
EDITED BY : Khalid A. El Sayed and Nehad M. Ayoub

PUBLISHED IN : Frontiers in Oncology and Frontiers in Pharmacology

NOVEL COMBINATION THERAPIES 
FOR THE TREATMENT OF SOLID 
CANCERS

https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/pharmacology


Frontiers in Oncology 1 December 2021 | Combination Therapy for Solid Cancers

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 978-2-88971-857-3 

DOI 10.3389/978-2-88971-857-3

https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
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://www.frontiersin.org/about/contact


Frontiers in Oncology 2 December 2021 | Combination Therapy for Solid Cancers

NOVEL COMBINATION THERAPIES 
FOR THE TREATMENT OF SOLID 
CANCERS

Topic Editors: 
Khalid A. El Sayed, University of Louisiana at Monroe, United States
Nehad M. Ayoub, Jordan University of Science and Technology, Jordan

Citation: El Sayed, K. A., Ayoub, N. M., eds. (2021). Novel Combination 
Therapies For The Treatment of Solid Cancers. Lausanne: Frontiers Media SA. 
doi: 10.3389/978-2-88971-857-3

https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/journals/oncology
http://doi.org/10.3389/978-2-88971-857-3


Frontiers in Oncology 3 December 2021 | Combination Therapy for Solid Cancers

05 Editorial: Novel Combination Therapies for the Treatment of Solid 
Cancers

Nehad M. Ayoub

08 Repositioning Aspirin to Treat Lung and Breast Cancers and Overcome 
Acquired Resistance to Targeted Therapy

Ling Li, Mengdi Hu, Tao Wang, Hongzhuan Chen and Lu Xu

18 Clinical and Immunological Outcomes in High-Risk Resected Melanoma 
Patients Receiving Peptide-Based Vaccination and Interferon Alpha, With 
or Without Dacarbazine Preconditioning: A Phase II Study

Francesca Urbani, Virginia Ferraresi, Imerio Capone, Iole Macchia,  
Belinda Palermo, Carmen Nuzzo, Angela Torsello, Patrizio Pezzotti,  
Diana Giannarelli, Anna Fausta Pozzi, Mariano Santaquilani, Paolo Roazzi, 
Silvia Bastucci, Caterina Catricalà, Antonia La Malfa, Giuseppe Vercillo, 
Novella Gualtieri, Carla Buccione, Luciano Castiello, Francesco Cognetti, 
Paola Nisticò, Filippo Belardelli, Federica Moschella and Enrico Proietti

34 Sitravatinib, a Tyrosine Kinase Inhibitor, Inhibits the Transport Function of 
ABCG2 and Restores Sensitivity to Chemotherapy-Resistant Cancer Cells 
in vitro

Yuqi Yang, Ning Ji, Qiu-Xu Teng, Chao-Yun Cai, Jing-Quan Wang,  
Zhuo-Xun Wu, Zi-Ning Lei, Sabrina Lusvarghi, Suresh V. Ambudkar and 
Zhe-Sheng Chen

48 M3814, a DNA-PK Inhibitor, Modulates ABCG2-Mediated Multidrug 
Resistance in Lung Cancer Cells

Zhuo-Xun Wu, Zheng Peng, Yuqi Yang, Jing-Quan Wang, Qiu-Xu Teng, 
Zi-Ning Lei, Yi-Ge Fu, Ketankumar Patel, Lili Liu, Lizhu Lin, Chang Zou and 
Zhe-Sheng Chen

62 Protective Role of Enalapril in Anthracycline-Induced Cardiotoxicity: A 
Systematic Review

Yili Zhang, Junjie Liu, Yuan Li, Nannan Tan, Kangjia Du, Huihui Zhao,  
Juan Wang, Jian Zhang, Wei Wang and Yong Wang

72 Chemotherapeutic Effectiveness of Combining Cetuximab for Metastatic 
Colorectal Cancer Treatment: A System Review and Meta-Analysis

Rong Li, Minqing Liang, Xiao Liang, Lu Yang, Min Su and Keng Po Lai

82 Targeting SphK2 Reverses Acquired Resistance of Regorafenib in 
Hepatocellular Carcinoma

Weiwei Shi, Shan Zhang, Ding Ma, Dongliang Yan, Guang Zhang, Yin Cao, 
Zhongxia Wang, Junhua Wu and Chunping Jiang

99 Phosphodiesterase Type 5 Inhibitors Synergize Vincristine in Killing 
Castration-Resistant Prostate Cancer Through Amplifying Mitotic Arrest 
Signaling

Jui-Ling Hsu, Wohn-Jenn Leu, Lih-Ching Hsu, Chen-Hsun Ho,  
Shih-Ping Liu and Jih-Hwa Guh

Table of Contents

https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/journals/oncology


Frontiers in Oncology 4 December 2021 | Combination Therapy for Solid Cancers

113 Overcoming Limitations of Cisplatin Therapy by Additional Treatment 
With the HSP90 Inhibitor Onalespib

Anja Charlotte Lundgren Mortensen, Tabassom Mohajershojai,  
Mehran Hariri, Marika Pettersson and Diana Spiegelberg

128 Activity of Birinapant, a SMAC Mimetic Compound, Alone or in 
Combination in NSCLCs With Different Mutations

Marika Colombo, Mirko Marabese, Giulia Vargiu, Massimo Broggini and  
Elisa Caiola

139 Suppression of Esophageal Cancer Stem-like Cells by SNX-2112 Is 
Enhanced by STAT3 Silencing

Dan-dan Xu, Su-hong Chen, Peng-jun Zhou, Ying Wang, Zhen-dong Zhao, 
Xia Wang, Hui-qing Huang, Xue Xue, Qiu-ying Liu, Yi-fei Wang and  
Rong Zhang

155 Novel Combination Therapies for the Treatment of Bladder Cancer

Mei Peng, Di Xiao, Yizhi Bu, Jiahui Long, Xue Yang, Shuhe Lv and  
Xiaoping Yang

168 Doubling the Dose of Bevacizumab Beyond Progression in Metastatic 
Colorectal Cancer–the Experience of a Tertiary Cancer Center

Călin Căinap, Ovidiu-Vasile Bochiş, Cătălin Vlad, Raluca Popita,  
Patriciu Achimaş-Cadariu, Andrei Havasi, Andreea Vidrean,  
Alexandra Dranca, Andra Piciu, Anne-Marie Constantin, Tiberiu Tat,  
Maniu Dana, Ovidiu Crişan, Cosmin Vasile Cioban, Ovidiu Bălăcescu,  
Ovidiu Coza, Loredana Bălăcescu, Monica Mihaela Marta,  
Madalina Bota and Simona Căinap

https://www.frontiersin.org/research-topics/10403/novel-combination-therapies-for-the-treatment-of-solid-cancers
https://www.frontiersin.org/journals/oncology


Frontiers in Oncology | www.frontiersin.org

Edited and reviewed by:
Olivier Feron,
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Editorial on the Research Topic

Combination Therapies for the Treatment of Solid Cancers

The concept of combination therapy was first introduced in 1965 when Emil Frei et al. launched the
first-ever combination chemotherapy in pediatric patients with acute leukemia (1). The success of
this combination therapeutic approach had remarkably changed the landscape of clinical oncology
ever since (2). Consequently, much emphasis in cancer research was directed to investigating
combination therapies that target different pathways to generate a favorable anticancer activity (3).
In line with this, advancements in cancer cell genomics, epigenomics, transcriptomics, and
proteomics have paved the way to identifying new molecular targets and the development of
selective targeted anticancer therapies (4). Targeted therapies have substantially expanded the
options for combinational anticancer treatments that can be combined with other targeted therapies
or chemotherapeutic drugs (5).

The combination of anticancer therapies is clinically appealing for several reasons. Firstly,
combination therapy improves treatment outcomes and results in superior therapeutic effects,
especially when a synergistic anticancer activity is achieved (6). Secondly, the combinational
approach overcomes clonal heterogeneity which is further associated with improved response rates
(7). Thirdly, combined drug regimens reduce the toxicity of the regimen as it allows using individual
drugs at reduced dosages at maintained therapeutic efficacy (6). Another advantage of combination
therapies is reducing the emergence of drug resistance (6). In this context, combination therapy
enables concurrent targeting of several molecular pathways essential for cancer cell survival and
abolish cellular mechanisms associated with adaptive resistance (8). Despite the advantages of
combination cancer treatments, several challenges accompany the development and utilization of
combined therapies. A challenging aspect of combination therapies is the potential drug interactions
and the pharmacokinetics of co-administered agents that could influence the therapeutic activity of
the regimen (2, 9). Besides, the administration of suboptimal doses of drugs in the combination may
be necessary to avoid toxicity (9). The definition of synergism is inconclusive, particularly in clinical
studies, and its prediction is challenging (10).

Historically, the development of most drug combinations was conducted using empirical
experimental or clinical settings (7, 8). In such a case, a detailed mechanistic analysis is rarely
performed for the prediction of effective combinations (7). Therefore, the development of strategies
June 2021 | Volume 11 | Article 70894315
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for the prediction and identification of combinations that exhibit
synergy is imperative (7, 8). In this regard, Narayan et al. used a
new approach called ‘drug atlas’ to identify novel synergistic
combination therapies (8). This strategy allows the identification
of independent processes for which the tumor might be
particularly vulnerable when attacked by two drugs on a pan-
cancer scale. A restrictive combination of drugs is another
approach that is gaining attention in cancer therapy (3). This
restrictive approach is based on the differences between cancer
cells and normal cells and focuses on strategic dosing and
drug administration to spare normal cells while targeting
cancer cells (3, 11). Besides, Tolcher et al. have demonstrated
the use of the ‘CombiPlex’ technology platform as a valuable
tool for developing drug combinations to predict the likelihood
of clinical activity of anticancer therapies (9). The CombiPlex
platform improves drug combinations by identifying synergistic
drug ratios and directing drug exposure to target tissues (9).

In this Research Topic, several studies have investigated the
impact of novel anticancer combinations and strategies in the
treatment of solid cancers. Colombo et al. studied the anticancer
activity of birinapant, an inhibitor of the inhibitor of apoptosis
proteins, in non-small-cell lung cancer. The activity of birinapant
was demonstrated in liver kinase B1 (LKB1)-deleted clone but not
LKB1-wild type cancer cells. In addition, the combination
of birinapant with the p38 inhibitor, ralimetinib, restored the
sensitivity of LKB1- and KRAS-mutated cell lines to birinapant.
In another study, Mortensen et al. investigated the impact of the
novel heat shock protein 90 (HSP90) inhibitor, onalespib to
enhance the activity and reverse resistance of cisplatin in ovarian
and head and neck cancer cells. The results of the study showed that
the combination of onalespib and cisplatin restored therapeutic
activity and enhanced the antiproliferative, antimigratory, and
apoptotic effects of the chemotherapeutic drug. Shi et al. showed
that sphingosine kinase 2 (SphK2) mediated regorafenib resistance
in hepatocellular carcinoma through NF-kB and STAT3 activation.
The authors also reported that sensitivity to regorafenib was
restored with the combination of regorafenib and the SphK2
inhibitor ABC294640 in both in vitro and xenograft animal
models of hepatocellular carcinoma. Xu et al. showed that the
combination of the HSP90, SNX-2112 with the knockdown of
STAT3 is associated with enhanced antiproliferative and apoptotic
anticancer activity in esophageal cancer stem-like cells in culture
and animal models.

The multidrug resistance of cancer cells is strongly linked to
the overexpression of ATP-binding cassette (ABC) efflux
transporters (12). In this Research Topic, Yang et al. and Wu
et al. evaluated the use of ABC efflux transporter inhibitors as
chemosensitizing agents to improve the activity of anticancer
drugs. Yang et al. demonstrated the inhibitory effect of
sitravatinib, a broad-spectrum tyrosine kinase inhibitor, on
ABCG2 efflux transporters. Sitravatinib treatment blocked the
efflux function of ABCG2 efflux transporters and restored the
antineoplastic effect of various anticancer drugs known as
ABCG2 substrates. In a second study by Wu et al., nedisertib
(M3814), a potent and selective inhibitor of DNA-dependent
protein kinase, attenuated the efflux activity of ABCG2
Frontiers in Oncology | www.frontiersin.org 26
transporter without affecting the expression or cell surface
localization of the pump. Nedisertib treatment increased the
accumulation of the ABCG2 substrate drugs mitoxantrone and
doxorubicin restoring their sensitivity in cancer cells.

Drug repurposing (also known as drug repositioning) is an
increasingly recognized therapeutic approach in cancer therapy.
Drug repurposing utilizes existing non-cancerous drugs to be
used for cancer treatment (3). This approach is very attractive as
it utilizes FDA-approved pharmaceutical agents with known
safety and pharmacokinetic profiles as a source of new
anticancer drugs at a reduced financial burden (3, 13). Li et al.
found that aspirin inhibited proliferation and promoted
apoptosis of lung and breast cancer cells. In addition, the
authors reported that aspirin treatment delayed and overcame
resistance to targeted therapy using in vitro and in vivo
models. Hsu et al. demonstrated a synergistic anticancer
activity for the combination of sildenafil, a phosphodiesterase
inhibitor, and vincristine treatment against castration-resistant
prostate cancer (CRPC). The authors showed that sildenafil
synergistically potentiated vincristine-induced mitotic arrest
and mitochondrial damage in vitro and synergized with
vincristine on suppressing tumor growth in a xenograft animal
model of CRPC. In a systematic review by Zhang et al., the
cardioprotective effect of enalapril against anthracycline-induced
cardiotoxicity was examined across 626 studies. Preliminary
evidence showed that enalapril treatment was associated with
reduced cardiac enzymes and improved left ventricular ejection
fraction in cancer patients treated with anthracyclines.

In a meta-analysis by Li et al., the authors evaluated 12
randomized controlled trials for the clinical effectiveness of
combining cetuximab treatment with chemotherapy for
treating metastatic colorectal cancer (mCRC). They revealed an
improved progression-free and overall survival for the
combination of cetuximab with chemotherapy in wild-type
KRAS patients. In a review by Peng et al., the combination of
immunotherapy, particularly the immune checkpoint inhibitors,
with other drug therapies or radiation was discussed as a novel
approach in the treatment of bladder cancer. In this e-book, a
phase II study by Urbani et al. evaluated the impact of
dacarbazine treatment with peptide-based vaccination in
combination with IFN-a2b in melanoma patients. No
significant differences were observed between patients who
received or did not receive dacarbazine treatment for relapse-
free and overall survival. Căinap et al. conducted a retrospective
analysis for patients with mCRC who were treated with
bevacizumab as first- or second-line therapy and who received
bevacizumab beyond the first progression (BYP). They report
that doubling the dose of bevacizumab BYP improved overall
survival in mCRC patients, and that bevacizumab was a suitable
partner in combination with both oxaliplatin- and irinotecan-
based regimens.

The use of combined chemotherapy becomes the standard
practice in medical oncology. Taking into consideration the
tremendous number of available chemotherapeutic and
targeted anticancer drugs, the prediction, and development of
novel drug combinations is a challenging task. Hence, it is
June 2021 | Volume 11 | Article 708943
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mandatory to explore the tools necessary to predict the
combinations with synergistic anticancer activity. Articles in
this Research Topic contributed to the field of novel drug
combinations in several aspects including the combinations
intended to overcome cancer resistance and enhance
anticancer drug activity, repurposing of drugs in combination
regimens, and providing insights from human studies on novel
combinational approach. Collectively, the future of novel
combinations to treat solid cancers is promising with endless
potentials for combination therapies on the horizon.
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Background: Themajor limitation of targeted cancer therapy is development of acquired

resistance. Intratumoral heterogeneity and coexist of multiple resistance mechanisms

make combination therapies targeting one specific mechanism inefficient.

Methods: Transcriptional signature obtained from GEO was used to reposition

FDA-approved drugs to treat lung and breast cancers as well as overcome acquired

resistance to EGFR TKIs in lung cancer and to tamoxifen in breast cancer via CMap. In

vitro and in vivo models were used to examine candidate drugs for their anti-cancer and

anti-resistance efficacy and underlying mechanisms.

Results: We found that aspirin, the most commonly used drug, not only inhibited

proliferation and promoted apoptosis of cancer cells, but also delayed and overcame

acquired resistance to targeted therapy using in vitro and in vivo models. The underlying

mechanism could be attributed to enhanced cancer stemness and activated NF-κB

signaling in acquired resistant tumors, both of which were suppressed by aspirin and

rendered resistant tumors more sensitive to aspirin.

Conclusions: Our data identify aspirin as a potential candidate for combination therapy

for lung and breast cancers.

Keywords: aspirin, lung cancer, breast cancer, targeted therapy, EGFR TKIs, tamoxifen, CMap, reposition

BACKGROUND

Cancer is the leading cause of death worldwide. Treatment for cancer includes surgery,
chemotherapy, and radiation therapy. Recently, the emergence of targeted therapy, which directly
targets molecules that are uniquely or abnormally expressed in cancer cells, has changed
dramatically the treatment of cancer. For example, tamoxifen was the first targeted therapy
using estrogen receptor (ER) as the target, which is present in about 80% of all breast cancer
(ER-positive), and reduces greatly the incidence of breast cancer death and recurrence in ER-
positive patients. Epidermal growth factor receptor (EGFR) is another effective target for treatment
of many epithelial cancers, especially non-small cell lung cancer in which 10–55% patients
have EGFR mutation. EGFR tyrosine kinase inhibitors (TKIs) have been approved for the
first line-treatment for EGFR-mutant lung cancer patients. However, the limitation of targeted
therapy is acquired resistance developed during the treatment course. The one major mechanism
of acquired resistance to targeted therapy is the alterations in the target itself (on-target),
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such as second mutation T790M in EGFR in EGFR-mutant
lung cancer or loss of ER function/expression in ER+ breast
cancer. Next-generation drugs targeting altered targets need to be
developed to overcome on-target acquired resistance. The other
type ofmechanisms is compensatory activation of downstream or
parallel signaling pathways (off-target), such as RAS-RAF-MEK-
ERK, PI3K-PTEN-AKT-mTOR, IGF1R pathway, NF-κB pathway
et al., which were common in both lung and breast cancer
with acquired resistance to respective targeted therapy (1–4) and
could be overcome by combination therapies. Unfortunately,
intratumoral heterogeneity which has been linked to treatment
resistance and tumor recurrence as well as coexist of multiple
resistance mechanisms render combination therapy targeting
one specific molecule or pathway inefficient (5, 6).

