SD. Differential comparisons of
data between two groups were performed using paired or
unpaired two-tailed t-tests. Statistical analysis was performed
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using GraphPad Prism 8.0.2 and R 4.0.5. The results were
considered statistically significant when p < 0.05.
RESULTS

USP2-AS1 Is Significantly Up-Regulated in
Hepatocellular Carcinoma
To find hypoxia-associated lncRNAs with potential promoting
effect on HCC, RNA sequencing analysis was performed using
HCC tissues and adjacent normal tissues from 4 patients and
HCC cell l ine Huh7 treated with hypoxia for 48h
(Figures 1A, B). A total of 2722 lncRNAs were significantly
up-regulated in HCC tissues, and 101 lncRNAs were up-
regulated in hypoxia-treated Huh7 cells, the intersection
between the two categories included 25 lncRNAs (Figure 1B).

Given that lncRNA USP2-AS1 (ubiquitin specific peptidase 2
antisense RNA 1) has the most pronounced fold change in the two
categories, so we focused on the role of USP2-AS1 in HCC in our
following studies. USP2-AS1 is a long non-coding RNA with 3798
nucleotides in length (USP2-AS1-208, ENST00000659432.1).
Similar to other lncRNAs, we found USP2-AS1 has almost no
protein-coding ability by PhyloCSF (Figure S1A). We also found
that USP2-AS1 is likely entirely located in HCC cytoplasm by
lncATLAS. (Figure S1B), which is confirmed by Fluorescent in situ
hybridization (FISH) assay (Figure S1C).

To explore the relationship between USP2-AS1 and liver
cancer, we analyzed the expression of USP2-AS1 in 36 pairs of
HCC and adjacent non-tumor specimens by RT-qPCR.
A B
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C

FIGURE 1 | USP2-AS1 is significantly up-regulated in hepatocellular carcinoma. (A) Molecules differentially expressed under normoxia and hypoxia in Huh7 cells identified
by RNA-seq. (B) 25 intersection candidate genes obtained by hypoxia-treated Huh7 cells and HCC tissue sequencing. (C) The relative expression of USP2-AS1 in 36 pairs
of HCC and adjacent non-tumor specimens by RT-qPCR. (D) Relative expression of USP2-AS1 in the HCC chips by FISH experiments, unpaired Student’s t-test. (E) The
relative positive cell rate of USP2-AS1 in the HCC chips by FISH experiments. (F) Kaplan–Meier analysis of overall survival time and disease-free survival time in HCC
patients with high USP2-AS1 expression versus low USP2-AS1 expression.
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As expected, the expression of USP2-AS1 in HCC was
significantly higher than in para-cancer tissues (Figure 1C). It
was also confirmed in the FISH experiment using three tissue
chips of human liver cancer (Figures 1D, E), which is consistent
with the TCGA-LIHC (The Cancer Genome Atlas, Liver
Hepatocellular Carcinoma) data (Figure S1D).

USP2-AS1 was differentially upregulated in hepatoma cell
lines (Huh7, MHCC97H, HCCLM3, PLC) compared with
normal human hepatocyte LO2 under both normoxic and
hypoxic conditions (Figures S2A, B). We also found that the
expression of USP2-AS1 was significantly up-regulated in these
cell lines following 48h hypoxia (Figure S2C), which was
consistent with our RNA sequencing results (Figure 1A). By
analyzing the positive cell rate of USP2-AS1 in human liver
cancer tissue microarrays and determining the cutoff value of
USP2-AS1 by X-Tile software, we observed that patients with low
expression of USP2-AS1 had better prognosis while patients with
high expression of USP2-AS1 had shorter OS (Overall Survival)
and DFS (Disease-Free Survival) time (Figure 1F).

Notably, clinical information of the tissue microarrays
showed that USP2-AS1 remarkably correlated with tumor size
and the TNM stage of HCC (Table 1). Importantly, ROC curve
analysis showed lncRNA USP2-AS1 had a high AUC (Area
Under Curve, 0.824) for HCC diagnosis (Figure S2D). The
above results indicate that hypoxia-related lncRNA USP2-AS1
is up-regulated in HCC. USP2-AS1 positively correlated with
Frontiers in Oncology | www.frontiersin.org 5320
worse outcomes in HCC patients and may be a potential
prognostic tool.

USP2-AS1 Enhances HCC Proliferation,
Migration, and Invasion In Vitro
Under Hypoxia
To investigate the role of USP2-AS1 in HCC, we constructed
stable transfectants of MHCC97H and Huh7 cell lines
overexpressing USP2-AS1 and knocked down USP2-AS1 in
Huh7 cell lines by lentiviral transfection (Figure 6A). Under
normoxic conditions, overexpression or knockdown of USP2-
AS1 did not affect the proliferation, migration, and invasion
ability of HCC (data not given). However, our previous RNA
sequencing and FISH experiments have confirmed a significant
difference in the expression of USP2-AS1 between liver cancer
and para-cancer tissues (Figures 1C–E). And given that hypoxia
treatment can increase USP2-AS1 expression in HCC cell lines
(Figure S2C), we hypothesized USP2-AS1 promotes the
progression of tumors by affecting tumor hypoxic metabolism.

After being treated with hypoxia for 48h, overexpression of
USP2-AS1 dramatically increased HCC proliferation and clone
formation in vitro (Figures 2A, B). Conversely, USP2-AS1
knockdown significantly inhibited the proliferation and clone
formation ability of HCC (Figures 2A, B). We observed that the
migration and invasion of HCC cells decreased after knockdown
of USP2-AS1, while the reverse was observed with USP2-AS1
TABLE 1 | The clinic pathological factors of HCC patients.

Features All cases lncRNA USP2-AS1 exxpression P-value

Low High

Total number 216 59 157
Age 0.7978
≤60 150 43 107
>60 66 16 50
Gender 0.6328
Male 170 49 121
Female 46 10 36
Liver cirrhosis 0.8716
with 89 26 63
without 127 33 94
Tumor size (cm) 0.0109*
≤5 89 34 55
>5 127 25 102
Tumor number 0.2343
solitary 198 51 147
multiple 18 8 10
Edmondson grade 0.8823
I + II 137 39 98
III 79 20 59
TNM stage 0.0098*
I + II 110 40 70
III + IV 106 19 87
HBsAg 0.6818
positive 102 25 77
negative 114 34 20
Recurrence 0.7515
with 144 37 107
without 72 22 50
May 2022 | Volume 12 | Article
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overexpression (Figure 2C). These results indicate that USP2-
AS1 significantly enhances the proliferation, migration, and
invasion of liver tumor cells in vitro under hypoxia.

USP2-AS1 Physically Interacts With YBX1
Under Hypoxia
To understand the mechanism of USP2-AS1 in HCC progression
under hypoxia, we performed RNA pulldown assays on Huh7
cells cultured in hypoxia for 48 hours (Figures 3A and S3A, B).
A total of 75 proteins were identified as potential molecules that
may bind to USP2-AS1 by using mass spectrometry (Table S1).
We conducted GO enrichment analysis as well as KEGG
pathway enrichment analysis of these 75 protein molecules.
GO enrichment results showed that MF (Molecular Function)
principally included protein binding and RNA binding, BP
(Biological Process) mainly comprised of mRNA Splicing, cell-
cell adhesion, and translation, and CC (Cellular Component)
was primarily in the cytoplasm and nucleus (Figures 3B, C).
Among these protein molecules, we noticed that YBX1(Y-box
binding protein 1) is highly likely to bind to USP2-AS1 with the
highest protein spectrum score (Figure 3D). The binding of
YBX1 to USP2-AS1 was confirmed by YBX1-RIP assay in the
MHCC97H cell line (Figure 3E), and in the Huh7 cell
line (Figure 3F).

To investigate how USP2-AS1 binds to YBX1, we predicted
the binding site of USP2-AS1 with YBX1 through the online
website catRAPID It indicated the segment 500nt-1000nt of
USP2-AS1 was likely to bind to YBX1 (Figure S2E). We also
Frontiers in Oncology | www.frontiersin.org 6321
found USP2-AS1 contains 6 fragments with specific secondary
structures by the RNAfold Webserver (Figure 4A). We
hypothesized that these secondary structures (A-F fragments)
are the binding sites of USP2-AS1 with YBX1. We designed six
truncated probes (corresponding to A-F fragments, respectively)
of USP2-AS1, such as A (1-790nt), B (791-1370nt), C (1371-
1960nt), D (1961-2450nt), E (2451-3330nt) and F (3331-3798nt)
for RNA pulldown assays (Figures 4B and S3B, C). We
demonstrated that fragment A and C are necessary to mediate
the binding of USP2-AS1 and YBX1 (Figure 4C). These results
show USP2-AS1 physically interacts with YBX1 by the A and C
fragments under hypoxia.

USP2-AS1 Enhances HIF1a Translation
Under Hypoxia
Hypoxia-inducible factors (HIFs) are critical transcriptional
activators mediating tumor hypoxia metabolism, and their
imbalance plays an important role in tumor development (27),
so we explored whether the expression of USP2-AS1 affects the
levels of HIF1a under hypoxia. However, the overexpression of
USP2-AS1 did not affect the levels of HIF1a mRNA in Huh7 or
MHCC97H cells, and the knockdown of USP2-AS1 also did not
affect the HIF1a mRNA in Huh7 (Figure 4D). Interestingly, we
found that overexpression of USP2-AS1 increased HIF1a
protein levels under hypoxia while USP2-AS1 knockdown
reduced the protein levels of HIF1a compared with the control
group (Figures 4E and S4A). However, no changes in HIF2a
mRNA and protein levels were observed after knockdown or
A
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FIGURE 2 | USP2-AS1 promotes HCC proliferation, migration, and invasion under hypoxia in vitro. (A) The effect of USP2-AS1 on the clonogenic capacity of HCC cell
lines Huh7 and MHCC97H in vitro was verified under hypoxia. (B) EdU cell proliferation assays confirmed USP2-AS1 affected the proliferative capacity of hepatoma cell
lines Huh7 and MHCC97H, under hypoxia, in vitro. (C) Overexpression or knockdown of USP2-AS1 under hypoxic conditions affected the migration and invasion ability
of HCC cell lines Huh7 and MHCC97H in vitro. Two-tailed Student’s t-test, *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 3 | USP2-AS1 physically interacts with YBX1 under hypoxia. (A) Silver staining and mass spectrometry analysis following RNA pull-down of USP2-AS1 or Laz (as
negative control probe) in Huh7 cells after exposed to hypoxia for 48 hours. (B) KEGG pathway enrichment analysis for differential protein molecules from mass spectrometry
analysis. (C) GO enrichment analysis for differential protein molecules from mass spectrometry analysis. (D) The top 5 differential proteins from mass spectrometry analysis. (E)
YBX1 associated HIF1a and USP2-AS1 as measured by qRT-PCR following RIP YBX1 in MHCC97H cells. (F) YBX1 associated HIF1a and USP2-AS1 as measured by qRT-
PCR following RIP YBX1 in Huh7 cells after being treated with hypoxia for 48 hours. ***p < 0.001, ****p < 0.0001.
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FIGURE 4 | USP2-AS1 increases HIF1a translation under hypoxia. (A) The secondary structure of USP2-AS1 was predicted by RNAfold Webserver. (B) Six truncated
probes (A–F fragments) of USP2-AS1 were designed to perform RNA pulldown assays. (C) USP2-AS1 physically interacts with YBX1 by the A and C fragments under
hypoxia measured by WB. (D) USP2-AS1 overexpression or knowdown failed to cause significant changes in HIF1a mRNA measured by qRT-PCR. (E) USP2-AS1
affects HIF1a protein levels, as measured by WB. (F) USP2-AS1 overexpression or knowdown failed to cause significant changes in YBX1 mRNA measured by qRT-
PCR. (G) USP2-AS1 overexpression or knockdown does not affect YBX1 protein levels compared with the controls, ns means not significant.
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overexpression of USP2-AS1 (data not shown), indicating that
the effect of USP2-AS1 on HIF1a protein levels is specific.

Previous studies have indicated that YBX1 promotes the
translation of HIF1a protein by directly binding to the 5’ UTR
of HIF1amRNA to mediate the metastasis of osteosarcoma (28).
At the same time, it indicated that the expression of YBX1 and
HIF1a showed a significant positive correlation in the TCGA-
LIHC (Figure S4B), which is consistent with previous studies. In
this study, we confirmed USP2-AS1 binds to YBX1, but whether
USP2-AS1 changed the protein levels of HIF1a by affecting the
transcription or translation level of YBX1 remains unclear. We
found a positive correlation of expression between YBX1 and
USP2-AS1 in TCGA-LIHC (Figure S4C), so we hypothesized
USP2-AS1 may increase HIF1a protein levels by affecting the
expression of YBX1. Unfortunately, We further demonstrated
that overexpression or knockdown of USP2-AS1 failed to cause
significant changes in YBX1 mRNA or protein levels
(Figures 4F, G and S4D). These results suggested that USP2-
AS1 did alter the protein levels of HIF1a under hypoxia, but not
affected the transcriptional or translation levels of YBX1.

USP2-AS1 Enhances YBX1 Binding to
HIF1a mRNA Under Hypoxia
LncRNAs can inhibit or promote the translation of HIF1a by
binding to YBX1 protein without changing the expression level
of YBX1 protein itself (29–31). We investigated whether USP2-
AS1 could enhance the effect of YBX1 on the translation of
Frontiers in Oncology | www.frontiersin.org 8323
HIF1a protein by binding to YBX1. RIP experimental results
indicated HIF1a mRNA did bind to YBX1 protein
(Figures 3E, F), which was consistent with the previous
outcomes. We observed that under hypoxic conditions,
overexpression of USP2-AS1 increased the binding efficiency of
YBX1 to USP2-AS1 and significantly increased the effective
binding of YBX1 to HIF1a mRNA (Figures 5A, B). The
knockdown of USP2-AS1 had the opposite effect on the
binding level of YBX1 and HIF1a mRNA (Figure 5C).

We used small interference RNA to change the expression of
YBX1 in USP2-AS1 overexpression or knockdown cell lines
(Figure 5D). The effect of overexpression or knockdown of
USP2-AS1 on the translation level of HIF1a protein under
hypoxia was significantly abrogated after the knockdown of
YBX1 (Figure 5D). Cell proliferation, migration, and invasion
experiments also showed that knockdown of YBX1 eliminated
the effect of USP2-AS1 on the growth of HCC cells (Figures S5A,
B, S6A, B). The results suggest that USP2-AS1 can increase the
protein levels of HIF1a by enhancing YBX1 protein binding to
HIF1a mRNA under hypoxia, ultimately promoting the growth
and development of HCC.

USP2-AS1 Knockdown Enhances the
Efficacy of Lenvatinib on HCC in Mice
Tumor Xenograft Model
To further explore the role of USP2-AS1 acting on the growth of
HCC in vivo, we constructed tumor xenograft model in mice by
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FIGURE 5 | USP2-AS1 enhances YBX1 protein binding to HIF1a mRNA under hypoxic conditions. (A) RIP assays were performed to confirm that USP2-AS1
overexpression in MHCC97H can increase the effective binding of YBX1 to HIF1a mRNA. (B) RIP assays showed that USP2-AS1 overexpression in Huh7 increases
the binding of YBX1 protein to HIF1a mRNA. (C) USP2-AS1 knockdown in Huh7 significantly inhibits the binding of YBX1 protein to HIF1a mRNA by RIP assays.
HIF1a mRNA and USP2-AS1 were measured by RT-qPCR after RIP. WB assays were performed to test the experiment quality (10%input used as a positive control
and IgG was the negative control). (D) WB assays were performed to analyze the effect of USP2-AS1 on HIF1a protein in MHCC97H and Huh7 after YBX1 was
knocked down by siRNA, GAPDH as protein loading controls, WT as the controls. (E) The possible mechanism of USP2-AS1 regulating HIF1a protein translation by
YBX1 under hypoxia in HCC, ##p < 0.01, and *** or ###p < 0.001, **** or ####p < 0.0001.
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using USP2-AS1 overexpression or knockdown Huh7 cell line.
The tumor xenograft model showed that overexpression of
USP2-AS1 promoted the growth of tumor while USP2-AS1
knockdown inhibited the proliferation of HCC in vivo
(Figures 6B–E ) . These resu l t s sugges t USP2-AS1
overexpression or knockdown can affect the growth of tumor
in our mice tumor xenograft model.