Drug repositioning or repurposing is to apply an existing drug
for another indication than it was originally approved for and has
recently gained popularity as an alternative strategy to de novo
drug synthesis, which is a time-consuming and costly process
(7, 8). Systematic repurposing approaches can be subdivided into
computational approaches and experimental approaches, both of
which are often used synergistically. Signature matching is one
of the most commonly used computational approaches, which is
based on the comparison of the signature of a drug against that of
another drug or disease. Connectivity map (CMap, http://www.
broad.mit.edu/cmap/) is a transcriptional expression database
containing compound-perturbed gene expression profiles of
cultured human cell lines. Of the 1309 compounds included
in CMap, most of them are currently used in clinic or well-
developed. By comparison of the transcriptome of human cells
treated with compound with that of a disease, which can be
easily accessed through public databases like Gene Expression
Omnibus (GEO), some old drugs have been successfully
repositioned. For example, using glioblastoma gene signatures
collected fromGEO to query CMap and then cell-based screening
of 65 candidate drugs, Cheng et al. found that thioridazine, a
DRD2 antagonist/antipsychotic drug, had anticancer stem cell
effects (9). A phase I trial has been conducted on acute myeloid
leukemia (AML) patients to evaluate thioridazine in combination
with cytarabine and preliminary results suggest that DRD2
represents a potential therapeutic target for AML (10).

Aspirin is the most common used non-steroidal anti-
inflammatory drug (NSAID) and daily intake of 75–1,200mg
aspirin per day has been reported to reduce the incidence of
colorectal cancer (11). However, the anticancer mechanisms of
aspirin, the most commonly used drug and emerging candidate
of drug repositioning, have not been yet clear.

The aim of this study was to reposition FDA-approved drugs
as part of combination therapy to overcome acquired resistance
to EGFR TKIs in lung cancer and to tamoxifen in breast
cancer, targeting their common mechanisms underlying off-
target acquired resistance. We searched GEO database to obtain
gene signatures associated with lung/breast cancer and acquired

Abbreviations: A, aspirin; T, tamoxifen; G, gefitinib; O, osimertinib; CMap,

Connectivity map; CSC, cancer stem cell; EGFR TKI, epidermal growth factor

receptor tyrosine kinase inhibitor; ER, estrogen receptor; GEO, Gene Expression

Omnibus; NSCLC, non-small cell lung cancer; PARP, poly ADP-ribose polymerase.

resistance to EGFR TKIs/tamoxifen to query CMap. The top-
ranked candidate aspirin was examined for its anticancer and
antiresistance effects on in vitro cells and in vivo animal models
and the underlying mechanisms were also explored.

MATERIALS AND METHODS

Reagents
Gefitinib, osimertinib and tamoxifen were purchased from
Selleck (Shanghai, China). Aspirin was purchased from Sangon
Biotech (Shanghai, China). Gefitinib, osimertinib, tamoxifen, and
aspirin were dissolved in DMSO.

Drug Screening via the CMap
Nine datasets from GEO (GSE19804, GSE42568, GSE15852,
GSE10797, GSE7670, GSE74575, GSE38310, GSE67916, and
GSE122005) were used in this study, all of which were generated
using Affymetrix HG-U133A gene chips. Two-fold change with
P <0.05 was used as the cut-off criterion for up and down probe
sets, which were used to query CMap. Compounds with P < 0.05
and enrichment score <-0.5 were retained.

Cell Culture and Establishment of
Resistant Cancer Cell Lines in vitro
HCC827, 16HBE, and MCF-7 cells were purchased from Cell
Bank of Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). MCF-10A cells were gifts from
Dr. Zhaoyuan Hou in Shanghai Jiao Tong University School
of Medicine. The cell lines were cultured under standard
condition and tested by certified third-party laboratories for
authenticity using short tandem repeat analysis and examined for
mycoplasma regularly. Gefitinib-, osimertinib-, and tamoxifen-
resistant cells were established by the stepwise escalation method
and maintained as previously described (12). Briefly, parental
cells were cultured with stepwise escalation of concentration
of gefitinib, osimertinib or tamoxifen from 5 to 5µM over 6
months. Resistant cell lines are capable of proliferating normally
in the presence of 5µM gefitinib, osimertinib or tamoxifen.
Cell viability was used to confirm resistance after allowing
the cells to grow in drug-free medium for 5–7 days. Upon
confirming resistance, resistant cell lines were cultured without
gefitinib, osimertinib, or tamoxifen and their resistance was
examined periodically.

Cell Viability Assay
Cell viability was determined using the Cell Counting Kit-8
(CCK-8) colorimetric assay (Dojindo, Shanghai, China) and
the IncuCyte ZOOM R© system (Essen BioScience) as previously
described (12). Briefly, for CCK8 assay, cells were seeded at
a density of 2,000–3,000 cells/well in 96-well plates. After
incubated with serum-free DMEM for 24 h, the cells were treated
with indicated concentrations of drug for 48–72 h. Cells treated
with solvent (DMSO) were used as a control, with viability set
at 100%. For IncuCyte assay, 3,000 cells were seeded into 96-
well plates containing DMEM supplemented with 10% FBS in
the presence or absence of indicated concentrations of drug. The
plates were placed into an IncuCyte Zoom (Essen Bioscience)
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that automatically takes phase-contrast images of each well every
2 h over the course of 2–5 days and utilizes software to measure
confluence as a proxy for cell viability.

Western Blot and Immunofluorescence
Analyses
The expression levels of proteins were examined by Western
blot and immunofluorescence staining analyses as previously
described (12). The list of antibodies used is available in Table S2.

Colony Formation Assay
A total of 800–1,000 viable cells were placed in six-well plates and
cultured in complete medium for 2–3 weeks. Colonies were fixed,
stained with crystal violet and then counted.

Mouse Xenograft Models, Combination
Treatment, and Tumorigenic Assay
Athymic BALB/c nude mice were purchased from Shanghai
Laboratory Animal Center (Chinese Academy of Sciences,
Shanghai, China) and housed in environmentally controlled,
specific pathogen-free conditions for 1 week before the study.
All experimental procedures were reviewed and approved in
accordance with the guidelines for the care and use of laboratory
animals at Shanghai Jiao Tong University.

To establish mouse xenograft models, same amount of
indicated tumor cells was injected subcutaneously into both
flanks of each mouse. The tumor volume was measured after 1
week from injection and then every other day or twice a week.
Tumor volumes (mm3) were calculated as length×width2/2.

For combination treatment experiments, when the volumes
of xenograft tumors reached ∼200 mm3, mice were given daily
PBS, 12.5 mg/kg gefitinib, 100 mg/kg aspirin, or combination of
12.5 mg/kg gefitinib and 100 mg/kg aspirin by garage. At the end
of experiments, mice were sacrificed and tumors were dissected,
weighted and photographed.

For tumorigenic assay, HCC827 cells were treated with aspirin
for 12 h and then different amount of viable cells (1 × 106, 5 ×

105, 2× 105, 1× 105) in 50 µl PBS were injected subcutaneously
into each mouse. Xenograft tumor initiation and growth were
examined every 5 days.

Statistical Analysis
All data are presented as the mean±SEM. Statistical analysis was
conducted using GraphPad Prism 5.0 software (La Jolla, CA,
USA). Differences between groups were examined using Student’s
t-test. Differences were considered significant if P was <0.05.

RESULTS

Using Gene Signatures to Identify Drugs
for Lung and Breast Cancers via CMap
It is currently acknowledged that transcriptional programs can
be used to identify therapeutic targets to treat cancer. If a
drug treatment could reverse the gene signature of a certain
disease, it might have the potential to treat the disease. The
Connectivity Map (CMap) database comprised a large reference
collection of gene expression profiles from cultured human

cells treated with 1,309 drugs. The database can be queried
with a gene signature of interest to identify those drugs that
induce desired gene expression changes. In order to identify
drugs to treat the two most common cancers lung and breast
cancers, as well as overcome acquired resistance to targeted
therapy, first, we searched the Gene Expression Omnibus (GEO)
database for lung cancer or breast cancer vs. respective normal
tissue, EGFR TKI-sensitive vs. acquired resistant lung cancer,
and tamoxifen-sensitive vs. acquired resistant breast cancer. We
obtained five datasets for cancer vs. normal and four for targeted-
therapy sensitive vs. acquired resistant. The data sources were
summarized in Tables 1, 2 and data analysis was described in the
Material and methods section. All nine datasets were published
previously (13–21). Then, differentially expressed genes from
each dataset were individually queried with CMap. As shown
in Figure 1A, intersection of five normal vs. cancer datasets
and four targeted-therapy sensitive vs. acquired resistant datasets
yielded 83 and 76 drugs, respectively. Both of those two groups of
drugs contained the same 12 FDA-approved drugs and the names
of these drugs were listed in Table S1.

Aspirin Inhibited Proliferation and
Promoted Apoptosis of Cancer Cells
First, we tested the effects of these drugs on the proliferation and
apoptosis of lung and breast cancer cells. As shown in Figure 1B,
in a dose-dependent manner, aspirin promoted apoptosis of lung
cancer HCC827 and breast cancer MCF-7 cells by increasing
the expression of cleaved PARP or caspase-3. Flow cytometry
also showed significantly increased percentage of apoptotic
cells when treated with aspirin (Figure 1C). Then, we treated
HCC827 cells with EGFR TKIs (gefitinib or osimertinib) and
MCF-7 cells with tamoxifen in combination with aspirin (A).
Cell viability assays (Figures 1D–F, upper panels) and IncuCyte

TABLE 1 | Summary of five datasets (normal vs. tumor samples) used for

CMap analysis.

GEO # GSE7670 GSE10797 GSE15852 GSE19804 GSE42568

Pubmed ID 17540040 18373191 20097481 20802022 23740839

Up probe sets # 21 7 18 9 4

Down probe

sets #

109 110 47 47 103

Normal # 27 10 43 60 17

Tumor # 27 56 43 60 104

TABLE 2 | Summary of four datasets (sensitive vs. resistant cells) used for

CMap analysis.

GEO # GSE38310 GSE74575 GSE122005 GSE67916

Pubmed ID 22751098 27108960 30609749 24882577

Up probe sets # 13 48 33 13

Down probe sets # 30 29 41 11

Sensitive # 3 3 3 8

Resistant # 3 3 3 10
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FIGURE 1 | Aspirin inhibited proliferation and promoted apoptosis of lung and breast cancer cells. (A) The Venn diagram represents the number of drugs using five

data sets (GSE19804, GSE42568, GSE15852, GSE10797, and GSE7670) or four data sets (GSE74575, GSE38310, GSE67916, GSE122005) to query the CMap.

(B) Western blot analysis of cleaved-caspase 3 (c-caspase 3), caspase 3, cleaved-PARP (c-PARP), and PARP in HCC827 and MCF-7 cells treated with indicated

concentrations of aspirin for 72 h. β-actin was used as loading control. (C) Flow cytometry analysis of apoptosis of HCC827 treated with 2mM aspirin and of MCF-7

cells treated with 2mM aspirin for 72 h (left panels). Quantitative analysis of apoptotic cells identified by flow cytometry (right panels). Data were obtained from three

independent experiments. (D–F) Cell viability by CCK8 assay (upper panels) and IncuCyte growth curves (lower panels) of indicated cells treated with 10 nM

osimertinib (O), 10 nM gefitinib (G), 2mM aspirin (A), 2µM tamoxifen (T), O+A, G+A, or T+A for 72 h as indicated. The data are presented as the means ± SEM.

Student’s t-test was used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

growth curves (Figures 1D–F, lower panels) both showed that
combination of aspirin with targeted drugs dramatically inhibited
proliferation of cancer cells. However, single agents including
targeted therapies and aspirin, or combination of targeted
therapies and aspirin had no effects on the proliferation of
normal lung (16HBE) or breast epithelial cells (MCF-10A)
(Figure S1).

Aspirin Overcame Acquired Resistance to
Targeted Therapy
Next, we determined to test the effects of aspirin on the
acquired resistance to targeted therapy in lung and breast
cancers. First, we established in vitro cell models of acquired
resistance to targeted therapy by culturing sensitive cancer
cells in targeted drugs with escalating concentration as we
previously reported (12). Then we examined the effects of aspirin

on the cell viability in normal epithelium cells, sensitive and
resistant cells using CCK8 assay. As shown in Figures S2A,B,
resistant cells such as HCC827GR, HCC827OR, and MCF-
7TR cells were more sensitive to aspirin than their respective
sensitive cells, HCC827 cells and MCF-7 cells, while sensitive
cells were more sensitive to aspirin than normal epithelium
cells, 16HBE and MCF-10A. Therefore, we chose 1 or 2mM
aspirin to treat resistant cells and 2 or 5mM to treat sensitive
cells in this study. We found that aspirin promoted apoptosis
by increasing the percentages of apoptotic cells (Figure 2A
and Figure S2C) and the expression of cleaved PARP and
caspase-3 (Figure 2B). Similarly, we treated resistant cells with
targeted drugs in combination with aspirin. Cell viability
assays (Figures 2C–E, left panels) and IncuCyte growth curves
(Figures 2C–E, right panels) both showed that combination of
aspirin with targeted drugs dramatically inhibited proliferation
of resistant cells. To extend our findings to in vivo, we
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FIGURE 2 | Aspirin overcame acquired resistance to targeted therapy in lung and breast cancers. (A) Quantitative analysis of apoptotic cells in the indicated cells

treated with 1mM aspirin for 72 h identified by flow cytometry. Data were obtained from three independent experiments. (B) Western blot analysis of c-caspase 3,

caspase 3, c-PARP, and PARP in HCC827OR, HCC827GR, and MCF-7TR cells treated with indicated concentrations (mM) of aspirin for 72 h. (C–E) Cell viability by

CCK8 assay (left panels) and IncuCyte growth curves (right panels) of indicated cells treated with 10µM osimertinib (O), 10µM gefitinib (G), 1mM aspirin (A), 8µM

tamoxifen (T), O+A, G+A, or T+A for 72 h as indicated. (F–H) HCC827GR-derived xenograft tumors were treated with PBS, 12.5 mg/kg/day gefitinib (G), 100

mg/kg/day aspirin (A), or G+A. The growth curve (F), and the weight and photographs of tumors (G). (H) Western blot analysis of c-caspase 3 and caspase 3. β-actin

was used as loading control. The data are presented as the means ± SEM. Student’s t-test was used. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

subcutaneously injected HCC827GR cells into both flanks of
nude mice. And when tumor cells formed solid, palpable tumor
with an average volume of 150–200 mm3, we treated mice
with gefitinib (12.5 mg/kg/day) in combination with aspirin
(100 mg/kg/day). As shown in Figures 2F–H, combination
therapy dramatically inhibited tumor growth (Figures 2F,G)
and promoted apoptosis compared to single agent therapy
(Figure 2H).

Aspirin Delayed the Emergence of
Acquired Resistance to Targeted Therapy
To determine whether aspirin could prevent or delay the
occurrence of acquired resistance to targeted therapy, we assessed
the emergence of acquired resistance to targeted drugs. Low
confluence cells (200–500/well) were seeded and treated in a
96-well plate, and wells of 50% or greater confluence were
scored as positive weekly (22). We found that gefitinib- and

osimertinib-resistant colonies began to appear within 1 week,
while tamoxifen-resistant colonies appeared within 2 weeks
(Figures 3A–C). Aspirin alone didn’t delay the emergence of
resistance while combination of aspirin with targeted drugs
significantly delayed the emergence of acquired resistance and
reduced the incidence of resistant colonies (Figures 3A–C). To
recapitulate the in vitro results in vivo, nude mice harboring
HCC827-xenograft tumors were treated with gefitinib (12.5
mg/kg/day), aspirin (100 mg/kg/day), or combination of thereof.
During the course of treatment, aspirin alone slightly inhibited
tumor growth while gefitinib alone or in combination with
aspirin led to significant tumor regression (Figures 3D–F).
However, gefitinib alone was not able to prevent tumor
regrowth after about 3-week treatment, indicating emergence of
acquired resistance, while combination of gefitinib with aspirin
effectively suppressed tumor regrowth up to 8 weeks. Moreover,
combination therapy dramatically promoted apoptosis compared
to single agent therapy (Figure 3G).
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FIGURE 3 | Aspirin delayed the emergence of acquired resistance to targeted therapy in lung and breast cancers. (A–C) The indicated cells (200–500/well) were

seeded and treated in a 96-well plate, and wells of 50% or greater confluence were scored as positive weekly and graphed means ± SEM. Each experiment was

repeated two times. (A) HCC827 cells were treated with 10 nM O, 2mM A, or O+A. (B) HCC827 cells were treated with 10 nM G, 2mM A, or G+A. (C) MCF-7 cells

were treated with 2µM T, 2mM A, or T+A. (D–F) HCC827-derived xenograft tumors were treated with PBS, 12.5 mg/kg/day G, 100 mg/kg/day A, or G+A. The

growth curve (D), the photographs (E) and the weight of tumors (F). (G) Western blot analysis of c-caspase 3 and caspase 3. β-actin was used as loading control.

The data are presented as the means ± SEM. Student’s t-test was used. *P < 0.05; ****P < 0.0001.

Aspirin Suppressed Cancer Stemness of
Lung and Breast Cancers
Cancer stem cells (CSC) are considered to play a pivotal role
in therapy resistance and relapse of cancer (23). Next, we
sought to examine the effects of aspirin on cancer stemness of
lung and breast cancers. Cancer cells with acquired resistance
to targeted therapy have been reported with enhanced cancer
stemness (24). So, we treated resistant cancer cells with aspirin
and then examined the expression of CSC markers CD44
by immunofluorescence analysis. As shown in Figure 4A, the
expressions of CD44 in HCC827GR, HCC827OR and MCF-
7TR were decreased by aspirin treatment. Western blot also
showed that the expressions of CD44 as well as ALDH1A1,
which is another well-known cancer stem cell marker, were
repressed in HCC827OR and HCC827GR cells treated with
aspirin (Figure 4B). Furthermore, colony formation assay
showed that aspirin suppressed self-renewal capacity of both
sensitive and resistant cells in vitro (Figure 4C). To examine
in vivo tumorigenic capacity, HCC827 cells were treated with

aspirin for 12 h, after which 1 × 106, 2 × 105, or 1 × 105

viable cells were implanted subcutaneously into nude mice.
Pretreatment with aspirin led to a significant reduction in tumor
incidence and tumor volume (Figures 4D,E). Overall, these
results demonstrated that aspirin suppressed cancer stemness of
lung and breast cancers.

Aspirin Suppressed NF-κB Signaling
Pathway
Activation of NF-κB signaling has been linked to various
aspects of cancer, including inflammation, transformation,
proliferation, angiogenesis, metastasis, treatment resistance, and
cancer stemness (25, 26). As we previously reported that
NF-κB signaling was activated in HCC827GR cells (12), we
determined to examine whether aspirin could suppress NF-
κB signaling. Consistent with our previous study (12), we
found that acquired EGFR TKI-resistant cells HCC827GR and
HCC827OR had higher levels of NF-κB activity compared
to their parental, sensitive cells HCC827 (Figures 5A,B and

Frontiers in Oncology | www.frontiersin.org 6 January 2020 | Volume 9 | Article 150313

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


Li et al. Aspirin Overcome Acquired Resistance

FIGURE 4 | Aspirin suppressed cancer stemness of lung and breast cancers. (A,B) The indicated cells were treated with 1mM aspirin for 72 h. CD44 expression was

analyzed by immunofluorescence staining (A). Nuclei were observed with DAPI staining. Scale bar, 50µm. (B) The expressions of CD44 and ALDH1A1 were

examined by Western blot. (C) Colony formation assay of indicated cells treated with indicated concentrations of aspirin. (D,E) Limiting dilution transplantation assay.