Hypoxia often mediates the resistance of solid tumors to
chemotherapeutic drugs. Lenvatinib is a multikinase inhibitor
like sorafenib, which was developed in Japan as a multitargeted
kinase inhibitor for the treatment of advanced-stage HCC in
2018. Lenvatinib significantly improved the overall survival and
progression-free survival time of patients with advanced HCC
compared with sorafenib treatment (32). Sorafenib treatment is
also limited by drug resistance. Under hypoxic conditions,
transcription factor HIF1a can mediate the transcriptional
activation of some genes related to glucose uptake, metabolism,
and cell proliferation, such as MAPK1, VEGF, MDR1 (ABCB1),
GLUT1, to facilitate the adaptive response of liver tumor cells to
hypoxia, thereby increasing the therapeutic resistance of HCC to
sorafinib (14). Therefore, the therapeutic effect of sorafenib is
increased in liver cancer when it is combined with HIF1a
inhibitors (33, 34). However, the mechanisms of HCC
resistance to lenvatinib are poorly understood.

Our previous study showed that USP2-AS1 increased the
protein levels of HIF1a in an anoxic environment, RT-qPCR also
showed that the expression of target genes downstream of HIF1a
was also significantly down-regulated in USP2-AS1 knockdown
Huh7 cell line (Figure 6F), suggesting that USP2-AS1
Frontiers in Oncology | www.frontiersin.org 9324
knockdown may enhance the efficacy of lenvatinib. Therefore,
we further explored whether USP2-AS1 knockdown enhanced
the therapeutic effect of lenvatinib on HCC in mice tumor
xenograft model. We observed that the tumor volume and
tumor weights of mice treated with lenvatinib were
significantly lower than those of the control group in the HCC
xenograft model (Figures 6D, E). Importantly, compared with
control groups, the tumors’ weight and volume were the smallest
in the group treated with lenvatinib and USP2-AS1 knockdown
(Figures 6D, E), indicating that USP2-AS1 knockdown can
enhance the therapeutic effect of lenvatinib in HCC in our
mice tumor xenograft model.
DISCUSSION

Although a large number of studies mainly focus on protein-
coding genes and their anti-tumor roles, recent studies have
shown that mutations and abnormal expression of non-coding
genes, especially long non-coding RNA play an important role in
tumor development (35). Exploring the specific molecular
mechanisms of lncRNAs in cancer is instrumental in
understanding the complex process of cancer occurrence and
development, and provides promising targets for tumor
drug treatment.

Our study identified a hypoxia-associated lncRNA USP2-
AS1.And we observed USP2-AS1 was significantly up-regulated
in HCC compared with normal liver tissue, patients with low
expression of USP2-AS1 had better prognosis while patients with
A B

D E F

C

FIGURE 6 | USP2-AS1 knockdown can increase the efficacy of lenvatinib in mice tumor xenograft model. (A) Construction of Huh7 and MHCC97H cell lines overexpressing
USP2-AS1 and Huh7 USP2-AS1 knockdown cell lines. (B, C) Tumor volume and tumor weight of NC (Normal Contrast) or USP2-AS1 overexpressing Huh7 cells in the
xenograft mouse model (n = 4). (D, E) Tumor volume and tumor weights of NC or USP2-AS1 overexpressing Huh7 cells in a xenograft mouse model (n = 4) with PBS or
Lenvatinib. (F) Several downstream target genes of HIF1a were down-regulated following USP2-AS1 knockdown in Huh7 cell under hypoxia. Two-tailed Student’s t-test,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns, no statistically significant differences.
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high expression of USP2-AS1 had shorter OS and DFS time.
Moreover, clinical information showed that USP2-AS1 related
with tumor size and the TNM stage of HCC. And ROC curve
analysis showed USP2-AS1 had a potential for HCC diagnosis. In
vitro and in vivo results, USP2-AS1 knockdown significantly
inhibited the growth of HCC, while USP2-AS1 overexpression
promoted the proliferation, migration, and invasion ability of
liver cancer cells.

In addition, we confirmed that USP2-AS1 increases the level
of HIF1a protein, by enhancing HIF1amRNA binding to YBX1
protein under hypoxia. We also observed that USP2-AS1
knockdown decreased the transcript level of some downstream
target genes of HIF1a under hypoxia, such as MAPK1, VEGF,
MDR1(ABCB1), GLUT1, whose transcriptional activation play
an important role in tumor hypoxia metabolism (36–39). These
results suggest that USP2-AS1 promotes the growth and
development of HCC by increasing the expression of HIF1a
proteins and its downstream target genes.

The mechanism of tumor development is complex and
different tumors have unique metabolic processes and tumor
micro-environments. Solid tumors often suffer from hypoxia due
to rapidly growing cells. Hypoxia-related factors or metabolic
pathways are activated by tumor cells to adapt to the hypoxic
environment (40). HIF1a, which is significantly up-regulated
under hypoxia, is a critical regulatory factor of hypoxia
metabolism in tumor cells. It contributes to the development
of tumors under hypoxia by promoting the transcription of
many downstream target genes related to hypoxia (41).
Hyd roxy l a t i on , a c e t y l a t i on , ub i qu i t i n a t i on , and
phosphorylation regulate the transcriptional activity of HIF1a
(42), but there are few direct regulatory mechanisms of its
translation level. However, it has been shown that certain RNA
binding proteins, such as YBX1, can directly bind to HIF1a
mRNA to regulate its protein translation (28). Our study
observed hypoxia-associated lncRNA USP2-AS1 binds to
YBX1 protein to enhance its binding to HIF1a mRNA and
directly promotes the protein translation of HIF1a (Figure 5E).

In recent years, some lncRNAs mediating the translation of
HIF1a through YBX1 have been reported. For example, the PERK/
eIF2 signal pathway inhibits the expression of downstream target
genes of HIF1a via YBX1-dependent regulation of HIF1a
translation (29). LncRNA SNHG6 promotes carcinogenesis by
enhancing the translation of YBX1-mediated HIF1a in clear cell
renal cell carcinoma (31). LncRNA HITT can reduce HIF1a
protein translation through YBX1 in colorectal tumors and
cervical cancer while forming a feedback regulatory loop with
HIF1a to regulate angiogenesis and tumor growth (30). However,
the direct effect of hypoxia-associated lncRNAs on the protein
translation of HIF1a in HCChas not been reported. Despite USP2-
AS1 is up-regulated under hypoxia, USP2-AS1 specifically
increases the protein level of HIF1a but not HIF2a, suggesting
that the molecular mechanisms of hypoxia metabolism in tumor
growth are complex and need further research.

The resistance of HCC to drug treatment is an important
reason for the poor prognosis of HCC patients. The mechanisms
of drug resistance in HCC therapy are complex (43, 44).
Transcriptional activation of molecules such as VEGF induced
Frontiers in Oncology | www.frontiersin.org 10325
by HIF1a under hypoxia is one of the most important
mechanisms that mediate drug resistance to lenvatinib in
HCC. Alternatively, it has been reported that EGFR-activated
mutant NSCLC cells change the regulation of VEGF. In EGFR
mutated cells, EGFR is the main regulator of HIF1a and VEGF
(45). Patients with hypoxic tumors may benefit from EGFR
inhibitors already available in the clinic (46). Also, it has been
proved that PLAGL2-EGFR-HIF1/2A signaling pathway
promotes the progression of HCC and affects the response of
cancer cells to anti-EGFR drug erlotinib (47). These studies
suggest complex relationships exist between HIF1a, VEGF,
and EGFR, so the combination of one or more inhibitors
of HIF1a, VEGR, EGFR with lenvatinib may enhance
their therapeutic effect in hepatocellular carcinoma (48).
The hypoxia-associated lncRNA USP2-AS1 knockdown
significantly inhibited the translation of HIF1a protein and the
transcriptional activation of its downstream target gene, such as
VEGF, and increased the inhibitory effect of lenvatinib on the
growth of HCC mice xenograft tumors. So, the combination of
HIF1a inhibitors and lenvatinib may hold therapeutic potential
in HCC.

In summary, our study identified a hypoxia-associated
lncRNA USP2-AS1, which promotes the growth of
hepatocellular carcinoma under hypoxia. In mechanism, USP2-
AS1 physically interacts with YBX1 to increase the protein
translation of HIF1a under hypoxia. We also found that the
USP2-AS1 knockdown can enhance the inhibitory effect of
lenvatinib on the growth of HCC in our mice tumor
xenograft model.
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Sorafenib is one of the few effective first-line drugs approved for the treatment of advanced
hepatocellular carcinoma (HCC). However, the development of drug resistance is common
among individuals with HCC. Recent evidence indicated that the anticancer activity of
sorafenib mainly relies on the induction of ferroptosis. Furthermore, in our study, genes that
suppress ferroptosis, especially GPX4 and DHODH, were enriched in sorafenib-resistant cells
and primary tissues and were associated with poor prognosis of HCC patients who received
sorafenib treatment. Therefore, a new ferroptosis inducer comprising a multiplex small
interfering RNA (multi-siRNA) capable of simultaneously silencing GPX4 and DHODH was
created. Then, exosomes with high multi-siRNA loading and HCC-specific targeting were
established by fusing the SP94 peptide and the N-terminal RNA recognition motif (RRM) of
U1-A with the exosomal membrane protein Lamp2b. The results from the in vitro and in vivo
experiments indicate that this tumor-targeting nano-delivery system (ExoSP94-lamp2b-RRM-
multi-siRNA) could enhance sorafenib-induced ferroptosis and overcome sorafenib
resistance. Taken together, HCC-targeted exosomes (ExoSP94-Lamp2b-RRM) could
specifically deliver multi-siRNA to HCC tissues, enhance sorafenib-induced ferroptosis by
silencing GPX4 and DHODH expression and consequently increase HCC sensitivity to
sorafenib, which opens a new avenue for clinically overcoming sorafenib resistance from
the perspective of ferroptosis.

Keywords: hepatocellular carcinoma, resistance, sorafenib, engineered exosome, ferroptosis
INTRODUCTION

Hepatocellular carcinoma (HCC) was ranked as the sixth most commonly diagnosed cancer and the
fourth leading cause of cancer-related death worldwide in 2018 (1, 2). In the early stages of HCC,
curative treatment can be achieved with tumor ablation, resection, or liver transplantation (3).
However, the majority of HCC patients are already in the middle or late stages at the time of
June 2022 | Volume 12 | Article 8981561328

https://www.frontiersin.org/articles/10.3389/fonc.2022.898156/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.898156/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.898156/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.898156/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.898156/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:gaoyuan321@fmmu.edu.cn
mailto:zhangcun@fmmu.edu.cn
mailto:zhangyqh@fmmu.edu.cn
https://doi.org/10.3389/fonc.2022.898156
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.898156
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.898156&domain=pdf&date_stamp=2022-06-24


Li et al. Designer Exosomes Overcome Sorafenib Resistance
diagnosis, missing the optimal window for curative treatment.
Sorafenib is the first systemic therapy shown to improve survival
in HCC and has been approved by the U.S. Food and Drug
Administration (FDA) for treatment of unresectable HCC (4).
Despite their initial response, sorafenib-treated tumors rarely
regress completely, and most patients develop disease
progression. Therefore, to improve the survival and quality of
life of patients with HCC, combination therapies should be
considered as a potentially superior treatment option.

Ferroptosis is a recently discovered form of programmed cell
death characterized by iron-dependent accumulation of lipid
peroxides to lethal amounts (5). A growing amount of evidence
indicates that ferroptosis can be induced by inhibiting cystine/
glutamate transporter (system xc-) activity, downregulating
GPX4 or DHODH expression, and accumulating reactive
oxygen species (ROS) (6). Recent reports have shown that
sorafenib can induce ferroptosis by inhibiting system xc- (7).
Moreover, numerous studies suggest that the anticancer activity
of sorafenib mainly relies on inducing ferroptosis (5, 8–11).
Therefore, targeting constituents of ferroptosis might be a
promising strategy to increase sorafenib efficacy and overcome
sorafenib resistance.

Herein, we first found that ferroptosis suppressor genes,
especially GPX4 and DHODH, are enriched in sorafenib-
resistant cells and primary tissues from patients and are
associated with poor prognosis of HCC patients who receive
sorafenib treatment. Then, we created a novel ferroptosis inducer
comprising a multiplex small interfering RNA (multi-siRNA)
suitable for simultaneously silencing GPX4 and DHODH. Then,
exosomes (ExoSP94-lamp2b-RRM) with high tumor targeting ability
and high multi-siRNA loading efficacy were constructed to
deliver the multi-siRNA cargo. Using in vitro and in vivo
models, we demonstrated that this tumor-targeting nanodrug
(ExoSP94-lamp2b-RRM-multi-siRNA) could enhance sorafenib-
induced ferroptosis and overcome sorafenib resistance,
suggesting that it is a promising therapeutic strategy for
treating sorafenib-resistant HCC.
MATERIALS AND METHODS

Antibodies and Inhibitors
The antibodies used targeted the following proteins (dilutions
used are included):

GAPDH (CW0101: immunoblotting, 1:1000) from
CWBIOTECH; F-actin (40734ES75: immunofluorescence, 1:100)
from YEASEN; U1A (10212: immunoblotting, 1:500) from
Proteintech; CD63 (67605-1-Ig: immunoblotting, 1:5000)
from Proteintech; CD9 (60232-1-Ig: immunoblotting, 1:5000)
from Proteintech; TSG101 (14497-1-AP: immunoblotting,
1:1000) from Proteintech; GPX4 (67763-1-Ig: immunoblotting,
1:5000; IHC, 1:1000) from Proteintech; and DHODH (14877-1-
AP: immunoblotting, 1:2000; IHC, 1:100) from Proteintech.

The inhibitors used are as follows:
Sorafenib (HY-10201: 10 mM for the in vitro assay and 30 mg/

kg for the in vivo assay) and Ferrostatin-1 (HY-100579: 60 nM
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for the in vitro assay), and ferrostatin-1 (HY-100579: 5 mg/kg,
intraperitoneal injection for the in vivo assay) were obtained
from MedChem Express.

Cell Lines and Culture
The HepG-2 and HEK-293T cell lines were obtained from the Type
Culture Collection of the Chinese Academy of Sciences (Shanghai,
China). These cell lines were authenticated by the analysis of short
tandem repeat (STR) profiles, and all of them matched those of the
standard cell lines in the DSMZ data bank. These cells tested
negative for cross-contamination of other human cells and
mycoplasma contamination. The sorafenib-resistant HepG-2 cell
line (HepG-2R) was generated by continuous treatment of HepG2
cells with sorafenib up to 10 mM and maintained as previously
described (12). HepG-2, HepG-2R and HEK-293T cells were
cultured in DMEM containing 10% fetal bovine serum and 1%
penicillin-streptomycin.

Plasmid Construction
Briefly, the sequences for SP94 peptide (SFSIIHTPILPL), the
CDS sequences of Lamp2b and the CDS sequences of the N-
terminal RNA recognition motif (RRM) of U1-A were orderly
arranged from N-terminal to C-terminal. Then the sequence
encoding the above fusion protein was digested with BamHI-
XhoI and cloned into pcDNA3.1(+) vector. The clones were
confirmed by DNA sequencing and stored for the
following experiments.