HCC827 cells were treated with 2mM aspirin for 12 h prior to transplantation. The indicated numbers of viable HCC827 cells were transplanted subcutaneously into

nude mice. The incidence and the photograph of tumors (D). The growth curve and weight of tumors from 1 × 106 HCC827 cells (E). The data are presented as the

means ± SEM. Student’s t-test was used. *P < 0.05.

Figures S3A,C,E). NF-κB activity was assessed by the levels of
phosphorylated NF-κB p65 by Western blot and p65 nuclear
translocation by immunofluorescence. Similarly, tamoxifen
resistant MCF-7TR cells had a higher level of NF-κB activity
compared to parental, sensitive MCF-7 cells (Figures 5A,B and
Figure S3E). After HCC827 and MCF-7 cells were treated with
targeted drugs gefitinib/osimertinib and tamoxifen for 72 h,
respectively, NF-κB activity was also increased (Figures 5B,C
and Figures S3A,C,E). These results demonstrated that targeted
therapy increased NF-κB activity in cancer cells, which may
contribute to the development of acquired resistance. Next, we
treated cancer cells with aspirin. As shown in Figures 5D–F

and Figures S3B,D,F, aspirin decreased NF-κB activity in both
sensitive and resistant cells. These results demonstrated that
aspirin suppressed NF-κB signaling. Aspirin also decreased
targeted therapy-induced NF-κB activity in HCC827 and MCF-7
cells (Figure 5G). Furthermore, HCC827 and MCF-7 cells
were treated with NF-κB activator TNF-α in the presence or
absence of aspirin. As shown in Figure 5H, TNF-α increased

the level of phosphorylated NF-κB p65 while aspirin abrogated
TNF-α-induced p65 phosphorylation, further demonstrating
that aspirin suppressed NF-κB signaling.

DISCUSSION

Acquired resistance to targeted drugs limits the long-term clinical
efficacy of these drugs. Therefore, novel therapies such as new
drugs or combination of old drugs are needed to overcome or
delay the emergence of acquired resistance to targeted drugs.
Since new drug development is a time-consuming and expensive
process, repositioning old drugs for new indications seems
attempting and has set some successful examples (27, 28). In
this study, we aimed to reposition FDA-approved drugs to
treat lung and breast cancers as well as overcome or delay
the emergence of acquired resistance to targeted lung and
breast cancer therapies. We searched GEO database for tumor-
associated gene signatures (tumor vs. normal) and acquired
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FIGURE 5 | Aspirin suppressed NF-κB activity in cancer cells. (A) Western blot analysis of p-NF-κB p65 (p-p65) and NF-κB p65 (p65) in HCC827, HCC827OR (OR),

HCC827GR (GR), MCF-7 and MCF-7TR (TR) cells. (B) Immunofluorescence staining analysis of p65 in HCC827, HCC827OR, or HCC827 cells treated with 10 nM O

for 72 h (left panels) and in MCF-7, MCF-7TR, or MCF-7 cells treated with 2µM T for 72 h (right panels). (C) Western blot analysis of p-p65 and p65 in HCC827 cells

treated with 10 nM O or 10 nM G for 72 h (left panels) and in MCF-7 cells treated with 2µM T for 72 h. (D) Western blot analysis of p-p65 and p65 in HCC827 and

MCF-7 cells treated with indicated concentration (mM) of aspirin for 72 h. (E) Western blot analysis of p-p65 and p65 in HCC827OR, HCC827GR, and MCF-7TR cells

treated with indicated concentration (mM) of aspirin for 72 h. (F) Immunofluorescence staining analysis of p65 in HCC827OR or MCF-7TR cells treated with 1mM A

for 72 h. Nuclei were observed with DAPI staining. Scale bar, 50µm. (G) Western blot analysis of p-p65 and p65 in HCC827 or MCF-7 cells pretreated with A (2mM)

for 2 h and then subjected to 10 nM O, 10 nM G, or 2µM T as indicated for 72 h. (H) Western blot analysis of p-p65 and p65 in HCC827 or MCF-7 cells pretreated

with 2mM A for 70 h and then subjected to 10 ng/ml TNF-α as indicated for 2 h. β-actin was used as loading control.

resistant tumor-associated gene signatures (resistant vs. sensitive)
to query the CMap, respectively. Through CMap data mining, we
identified 12 candidate drugs. Among these candidate drugs, we
found that aspirin has potent antitumor effects on lung and breast
cancers and can re-sensitize acquired resistant tumors to targeted
therapies as well as delay the emergence of acquired resistance
when combined with targeted therapies.

CMapwas created to identify compounds that induce a similar
or opposite gene-expression signature to diseases of interest. So,
it is a useful tool to identify new applications for “old” drug.
From GEO, one of the largest gene expression data repositories,
we chose lung and breast cancer datasets that contain normal
vs. tumor and sensitive/before targeted therapy vs. acquired
resistant/after targeted therapy and used selected gene signatures
constructed from each dataset to query CMap. Comparing the
significant drugs obtained using individual gene signatures, there

were 83 overlapping drugs from five normal vs. tumor datasets
and 76 from four sensitive vs. resistant datasets. Among these, we
found 12 common FDA-approved drug candidates, which have
the potential to kill both lung and breast cancers as well as lung
and breast cancers with acquired resistance to targeted therapy.
Indeed, our results demonstrated that one of these 12 FDA-
approved drugs, aspirin, which is widely used and safe, could be
repositioned to treat lung and breast cancers.

Epidemiological data have shown that use of aspirin has
been associated with lower cancer risk. In vitro and in vivo
studies have also revealed the anticancer activities of aspirin
and plausible mechanisms (29–32). Consistently, we found
that aspirin inhibited proliferation and promoted apoptosis
of lung and breast cancer cells. On the contrary, aspirin
has no effects on normal lung and mammary epithelial cell
proliferation at concentrations used on lung and breast cancer
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cells. When combined with targeted drugs gefitinib, osimertinib,
or tamoxifen, aspirin had synergistic effects on cancer cell
proliferation. More importantly, our results showed that aspirin
dramatically increased the sensitivity of resistant tumors to
targeted drugs and significantly delayed the emergence of
acquired resistance in vitro and in vivo. In the meanwhile,
interestingly, we found that resistant cells were more sensitive
to aspirin treatment than parental, sensitive cells in terms of
proliferation and apoptosis. Mechanistically, our data showed
that resistant cancer cells had higher levels of NF-κB activity
compared to their parental, sensitive cancer cells, while NF-κB is
reported to be constitutively activated in a wide variety of tumor
types including lung and breast cancers compared with their
respective normal tissues or cells (33). Aspirin suppressed NF-
κB signaling, which could explain the differences in sensitivity
to treatment among different cells including normal epithelial
cells, sensitive or resistant cancer cells. That is, resistant cancer
cells, which have the highest activity of NF-κB, are most sensitive
to aspirin, while normal epithelial cells which have the lowest
activity NF-κB are least sensitive to aspirin. NF-κB signaling
is involved in various aspects of cancer including survival,
metastasis, therapy resistance as well as cancer stemness. During
the course of targeted therapy, survival tumor cells became
resistant, and concomitantly acquired increased cancer stemness
and NF-κB activity. Similarly, resistant cells were more sensitive
to aspirin treatment than sensitive cells in terms of cancer
stemness, which could also be due to increased NF-κB activity
in resistant cells. Aspirin was also found to be able to abrogate
NF-κB p65 activation induced by targeted drugs or TNF-α. Taken
together, we proposed that aspirin could suppress NF-κB p65
signaling to inhibit tumor progression.

In this study, the concentration of aspirin used in in
vitro experiments was ∼2mM, which is similar to the plasma
concentration of salicylate (metabolite of aspirin in vivo)
observed in rheumatoid arthritis patients. The dose of aspirin
used in in vivo experiments is 100 mg/kg. According to the
Reagan-Shawmethod (34), the dose of 100mg/kg inmice is equal
to 8.1 mg/kg in humans, which is the dose that used in clinic
to treat inflammation. Thus, the dose in our study is safe for
human patients.

CONCLUSIONS

In summary, our data identify aspirin as a potential candidate
for combination therapy for lung and breast cancers. There

only have been few stage III clinical trials of aspirin plus
radiation therapy, chemotherapy, or targeted therapy to treat
lung or breast cancer patients. We hope our study provides
further molecular rationale and preclinical data to support
combination of aspirin with targeted therapy to treat lung and
breast cancers.
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Clinical studies based on novel rationales and mechanisms of action of chemotherapy

agents and cytokines can contribute to the development of new concepts and strategies

of antitumor combination therapies. In previous studies, we investigated the paradoxical

immunostimulating effects of some chemotherapeutics and the immunoadjuvant activity

of interferon alpha (IFN-α) in preclinical and clinical models, thus unraveling novel

rationales and mechanisms of action of chemotherapy agents and cytokines for cancer

immunotherapy. Here, we carried out a randomized, phase II clinical trial, in which we

analyzed the relapse-free (RFS) and overall survival (OS) of 34 completely resected stage

III–IV melanoma patients, treated with peptide-based vaccination (Melan-A/MART-1 and

NY-ESO-1) in combination with IFN-α2b, with (arm 2) or without (arm 1) dacarbazine

preconditioning. All patients were included in the intention-to-treat analysis. At a median

follow-up of 4.5 years (interquartile range, 15.4–81.0 months), the rates of RFS were

52.9 and 35.3% in arms 1 and 2, respectively. The 4.5-year OS rates were 68.8%

in arm 1 and 62.7% in arm 2. No significant differences were observed between the

two arms for both RFS and OS. Interestingly, the RFS and OS curves remained stable

starting from 18 and 42 months, respectively. Grade 3 adverse events occurred in 5.9%

18
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of patients, whereas grade 4 events were not observed. Both treatments induced a

significant expansion of vaccine-specific CD8+ T cells, with no correlation with the clinical

outcome. However, treatment-induced increase of polyfunctionality and of interleukin

2 production by Melan-A–specific CD8+ T cells and expansion/activation of natural

killer cells correlated with RFS, being observed only in nonrelapsing patients. Despite

the recent availability of different therapeutic options, low-cost, low-toxic therapies with

long-lasting clinical effects are still needed in patients with high-risk resected stage III/IV

melanoma. The combination of peptide vaccination with IFN-α2b showed a minimal

toxicity profile and resulted in encouraging RFS and OS rates, justifying further evaluation

in clinical trials, which may include the use of checkpoint inhibitors to further expand the

antitumor immune response and the clinical outcome.

Clinical Trial Registration: https://www.clinicaltrialsregister.eu/ctr-search/search,

identifier: 2008-008211-26

Keywords: immunotherapy, melanoma, combination therapy, chemotherapy, drug repurposing, interferon-α

INTRODUCTION

In the last decade, cancer immunotherapy has registered an
impressive progress, mostly due to the clinical use of checkpoint
inhibitors (CPIs), which showed long-term responses in a
large variety of tumors. Because of its high immunogenicity,
melanoma was the first cancer type in which CPIs were approved
in metastatic (1) as well as in high-risk resected patients (2).
Nevertheless, a subset of patients remains unresponsive to this
therapy because of primary or secondary resistance (3). Further
advances in cancer immunotherapy can only stem from a better
understanding on how CPIs can be combined with additional
treatments, including cancer vaccines (4).

In the history of cancer immunotherapy, many research
efforts have been devoted to the development of active
immunization strategies against tumor-associated antigens
(TAAs), taking advantage of shared as well as neoantigens (5),
with alternate cycles of optimism and discouragement. One main
research challenge is how to increase the antitumor immune
response to TAAs by using selected cytokines and/or drugs
acting as effective immune adjuvants.

A long-standing preclinical work from our institution and
other research groups had deepened our understanding for the
basic mechanisms of the combined treatment of immunotherapy
with chemotherapy and/or type I interferons (IFN-I) (6–8).
Of note, certain chemotherapeutics (such as alkylating agents),
given at defined dose and timing, may augment lymphocyte

Abbreviations: IFN, Interferon; RFS, relapse-free; OS, overall survival; CPIs,

checkpoint inhibitors; IFN-I, type I interferons; TH, T helper; DC, dendritic cell;

NK, natural killer; DTIC, Melan-A/MART-1 Melan-A, dacarbazine; ISS, Istituto

Superiore di Sanità; IRE, Regina Elena National Cancer Institute; AJCC, American

Joint Commission on Cancer; CT, computed tomography; eCRF, electronic case

report forms; CTCAE, Common Terminology Criteria for Adverse Events; PE,

phycoerythrin; FITC, fluorescein isothiocyanate; SEB, staphylococcal enterotoxin

B; IL, interleukin; TNF, tumor necrosis factor; SE, standard error; NED, no

evidence of disease; FDA, Food and Drug Administration; EMA, European

Medicines Agency; TAAs, tumor-associated antigens.

proliferation (9), reduce the number of regulatory T cells (10–
12) and the expression of PD-1 on CD8+ T cells, favor T helper
1 (TH1) and TH17 responses (11, 12), activate polyfunctional T
helper cells (13), promote tumor infiltration by T cells (14), and
reset dendritic cell (DC) homeostasis (15). Remarkably, type I
IFN gene signature has been demonstrated in animal models, as
well as in cancer patients following administration of alkylating
agent (16–18).

Interferon (IFN)-α is a cytokine belonging to the IFN-
I family and endowed with pleiotropic effects, including DC
development/activation (19, 20), TH1 cell differentiation, T cell
memory turnover, and natural killer (NK) cell activation (21,
22). INF-α is the cytokine with the longest record of clinical
use. For many years, the antitumor effects observed in patients
with certain hematological malignancies (hairy cell leukemia
and chronic myeloid leukemia) and solid tumors (including
melanoma and renal cancer) contributed in maintaining a great
interest of the scientific community, patients, and media on IFN-
α. Today, the use of IFN-α has been largely replaced by new
drugs (including targeted therapies), thought to be less toxic
and more selective for cancer cells. Of note, IFN-I were used in
cancer patients when their mechanisms of action were still largely
unknown, as either conventional cytostatic drugs or nonspecific
biological response modifiers. They were generally utilized at
high dosages and administered continuously, assuming that such
treatment regimens could result inmore potent antitumor effects.
Specific biological activities subsequently ascribed to IFN-I have
poorly been considered for clinical use. As an example, an
ensemble of data demonstrated that the interaction of IFN-αwith
specific types of immune cells, such as DC, is strictly instrumental
for the induction of antitumor effects (21, 23, 24). Based on
these premises, IFN-α has been used in a few clinical studies as
a vaccine adjuvant in infective (25) as well as neoplastic diseases
[reviewed in Rizza et al. (21)]. A pilot study showed that in stage
IV advanced melanoma patients the vaccination with Melan-
A/MART-1 (Melan-A) and gp100 peptides combined with low-
dose IFN-α resulted in enhanced specific CD8+ T cells and
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monocyte/DC precursor activation (26). A subsequent phase
I/II clinical study was conducted by our group in stage III/IV
melanoma patients following surgery to evaluate the safety and
immunogenicity of peptide-based vaccination with Melan-A and
gp-100 in combination with low-dose IFN-α, preceded or not by
a single administration of dacarbazine (DTIC) (16). Remarkably,
three of five high-risk patients treated with DTIC plus IFN-α plus
vaccination are up to now disease-free after more than 10 years
(16). The triple combination proved safe and well tolerated and
capable of inducing higher specific CD8+ T cell responses than
vaccination plus IFN-α alone. In responder patients, we found a
progressive enhancement of the T cell receptor (TCR) repertoire
diversity in highly avid Melan-A–specific CD8+ T cells (27),
accompanied by serine/threonine kinase (AKT)-activation (28).

In light of our results, we aimed to carry out an open-
label, randomized, phase II trial on resected stage III, IVM1a,
and IVM1b melanoma patients. Since in our previous phase I
trial the immune responses to gp100 were much weaker than
those to Melan-A (16), we replaced gp100 with the cancer-testis
antigen NY-ESO-1, which represents a promising candidate for
vaccine-based therapy given its ability to induce both cellular
and humoral immune responses (29). The trial was designed to
evaluate (a) whether peptide-based vaccination combined with
IFN-α could improve relapse-free survival (RFS) and overall
survival (OS) with respect to literature estimates available at
the time of the study design; (b) whether preconditioning with
DTIC could further increase the clinical outcome; (c) whether
the immune response could predict the time to relapse; and (d)
safety and tolerability of the investigated treatment approach.

MATERIALS AND METHODS

Patients and Enrollment
This study (EudraCT no. 2008-008211-26) was sponsored
and coordinated by Istituto Superiore di Sanità (ISS, Rome,
Italy) and was conducted in accordance with the International
Conference on Harmonization E6 Guidelines for Good Clinical
Practice and the Declaration of Helsinki. Patients were enrolled
at Regina Elena National Cancer Institute (IRE) (Rome, Italy),
after having signed an informed consent form approved by the
IRE Ethical Committee. Patients with histologically confirmed
stage III or IV (M1a or M1b) melanoma, according to the
2002 modified American Joint Commission on Cancer (AJCC)
staging system, underwent surgical resection of nodal or
metastatic disease. Inclusion criteria included histologically
confirmed stage III or IV (M1a or M1b) melanoma; surgical
resection of nodal or metastatic disease; no evidence of
disease (NED), as assessed by computed tomography (CT)
scan performed within 30 days before therapy; HLA-A∗0201
positivity; age 18 years or older; adequate renal, hepatic, and
hematologic functions; Eastern Cooperative Oncology Group
(ECOG) score 0–1; and life expectancy of at least 6 months.
Exclusion criteria included current or a previous diagnosis of
carcinoma within 5 years; concomitant or prior chemotherapy,
immunotherapy, or radiotherapy (within 4 years); severe
cardiovascular disease; concomitant immunosuppressant
therapy; active autoimmune disease; active or chronic infection

(including human immunodeficiency virus, hepatitis C and B
viruses); pregnancy; and breastfeeding. Patients were required
to have a CT scan performed within 30 days before initiation of
therapy, showing NED. Patients’ characteristics are detailed in
Supplementary Table S1.

Vaccine
Melan-A26−35 (A27L) (ELAGIGILTV) and NY-ESO-1157−165

(SLLMWITQC) GMP-grade peptides were produced by
Polypeptide Laboratories (Strasbourg, France) and emulsified
withMontanide ISA-51 (Seppic, Milan, Italy) using a two-syringe
method. The emulsion was obtained by using rubber/silicone-
free syringes (B. Braun, Melsungen, Germany) and flexible
connector devices specifically designed by Know Medical
(Viadana, Italy).