Exosome Purification
For exosome isolation from HEK-293T cells, cells were
transfected with control or SP94-Lamp2b-RRM expressing
plasmids with Lipofectamine3000. 12 h later, cells were further
cultured in DMEM with 10% exosome-depleted FBS
(ultracentrifugation at 120,000 ×g for 16 h) for 24–36 h. Then,
the culture medium was precleared by centrifugation at 500×g
for 15 min and then at 10000×g for 20 min. Exosomes were
isolated by ultracentrifugation at 110000×g for 70 min at 4°C and
washed in PBS using the same centrifugation conditions. The
concentration of exosomes was determined by measuring total
exosomal protein using a Pierce BCA Protein Assay Kit (Thermo
Scientific, USA) according to the manufacturer’s instructions.
NanoSight and transmission electron microscopy were used to
determine the size distribution, concentration and morphology
of the exosomes. For siRNA loading experiments, 100 nM
corresponding siRNAs were transfected with Lipofectamine
3000. Twenty-four hours later, the cells were further cultured
in DMEM with 10% exosome-depleted FBS for another 24 h,
followed by exosome isolation.

Transmission Electron Microscope Assay
Cells were collected and fixed with 2.5% glutaraldehyde.
Subsequently, cells were postfixed in 2% tetroxide and dehydrated
through a series of gradient ethanol solutions. Samples were
embedded in epoxy resin, cut into thin slices, and placed onto a
nickel grid. Images were acquired using a Tecnai G2 Spirit
transmission electron microscope (Thermo Fisher).
June 2022 | Volume 12 | Article 898156
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Intracellular ROS Measurements
A lipid ROS assay was performed as described previously. Briefly,
cells were incubated with PBS containing 10 µMDCFDA dye in a
cell culture incubator for 30 min. Cells were then collected and
washed twice with PBS followed by resuspension in 200 µl of
PBS. ROS levels were analyzed using a Beckman CytoFLEX
system through the FITC channel.

Detection of Malondialdehyde (MDA)
Analysis of lipid peroxidation was assessed by quantifying the
MDA concentration in cell lysates using a Lipid Peroxidation
MDA Assay Kit (S0131, Beyotime) in accordance with the
manufacturer’s instructions.

Animal Study
Six-week-old, male, athymic BALB/c nude mice were used. All
animal experiments were carried out under protocols approved
by the Animal Care and Use Committee of Fourth Military
Medical University.

For in vivo tracking of exosomes, purified exosomes with the
indicated modifications were labeled with the fluorescent dye
DiR at a final concentration of 8 mM (Invitrogen). Labeled
exosomes were collected by ultracentrifugation after washing
with saline and stored in saline before use. Mice were injected
with labeled exosomes (100 mg at the protein level in 100 mL) via
tail vein injection. Mice were subjected to fluorescent living
imaging 6 h after injection with an in vivo imaging system
(IVIS lumina II).

For orthotopic implantation, six-week-old male nude mice
were anesthetized with 3% (w/v) pentobarbital sodium by
intraperitoneal injection. Then, 2×106 sorafenib-resistant
HepG-2 cells stably expressing luciferase were surgically
implanted into the left liver lobes of mice. Tumor growth was
monitored by bioluminescence with an in vivo imaging system
(IVIS lumina II). Two weeks after inoculation, mice were
randomized to each group and began to receive different
treatments. In the sorafenib treatment group, sorafenib (30
mg/kg) was given every 3 days. In the sorafenib and exosome
combination treatment group, sorafenib was administered at the
same dose, and 100 mg of the indicated exosomes (at the protein
level) was injected via the tail vein 24 h after every sorafenib
administration. At the end of the experiment, mice were
sacrificed. Tumor bearing liver tissues and the main organs
were collected for the following experiments.

Immunohistochemistry
This experiment was performed as previously described (13).
Briefly, sections (4 mm thick) of paraffin-embedded samples were
deparaffinized and rehydrated in a graded series of ethanol. After
inactivation of endogenous peroxidase activity with 3% H2O2 in
methanol for 10 min, the sections were washed three times in
PBS and blocked with goat serum for 20 min. Then, they were
incubated with primary antibodies in a humid container at 4°C
overnight. After the addition of the PowerVision™ complex,
tissue sections were incubated at 37°C for 20 min followed by
Frontiers in Oncology | www.frontiersin.org 3330
treatment with DAB. PBS in place of primary antibody was used
as a negative control.

Statistical Analysis
The data are presented as the mean ± s.e.m. from at least three
independent experiments. Statistical analysis was performed
using GraphPad Prism software. A random number table was
used to randomize the mice into control and treatment groups.
The numbers of mice were determined on the basis of our
pretests and previous experience with similar experiments. A
value of P<0.05 was considered statistically significant. The
statistical tests were two-sided.
RESULTS

Suppressed Ferroptotic Activity During
Sorafenib Treatment Is Associated With
Compromised Therapeutic Efficiency
To confirm whether sorafenib could induce ferroptosis in HCC
cells, we performed a CCK-8 assay. Our data showed that
sorafenib-mediated cell death in the human HCC cell line
HepG-2 was blocked by ferrostatin-1 (a ferroptosis inhibitor)
(Figure 1A, Figure S1A). The accumulation of reactive oxygen
species (ROS) and lipid peroxidation are key events in ferroptosis
(14); thus, we analyzed the levels of ROS and the end products of
lipid peroxidation (i.e., MDA) in HepG-2 cells. The results
indicated that sorafenib increased the levels of ROS and MDA
in HepG-2 cells (Figures 1B, C). Apart from ferroptosis-
suppressing agents, numerous genes have been identified as
key ferroptosis suppressors. For example, glutathione
peroxidase 4 (GPX4) resides in the center of a network that
functions to prevent the accumulation of lipid hydroperoxides,
thereby strongly suppressing ferroptosis (15). Interestingly, we
constructed a ferroptosis suppressor gene signature and
discovered that ferroptosis suppressor genes were enriched in
sorafenib-resistant cells and primary tissues from HCC patients
(Figure 1D, Figure S1B). Moreover, the results indicated that
the high expression level of the ferroptosis suppressor gene
signature was associated with poor prognosis of HCC patients
who received sorafenib treatment (Figure 1E, Figure S1C).
Therefore, the results suggest that suppressed ferroptotic
activity is associated with sorafenib resistance.

Gene-Silencing Activities of the Multi-
siRNA Against GPX4 and DHODH
The above data suggest that silencing key ferroptosis suppressor
genes increases the therapeutic effect of sorafenib. Among the
ferroptosis suppressor genes, GPX4 and DHODH can directly
remove the dangerous products of iron-dependent lipid
peroxidation and consequently protect the cell membrane from
damage; when GPX4 and DHODH expression and/or function
are dysregulated, ferroptosis ensues (16, 17). Moreover, we found
that the expression of GPX4 and DHODH was upregulated in
sorafenib-resistant patients (Figures 2A, B) and associated with
June 2022 | Volume 12 | Article 898156
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poor prognosis of HCC patients who received sorafenib
treatment (Figures 2C, D). Meanwhile, GPX4 and DHODH
expression was upregulated in sorafenib-resistant HCC cell line
(HepG-2R) (Figure 2E). In light of these findings, we sought to
interfere with the expression and function of these two genes at
the same time. First, siRNAs targeting the humanGPX4 gene and
human DHODH gene were designed and screened to determine
their effectiveness. As shown in Figures 2F, G and Figures S2A,
B, si-GPX4#1 and si-DHODH#1 were the most effective siRNAs
in knocking down their respective proteins. Then, we designed a
multi-siRNA containing the sequences corresponding to si-
GPX4#1 and si-DHODH#1; the sequence “AUUGCAC” was
used as a linker to connect si-GPX4#1 to si-DHODH#1. The
results showed that this multi-siRNA could simultaneously
suppress GPX4 and DHODH expression (Figure 2H).
Frontiers in Oncology | www.frontiersin.org 4331
Preparation and Characterization of SP94-
Lamp2b-RRM Fusion
Protein-Engineered Exosomes
Exosomes have been considered a good siRNA delivery vehicle
to reduce drug resistance (18). However, low cargo
encapsulation efficiency and the lack of cell-type specific
targeting remain major hurdles for their potential clinical
application. Recently, some RNA-binding proteins have been
shown to significantly promote exosomal miRNA cargo loading
via interaction with common short sequence motifs present in
miRNAs (19). Therefore, we hypothesized that fusion of
specific RNA-binding proteins with the exosomal membrane
proteins can increase the loading efficiency of the desired
RNAs. We fused the N-terminal RNA recognition motif
(RRM) of U1-A with the C-terminus of Lamp2b (exosomal
A B

D E

C

FIGURE 1 | Reduced ferroptotic activity during sorafenib treatment is associated with compromised therapeutic efficiency. (A) Viability of HepG-2 cells as measured
by the CCK-8 assay. Ferrostatin-1 is a ferroptosis inhibitor. Sorafenib (10 mM). (B) HepG-2 cells were treated with 10 mM sorafenib, and ROS production was
assessed by DCFH-DA staining followed by flow cytometry. (C) MDA levels in HepG-2 cells treated with vehicle or 10 mM sorafenib for 24 h. (D) GSVA was
conducted to calculate the score for enrichment of ferroptosis suppressor genes. HCC tissues from sorafenib responders or sorafenib nonresponders were obtained
from the Gene Expression Omnibus (GSE1109211). (E) Kaplan–Meier analysis of overall survival based on the expression signature of ferroptosis suppressor genes.
(A, C) The data are shown as the means ± S.E.M. (A) ANOVA with Dunnett’s t-test. (C, D) Unpaired t-test. (E) Log-rank test. *p < 0.05, **p < 0.01.
June 2022 | Volume 12 | Article 898156
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surface protein) (Figures 3A, B). U1-A can bind the highly
conserved sequence “AUUGCAC” in RNA via its N-terminal
RRM (20). SP94 (protein sequence, SFSIIHTPILPL), is a novel
peptide that has been reported to specifically bind to HCC cells
(21). Therefore, we fused SP94 with the N-terminus of Lamp2b
to enhance the tumor-targeting ability of the engineered
exosomes (Figures 3A, B). The recombinant vector produced
abundant expression of the fusion protein in transfected cells
Frontiers in Oncology | www.frontiersin.org 5332
(Figure 3C). As the engineered SP94-Lamp2b-RRM fusion
protein could express on exosomes (Figure 3D), we analyzed
the binding ability of these exosomes to HCC cells. The results
showed that exosomes derived from HEK-293T cells
transfected with SP94-Lamp2b-RRM could bind strongly to
HCC cells (Figure 3E), indicating that the SP94-Lamp2b-RRM
fusion protein was incorporated into exosomes. In addition,
specific exosome markers (CD63, TSG101 and CD9) were
A B

C D E

F G H

FIGURE 2 | Gene-silencing activities of multi-siRNA against GPX4 and DHODH genes. (A) GPX4 expression in HCC tissues from sorafenib responders (n=21) or
sorafenib nonresponders (n=43) (gse109211). (B) That of DHODH in the HCC tissues of sorafenib responders (n=21) or sorafenib nonresponders (n=43)
(gse109211). (C) Kaplan–Meier overall survival analysis of the GPX4 gene in HCC patients who received sorafenib treatment. (D) Kaplan–Meier overall survival
analysis of the DHODH gene in HCC patients who received sorafenib treatment. (E) Western blotting for assessment of the protein levels of DHODH and GPX4 in
sorafenib-sensitive HepG-2 or sorafenib-resistant HepG-2 (HepG-2R) cells. (F) Western blotting was conducted to detect GPX4 expression in HepG-2R cells
transfected with scramble or GPX4 siRNAs. (G) Western blotting was conducted to detect DHODH expression in HepG-2R cells transfected with scramble or
DHODH siRNAs. (H) HepG-2R cells were transfected with scramble siRNA or multi-siRNA#1 containing the si-GPX4#1 and si-DHODH#1 target sequences, and
Western blotting was conducted to detect GPX4 and DHODH expression. (A, B) Unpaired t-test. (C, D) Log-rank test. *p <0.05, ***p <0.001.
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detected in the purified samples, while the Golgi marker
GM130 was barely detectable (Figure 3F). Nanoparticle
tracking analysis (NTA) revealed that the exosomes were
similar in number and had a similar size distribution between
Frontiers in Oncology | www.frontiersin.org 6333
the groups (Figure 3G). Transmission electron microscopy
(TEM) confirmed that the purified exosomes exhibited a
typical round-shaped vesicular morphology and were within
the appropriate size range (Figure 3H).
A C

B ED

F HG

FIGURE 3 | Preparation and characterization of SP94-Lamp2b-RRM fusion protein-engineered exosomes. (A) Schematic representation of the hepatoma-cell-
targeting peptide SP94 and the RRM of U1-A fused to the N-terminus and C-terminus of Lamp2b. (B) Schematic representation of the structure of the SP94-
Lamp2b-RRM fusion protein and the engineered exosomes. (C) Western blot analysis of U1-A expression in HEK-293T cells transfected with empty vector or SP94-
Lamp2b-RRM plasmids. (D) U1-A expression in exosomes derived from HEK-293T cells transfected with empty vector or SP94-Lamp2b-RRM plasmids. (E) Equal
amount of DiO-labeled exosomes were incubated with 1*106 immobilized HepG-2 cells for 1h. After washing, unbound exosomes were removed. HepG-2 cells were
used for flow cytometry after trypsinization. The binding of different exosomes to HepG-2 cells was then quantitated by flow cytometry (FITC channel). (F) Western
blot analysis of the exosome markers CD63, CD9 and TSG101, and the exclusive exosome marker GM130 on exosomes derived from HEK-293T cells transfected
with different plasmids. (G) Nanoparticle tracking analysis shows the size distribution of exosomes derived from HEK-293T cells transfected with different plasmids.
(H) Representative TEM images of exosomes derived from control or SP94-Lamp2b-RRM plasmid-transfected HEK-293T cells (scale bar, 100 nm).
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Efficient Therapeutic Cargo Encapsulation
Into SP94-Lamp2b-RRM Fusion-Protein-
Engineered Exosomes

Next, we explored whether the engineered SP94-Lamp2b-RRM
fusion protein could promote RNA loading during exosome
biogenesis. First, HEK-293T cells overexpressing the SP94-
Lamp2b-RRM fusion protein were transfected with 100 nM
corresponding FITC-tagged multi-siRNA (Figure 4A). Then,
Frontiers in Oncology | www.frontiersin.org 7334
an equal number of exosomes from each group was evaluated
by flow cytometry. The results showed that a higher amount of
multi-siRNA containing the RRM recognition motif
“AUUGCAC” could be sorted into exosomes compared to that
of multi-siRNA#2 without the RRM binding sequence
(Figure 4B). HEK-293T cells were then cocultured with
HepG-2 cells (Figure 4C). Images from the confocal
microscope showed a higher level of multi-siRNA containing
the RRM “AUUGCAC” in HepG-2 cells (Figure 4D). Consistent
A B

C

E

D

FIGURE 4 | Efficient therapeutic cargo encapsulation into engineered exosomes expressing SP94-Lamp2b-RRM fusion protein. (A) Schematic diagram of the
process of multi-siRNA encapsulation into exosomes via the SP94-Lamp2b-RRM fusion protein in HEK-293T cells. The SP94-Lamp2b-RRM fusion protein recruits
multi-siRNA containing the sequence “AUUGCAC” to exosomes via RNA-RRM recognition. (B) HEK-293T cells transiently transfected with FITC-tagged multi-
siRNA#1 or FITC-tagged multi-siRNA#2. Then, exosomes were collected for the flow cytometry assay (multi-siRNA#1, contains si-GPX4#1, si-DHODH#1 and the
RRM binding sequence; multi-siRNA#2, contains si-GPX4#1 and si-DHODH#1 without the RRM binding sequence). (C, D) HEK-293T cells transiently transfected
with FITC-tagged multi-siRNAs were cocultured with HepG-2 cells for 24 h. (C) Schematic illustration of HepG-2 and HEK-293T cell coculturing. (D) Representative
confocal images of FITC (green) and F-actin (red) staining in HepG-2 cells. The nuclei were counterstained with DAPI (blue) (scale bar, 10 µm). (E) HepG-2 cells were
treated with functionalized exosomes derived from HEK-293 T cells and containing SP94-Lamp2b-RRM, and Western blot assays were conducted to detect GPX4
and DHODH expression in HepG-2 cells. Scramble: 1*106 HEK-293T cells were treated with the same amount of scramble siRNA; multi-siRNA#2: 1*106 HEK-293T
cells were treated with the same amount of multi-siRNA#2; multi-siRNA#1: 1*106 HEK-293T cells were treated with the same amount of multi-siRNA#1. After 24 h,
the exosomes were collected and added to HepG-2 cells.
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with this finding, exosomes derived from HEK-293T cells
transfected with the multi-siRNA containing the “AUUGCAC”
sequence could significantly suppress the expression of GPX4
and DHODH in HCC cells (Figure 4E). These results suggest
that the SP94-Lamp2b-RRM fusion protein promotes the
exosomal loading of the “AUUGCAC” sequence linked to the
multi-siRNA via RNA-protein interactions.