Treatment
In arm 1, patients received the vaccine intradermally in
combination with 6 MU IFN-α2b subcutaneously (IntronA R©;
Schering-Plough Corporation, Kenilworth, NJ, USA). Each
peptide and 3 MU IFN-α2b were injected in close but separate
sites near local lymph nodes in right or left alternating arms or
legs. The immunization regimen consisted of six cycles (every
21 days) of two vaccine doses (7 days apart) (Figure 1A). Arm 2
patients received the same treatment of arm 1 patients, preceded
(1 day before each vaccination cycle) by an intravenous infusion
of 800 mg/m2 DTIC (Deticene; Sanofi–Aventis Groupe, Paris,
France) (Figure 1A).

Study Design
This was a single-center, open-label, randomized phase II study
with the objective of gaining preliminary information regarding
RFS and OS. The primary endpoint of the study was to assess
whether the combination of vaccination and IFN-α2b, with or
without DTIC, could increase the RFS of resected stage III/IV
melanoma patients, with respect to literature estimates at the
time of trial design (30). A single-stage design, as described by
A’Hern (31), was used to calculate the sample size. For each arm,
a sample size of 24 patients was considered sufficient to give an
80% probability of rejecting a 1-year distant metastases-free (or
death-free) rate of 60% with an exact 10% one-sided significance
test when the true response rate is 80%. Secondary endpoints
were OS, safety and tolerability of the treatment, and immune
responses analysis.

Randomization
Randomization was performed by a computer-generated random
list, with block restriction of four. The list was hidden to the
clinical center.

Patients Follow-Up
Patients’ clinical status was monitored before, during, and after
treatment. Complete blood count and full chemistry panel were
done pretreatment and before each vaccination cycle. Total body
CT scan was performed every 4 or 6 months according to the
stage of disease. Locoregional lymph node ultrasound was carried
out every 4–6 months. All data were recorded in electronic case
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FIGURE 1 | Treatment schedule and CONSORT flow diagram. (A) Roman numbers indicate the cycle of treatment. Tn indicates the day after beginning of treatment.

Black arrow, dacarbazine (DTIC) intravenous infusion. White arrow, IFN-α2b subcutaneous injection. Gray arrow, vaccine (Melan-A/MART-1 and NY-ESO-1 peptides

emulsified with Montanide ISA-51) intradermal injection. (B) Flow diagram showing the progress of patients throughout the trial.

report forms (eCRF), designed by the information technology
service at ISS.

Safety
Safety was evaluated by assessing incidence, severity, and nature
of adverse events and graded according to NCI Common
Terminology Criteria for Adverse Events (CTCAE) v4.0. The
association of adverse events with treatment was determined by
physicians. Adverse events were recorded in eCRF.

Immune Response Monitoring
Blood was collected at different time points before, during
(21, 42, 63, 84, 92, and 105 days), and after (4 and 6 months)

treatment. Peripheral blood mononuclear cells (PBMCs)
were isolated and frozen as described in (32). MIATA and
MIANKA guidelines (http://miataproject.org/miata-guidelines/
final-guidelines-2/) were followed to implement the data
quality level of flow cytometry assays. Live and dead cells were
discriminated by trypan blue exclusion method, and samples
showing viability less than 70% were not further processed.
Current immunological monitoring uses advanced technologies
that allow the evaluation of many parameters on a small number
of cells (33). The flow cytometer available when the study
was performed (FACSCanto) allowed the analyses of a limited
number of parameters. Considering also the low number of cells
obtained by patients, we focused our analyses on specific T cell
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and NK cell responses as detailed below. The FACS analysis was
performed on total PBMCs (1× 106 cells) or magnetically sorted
CD8+ T cells (Miltenyi Biotech, Bergisch Gladbach, Germany),
both ex vivo and after a short-term in vitro sensitization with
Melan-A and NY-ESO peptides, by staining with phycoerythrin
(PE)-labeled HLA-A∗0201/peptide (Melan-A and NY-ESO-1)
tetramers (Beckman Coulter, San Diego, CA, USA) (1 µg/106

cells, 30min, room temperature) and fluorescein isothiocyanate
(FITC)–conjugated anti-CD8 mAb (Miltenyi Biotech) (15min,
4◦C). Background fluorescence (0.01%) was assessed by means
of iTAgTM HLA class I human negative tetramers SA-PE
(Beckman Coulter).

A multicolor flow cytometry–based approach was used to
monitor variations in the percentages of the major lymphocyte
and NK subsets before, during, and after treatment by using
different antibody panels (anti-CD3, anti–IFN-γ, anti-CD107,
anti-CD56, anti-CD16) and a dead/live staining kit, as detailed in
Supplementary Table S2. All samples showed a viability greater
than 88%, and for this reason, no sample was excluded from
the analysis.

Functional analysis of vaccine-specific T cell responses was
performed on cryopreserved PBMCs isolated at baseline and
at different time points before, during (92 days), and after
(4 months) treatment, by a previously described functional
multiparameter test (34), combining surface staining for CD8
and HLA-A∗0201/Melan-A tetramer with staining for the
cytotoxicity surrogate marker CD107a and intracellular cytokine
staining for IFN-γ, interleukin 2 (IL-2), and tumor necrosis
factor α (TNF-α). Briefly, after thawing in the presence of
DNase, 2 × 106 PBMCs/well were stained with PE-labeled
HLA-A∗0201/Melan-A tetramer (0.5 µg/106 cells), washed,
and cultured in 96-well round-bottom plates in the presence
of the costimulatory antibodies anti-CD49d and anti-CD28
(Becton Dickinson, San Jose, CA, USA), for 6 h at 37◦C in
a 5% CO2 incubator, in RPMI medium (Life Technologies,
Gibco BRL, Grand Island, NY, US) added with 2% human
serum (Euroclone, Pero, Italy), HEPES, penicillin, streptomycin,
nonessential amino acids, L-glutamine, and DNase I (10
U/mL). Staphylococcal enterotoxin B (SEB; Sigma-Aldrich,
Munich, Germany) (2µg/mL) was used as positive control.
During the incubation, PBMCs were stained with FITC-
labeled anti-CD107a. To inhibit cytokine secretion and lysosome
acidification, brefeldin A (Golgi Plug) andmonensin (Golgi stop)
(Becton Dickinson) were added after the first hour of incubation.
After 6 h, 2mM EDTA was added to each well and cells were
incubated for 15min. Cells were surface stained with PE/Cy7-
conjugated anti-CD8 mAb (30min at 4◦C) and then washed,
fixed, and permeabilized with BD intrasure kit (BD Biosciences,
San Jose, CA, USA) and stained intracellularly with an antibody
cocktail containing fluorescently labeled mAbs directed against
IFN-γ, IL-2, and TNF-α. Fluorochromes, mAb clones, and
manufacturers are detailed in Supplementary Table S2. The
gating strategy is described in Supplementary Figure S1.

Natural killer cell effector functions were determined in a
single-cell assay using CD107a mobilization assay and IFN-
γ production. Cells were stimulated with K562 cells at 25:1
effector/target ratio or PMA (1.25 ng/mL) and ionomycin

(1µg/mL) (Sigma-Aldrich, St. Louis, MO, USA) as positive
control. In brief, 1 × 106 thawed PBMCs were cultured in U-
bottom plates for 4 h at 37◦C cells in the presence of monensin
(Golgi Stop; BD Biosciences) and brefeldin A (Golgi Plug; BD
Biosciences). Spontaneous degranulation (CD107a+ percentage)
and IFN-γ secretion were determined in the absence of targets
and stimuli. Fluorescein isothiocyanate–labeled anti-CD107a was
added at the beginning of incubation. After culturing, cells were
labeled for 20min at 4◦C with anti-CD16, anti-CD56, and anti-
CD3. Cells were then washed, lysed, and permeabilized with BD
intrasure kit (BD Biosciences) and stained with anti–IFN-γ. A
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Molecular
Probes, Eugene, OR, USA) was used to determine the viability
of cells prior to surface and intracellular staining. FcR blocking
(BD Biosciences) was also included in order to avoid nonspecific
staining of monoclonal antibodies to FcγRIII. The gating strategy
for NK and NKT cells is described in Supplementary Figure S2.

Data acquisition was performed using a FACSCanto
instrument (BD Biosciences) and analyzed by FACS DIVA or
FlowJo version 10 (Tree Star, Ashland, OR, USA) or Kaluza
(Beckman Coulter, Brea, CA, USA) software. For each sample,
all labeled cells (up to 1,300,000 events) were acquired in order
to give statistical significance to very low expressed or even
rare populations. Abnormal or manifestly artifactual acquired
samples were not further analyzed (e.g., light scatter or any
fluorescence abnormal profile).

Statistical Analysis
The sample size was calculated for each treatment arm using a
single-stage design as described by A’Hern (31). Based on the
EORTC 18991, the expected 1-year RFS rate of untreated stage
III resected melanoma patients was 60% (30). For each arm, a
sample size of 24 patients was considered sufficient to give an 80%
probability of rejecting the null hypothesis, with an exact 10%
one-sided significance test when the true response rate is 80%.

Relapse-free survival and OS were evaluated by intention-to-
treat analysis including all randomized patients.

Relapse-free survival was measured from the date of
randomization until the date of relapse or death from any cause,
and OS was measured from the date of randomization until death
from any cause (Supplementary Table S1). For patients who
were disease-free or alive at the time of data cutoff or for patients
lost to follow-up, survival was censored on the last date of follow-
up. The Kaplan–Meier method was used to estimate median
survival, RFS, and OS distributions and the 95% confidence
interval (CI) of these estimates [1.96 times the standard error
(SE) in each direction], where the SE was computed with the
Greenwood formula. The Brookmeyer and Crowley method was
used to calculate the 95% CI of median RFS and OS. Stratified
log-rank test, at a two-sided α level of 0.05, was used to compare
distributions of OS and RFS between treatment arms.

A χ2 test or Fisher exact test was used to compare different
groups of patients for the analysis of toxicity.

Regarding immunological markers, comparisons
between arm 1 vs. arm 2 and relapsing vs. disease-free
patients were performed by independent nonparametric
Mann-Whitney U-test.

Frontiers in Oncology | www.frontiersin.org 5 March 2020 | Volume 10 | Article 20222

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


Urbani et al. Recurrence Prevention in Melanoma Patients

TABLE 1 | Patient demographic and baseline characteristics.

Characteristics na (%) or Median (range)

All Arm 1 Arm 2

Median age (range), years 52 (23–80) 55 (40–80) 46 (23–73)

Sex, n (%)

Male 21 (62) 11 (65) 10 (59)

Female 13 (38) 6 (35) 7 (41)

Ethnicity, n (%)

White 34 (100) 17 (100) 17 (100)

ECOG performance status, n (%)

0 34 (100) 17 (100) 17 (100)

AJCC stage, n (%)

IIIa 1 (3) 1 (6) 0 (0)

IIIb 4 (12) 2 (12) 2 (12)

IIIc 17 (50) 8 (47) 9 (53)

IV M1a 9 (27) 5 (29) 4 (24)

IV M1b 3 (8) 1 (6) 2 (12)

Median LDH,b range (U/L) 305 (197–433) 309 (197–433) 300 (260–432)

aData are n or median, as indicated. Percentage (%) or range in brackets.
bLDH normal range, 220–480 U/L.

Wilcoxon nonparametric test for paired sample was used to
analyze differences between time points.

Statistical analysis was performed using IBM-SPSS processor
v25 (IBMCorporate NewYork, NY, USA) and STATA (StataCorp
LLC 4905 Lakeway Drive, Texas, USA).

RESULTS

Patients’ Characteristics and Treatment
FromFebruary 23, 2010, to August 10, 2012, 146 stage III, IVM1a,
IVM1b melanoma patients, undergoing surgical resection of
metastatic or nodal lesions and complying with all other
eligibility criteria, were screened for HLA-A∗0201 expression. A
total of 57 patients were found HLA-A2 positive, and 34 were
enrolled and randomly allocated to either arm 1 (17 patients) or
arm 2 (17 patients) (Figure 1B and Supplementary Table S1).

Patients allocated in arm 1 were treated with peptide-
based vaccination [Melan-A:26-35(27L) and NY-ESO-1:157-165,
emulsified with Montanide ISA-51]. The immunization regimen
consisted of six cycles (every 21 days) of two vaccine doses (7
days apart), administered in combination with 6 MU IFN-α2b
(Figure 1A). Arm 2 patients received the same treatment of arm
1, preceded (1 day before each vaccination cycle) by DTIC (800
mg/m2) (Figure 1A).

Table 1 and Supplementary Table S1 show demographic and
clinical characteristics of patients. Overall, 1 patient (3%) had
stage IIIA, 4 (12%) had stage IIIB, 17 (50%) had stage IIIC, 9
(27%) had stage IVM1a, and 2 (8%) had stage IVM1b disease.
Stage, age, gender, ethnicity, ECOG status, and LDH values were
not significantly different between the two arms (Table 1). All
patients showed an ECOG performance status of 0. Median
LDH level before vaccination was 305 U/L (range, 197–433 U/L),
falling within the reference range values.

Seven patients (20.6%) (three in arm 1 and four in arm
2) discontinued treatment because of disease progression. Two
patients (5.9%) (one in arm 1 and one in arm 2) discontinued
treatment because of adverse events (Figure 1B).

Clinical Results
On November 2018, clinical data cutoff date, the median follow-
up duration was 55.1 months (4.5 years) (interquartile range,
15.4–81.0 months).

The intention-to-treat analysis is shown in Figure 2

for both treatment arms (34 patients). In both treatment
arms, all recurrences were observed within 18 months
following randomization.

Of note, the probability of relapse was mostly concentrated
in the first year (50%; 95% CI, 34.7–67.6%), although it became
very low after this period and equal to zero after 17 months
(Figure 2A).

Eighteen months following randomization, 9 of 17 patients
treated with vaccination and IFN-α2b (arm 1) were still
relapse-free and alive, and remarkably, no further relapses were
observed thereafter. Therefore, the RFS rate was 52.9% (95%
CI, 29.2%−76.6%) at 1.5 years and remained the same at 4.5
years (median follow-up duration), when five or more patients
were still under observation and even beyond (fewer than 5
patients under observation) (Figure 2A). The median RFS was
not reached (Figure 2A).

Of the 17 patients receiving preconditioning DTIC before
vaccination (arm 2), six had NED at 18 months and remained
disease-free until their last follow-up. The 4.5-year RFS rate
was 35.3% (95% CI, 12.6%−58.0%), and the median RFS of
this patient cohort was 9.3 months (95% CI, 2.3%−18.6%)
(Figure 2A).

Although the sample size was not dimensioned to compare
the two treatment arms, no significant differences were observed
between them (Figure 2A). On the whole, 15 of 34 patients
were still relapse-free at their last follow-up, and the cumulative
4.5-year RFS rate of all treated patients was 44.1% (95% CI,
27.4%−60.8%) (Figure 2C). The median RFS of all treated
patients was 11.4 months (95% CI, 0–23.1 months) (Figure 2C).

After 4.5 years, some patients were lost to follow-up
(≤12 patients at risk). Interestingly, at 6 years following
randomization, 11 of 11 patients under observation were
disease-free. Of particular relevance, a stage IV M1a patient
(patient 4, arm 1) was NED up to 8 years (Figure 2C
and Supplementary Table S1). Among patients who relapsed,
one patient (patient 011) who relapsed 13 months after
randomization had surgical removal of relapsed tumor and
remained disease-free until the last follow-up (7.6 years). Patient
024 (arm 2), who relapsed 4 months after randomization,
underwent a second surgery and relapsed again 22 months later.
However, this patient (patient 024) displayed a complete response
after treatment with dabrafenib and trametinib, which lasted until
the last follow-up (4 years) (Supplementary Table S1).

The OS (secondary endpoint of the study) is shown in
Figures 2B,D. In the cohort of patients treated with vaccination
and IFN-α2b, 5 of 17 patients died. As shown in Figure 2B

and Supplementary Table S1, the last death was observed at 40
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FIGURE 2 | Intention-to-treat analysis of relapse-free (RFS) (A,C) and overall survival (OS) (B,D) by Kaplan–Meier method. All enrolled patients were included in the

analysis (n = 34). Months are calculated since time of randomization. Arm 1 patients (Pt) (n = 17) were treated with vaccination with Melan-A and NY-ESO-1 peptides

(Vaccine) and interferon-α2b (IFN). Arm 2 patients (n = 17) received the same treatment of arm 1 patients with the addition of dacarbazine (DTIC) pretreatment. (A,B)

Comparison between arms. (C,D) All patients (n = 34). p value by log-rank test.

months. The 4.5-year OS rate was 68.8% (95%CI, 46.1%−91.5%),
and the OS curve remained stable later on. The median OS
has not been reached. The OS rate at 4.5 years for patients
treated with the combination of DTIC plus vaccination plus IFN-
α2b was 62.7% (95% CI, 39.0%−86.4%) and remained stable
thereafter (six deaths were reported). The median OS was not
reached (Figure 2B). No statistically significant difference was
found between the two treatment arms (Figure 2B), and the
cumulative 4.5-year OS rate was 65.7% (95% CI, 49.2%−82.2%)
(Figure 2D).

In Supplementary Table S1, the RFS and OS are reported for
each patient along with demographic and disease characteristics.

Safety and Toxicity
Overall, the treatment was well tolerated. Adverse events for any
cause are reported in Table 2. There were neither treatment-
related deaths nor grade 4 adverse events during the treatment
courses. Only two patients (5.9%) presented with grade 3 adverse
events: severe musculoskeletal pain (arm 1) and severe asthenia
(arm 2). These adverse events lead to patients’ withdrawal
from the trial. Other common adverse events (mostly grade 1)
were fever (68%), musculoskeletal pain (27%), asthenia (24%),
nausea (29%), and vomiting (18%) (Table 2). Noticeably, most
of the reported adverse events were typical side effects of
IFN-α treatment (i.e., fever, musculoskeletal pain, headache) and
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TABLE 2 | Treatment-related adverse events.

Event Gradea 1 Grade 2 Grade 3 Grade 4/5

n (%)

Fever 22 (65) 1 (3) 0 0

Nausea 9 (26) 1 (3) 0 0

Musculoskeletal pain 8 (24) 1 (3) 1 (3) 0

Vomiting 6 (18) 0 0 0

Asthenia 5 (15) 3 (9) 1 (3) 0

Headache 3 (9) 0 0 0

Injection site reaction/erythema 2 (6) 0 0 0

Bradycardia 1 (3) 0 0 0

Diarrhea 1 (3) 1 (3) 0 0

Nail dyschromia 1 (3) 0 0 0

Local pain 1 (3) 0 0 0

Epigastric pain 1 (3) 1 (3) 0 0

Injection site reaction/swelling 1 (3) 0 0 0

Herpes labialis 1 (3) 0 0 0

Injection site reaction/hyperemia 1 (3) 0 0 0

Hypotension 1 (3) 0 0 0

Mild visus decrease 1 (3) 0 0 0

Loss of appetite 1 (3) 0 0 0

Agitation 1 (3) 0 0 0

Vertigo 1 (3) 0 0 0

Anemia 0 1 (3) 0 0

Abdominal pain 0 1 (3) 0 0

Neutropenia 0 1 (3) 0 0

Persistent coughing 0 1 (3) 0 0

aGrades of adverse events were defined according to the National Cancer Institute

CTCAE, version 4.0.

persisted for no more than 1 day. Exceptionally, nausea and
vomiting were significantly related to DTIC administration (P =

0.004) (Table 3).