SP94-Lamp2b-RRM-Functionalized
Exosomes Could Overcome Sorafenib
Resistance by Enhancing Sorafenib-
Induced Ferroptosis in HCC Cells
To investigate whether ExoSP94-Lamp2b-RRM can bind to HCC
cells, blank exosomes or ExoSP94-Lamp2b-RRM were labeled with
DiO and added to sorafenib-resistant HepG-2 cell cultures.
Confocal assay showed that green fluorescence appeared within
15 min and intensified over time (up to 60 min) in the SP94-
Lamp2b-RRM-functionalized exosomes treated group. By
contrast, relatively low level of green fluorescence was observed
in control exosomes treated cells up to 60 min, confirming the
targeting ability of SP94-Lamp2b-RRM-functionalized exosomes
to HCC cells (Figures 5A, B). Then, we treated sorafenib-
resistant HepG-2 cells with exosomes (ExoSP94-Lamp2b-RRM-
multi-siRNA#1). The results showed that ExoSP94-Lamp2b-RRM-
multi-siRNA#1 could significantly enhance the effect of sorafenib
(Figure 5C). Then, we further measured ROS and lipid
peroxidation levels, which are the primary drivers of
ferroptosis. The results showed that treatment with ExoSP94-
Lamp2b-RRM-multi-siRNA#1 significantly increased ROS and
MDA levels in sorafenib-resistant cells (Figures 5D, E). In
addition to biochemical analyses, TEM was used to observe
morphological changes. ExoSP94-Lamp2b-RRM-multi-siRNA#1-
treated cells displayed diminished or vanished mitochondrial
cristae and condensed mitochondrial membrane densities
compared to ExoSP94-Lamp2b-RRM-scramble-treated cells
(Figure 5F). Moreover, we also found that ExoSP94-Lamp2b-RRM-
multi-siRNA#1 could enhance sorafenib-induced ferroptotic cell
death (Figure 5G). Taken together, these results suggested that
ExoSP94-Lamp2b-RRM-multi-siRNA#1 could enhance sorafenib-
induced ferroptosis in HCC cells by silencing the expression of
GPX4 and DHODH.

SP94-Lamp2b-RRM-Functionalized
Exosomes Could Efficiently Target
Hepatocellular Carcinoma In Vivo
To confirm whether SP94-Lamp2b-RRM-functionalized
exosomes could target HCC in vivo , we tracked the
distribution of DiR-labeled exosomes. First, we established an
orthotopic liver injection model and observed that SP94-
Lamp2b-RRM-functionalized exosomes were mainly
distributed to the liver (Figures 6A–C). Meanwhile, SP94-
Lamp2b-RRM-functionalized exosomes could target HCC
(Figures 6A–C). Next, sorafenib-resistant HepG-2 cells were
subcutaneously inoculated into the left backs of mice. In the
subcutaneous HCC model, we found that SP94-Lamp2b-RRM-
functionalized exosomes were mainly distributed in the liver and
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subcutaneous tumor tissues (Figure 6D, Figure S3A). The
results from the different HCC models suggest that the SP94
targeting peptide dramatically enhances the ability of exosomes
to bind HCC cells and tissues.

Therapeutic Effects of Cotreatment With
SP94-Lamp2b-RRM-Functionalized
Exosomes and Sorafenib in an HCC
Mouse Model
Next, we explored the therapeutic effect of SP94-Lamp2b-RRM-
functionalized exosomes combined with sorafenib in vivo. While
the tumors of mice treated with sorafenib and ExoSP94-Lamp2b-RRM

containing scramble multi-siRNA grew rapidly, those of mice
treated with sorafenib and ExoSP94-Lamp2b-RRM containing multi-
siRNA#1 were significantly reduced after 21 days of treatment
(Figures 7A–C). However, the effect of sorafenib and
ExoSP94-Lamp2b-RRM containing multi-siRNA#1 on inhibiting
tumor growth was diminished when cells were treated with the
ferroptosis inhibitor ferrostatin-1 (Figures 7A–C). Similarly, mice
from the sorafenib and ExoSP94-Lamp2b-RRM containing multi-
siRNA#1 cotreatment group had a longer life expectancy than
did mice from the sorafenib and ExoSP94-Lamp2b-RRM containing
scramble multi-siRNA treatment group (Figure 7D). To examine
the knockdown efficiency in each group, GPX4 and DHODH
expression in primary tumor lesions was investigated by
immunohistochemistry. The results showed that multi-siRNA#1
could significantly suppress GPX4 and DHODH expression in
vivo (Figure 7E). Taken together, these results suggested that
ExoSP94-Lamp2b-RRM-multi-siRNA#1 could overcome sorafenib
resistance in vivo by silencing the ferroptosis suppressor genes
GPX4 and DHODH.

Systemic Toxicity Evaluation
To evaluate the systemic toxicity of ExoSP94-Lamp2b-RRM,
exosomes containing scramble or multi-siRNA#1 were injected
into nude mice via tail vein. There was no significant difference
in the body weights of mice in the two groups (Figure S4A). In
addition, compared to the control group, the ExoSP94-Lamp2b-RRM

group showed relatively normal tissue structure and morphology
(Figure 8). These results indicate that there was no obvious
adverse effect after treatment with ExoSP94-Lamp2b-RRM.
DISCUSSION

Our study demonstrated that sorafenib could induce ferroptosis
in HCC cells, which is in line with the literature stating that the
anticancer activity of sorafenib mainly relies on the induction of
ferroptosis. What’s more, we found that the expression of
ferroptosis suppressor genes, especially GPX4 and DHODH,
was enriched in sorafenib-resistant HCC cells and patient
samples, which suggests that suppressed ferroptotic activity is
associated with compromised therapeutic efficiency of sorafenib.
Thus, precise elimination of ferroptosis suppressor genes might
be a new promising strategy to enhance sorafenib efficacy and
improve patient prognosis.
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Ferroptosis is a form of regulated cell death that is induced by
excessive lipid peroxide accumulation in cellular membranes (22–
24). Cells have developed at least two major defensive arms to
detoxify lipid peroxides: GPX4 and DHODH. Consequently,
Frontiers in Oncology | www.frontiersin.org 9336
disabling one arm forces cells to be more dependent on the other.
For example, inhibition of either DHODH or GPX4 alone did not
induce ferroptosis in HT-1080 cells, which is likely due to the
relatively high endogenous expression of GPX4 and DHODH (25);
A B

C D

E GF

FIGURE 5 | SP94-Lamp2b-RRM-functionalized exosomes could overcome sorafenib resistance by enhancing sorafenib-induced ferroptosis in HCC cells. (A–B) Dio
labeled engineered exosomes or control exosomes were incubated with HCC cells for 15, 30 or 60 min at 37°C. Then unbound exosomes were removed by PBS
washing. Exosome endocytosis was analyzed by confocal microscopy. The nuclei and F-actin were counterstained with DAPI (blue) and TRITC phalloidin (red),
respectively, (scale bar, 50 µm). (C) Sorafenib-resistant HepG-2 cells treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes containing scramble or
multi-siRNA#1. Viability of sorafenib-resistant HepG-2 cells as measured by the CCK-8 assay. (D) Sorafenib-resistant HepG-2 cells were treated with sorafenib in
combination with SP94-Lamp2b-RRM-functionalized exosomes containing scramble or multi-siRNA#1, and the ROS production was assessed by DCFH-DA staining
followed by flow cytometry. (E) MDA levels of sorafenib-resistant HepG-2 cells treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes containing
scramble or multi-siRNA#1. (F) TEM images of mitochondria in sorafenib-resistant HepG-2 cells cotreated with sorafenib and SP94-Lamp2b-RRM-functionalized
exosomes containing scramble or multi-siRNA#1. (G) Sorafenib-resistant HepG-2 cells were treated with sorafenib and SP94-Lamp2b-RRM-functionalized exosomes
containing scramble or multi-siRNA#1. Cell death was determined by PI staining coupled with flow cytometry. (C, E, G) The data are shown as the means ± S.E.M. (C)
ANOVA with Dunnett’s t-test. (E, G) Unpaired t-test. *p < 0.05, **p < 0.01.
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interestingly, a GPX4 inhibitor combined with a DHODH inhibitor
could synergistically suppress HT-1080 tumor growth. Similarly, in
our study, the sorafenib-resistant cells and tissue samples exhibited
high levels of GPX4 and DHODH expression. Therefore, disabling
both arms might better enhance sorafenib-induced ferroptosis.
Here, we created a multi-siRNA that can simultaneously knock
down GPX4 and DHODH in vitro and in vivo. To our knowledge,
this is the first ferroptosis inducer that can directly target two genes.
Additionally, this novel construct provides a new approach for the
clinical treatment of sorafenib-resistant cancer.

Because of their intrinsic nature, exosomes are biocompatible
with the host immune system and have an innate ability to protect
Frontiers in Oncology | www.frontiersin.org 10337
and transport small RNAs and other critical molecules across
biological barriers in vivo; they have been increasingly recognized
as promising vehicles to deliver siRNA in vivo (26, 27). At present,
the most common way to load nucleic acids into exosomes is via
electroporation or direct encapsulation in donor cells (28);
however, these methods have relatively low loading efficiencies.
Meanwhile, in vitro loading of naked siRNAs into exosomes by
electroporation could cause extensive siRNA aggregation and
significantly reduce the level of bioactive siRNAs (29). Thus,
there is an urgent need to develop a strategy for efficient loading
of nucleic acids, especially siRNA. Recently, research conducted by
our laboratory and others have observed that some RNA-binding
A C

B

D

FIGURE 6 | SP94-Lamp2b-RRM-functionalized exosomes could efficiently target HCC in vivo. (A–C) Sorafenib-resistant HepG-2 cells were orthotopically inoculated
into the left liver lobes of nude mice. SP94-Lamp2b-RRM-functionalized exosomes (100 mg) were injected into nude mice via tail vein. (A) Mice were evaluated with a
fluorescent live imaging system 6 h after injection. (B) Representative ex vivo fluorescence images of DiR-labeled exosomes in the main organs and HCC tissues. (C)
Relative fluorescence intensity of DiR-labeled exosomes in different organs and liver cancer tissues. (D) Sorafenib-resistant HepG-2 cells were subcutaneously
inoculated on the left backs of mice. SP94-Lamp2b-RRM-functionalized exosomes were loaded with DiR, and 100 mg of exosomes was injected into mice via tail
vein. Different organs and tumors were harvested to conduct fluorescence imaging. (C) The data are shown as the means ± S.E. M; n=5.
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proteins can efficiently sort miRNAs and other RNAs into
exosomes via protein-RNA interactions (30, 31). In light of
these data, we hypothesized that fusion of an exosomal
membrane protein with a specific RNA-binding protein would
increase the loading efficiency of the siRNA of interest; therefore,
we fused the RNA recognition motif of U1-A with the C-terminus
of Lamp2b, which interacts with the sequence “AUUGCAC” in
the target RNA with a relatively high affinity. Then, a multi-siRNA
Frontiers in Oncology | www.frontiersin.org 11338
was engineered to harbor the consensus “AUUGCAC” sequence.
The preliminary data here indicate that the fusion protein helps
sort multiple siRNAs containing the “AUUGCAC” sequence into
exosomes during exosome biogenesis, especially when the RNA of
interest is exogenously overexpressed. It is worth noting that due
to the limitation of the present siRNA detection technology, the
biological loading rate of multi-siRNA cannot be accurately
detected in live cells and exosomes. Here, in the preparation of
A B

C

E

D

FIGURE 7 | Therapeutic effects of SP94-Lamp2b-RRM-functionalized exosomes and sorafenib in an HCC mouse model. Sorafenib-resistant HepG-2 cells were
orthotopically injected into the left liver lobes of nude mice. Mice with a similar tumor size were used. Control: saline; Sora: sorafenib; Sora+ExoSP94: sorafenib plus SP94-
Lamp2b-RRM-functionalized exosomes containing multi-siRNA#1; Sora+ExoSP94-scramble: sorafenib plus SP94-Lamp2b-RRM-functionalized exosomes containing scramble
siRNA; Sora+ExoSP94+Vehicle: sorafenib plus SP94-Lamp2b-RRM-functionalized exosomes containing multi-siRNA#1 in vehicle; Sora+ExoSP94+Fer-1: sorafenib plus SP94-
Lamp2b-RRM-functionalized exosomes in multi-siRNA#1 combined with ferrostatin-1. Tumor growth was measured with an IVIS imaging system. (A) Representative tumor
imaging on days 1 and 21 after the first treatment. (B) The normalized photon flux at day 21 was analyzed (n=5). (C) Image of resected xenografts of nude mice injected
intrahepatically with Sorafenib-resistant HepG-2 cells. (D) Survival of mice from different groups (n=5). (E) Representative immunohistochemical staining for GPX4 and DHODH
in HCC tissues from different groups (scale bar, 25 mm). (B) The data are shown as the means ± S.E.M. ANOVA with Dunnett’s t-test. (D) Log-rank test. ***p < 0.001.
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functionalized exosomes, saturated amount of multi-siRNAs were
transfected into cells to ensure that engineered exosomes were
loaded with sufficient multi-siRNAs. Further experiments also
confirmed that a large amount of multi-siRNAs could be
effectively encapsulated into engineered exosomes and delivered
to HCC cells, thus inducing down-regulation of GPX4 and
DHODH. Our study established a novel strategy to efficiently
load therapeutic multi-siRNA cargos into exosomes.

Currently, the poor solubility and potential off-target toxicity
to normal cells and tissues preclude the systematic use of
traditional ferroptosis inducers in vivo (32–34). Nanoscale
exosomes are considered a good choice as a drug vehicle
because exosomes could be engineered toward better targeting
specificity via exosome surface protein modifications (35–39).
For example, exosomes expressing the ag integrin-specific iRGD
peptide fused to LAMP-2b efficiently delivered doxorubicin to
integrin-positive breast cancer cells in vitro and in vivo (40).
Here, an HCC-specific targeting peptide, SP94, was fused to the
extracellular domain of LAMP-2B at the N-terminus (21). Our
data show that functionalized exosomes (ExoSP94-lamp2b-RRM-
multi-siRNA) can selectively deliver therapeutic cargos to
human HCC cells with no obvious adverse effects. This is the
first report of tumor-targeted exosome delivery of ferroptosis
inducers, which might open a new avenue for the systematic use
of ferroptosis inducers to treat cancer.

In summary, this study firstly identified that ferroptosis
suppressor genes GPX4 and DHODH were enriched in
sorafenib-resistant HCC and associated with compromised
therapeutic efficiency of sorafenib. In addition, we described
the use of multi-siRNA to enhance sorafenib-induced ferroptosis
Frontiers in Oncology | www.frontiersin.org 12339
by simultaneously knocking down GPX4 and DHODH.
More importantly, we designed HCC-targeted engineered
exosomes (ExoSP94-Lamp2b-RRM) to deliver multi-siRNA, thus
overcoming acquired resistance to sorafenib from the
perspective of ferroptosis.
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