Evaluation of the Vaccine-Specific Immune
Response
To evaluate whether the vaccination with Melan-A and NY-
ESO-1 peptides was able to induce or increase specific CD8+ T
cell responses and in order to characterize their functionality,
peripheral blood samples were taken before, during, and after
treatment in 29 patients evaluable for response (excluding
patients who discontinued early the trial).

First, PBMCs were ex vivo analyzed by flow cytometry to
assess the percentages of Melan-A/NY-ESO-1 tetramer–positive
CD8+ T cells. NY-ESO-1–specific T cell numbers were in
most cases below the level of detection (data not shown). In
case of Melan-A, the kinetic of response in one representative
patient (patient 29) showed that the frequency of Melan-A–
specific CD8+ T cells doubled starting from T63 (i.e., after
three treatment cycles) to reach a plateau at T84 (Figure 3A).
Therefore, in all evaluable patients (n = 29), the T cell
response was analyzed at T0 and between T84 and T105,
depending on sample availability. Before treatment (pre), a

TABLE 3 | Nausea and vomiting in the different treatment arms.

Arm Total

1 2

Nausea and/or vomitinga Not present 15 6 21

Present 2 11 13

Total 17 17 34

aNausea and/or vomiting were significantly associated to the treatment (Fisher exact test

p = 0.004). Arm 1 patients were treated with vaccination and IFN-α2b. Arm 2 patients

were treated with vaccination, IFN-α2b, and dacarbazine.

low frequency (between 0.01 and 0.04%) of Melan-A–specific
CD8+ T lymphocytes was detectable in 23 patients. One patient
(patient 14) had a high spontaneous Melan-A–specific T cell
response (0.36%) (Figure 3B). A significant (twofold or greater)
increase of Melan-A tetramer–positive CD8+ T cell frequencies
was observed in 20 of 29 patients analyzed (68.96%) following
treatment (post) in both arms (P = 0.003 in arm 1 and P =

0.001 in arm 2) (Figure 3B). In particular, the combination of
the vaccine with IFN-α2b and DTIC induced a T cell response
in 12 of 15 patients (80%) (P = 0.001), whereas, 8 of 14
patients (57.2%) (P = 0.003) responded to the combination of
the vaccine with IFN-α2b alone (Figure 3B). We then compared
whether the response to Melan-A correlated with the patient
clinical outcome. As shown in Figure 3C, a statistically significant
increase of Melan-A–specific T cell frequencies was observed
after treatment in both NED (81%) (P = 0.001) and relapsing
patients (61%) (P = 0.009). However, the survival curves of
responding and nonresponding patients were not significantly
different (Supplementary Figure S3).

To determine their proliferative potential, lymphocytes
were sensitized in vitro in the short term with Melan-A
(Figures 3D–F) or NY-ESO-1 (Figures 3G–I) peptides and
analyzed by tetramer staining. A significant expansion of
T cells specific for both epitopes was observed in both
treatment arms (Figures 3D,G) and in both NED and
relapsing patients (Figures 3E,H). Staining of lymphocyte
expanded by a short-term in vitro stimulation with Melan-
A (F) and NY-ESO-1 (I) peptides is shown before (Pre)
and after (Post, T105) treatment, for a representative
patient (patient 09).

To assess whether disease-free and relapsing patients
developed a T cell response with different functionalities, we
analyzed the ability of Melan-A–specific cells to simultaneously
produce CD107a, TNF-α, IL-2, and IFN-γ in selected patients
(16 patients with available frozen samples and showing at least
0.01% of CD8+ cells in both pre and post samples) (Figure 4).
The gating strategy is shown in Supplementary Figure S1.
Before treatment (pre), most of the Melan-A–specific cells
in both NED (Figure 4A) and relapsing patients (Figure 4B)
did not express any tested function (74%), ∼20% of cells
expressed one function, ∼5% were double positive, ∼1%
expressed three functions, and almost none expressed four
functions. Remarkably, 92 days (i.e., after nine vaccinations)
and 4 months following treatment onset, only in patients who
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FIGURE 3 | Specific immune response. Frequencies of Melan-A– (A–F) and NY-ESO-1–specific (G–I) CD8+ T cells analyzed by tetramer staining (n = 29). (A) Kinetic

analysis of the frequency of Melan-A–specific T cells between pretreatment and posttreatment samples (T21, T42, T63, T84, T105) in one representative patient

(patient 29). (B,C) Variation of Melan-A–specific T cell percentage between pretreatment and posttreatment ex vivo samples in arm 1 (n = 15) vs. arm 2 patients (n =

14) (B) and in patients with no evidence of disease (NED) (n = 16) vs. relapsed patients (n = 13) (C). (D,E,G,H) Variation of Melan-A– (n = 28) (D,E) and

NY-ESO-1–specific (n = 26) (G,H) T cell percentage after short term in vitro expansion, in arm 1 vs. arm 2 patients (D,G) and in patients with no evidence of disease

(NED) vs. relapsed patients (E,H). (F,I). Representative staining (patient 09) of short term in vitro expansion before (pre) and after (post, T105) stimulation with Melan-A

(F) and NY-ESO-1 (I) peptides. p values were calculated by Wilcoxon signed-rank test.

remained disease-free the Melan-A–specific cell functionality
increased. In fact, the percentage of Melan-A–specific cells
expressing none of the tested functions significantly diminished
from the pretreatment level of 74 to 59.2% at T92 (P = 0.046)
and 62.8% posttreatment (P = 0.043). The percentage of
single positive cells increased from 20.4 to 30.1% at 4 months

(P = 0.043). For double- and triple-positive cells, a trend of
increase from 4.5 to 13.9% and from 1 to 5.4%, respectively,
was observed at T92 (Figure 4A). Conversely, in relapsing
patients, no changes in the percentages of zero-functional,
monofunctional, and polyfunctional cells were observed
(Figure 4B).
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FIGURE 4 | Polyfunctional analysis of Melan-A–specific CD8+ T cells. Peripheral blood mononuclear cells were analyzed by multiparameter flow cytometry after 5 h in

vitro culture without peptide pulsing, followed by 1-h incubation with brefeldin A and monensin. CD8+ Melan-A tetramer–positive T cells were gated as shown in

Supplementary Figure S1 and analyzed for their simultaneous expression of surface CD107a and intracellular IL-2, IFN-γ, and TNF-α. (A,B) Pie charts showing the

proportion of cells expressing any combination of four (4 Fun), three (3 Fun), two (2 Fun), one (1 Fun), or zero (0 Fun) tested markers (CD107a, IL-2, IFN-γ, and TNF-α).

Data are expressed as mean percentage of CD8+ Melan-A tetramer–positive T cells. (A) Patients with no evidence of disease (NED). (B) Patients with disease

recurrence (Relapsed). p values by Wilcoxon signed-rank test. (C) Variation of Melan-A–specific T cell percentage expressing intracellular IL-2, TNF-α, IFN-γ, or

surface CD107a (logarithmic scale) between pretreatment and posttreatment (4 months) in patients with no evidence of disease (NED) (n = 7) vs. relapsed patients (n

= 6). p values by Wilcoxon signed-rank test. (D) Kaplan–Meier plot comparing the relapse-free survival of patients (Pts) characterized, or not, by a twofold expansion

of IL-2–positive Melan-A–specific T cells in post vs. pre samples. p value by log-rank test.
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We then analyzed whether the modulation of any defined
function (or combination of functions) correlated with the
patient clinical outcome and found that the production of IL-
2 by Melan-A–specific lymphocytes was significantly increased
following treatment only in nonrelapsing patients (P = 0.028)
(Figure 4C). Remarkably, the RFS curve of patients in which the
percentage of IL-2+ Melan-A–specific cells increased following
treatment was significantly (P = 0.020) different from the
curve of patients with no expansion of these cells (Figure 4D).
Interestingly, in relapsing patients, a trend of reduction of
TNF-α, IFN-γ, and CD107a producing cell percentages was
observed after treatment (Figure 4C), thus highlighting a
different functionality of peptide-specific T cells in patients
with different clinical response. A similar set of analyses was
conducted to compare whether Melan-A–specific T cells had
a different functionality in arm 1 and arm 2 patients, and no
significant differences were found (data not shown).

Evaluation of the Innate Immune Response
Natural killer cells have been shown to control tumor growth
in particular when tumors downregulate MHC I. Because type
I IFN can modulate innate immunity, including NK cells (6) by
affecting their number and cytotoxic capacity (22), an in-depth
analysis of the frequency, phenotype, and functional abilities
of these cells was carried out. The gating strategy is shown in
Supplementary Figure S2.

The analysis of the frequencies of total NK (CD56+CD3−) and
NK-like-T (NKT) cells (CD56+ CD3+) showed no differences
between pretreatment and posttreatment time points (data not
shown). However, the proportion of the different NK subsets
changed following treatment. In particular, CD56brightCD16neg

NK cell subset was significantly increased after treatment in
disease-free patients, whereas in relapsing patients only a
trend toward increase was observed (Figure 5A). Following
in vitro activation with PMA/ionomycin, these cells were
able to differentiate toward a more mature phenotype, that
is, CD56dimCD16neg (Figure 5B) more efficiently in NED
(P= 0.043) than in relapsing patients, and their functional ability
increased following treatment only in disease-free patients. In
fact, when challenged with MHC devoid target cells (K562 cells),
the proportion of CD56dimCD16neg cells expressing CD107a, as
marker of degranulation, was significantly expanded (P = 0.028)
(Figure 5C), whereas the percentage of cells expressing IFN-γ
did not change (data not shown). In Figure 5D, the increase in
the percentage of CD56dimCD16neg-expressing CD107a between
pretreatment and 4 months after treatment is shown for one
representative patient (patient 28).

DISCUSSION

The incidence rate of malignant melanoma is constantly
increasing, reaching five cases per 100,000 persons (95% CI, 4–
7) worldwide and 16 cases per 100,000 persons (95% CI, 11–20)
in Western Europe in 2015 (35). Stage III–IV patients have high
risk of recurrence after primary melanoma resection (36, 37).
Insights into the complex relationship between the host immune

response and the tumor have led to the approval of different
immunotherapies to prevent recurrence in high-risk patients.

The first adjuvant treatment approved by the Food and Drug
Administration (FDA) and the European Medicines Agency
(EMA) for stage III patients with high risk of recurrence was
high-dose IFN-α (IFN-α2b). Pegylated IFN-α2b was approved
by FDA in 2011. The 4-year RFS rate in patients treated
with pegylated IFN was 45.6% as compared to 38.9% in the
observational group, whereas inconsistent increases in the OS
were observed. The treatment was also associated to substantial
toxic effects (30).

Starting in 2015, three CPIs have been approved for the
adjuvant treatment of melanoma by FDA and EMA, that is,
ipilimumab (38, 39), nivolumab (40), and pembrolizumab (41).
Later on, the combination of the BRAF inhibitor (dabrafenib)
and the MEK inhibitor (trametinib) was shown to improve
survival of stage III patients with BRAF V600 mutations (42, 43)
and was approved for the adjuvant treatment of melanoma.
Although showing impressive antitumor effects, CPIs and kinase
inhibitors are characterized, up to now, by some toxicity
(especially for ipilimumab at the FDA-approved dose of 10
mg/kg) and by elevated costs, which limit their full utilization on
a wide number of patients, such as resected high-risk patients.
Moreover, not all patients respond to checkpoint blockade or
kinase inhibitors, and not all responses are long-lasting (3).
Thus, effective, low-cost, and low-toxicity therapies are still
needed in melanoma, especially in the adjuvant setting; thus,
it is still of great interest to investigate novel combinations of
immunotherapies based on solid scientific rationales.

The present phase II study was designed to provide
preliminary evidence of the efficacy of peptide-based vaccination
in combination with IFN-α2b, preceded or not by DTIC, to
prevent relapse of completely resected melanoma patients with
high risk of recurrence (stage III/IV). When the present study
began, no FDA/EMA–approved adjuvant treatment was available
for stage III–IV melanoma patients. Therefore, no active control
could have been used in this study.

The primary endpoint of this study was to assess whether
the combination of vaccination and IFN-α2b (with or without
DTIC) could increase the 1-year RFS rate from the 60% observed
in the untreated control arm of a phase III study (30) to 80%.
Because an interim analysis showed a 1-year RFS rate of 58.8%
(95% CI, 35.5%−82.1%) in arm 1 patients and of 41.2% (95%
CI, 17.9%−64.5%) in arm 2, patient enrollment was stopped
at 17 patients per arm, before reaching the preplanned sample
size of 24. Notably, this goal and, accordingly, the sample size
were chosen based on a phase III clinical study including only
stage III resected patients (30), which are characterized by a
more favorable prognosis than a mixed population of stage
III/IV patients. In hindsight, this goal was indeed overestimated,
considering that, in a recently published phase III clinical trial,
the 1-year RFS rate of resected stage III/IV patients was 60.8%
in ipilimumab-treated patients and 70.5% in the nivolumab
group (40).

The intention-to-treat analysis showed interesting results with
regard to the clinical outcome of patients treated with melanoma
peptides plus IFN-α. In fact, the 4.5-year RFS rate of patients
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FIGURE 5 | Analysis of natural killer (NK) cell subsets and of their functionality. NK cells were identified and divided into four different subsets based on the expression

of CD56 and CD16 within the CD3 negative lymphocytes (gating strategy depicted in Supplementary Figure S2). (A) Variation of the percentage of CD56bright

CD16neg NK cells (logarithmic scale) between pretreatment and posttreatment (4 months) in patients with no evidence of disease (NED) (n = 6) vs. relapsed patients (n

= 4). (B,C) NK cells were in vitro cultured with PMA/ionomycin (B) or with K562 target cells (C), and CD56dim CD16neg NK cells were analyzed for their percentage

variation (B) and CD107a expression (C) pretreatment and posttreatment in NED (n = 6) and relapsed patients (n = 4). p values by Wilcoxon signed-rank test. (D)

Functional analysis of CD56dim CD16neg NK cells in response to K562 target cells pretherapy and 4 months after therapy in one representative patient (patient 28).

CD107a-positive cells increased after treatment.

receiving vaccination with Melan-A and NY-ESO-1 peptides in
combination with IFN-α2b was 52.9%, and the 4.5-year OS rate
was 68.8%. The RFS and OS curves became stable starting from
18 and 40 months, respectively, and, noticeably, remained stable

up to 4.5 years (median follow-up time). After 4.5 and 6.5 years,
the estimates of RFS and OS are less reliable, respectively, because
fewer than five patients are at risk in one of the two arms.
However, it is interesting to note that no further relapses or death
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were observed in the patients with longer follow-up (up to 8
years). Although comparisons between different studies should
be interpreted with carefulness and despite the limited robustness
of our data derived from a small phase II study, the clinical
results obtained here appear to be comparable to those observed
in randomized phase III studies. As a matter of fact, resected
patients treated with pegylated IFN-α2b showed a 4-year RFS
rate of 45.6% and an OS rate of 71% (30). In the ipilimumab
trial, the 5-year RFS rate was 40.8% in the ipilimumab group
vs. 30.3% in the placebo group and OS rate of 65.4% vs. 54.4
(39). In a more recent phase III trial the 3- and 4-year RFS
rates were, respectively, 59 and 54% in the dabrafenib plus
trametinib arm and 40 and 38% in the placebo arm, whereas
the 3-year OS rate were 86% in treated patients vs. 77% in the
placebo group (42, 43). Noteworthy, patients included in these
three studies were all stage III, whereas those enrolled in our
study were stage III (65%) and IV (35%), thus presenting a
higher risk of recurrence. Promising results of recently published
phase III study in stage III/IV resected patients treated with
nivolumab showed improved 1-year RFS rates with respect to
ipilimumab (70.5% in the nivolumab group as compared to 60.8%
in the ipilimumab group) (40). Recent pembrolizumab results
are also highly promising (1-year rate of RFS 75.4% vs. 61.0% in
the placebo group) (41), but longer follow-up are still needed.
In a small melanoma vaccine trial testing the combination of
high-dose IFN-α with autologous DC, transduced with three
shared/nonmutated melanoma antigens, it was observed that
among the 11 stage III/IV resected patients NED at baseline,
seven recurred, and four remained NED (36.3 %) up to 3 years
(3.7–37.5+ months). No indications of the OS of these patients
are given in the article (44).

Of note, with regard to the present study, it is worth
underlining that our combination strategy was devoid of major
toxic effects.

Contrary to what we expected based on results of our previous
phase I clinical trial (16), pretreatment with DTIC before each
vaccination cycle significantly increased neither RFS nor OS.
One possible explanation for this discrepancy may rely on the
different dose of IFN-α administered in the two studies, that
is, 3 MU in the phase I trial (16) and 6 MU in the present
phase II study. Immunodominance is a property of CD8+ T
cell responses to viruses and vaccines, which determines the
skewing of the T cell response toward a few epitopes. CD8+ T
cells recognizing their cognate ligand were shown to inhibit the
proliferation of other CD8+ T cells engaged with the same APC
(45, 46). Based on the hypothesis that the separate administration
of the two vaccine peptides could avoid their competition for
MHC binding and CD8+ T cell cross-competition (47, 48), in the
present study we injected Melan-A and NY-ESO-1 into distant
sites, and because each peptide administration was associated
with the nearby injection of 3 MU IFN-α2b, the total IFN-
α dosage was doubled. As we previously observed that DTIC
itself induces an IFN-I–related gene signature (16), possibly
responsible for its immunomodulatory properties, we suppose
that doubling the dose of IFN-α2b rendered the addition of
DTIC irrelevant. Furthermore, the analysis of the vaccine-
specific immune response showed no differences between the

two treatment arms, indicating that the immune adjuvanticity of
3MU IFN-α2b+DTIC is similar to that of 6MU IFN-α2b alone.

Because no significant differences were observed between
arm 1 and arm 2 patients either in terms of clinical outcome
or of Melan-A–specific immune responses, the immunological
analyses were conducted cumulatively in arm 1 and arm 2
patients. Overall, our combination strategies enhanced the
vaccine-specific CD8+ T cell frequencies in ∼69% of patients,
but this rise did not correlate with the patient clinical outcome
[similar to results obtained by Butterfield et al. (44)]. On the
contrary, the investigation of the quality of the immune response,
carried out by means of a functional multiparameter assay (34),
showed that the polyfunctionality of Melan-A–specific T cells is
associated with disease control. Indeed, an increase of Melan-A–
specific T cells producing simultaneously two and three functions
at T92 (i.e., after nine vaccination doses) was observed only in
patients who did not relapse thereafter. Similarly, the production
of IL-2 by activated Melan-A–specific T cells 4 months after
treatment onset positively correlated with the patient clinical
outcome, suggesting that these cells are skewed toward a central
memory phenotype, which is characterized by high levels of IL-2
production and proliferative ability.

Taking into account the pleiotropic effect of IFN-I (21), in the
present study we analyzed not only the vaccine-specific immune
responses, like in most immunotherapy clinical trials, but also
the modulation of innate immunity. In particular, we focused on
NK cells, because studies in IFN-α receptor (IFNAR)–deficient
mice demonstrated that IFN-I plays an important role for NK
maturation and cytotoxic activity and NK-mediated antitumor
effect (22).

Natural killer cells can be distinguished in different subsets
based on surface density of CD56 and CD16 (FCγ receptor III)
(49). CD56bright NK cells, characterized by high proliferative
potential and low cytotoxic ability, are immediate precursors
of less proliferating CD56dim NK cells, in which the expression
of CD16 increases along with cytotoxicity (49). In our study,
an expansion of CD56dimCD16neg NK-producing CD107 was
observed in nonrelapsing patients following treatment. Of note,
these cells exhibit an intermediate maturation level (in terms
of proliferating and cytotoxic activity) and are believed to be
responsible for natural cytotoxicity against tumor targets.

Overall, findings from this study suggest that the combination
of peptide-based vaccination and IFN-α2b can represent a
valuable, nontoxic, and nonexpensive strategy to prevent relapse
in stage III/IV resected melanoma patients, which may deserve
further controlled clinical studies. Mechanistic studies suggest
that this novel therapeutic strategy acts through the induction
of both adaptive and innate immunity, that is, of polyfunctional
Melan-A–specific CD8+ T cells and NK cells.

Interferons are currently considered by the majority of
clinicians as “old drugs” replaced by the new emerging therapies.
However, some novel and promising therapeutic opportunities
from new insights stemming from the most recent progress on
IFN and cancer research have recently been underlined (8, 21,
50). Of note, the use of old drugs for either new therapeutic uses
or with qualitatively new modalities and rationales may exhibit
advantages in terms of costs and impact on public health systems
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(51, 52), as the expenses and time needed for their full clinical
development are much lower with respect to those necessary
for the all process from drug discovery to the registration of
new drugs. We believe that further studies, based on the use
of cancer vaccines, together with a local and transient IFN-α
treatment and/or IFN-α alone (administered according to our
original dosage and schedule), in combination with subsequent
CPI administration, can open new perspectives for recurrence
prevention in melanoma as well as in other malignant diseases.
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Sitravatinib, also called MGCD516 or MG-516, is a broad-spectrum tyrosine kinase
inhibitor (TKI) under phase III clinical evaluation. Herein, we explored the activity of
sitravatinib toward multidrug resistance (MDR) by emphasizing its inhibitory effect on
ATP-binding cassette super-family G member 2 (ABCG2). ABCG2 is a member of
ATP-binding cassette (ABC) transporter family and plays a critical role in mediating MDR.
Sitravatinb received an outstanding docking score for binding to the human ABCG2
model (PDB code: 6ETI) among thirty screened TKIs. Also, an MTT assay indicated
that sitravatinib at 3µM had the ability to restore the antineoplastic effect of various
ABCG2 substrates in both drug-selected and gene-transfected ABCG2-overexpressing
cell lines. In further tritium-labeled mitoxantrone transportation study, sitravatinib at
3µM blocked the efflux function mediated by ABCG2 and as a result, increased the
intracellular concentration of anticancer drugs. Interestingly, sitravatinib at 3µM altered
neither protein expression nor subcellular localization of ABCG2. An ATPase assay
demonstrated that ATPase activity of ABCG2was inhibited in a concentration-dependent
manner with sitravatinib; thus, the energy source to pump out compounds was interfered.
Collectively, the results of this study open new avenues for sitravatinib working as an
ABCG2 inhibitor which restores the antineoplastic activity of anticancer drugs known to
be ABCG2 substrates.

Keywords: sitravatinib, tyrosine kinase inhibitor, multidrug resistance, ATP-binding cassette (ABC) transporters,

ATP-binding cassette super-family G member 2 (ABCG2)

INTRODUCTION

Evidence from clinical studies showed that patients with multidrug resistant (MDR) tumors
have a poorer prognosis and decreased likelihood of survival compared to cancer patients
with drug sensitive tumors (1). Cancer patients develop cross-resistance to various structurally
and functionally unrelated chemotherapeutic agents, resulting in treatment failure (2, 3).
Overexpression of ATP-binding cassette (ABC) transporters is a leading cause of MDR (4). ABC
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transporters can be divided into seven subfamilies (ABCA to
ABCG). The overexpression of certain transporters leads to
MDR, including, but not limited to, ABCB1 (P-glycoprotein, P-
gp), ABCG2 (breast cancer resistance protein, BCRP/MXR) and
ABCC1 (multidrug resistance-associated protein 1, MRP1) (4, 5).
Functionally, ABCB1 and ABCG2 work as efflux pumps, and are
located in the lipid raft of specific cell lines (1, 6), reducing the
intracellular level of various antineoplastic agents accumulating
in cancer cells.

Currently, there are several approaches to circumvent MDR
and to enhance the efficacy of antineoplastic drugs such as
chemosensitizers (7), gene therapy (8, 9), immune-oncology
(10), nanotechnology (11), or traditional Chinese medicine
(12). The chemosensitizers, fumitremorgin C (FTC) and its
derivative Ko143 are commonly used reference inhibitors of
the ABCG2 transporter (13). However, FTC has neurotoxic
effects and was withdrawn from clinical use (13). Furthermore,
Ko143 was shown to lack specificity for the ABCG2 transporter
at high concentrations and it was metabolically unstable in
plasma (14). Therefore, more specific and less toxic inhibitors of
ABC transporters are urgently needed for both preclinical and
clinical evaluation.

In vitro studies have shown that some, but not all, novel
tyrosine kinase inhibitors (TKIs) have ability to inhibit the
ABCG2 transporter (15, 16). Clinically, TKIs are used as first- or
second- line treatments for certain metastatic cancers (16, 17).
However, TKIs have non-specific and “off-target” effects (18),
thereby probably explaining why TKIs [1] are used as alternative
treatments in the clinical setting and [2] restore the anticancer
efficacy of chemotherapeutic drugs in the ABCG2-mediated
MDR model.

Sitravatinib, also called MGCD516 or MG-516, is a broad-
spectrum TKI targeting MET, TAM (TYRO3, AXL, MerTK),
and members of vascular endothelial growth factor receptor
(VEGFR), platelet-derived growth factor receptor (PDGFR), and
Eph families (17, 19, 20). Notably, it has been reported that
sitravatinib has potent antitumor efficacy, that may be due, in
part, to altering the tumor microenvironment and restoring the
efficacy of immune checkpoint blockade (PD-1) in diverse cancer
models (20). Dolan et al. reported that sitravatinib could combat
drug resistance caused by sunitinib and axitinib in metastatic
human and mouse models (17). Together, all these studies
provide us with a clue that sitravatinib has the capability to
antagonize MDR in cancer cells. Thus, various studies indicate
that sitravatinib is efficacious in reversing or antagonizing MDR
in cancer cells. Furthermore, sitravatinib is under nine ongoing
clinical trials for various indications, with one being a phase III
study (NCT03906071). To date, these studies have proved that
intolerable adverse effects or unacceptable toxicity profile are
not found under sitravatinib treatment in preclinical or clinical
model. In this article, we focus on the antagonizing activity of
sitravatinib toward MDR mediated by ABCG2.

MATERIALS AND METHODS

Chemicals and Reagents
Sitravatinib was purchased from ChemieTek (Indianapolis,
IN). Gilteritinib, BMS-777607, merestinib, and LOXO-101 were

kindly provided as free samples from Selleckchem (Houston,
TX). Topotecan was purchased from Selleckchem (Houstin,
TX). Fetal bovine serum (FBS) was purchased from Atlanta
Biologicals (Atlanta, GA). Dulbecco’s modified Eagle medium
(DMEM), antibiotics (penicillin/streptomycin [P/S]), and trypsin
were obtained from Corning (Corning, NY). Mitoxantrone and
SN-38 were purchased from Medkoo Sciences (Chapel Hill,
NC). Phosphate buffered saline (PBS) (pH 7.4) was obtained
from VWR Chemicals (Solon, OH). Ko143, cisplatin, and
G418 were obtained from Enzo Life Sciences (Farmingdale,
NY). Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-yl)-
2,5-diphenyltetrazolium bromide (MTT) and Triton X-100 were
purchased from Sigma-Aldrich (St. Louis, MO). Formaldehyde
was obtained from J.T. Baker Chemical (Phillipsburg, NJ).
Bovine serum albumin (BSA), 4′,6-diamidino-2-phenylindole
(DAPI), PageRulerTM plus pre-stained protein ladder, GAPDH
loading control monoclonal antibody (GA1R), PierceTM ECL
Western blotting substrate, Alexa Fluor 488 conjugated goat anti-
mouse IgG secondary antibody, and liquid scintillation cocktail
were purchased from Thermo Fisher Scientific (Rockford, IL).
HRP-conjugated rabbit anti-mouse IgG secondary antibody was
purchased from Cell Signaling Technology (Dancers, MA). The
monoclonal anti-BCRP antibody (BXP-21) was obtained from
Millipore (Billerica, MA). [3H]-Mitoxantrone (0.5 Ci·mmol−1)
were purchased fromMoravek Biochemicals (Brea, CA).

Cell Lines and Cell Culture
The non-small cell lung cancer (NSCLC) cell line, NCI-H460,
and the corresponding mitoxantrone-selected NCI-H460/MX20
cells were used. The NCI-H460/MX20 cells were developed
and maintained in complete medium containing 20 nM of
mitoxantrone and these cells were shown to overexpress the wild-
type ABCG2 protein (21). The human colon carcinoma cell line,
S1, and its corresponding mitoxantrone-selected S1-M1-80 cells
were used. The S1-M1-80 cells were selected and maintained
in complete medium containing 80µM of mitoxantrone and
were shown to overexpress a mutant allele (R482G) in the
ABCG2 gene (22, 23). In addition, transfected cells were
also used in this article. HEK293/pcDNA3.1, HEK293/ABCG2-
482-R2, HEK293/ABCG2-482-G2, and HEK293/ABCG2-482-T7
were transfected with either an empty vector pcDNA3.1 or a
pcDNA3.1 vector containing a full length ABCG2 encoding
arginine (R), glycine (G), or threonine (T) for amino acid at
position 482 (24). All transfected cell lines were selected and
cultured in complete medium with 2 mg·ml−1 of G418. All cell
lines were cultured in DMEM complete medium containing 10%
FBS and 1% P/S at 37◦C in a humidified incubator supplied with
5%CO2. All drug-resistant cells were grown in drug-freemedium
for more than 3 weeks and passaged at least 3 generations before
experimental use. All drug-selected and gene-transfected cell
lines used in this article were kindly provided by Drs. Susan Bates
and Robert Robey (NCI, NIH, Bethesda, MD).

Induced-Fit Docking Analysis and
Molecular Dynamic Simulations for ABCG2
Previously reported protocol was used for the molecular docking
simulations (16) by using Maestro v11.1 software (Schrödinger,
LLC, New York, NY). The structure of sitravatinib after

Frontiers in Oncology | www.frontiersin.org 2 May 2020 | Volume 10 | Article 70035

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


Yang et al. Sitravatinib Antagonizes ABCG2-Mediated MDR

preparation by LigPrep v4.1 to simulate the low-energy pose
was subjected to the Glide XP (extra precision) docking default
protocol (Schrödinger, LLC, New York, NY) with a pre-prepared
cryo-EM structure of the human ABCG2 model (PDB code:
6ETI). The human ABCG2 protein model was confined to the
docking grid at the drug-binding cavity by selecting specific
amino acids that were deemed to be involved in specific
interactions (25). The following induced-fit docking (IFD) was
generated based on the best scored results from the Glide XP
analysis. The docked sitravatinib-ABCG2 complex simulated
based on IFD was then subjected to another 10 ns molecular
dynamic (MD) simulation using a previously reported default
protocol (26). The docking scores were calculated and reported
as kcal·mol−1 and the highest-scoring result was used for further
graphical analysis.

Cell Viability Assay
A modified MTT colorimetric assay was conducted to determine
the cytotoxic efficacy of the chemotherapeutic agents with or
without ABCG2 inhibitors, as described previously (26). In short,
each cell line was harvested and seeded evenly into a 96-well
plate with a density of 5×103 cell·well−1. The next day, cells were
pretreated for 2 h with or without sitravatinib, or Ko143, at the
indicated concentrations. Following pretreatment, cells were co-
cultured with anticancer drugs (mitoxantrone, SN-38, topotecan
or cisplatin) at serial concentrations. After a 68 h incubation
period, an MTT solution (4 mg·ml−1 in PBS) was added to each
well and the cells were further incubated at 37◦C for 4 h in the
dark. The supernatant was removed, and the resulting formazan
crystals were dissolved with DMSO. An accuSkanTM GOUV/Vis
Microplate Spectrophotometer (Fisher Sci., Fair Lawn, NJ) was
used to measure the absorbance at 570 nm. The half maximal
inhibitory concentration (IC50) for each anticancer drug was
calculated as previously described (27). DMSO was used as an
effective solvent to prepare stock solution (stock concentration
is 10mM) of all compounds. As the highest final concentration
in cell viability assay was 100µM, the final concentration of
solvent was 1% in treatment medium (DMEM complete medium
containing 10% FBS and 1% P/S). Notably, the control group
was treated with solvent only. All experiments were performed
independently at least three times performed in triplicate.

[3H]-Mitoxantrone Accumulation and Efflux
Assay
The detailed protocol as previously stated was followed (28).
Briefly, ABCG2-mediated MDR cells (1×106 cell·well−1) were
seeded into a 24-well plate and incubated 1 day prior to further
study. After 2 h of incubation in a drug-free medium, sitravatinib
(0.75 and 3µM) or a known inhibitor (3µM), cells were co-
incubated with [3H]-mitoxantrone at 37◦C for another 2 h. The
cells were then washed twice with ice-cold PBS, trypsinized,
harvested, and placed in 5ml of a liquid scintillation cocktail.
Radioactivity was measured using a Packard TRI-CARB 1,900
CA liquid scintillation analyzer (Packard Instrument, Downers
Grove, IL).

To determine the effect of sitravatinib on the efflux function of
the ABCG2 transporter, the tritium-labeled mitoxantrone efflux

assay was performed as previously stated (29). As described in
the accumulation phase above, cells were pretreated with or
without an ABCG2 inhibitor for 2 h followed by 2 h co-treatment
with [3H]-mitoxantrone. The cells were then incubated in the
presence or absence of an inhibitor at serial time points (0,
30, 60, and 120min). Subsequently, the cells were washed twice
with iced PBS, trypsinized, and transferred into a 5ml liquid
scintillation cocktail. Finally, radioactivity was measured as
described above. In this assay, Ko143 served as the reference
ABCG2 inhibitor for MDR cell lines. All the experiments were
conducted independently three times.

Immunoblotting Analysis
Immunoblotting analysis (i.e., Western blotting) was conducted
to detect the protein expression level of ABCG2 after up to
72 h of incubation with or without sitravatinib at 3µM using a
previously reported protocol (26). Briefly, following incubation
with the highest non-toxic concentration of sitravatinib for 0,
24, 48, or 72 h, cells were harvested and lysed with lysis buffer
(10mM Tris, 1mM EDTA, 0.1% SDS, 150mM NaCl, 1% Triton
X-100 and protease inhibitor cocktail) on ice for 20min, followed
by centrifugation at 4◦C at 15,000G for 20min. The supernatant
was collected and a bicinchoninic acid (BCA) Protein Kit
(Thermo Scientific, Waltham, MA) was used to quantify the
total concentration of protein in each sample. Equal amounts
of total protein (20 µg) were loaded and separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
followed by transfer onto a polyvinylidene fluoride (PVDF)
membrane (Millipore, Billerica, MA). After blocking with 4%
non-fat milk for 2 h at room temperature, the membrane was
incubated with primary monoclonal antibodies against ABCG2
(at 1:500 dilution) and GAPDH (at 1:2,000 dilution) at 4◦C
overnight. The next day, after washing three times with Tris
buffered saline containing 0.4% Tween 20 (TBST), the membrane
was incubated with an HRP-conjugated secondary antibody
(at 1:2,000 dilution) for 2 h at room temperature. Finally, the
chemiluminescence signal of protein-antibody complex was
developed by ECL substrate as per manufacturer’s instruction.
The relative density of each protein band was analyzed by ImageJ
software (NIH, Bethesda, MD). All experiments were repeated
three times independently.

Immunofluorescence Assay
Immunofluorescence assay was performed to assess the
subcellular localization of membrane protein ABCG2 as
previously described (30). In short, each cell line (1 × 104

cell·well−1) was seeded onto a 24-well plate and treated with
or without sitravatinib at 3µM for several time frames (0, 24,
48, and 72 h). After the treatment period, cells were washed
with PBS three times, fixed in 4% paraformaldehyde for
15min, and permeabilized by 0.1% Triton X-100 for 15min
before being blocked with 6% BSA for 2 h. Subsequently, the
presence of ABCG2 was detected using anti-BCRP monoclonal
antibody (at 1:1,000 dilution) followed by Alexa Fluor 488
conjugated secondary antibody (at 1:1,000 dilution). Finally,
1 µg·ml−1 DAPI was used to counterstain the nuclei. The
immunofluorescence images were captured via an EVOS FLAuto
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fluorescence microscope (Thermo Scientific, Waltham, MA). All
the experiments were performed three times independently.

ATPase Assay
The ATPase activity was determined by quantifying the amount
of product (inorganic phosphate, Pi) produced after ATP
hydrolysis. High Five insect cells expressing ABCG2 were used
to prepare membrane vesicles (4). Next, membrane vesicles (10
µg total protein) were combined with assay buffer containing
50mM MES (pH 6.8), 50mM KCl, 5mM sodium azide, 2mM
EGTA, 2mM DTT, 1mM ouabain, and 10mM MgCl2, final
volume 100 µL. Then sitravatinib was incubated with the
membrane vesicles for 3min at 37◦C. The ATP hydrolysis was
initiated by addition of 5mM of Mg-ATP. After incubation
at 37◦C for 20min, the reaction was terminated by addition
of 100 µl 5% SDS solution. The amount of Pi was quantified
using the method modified from Murphy and Riley (31),
which is based on the complex formation of phosphate with
potassium-antimonyl-tartarate in acidic ammonium molybdate.
After reduction induced by ascorbic acid, the complex displays a
stable blue color that was quantified bymeasuring the absorbance
at 880 nm using a spectrophotometer (Bio-Rad, Hercules, CA).

Data and Statistical Analysis
All data are presented as the mean ± SD (standard deviation)
obtained from three independent experiments performed in
triplicate. Comparisons were made between the control group
and the corresponding treatment group. The results were
analyzed with one-way or two-way analysis of variance (ANOVA)
following Tukey post hoc analysis. The statistical analysis was
performed by GraphPad Prism version 6.02 for Windows
(GraphPad Software, La Jolla, CA). The a priori significance level
was p < 0.05.

RESULTS

Pre-selecting TKIs Using a Molecular
Simulation Analysis and a Modified Cell
Viability Assay
To predict and compare the possible interaction between thirty
TKIs and the human ABCG2 model, an in silico screening
was conducted. The glide gscores of all screened TKIs are
shown in Table S1. Based on the results from a preliminary
study, sitravatinib had a higher docking score for binding to
ABCG2 (Figure 1A) and a greater efficacy in reversing the
anticancer efficacy of mitoxantrone in ABCG2-overexpressing
cell line compared to other TKIs (BMS-777607, LOXO-101,
gilteritnib, and merestinib) (Figure 1B). Based on these results,
we conducted experiments to determine if sitravatinib was
efficacious in attenuating ABCG2-mediated drug resistance in
cell lines overexpressing the ABCG2 transporter.

Molecular Docking Sitravatinib in the
Drug-Binding Pocket of ABCG2
The IFD was carried out to simulate the interactions between
sitravatinib and the atomic structure of human ABCG2
homodimer (chain A and B). As shown in Figure 2A, the lowest

energy binding pose of sitravatinib was predicted in the drug-
binding cavity through hydrophobic interactions with nearby
amino acids. Two hydrogen bonds were formed between the
ethylamino group and SER440 of ABCG2 chain A, and between
the nitrogen in the pyridine ring of sitravatinib and ASN436 of
ABCG2 chain A, respectively. Sitravatinib produced the best glide
gscore out of all TKIs with a gscore of−13.248 kcal·mol−1, which
is indicative of the free binding energy of the ligand. Figure 2B
shows that the best-scored pose of sitravatinib occurs in the
ABCG2 transmembrane domain with residues GLN 398, VAL
401, THR 402, PHE431, PHE 432, ASN 436, GLN 437, PHE 439,
SER 440, SER 441, ARG 482, SER 486, PRO 485, PHE 489, ALA
517, VAL 546, and MET 549 in protein chain A, and PHE 431,
PHE 432, THR 435, ASN 436, and MET 549 in protein chain
B. Further molecular dynamic simulations of the sitravatinib-
ABCG2 complex, as shown in Figures 2C,D, indicated that the
position of sitravatinib in binding pocket did not show significant
movements or changes after 10 ns. By analyzing the root mean
square deviation (RMSD) of protein-drug complex, both the
backbone of the protein and the complex were shown to be in
a stable conformation after the first 2 ns and maintained this
conformation until the end of the simulation (Figure 2E).

Effect of Sitravatinib on the Efficacy of
Antineoplastic Drugs in ABCG2-Mediated
MDR Cell Lines
An MTT assay was used to obtain concentration-dependent cell
viability curves (concentration range for sitravatinib from 0 to
100µM) and the non-toxic concentrations for further reversal
study. Based on cytotoxicity results, 3µM concentration was
chosen as the highest non-toxic concentration of sitravatinib for
further reversal studies (chemical structure of the compound is
shown in Figure 3A). At this concentration, the cell survival rate
was more than 80% after 72 h treatment period (indicated as dash
line in Figures 3B–D).

The reversal study showed that sitravatinib made the
NCI-H460/MX20 and S1-M1-80 cells became more sensitive
to mitoxantrone, SN-38 and topotecan in a concentration-
dependent manner (Figures 4A–F). Additionally, it increased
the efficacy of these antineoplastic agents in ACBG2-transfected
HEK293 cell lines, including HEK293/ABCG2-482-R2,
HEK293/ABCG2-482-G2, and HEK293/ABCG2-482-T7
(Figures 5A–C). Importantly, sitravatinib had a significant
reversal effect on both wild-type and mutant ABCG2
overexpressing cells, whereas this effect could not be
found in corresponding parental cells NCI-H460, S1, or
HEK293/pcDNA3.1. It is notable that the reversal activity in
ABCG2-overexpressing cell lines is comparable to its counterpart
positive control treatment Ko143 at the same concentration level,
which served as a reference inhibitor of ABCG2. In addition,
sitravatinib did not affect the anticancer effect of cisplatin, a drug
that is not the substrate of ABCG2, in neither drug-sensitive
nor ABCG2-overexpressing cell lines (Figures 4G,H, 5D). The
fold-reduction of IC50 values for chemotherapeutic drugs with
or without inhibitors are shown in Tables S2, S3.
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FIGURE 1 | The preliminary study to pre-select possible ABCG2 inhibitor. (A) The docking scores of TKIs were screened by computational simulation analysis. (B)
The antagonizing activity of TKIs toward MDR cell lines mediated by ABCG2. Data are represented as mean ± SD from at least three independent assays. *p < 0.05
compared with control group.

Overall, these results denoted that sitravatinib can improve
the efficacy of multiple chemotherapeutic agents in ABCG2-
mediated MDR cell lines in a concentration-dependent manner.

Modulation of ABCG2-Mediated Efflux of
[3H]-Mitoxantrone in MDR Cell Lines
In order to understand the mechanism of action of sitravatinib
in reversing MDR, several mechanism-based assays were
performed. To evaluate the function of ABCG2, the intracellular
concentration of tritium-labeled chemotherapeutic drug was
quantified in parental cells and cells overexpressing ABCG2 with
or without an inhibitor.

Sitravatinib at 3µM concentration significantly increased the
intracellular [3H]-mitoxantrone accumulation level from 38.7 to
129.2% or from 31.6 to 91.0% in NCI-H460/MX20 or S1-M1-
80 cells, respectively, but not in the corresponding parental cell
line counterparts (NCI-H460 and S1), as shown in Figures 6A,B.
In this study, Ko143 served as reference ABCG2 inhibitor.
Hence, these results suggested that sitravatinib increases the
intracellular accumulation of [3H]-mitoxantrone in ABCG2-
mediated MDR cells.

Furthermore, in order to further understand the enhanced
intracellular accumulation of [3H]-mitoxantrone in MDR cells,
a time-course study was conducted to assess the efflux function
of ABCG2 by quantifying the level of intercellular [3H]-substrate
at serial time points in the presence or absence of inhibitors.
As shown in Figures 6E,F, after 120min, NCI-H460/MX20 and
S1-M1-80 cells without ABCG2 inhibitor treatment maintained

only 30 and 55% of [3H]-mitoxantrone, respectively. On the
contrary, when treated with 3µM sitravatinib, 68 and 91% [3H]-
mitoxantrone was accumulated in NCI-H460/MX20 and S1-M1-
80 cells, respectively. In contrast, sitravatinib did not significantly
change the efflux function in parental cells (NCI-H460 or S1) at
different time points (Figures 6C,D).

Taken together, these results demonstrated that sitravatinib
could enhance the intracellular accumulation of a tritium-labeled
chemotherapeutic drug by blocking the efflux function mediated
by ABCG2.

Effect of Sitravatinib on Expression and
Localization of ABCG2 in ABCG2-Mediated
MDR Cell Lines
It is known that the reversal mechanism of action could
involve either downregulation of protein expression level and/or
alternation of subcellular localization of the transporter (4).
Therefore, immunoblotting analysis and immunofluorescence
assay were conducted to detect the expression and localization
of ABCG2 protein, respectively.

The expression level of ABCG2 in NCI-H460/MX20 and S1-
M1-80 was not significantly altered even after 72 h treatment
with 3µM sitravatinib, Figures 7A,B. In addition, ABCG2 was
detected on the cell membrane surface after the cells treated with
3µM sitravatinib for 0, 24, 48, or 72 h, Figures 7C,D.

Therefore, long-term treatment at the highest non-toxic
concentration of sitravatinib (3µM) neither downregulates the
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FIGURE 2 | Molecular docking analysis with sitravatinib. (A) The docked conformation of sitravatinib (ball-and-stick model) is shown within the ABCG2 drug-binding
cavity, with the atoms colored as follows: carbon, green; hydrogen, white; oxygen, red; nitrogen, blue. Important amino acid residues are described with the same
color scheme as above for all atoms, except for carbon atoms in yellow. Dotted pink lines represent hydrogen-bonding interactions and the values of the correlation
distances are indicated in Å. (B) The 2D schematic diagram of ligand–receptor interaction between sitravatinib and the human ABCG2 model. Amino acids within 3 Å
are indicated as colored bubbles, polar residues are light blue, hydrophobic residues are green, and the positive charged residue is dark blue. Purple arrows denote
H-bonds. (C,D) The superimposition of MD pose of sitravatinib within the binding cavity of ABCG2. Sitravatinib molecules are depicted as ball and stick model in
faded green or orange for pre- and post-MD, respectively. The ABCG2 structure is in ribbon diagram in faded magenta or faded cyan for pre- and post-MD,
respectively. (E) RMSD trajectory of ABCG2 and sitravatinib in sitravatinib-ABCG2 complex over the 10 ns simulation run.

expression level nor affects the subcellular localization of ABCG2
in ABCG2-mediated MDR cell lines.

Effect of Sitravatinib on ABCG2 ATPase
Activity
It is documented that ATP hydrolysis is the energy source
for ABC transporters to pump out endogenous and exogenous
toxicants (32, 33). Hence, the effect of sitravatinib on ABCG2
ATPase activity was evaluated. Herein, the ABCG2-mediated
ATP hydrolysis was measured in membrane vesicles after
incubation with serial concentrations of sitravatinib (0–20µM).

Sitravatinib inhibited 56.2% of the basal ATPase activity, and
the inhibitory effect reached 50% at 0.9µM, see Figure 8. These
results indicate that sitravatinib inhibits ABCG2 ATPase activity
in a concentration-dependent manner. ATPase data combined
with molecular docking suggest that sitravatinib interacts with
the drug-binding pocket of the ABCG2.

DISCUSSION AND CONCLUSION

It is well-known that ABC transporters contribute to MDR
and as a result, limit the anticancer efficacy of numerous
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FIGURE 3 | Chemical structure and the cytotoxic activity of sitravatinib in ABCG2-overexpressing cell lines and their corresponding sensitive cell lines. (A) Chemical
structure of sitravatinib. The cell viability-concentration curves for NCI-H460/MX20 and NCI-H460 (B), S1-M1-80 and S1 (C), HEK293 cell lines transfected with full
length ABCG2 or empty vector (D) after treatment with serial concentrations of sitravatinib for 72 h. Data are shown as mean ± SD, obtained from at least three
experiments performed independently.

chemotherapeutic agents in the clinical setting. Due to their
efflux function, ABC transporters can extrude many structurally
and functionally unrelated anticancer drugs (34), resulting in
poor prognosis and low survival rates in cancer patients. In the
past decades, many researchers have attempted to synthesize or
screen potential inhibitors of ABC transporters to reverse MDR
(16, 35–38). However, high toxicity and drug-drug interactions
remain to be a challenge (39). To date, many researchers
using in vivo and ex vivo models have demonstrated that TKIs
have ability to restore the sensitivity of substrate antineoplastic
drugs of ABC transporters for effective chemotherapy (40–
43). Most recently, Chen et al. conducted a phase I clinical
evaluation in a population of patients to reveal that cyclosporine
A (CsA), a competitive ABCB1 inhibitor, could combat drug
resistance caused by brentuximab vedotin in relapsed/refractory
Hodgkin lymphoma with tolerable and feasible profile (44).
These studies provided growing evidence that inhibitors of
ABC transporters have promising possibility in the future
preclinical and clinical use. Thus, it is meaningful to find
potential inhibitors of ABC transporters even though many
obstacles exist. It has been documented that some TKIs could
behave as substrates or inhibitors of ABC transporters depending
on different settings (45). Collectively, this suggests that TKIs

with inhibitory activity toward ABCG2 in combination with
conventional chemotherapeutic agents can be a promising
strategy to circumvent MDR.

Using molecular docking and cell viability assay we first
screened thirty TKIs that share active pharmacophoric features
of ABC transporter inhibitors, such as the aromatic system,
benzamido groups, or methoxyphenyl groups (46). The five
compounds with the highest glide gscores were chosen to further
examine their MDR reversal activity in cell lines expressing
ABCG2. These screening assays showed that sitravatinib had
an outstanding docking score within the drug-binding pocket
in the transmembrane domain of the homodimer of human
ABCG2, and also demonstrated excellent inhibitory activity in
the ABCG2-mediated MDR cell lines.

In silico analysis of the simulated molecular docking
showed specific interactions between sitravatinib and the human
ABCG2 drug-binding pocket. The high glide gscore (−13.248
kcal·mol−1) suggested strong affinity of sitravatinib. The best-
scored pose of other known ABCG2 inhibitors, such as
selonsertib, ulixertinib and NVP-TAE684, received glide gscores
of −12.278, −11.501, and −12.929 kcal·mol−1, respectively (4,
28, 47), which indicates that the affinity of sitravatinib and
ABCG2 protein model may be comparable to other known
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FIGURE 4 | Drug sensitivity of drug-selected ABCG2-overexpressing cell lines to various chemotherapeutic agents in the absence or presence of sitravatinib. The
IC50 values of mitoxantrone (A,B), topotecan (C,D), SN-38 (E,F), and cisplatin (G,H) in NCI-H460 and its mitoxantrone-selected resistance cell line (NCI-H460/MX20),
S1 and its mitoxantrone-selected resistance cell line (S1-M1-80). Data were collected from independent experiments repeated at least three times and are shown as
mean ± SD. *p < 0.05 compared with control group.
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FIGURE 5 | The antagonizing effect of sitravatinib in ABCG2-transfected HEK293 cell lines and the parental cell line HEK293/pcDNA3.1. The IC50 values of
mitoxantrone (A), topotecan (B), SN-38 (C), and cisplatin (D) in transfected cell lines. Data are presented as mean ± SD. All data were obtained from at least three
independent assays. *p < 0.05 compared with control group.
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FIGURE 6 | Sitravatinib inhibits ABCG2-mediated mitoxantrone transport. The accumulation of tritium-labeled mitoxantrone in NCI-H460 and NCI-H460/MX20 (A),
S1 and S1-M1-80 (B). The ABCG2-mediated efflux activity in NCI-H460 (C), S1 (E) and their corresponding mitoxantrone-selected cell line NCI-H460/MX20 (D),
S1-M1-80 (F) at a series of time points (0, 30, 60, 120min). Data from at least three independent experiments are shown as mean ± SD. *p < 0.05 compared with
control group.

ABCG2 inhibitors. To verify whether this docking ligand could
be removed from the binding pocket, further MD simulations
were performed. The MD simulations indicated that the binding
complex did not change significantly in 10 ns, with the maximal
RMSD of sitravatinib being approximately 2 Å. These results
suggested that sitravatinib could bind stably to the substrate-
binding cavity of human ABCG2 with high affinity.

Cell viability assay demonstrated that the highest non-
toxic concentration of sitravatinib was 3µM. Furthermore,
the modified MTT colorimetric assay on ABCG2-mediated
MDR cell lines supported the conclusion that the inhibitory

effect of sitravatinib was strictly associated with the expression
of ABCG2. This was further corroborated using ABCG2-
transfected HEK293 cell lines, in which ABCG2 is the solo
contributor toMDR. By contrast, the reversal effect of sitravatinib
was not found in any of the sensitive cell lines. Notably,
sitravatinib did not change the IC50 values of cisplatin, which is
not a substrate of ABCG2.

A mechanism-based assay was conducted to examine the
underlying mechanism of action of the antagonizing activity
of sitravatinib in ABCG2-overexpressing cell lines. ABCG2
was shown as an efflux pump (48). Hence, tritium-labeled
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FIGURE 7 | Sitravatinib does not affect protein expression level nor the subcellular localization of ABCG2. Immunoblotting analysis showing the expression level of
ABCG2 in MDR cell lines overexpressing ABCG2 NCI-H460/MX20 (A) and S1-M1-80 (B) compared to the corresponding parental cell lines. The relative density of
each band is shown as mean ± SD, collected from at least three independent assays. *p < 0.05 compared with control group. Immunofluorescence assay indicating
the subcellular localization of membrane protein ABCG2 of NCI-H460/MX20 (C) and S1-M1-80 (D) and the corresponding parental cell lines. Color: ABCG2 (Green),
DAPI (Blue). Scale bar:10µm.
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FIGURE 8 | Sitravatinib inhibits ABCG2 ATPase activity in a
concentration-dependent manner. The effect of sitravatinib on ATPase activity
of ABCG2 in insect cell membrane vesicles was determined as described in
the Materials and Methods Section. Data were obtained from independent
assays repeated at least three times and are presented as mean ± SD.

mitoxantrone-mediated accumulation and efflux assays
were conducted to evaluate the pump function of ABCG2.
Pre-treatment of the ABCG2 overexpressing cell lines with
sitravatinib significantly improved the intracellular accumulation
of mitoxantrone, which is a well-established substrate of ABCG2,
but not in the corresponding sensitive cell lines. In addition,
the ABCG2-expressing cell lines effluxed less amount of the
chemotherapeutic drug after incubation with sitravatinib at
non-toxic concentrations, compared with their counterparts in
parental cell lines. This demonstrated that sitravatinib could
impede the ABCG2 efflux function and in turn increase the
intracellular accumulation of anticancer drug; thus, sitravatinib
at non-toxic concentrations could remarkably antagonize
ABCG2-mediated MDR and improve the antineoplastic efficacy
of chemotherapeutic agents.

Mechanistically, it is well-documented that several MDR
inhibitors downregulate the level of ABCG2 in the plasma
membrane to hinder its pump function (4, 15, 49). To evaluate
if this is the case with sitravatinib, Western blotting and
immunofluorescence assays were conducted. Our results show
that sitravatinib did not alter the expression level or the
subcellular localization of ABCG2 in ABCG2-expressing cell
lines. Collectively, we summarized that sitravatinib directly
inhibits the pump function of ABCG2 without changing the
expression level or its subcellular localization. Furthermore, the
hydrolysis of ATP is the energy source for ABC transporter-
mediated efflux of endogenous and exogenous toxicants (32, 33).

Therefore, an ATPase assay was performed to determine the
effect of sitravatinib on the ATPase activity of ABCG2. The results
demonstrated that sitravatinib could partially inhibit ABCG2
ATPase activity suggesting that sitravatinib has the ability to
interfere with the transport function of ABCG2 by interfering
with its ATPase activity.

In conclusion, our study revealed that sitravatinib is a
potential ABCG2 inhibitor with an acceptable toxicity profile.
The sensitizing effect of sitravatinib toward different MDR cell
lines is due to inhibition of ABCG2 function. In the future, we
will focus on long-term exposure to sitravatinib in vivo and ex
vivo to further evaluate the antagonizing effect and its toxicity
profile as an ABCG2 inhibitor.
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M3814, also known as nedisertib, is a potent and selective DNA-dependent protein
kinase (DNA-PK) inhibitor under phase 2 clinical trials. ABCG2 is a member of the
ATP-binding cassette (ABC) transporter family that is closely related to multidrug
resistance (MDR) in cancer treatment. In this study, we demonstrated that M3814 can
modulate the function of ABCG2 and overcome ABCG2-mediated MDR. Mechanistic
studies showed that M3814 can attenuate the efflux activity of ABCG2 transporter,
leading to increased ABCG2 substrate drugs accumulation. Furthermore, M3814 can
stimulate the ABCG2 ATPase activity in a concentration-dependent manner without
affecting the ABCG2 protein expression or cell surface localization of ABCG2. Moreover,
the molecular docking analysis indicated a high affinity between M3814 and ABCG2
transporter at the drug-binding cavity. Taken together, our work reveals M3814 as an
ABCG2modulator and provides a potential combination of co-administering M3814 with
ABCG2 substrate-drugs to overcome MDR.

Keywords: ATP-binding cassette (ABC) transporter, M3814, nedisertib, ABCG2, multidrug resistance (MDR)

INTRODUCTION

Lung cancer remains the leading cause of cancer-related mortality worldwide (1). Approximately
85% of the cases are characterized as non-small cell lung cancer (NSCLC) (2). Currently, the clinical
treatment strategies include surgery, radiotherapy, and chemotherapy (3). Adjuvant chemotherapy
including cisplatin, paclitaxel, docetaxel, gemcitabine, and irinotecan, has been accepted as
standard treatment especially for patients with advanced NSCLC (4, 5). Another promising option
is the usage of small-molecule inhibitors such as gefitinib and erlotinib (6). However, the high rate
of metastasis and drug resistance maintains the continued high mortality rates of lung cancer.

Chemotherapy and radiotherapy can lead to DNA damage, the mechanism by which some
anticancer drugs, such as etoposide and doxorubicin, exert their anticancer effect (7). DNA-
dependent protein kinase (DNA-PK) is actively involved in the repair of DNA double-strand
breaks (DSBs), thereby positioning it as a promising target for cancer treatment (8). Several
potent DNA-PK inhibitors have been developed, such as VX-984, NU7427, andM3814 (nedisertib)
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(9, 10). Among all, M3814 is a clinical-stage, highly potent
and selective DNA-PK inhibitor that demonstrated high activity
in preclinical models (11, 12). M3814 has shown promising
activity in combination with etoposide and cisplatin in lung
cancer xenograft models (7, 13). It is also being investigated
as monotherapy for solid tumors and chronic lymphocytic
leukemia (CLL, ClinicalTrials.gov ID: NCT02316197), and as
part of a combination treatment with radio-chemotherapy
(NCT02516813, NCT03770689).

ATP-binding cassette (ABC) transporter family is composed
of membrane proteins that serve multiple biological functions.
ABC transporters are widely expressed in different organs
such as the blood-brain barrier (BBB), placenta, and small
intestines, to protect the organs by extrusion of xenobiotics
and toxins. However, several ABC transporters are associated
with multidrug resistance (MDR) and confer resistance to
multiple chemotherapeutic agents as well as some tyrosine kinase
inhibitors (TKIs) (14–16). Studies have shown that ABCB1 (P-
glycoprotein, MDR1) and ABCG2 (BCRP, MXR) are associated
with drug resistance in the clinical setting (17–19). ABCG2
overexpression can render cancer cells resistant to conventional
chemotherapeutic agents, in particular topotecan, irinotecan,
mitoxantrone, and doxorubicin (20–22), making it a prominent
factor leading to MDR.

In lung cancer patients, clinical studies have shown a
correlation between therapeutic outcome and ABCG2 expression
level (23–26). In one of these studies, the response rate to
chemotherapy of patients with ABCG2-negative tumors was 44%
compare to 24% in patients with ABCG2-positive tumors (27).
Due to the critical role that ABCG2 plays in MDR, the search
for effective ABCG2modulators became pertinent to overcoming
drug resistance. To date, several drugs have been identified as
ABCG2 modulators, namely fumitremorgin C (28), Ko143 (29),
gefitinib (30), and erlotinib (31).

In this study, we aimed to investigate whether M3814
can modulate ABCG2-mediated MDR in lung cancer. We
hypothesized that combining M3814 with ABCG2 substrate-
drugs can overcome MDR and provide a new treatment strategy
for MDR cancer patients.

MATERIALS AND METHODS

Reagents
M3814 was kindly provided by ChemieTek (Indianapolis,
IN, USA). FBS, penicillin/streptomycin, DMEM, and trypsin
EDTA were purchased from Corning Incorporated (Corning,
NY, USA). Mitoxantrone, [3H] (2.5 Ci/mmol) was purchased
from Moravek Biochemicals, Inc. (Brea, CA, USA). The Alexa
Fluor 488 conjugated IgG secondary antibody and GAPDH
monoclonal antibody (GA1R) (catalog number MA5-15738)
were obtained from Thermo Fisher Scientific Inc (Rockford, IL,
USA). Primary antibody against ABCG2, clone BXP-21 (catalog
number MAB4146), was obtained from Millipore (Billerica,
MA, USA). Anti-mouse IgG, HRP-linked antibody (catalog
number 7076S) was purchased from Cell Signaling Technology
Inc (Danvers, MA, USA). PBS and BSA were purchased
from VWR chemicals, LLC (Solon, OH, USA). Ko143 was

purchased from Enzo Life Sciences (Farmingdale, NY, USA).
Paraformaldehyde, triton X-100, 4’,6-diamidino-2-phenylindole
(DAPI), mitoxantrone, doxorubicin, vincristine, verapamil,
cisplatin, methylthiazolyldiphenyl-tetrazolium bromide (MTT),
DMSO, and all other chemicals were requested from Sigma
Chemical Co (St. Louis, MO, USA).

Cell Lines and Cell Culture
The ABCG2-overexpressing subline NCI-H460/MX20 was
originally established by selecting and maintaining parental
NSCLC cell line NCI-H460 with mitoxantrone up to 20 nM
(32). Another ABCG2-overexpressing subline A549/MX10 was
originally established by selecting and maintaining parental
NSCLC cell line A549 with mitoxantrone up to 10 nM (32).
NCI-H460, NCI-H460/MX20, A549, and A549/MX10 were
kindly provided by Drs. Susan Bates and Robert Robey
(NCI, NIH, Bethesda, MD).The human embryonic kidney
HEK293/pcDNA3.1 and HEK293/ABCG2 were generated by
transfecting the cells with either an empty vector pcDNA3.1
or a pcDNA3.1 vector containing a full length ABCG2 gene.
Transfected cells were selected with DMEM containing
G418 (2 mg/mL). The ABCB1-overexpressing subline KB-C2
was established by introducing increasing concentrations of
colchicine to parental cell line KB-3-1 and maintained in
DMEM with 2µg/mL colchicine (33). Both resistant KB-C2
and parental KB-3-1 cells were kindly provided by Dr. Shin-
Ichi Akiyama (Kagoshima University, Kagoshima, Japan).
All cells were cultured in DMEM with 10% FBS and 1%
penicillin/streptomycin and maintained at 37◦C incubator
supplied with 5% CO2. The drug-selected cells were cultured in
drug-free DMEM for at least 2 weeks before the experiment.

MTT Assay
The cytotoxicity of M and other ch3814emotherapeutic agents
was determined by MTT assay (34). Briefly, after cells were
harvested and re-suspended in DMEM, cells were seeded evenly
into 96-well plates at a density of 5,000–6,000 cells/well and
incubated overnight to allow for attachment. For combination
studies, an ABCG2 substrate drug and a reversal agent were
added to the designated wells on the second day. After 72 h of
treatment, cells were incubated with MTT. After 4 h incubation
with MTT, the medium was aspirated and DMSO was used to
dissolve the resulting formazan crystals. Absorbance at 570 nm
was measured using the accuSkanTM GO UV/Vis Microplate
Spectrophotometer (Fisher Sci., Fair Lawn, NJ, USA). Resistance-
fold was calculated by dividing the IC50 value in resistant cells, in
the presence or absence of M3814 or Ko143, by the IC50 value of
the parental cells.

Western Blotting Analysis
The cell lysates were collected from drug-sensitive NCI-H460
and drug-resistant NCI-H460/MX20 cells after treatment with
M3814 for different time points. After protein quantitation using
PierceTM BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL), the protein samples were separated by PAGE then transferred
onto PVDF membranes. After blocking with 5% non-fat milk,
the membranes were incubated with primary antibodies against
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ABCG2 or GAPDH (1:1000) at 4◦C overnight. Next, the blots
were further incubated with HRP-linked secondary antibody
(1:1000) for 2 h at room temperature. PierceTM ECL Western
blotting substrate (Thermo Scientific, Rockford, IL) was used
to develop and visualize the protein bands. The results were
analyzed by ImageJ software. The expression levels of ABCG2
relative to GAPDH were calculated.

Immunocytochemistry
Cells were seeded into 24-well plates at a density of 2 × 104

cells per well and incubated overnight. The cells were then
treated with 1µM of M3814 for different time points. Thereafter,
the cells were fixed with 4% formaldehyde, permeabilized by
0.25% Triton X-100, and blocked with 6% BSA. Cells were then
incubated with primary antibody against ABCG2 (1:1000). At the
following day, primary antibody was removed, and the cells were
further incubated with Alexa Fluor 488 conjugated secondary
antibody (1:1000) at room temperature for 2 h. DAPI solution
was added to stain the cell nuclei. Cell images were taken using
a Nikon TE-2000S fluorescence microscope (Nikon Instruments
Inc., Melville, NY, USA).

Tritium-Labeled Mitoxantrone
Accumulation and Efflux Assay
NCI-H460 and NCI-H460/MX20 cells were seeded at a density
of 2 × 105 cells per well into 24-well plates and incubated
overnight to allow for attachment. Each plate was incubated with
M3814 or Ko143, a positive control inhibitor of ABCG2, for
2 h at 37◦C. Subsequently, cells were incubated with complete
DMEM containing 10 nM of [3H]-mitoxantrone with or without
a reversal agent for different time points. For accumulation
and efflux assay in the presence of 2,4-dinitrophenol, cells were
incubated in glucose-free DMEM with 1mM 2,4-dinitrophenol
for 10min before the addition of M3814 and [3H]-mitoxantrone
(35). Thereafter, the cells were rinsed with PBS and collected
with scintillation vials. The radioactivity was read using the
Packard TRICARB 1900CA liquid scintillation analyzer (Packard
Instrument, Downers Grove, IL).

Evaluation of ABCG2 ATPase Activity
The ABCG2 ATPase activity was determined using PREDEASY
ATPase Kits (TEBU-BIOnv, Boechout, Belgium) with
modifications as previous described (36). Briefly, different
concentrations of M3814 with or without Na3VO

−
4 were added

to the ABCG2 membrane suspension. The mixtures were
incubated at 37◦C for 5min and the reaction was initiated by
the addition of 5mM Mg2+ATP. After a 40-min incubation at
37◦C, the inorganic phosphate (Pi) released was determined
colorimetrically. The changes of relative light units were
determined by comparing Na3VO

−
4 -treated group with the

corresponding M3814-treated groups.

M3814 Accumulation Assay
Cells were seeded at a density of 2 × 105 cell per well into a
6-well-plate with a total volume of 2mL complete DMEM. The
plates were then incubated for 2 days before assay. At the day
of treatment, the media was replaced by plain media (DMEM

without FBS) for each well-before the drug exposure, cells were
incubated with 10 mg/mL M3814 for 2 h. Thereafter, cells were
washed twice with PBS followed by adding 0.5% Sodium dodecyl
sulfate and acetonitrile to lyse the cells for the drug extraction.
Samples were collected and centrifuged for 10min at 14,000 rpm.
The supernatant was collected and the intracellular concentration
of drug was analyzed by HPLC.

Molecular Docking
The previously reported human ABCG2 cryo-EM structure
model (PDB code: 6ETI) was used for docking analysis (37).
The molecular docking was performed as described (38, 39)
using the Maestro v11.1 software (Schrödinger, LLC, New
York, NY, USA). The best docked-conformation of M3814 and
ABCG2 transporter was established through the Glide XP (extra
precision) docking analysis after the ligands were prepared in
the low-energy pose. The top-score results were selected and
subjected to induced-fit docking with the default protocol.

Statistical Analysis
At least 3 independent experiments were performed for each
assay. Data are expressed as mean ± SD and analyzed using
Graph Pad prism software 7. The data were analyzed using
one-way ANOVA and statistical significance level was set
as p < 0.05.

RESULTS

M3814 Reversed ABCG2-Mediated Drug
Resistance in Cancer Cells
The chemical structure of M3814 is presented in Figure 1A.
Firstly, the cytotoxicity of M3814 was determined by MTT
assay. From the viability curve (Figures 1B,E), non-toxic
concentrations were selected to circumvent the additive toxicity
of M3814 combined with chemotherapeutic agents. Then the
reversal effect was evaluated in the presence of an ABCG2
substrate drug, mitoxantrone or doxorubicin. As shown in
Figures 1C-G, ABCG2-overexpressing NCI-H460/MX20 and
A549/MX10 cells were highly resistant to both mitoxantrone
and doxorubicin. Combining one of these substrates with M3814
or Ko143, a well-established ABCG2 inhibitor, was able to
significantly sensitize the drug-resistant cells to ABCG2 substrate
drugs. Furthermore, the reversal effect of M3814 at 1µM was
comparable to that of Ko143. On the other hand, M3814 did
not affect the antiproliferative effect of cisplatin, a drug that
is not a substrate of ABCG2, in neither drug-sensitive NCI-
H460 nor drug-resistant NCI-H460/MX20 cells (Figure 1H). The
cytotoxicity of cisplatin was also unaltered in drug-sensitive A549
and drug-resistant A549/MX10 cells (data not shown).

M3814 Reversed ABCG2-Mediated Drug
Resistance in Transfected Cells
In order to further validate the reversal effect of M3814, HEK293
transfected cells in which ABCG2 is the sole contributor to MDR
were used. In short, HEK293 cells transfected with an empty
vector pcDNA3.1 were regarded as the parental cells, and cells
transfected with a vector containing wild-type (R482R) ormutant
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FIGURE 1 | Chemical structure and the effect of M3814 on the cytotoxicity of anticancer drugs in ABCG2-overexpressing cancer cells. (A) Chemical structure of
M3814; (B) Cell viability curves for A549 and A549/MX10 cells; The effect of M3814 on the cytotoxicity of mitoxantrone (C), doxorubicin (D) in A549 and A549/MX10
cells; (E) Cell viability curves for NCI-H460 and NCI-H460/MX20 cells; The effect of M3814 on the cytotoxicity of mitoxantrone (F), doxorubicin (G), and cisplatin (H) in
NCI-H460 and NCI-H460/MX20 cells. Data are expressed as mean ± SD from a representative of three independent experiments. *p < 0.05 vs. the control group,
#p < 0.05 vs. the control group in parental cell lines.
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FIGURE 2 | The effect of M3814 on the cytotoxicity of different anticancer drugs in ABCG2-overexpressing HEK293 transfected cells. (A) Cell viability curves for
HEK293/pcDNA3.1, HEK293/ABCG2-WT, HEK293/ABCG2-R482G, and HEK293/ABCG2-R482T cells; The effect of M3814 on the cytotoxicity of mitoxantrone (B),
doxorubicin (C), and cisplatin (D). Data are expressed as mean ± SD from representative of three independent experiments. *p < 0.05 vs. the control group, #p <

0.05 vs. the control group in parental cell lines.
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FIGURE 3 | The effect of M3814 on the cytotoxicity of different anticancer
drugs in ABCB1-overexpressing cancer cells. (A) Cell viability curves for
KB-3-1 and KB-C2 cells; (B) The effect of M3814 on the cytotoxicity of
vincristine. Data are expressed as mean ± SD from a representative of three
independent experiments. *p < 0.05 vs. the control group. #p < 0.05 vs. the
control group in parental cell lines.

(R482G/R482T) ABCG2 were regarded as the drug-resistant
cells. The cytotoxicity results are presented in Figure 2. Likewise,
M3814 showed similar cytotoxicity in HEK293 transfected cells
to cancer cells. Consistently, M3814 was able to significantly
reverse drug resistance in both wild-type and mutant ABCG2
overexpressing HEK293 cells. The results support our initial
finding that M3814 is a potential ABCG2 modulator.

M3814 Did Not Affect ABCB1-Mediated
MDR
To evaluate the selectivity of M3814 as an ABC drug transporter
modulator, we examined whether M3814 can reverse ABCB1-
mediated MDR. As shown in Figure 3A, the antiproliferative
effect of M3814 in parental KB-3-1 and drug-resistant KB-C2
cells were identical and no significant toxicity was observed at

1µM. Reversal studies showed that M3814, at 1µM, failed to
sensitize drug-resistant KB-C2 cells to vincristine, indicating that
M3814 is not an effective modulator of ABCB1 (Figure 3B).
Therefore, the modulatory effect of M3814 may be specific to the
ABCG2 transporter.

M3814 Increased Intracellular
Accumulation and Decreased Efflux of
[3H]-Mitoxantrone
M3814 showed the ability to reverse ABCG2-mediated MDR,
and we therefore, sought to further investigate its modulatory
mechanisms. [3H]-mitoxantrone accumulation and efflux assays
were performed to measure the intracellular concentration
of mitoxantrone. As shown in Figure 4A, the intracellular
concentration of [3H]-mitoxantrone was lower in drug-resistant
NCI-H460/MX20 cells than in drug-sensitive NCI-H460 cells
without the presence of a reversal agent. The addition of M3814
or Ko143 increased the accumulation of [3H]-mitoxantrone
in drug-resistant NCI-H460/MX20 cells without affecting
accumulation in drug-sensitive NCI-H460 cells. The results
provided evidence that M3814 can increase the accumulation of
[3H]-mitoxantrone in ABCG2-overexpressing cells. Since there
are multiple factors that can result in increased mitoxantrone
accumulation, we first explored whether M3814 can inhibit the
efflux function of ABCG2. As shown in Figures 4B,C, without
altering the efflux process in drug-sensitive cells, M3814 was
able to hinder the efflux of [3H]-mitoxantrone in drug-resistant
cells. 2,4-dinitrophenol is an uncoupling agent that blocks the
phosphorylation of ADP to ATP.Wemeasured the efflux process
of [3H]-mitoxantrone in NCI-H460/MX20 cells in glucose-free
DMEM in the presence of 2,4-dinitrophenol. As presented in
Figure 4D, the efflux of [3H]-mitoxantrone was decreased in
NCI-H460/MX20 cells by 2,4-dinitrophenol while the addition
of Ko143 or M3814 had no significant effect. Taken together,
the results suggested M3814 can inhibit the efflux activity of the
ABCG2 transporter, which leads to the increased intracellular
concentration of mitoxantrone.

M3814 Stimulated ABCG2 ATPase Activity
The [3H]-mitoxantrone accumulation and efflux assay suggested
that M3814 can interact with the ABCG2 transporter. We
postulated that M3814 may be a direct ABCG2 inhibitor
or an ABCG2 substrate that can inhibit or stimulate the
ATPase function, respectively. Therefore, the ABCG2 ATPase
assay was conducted to evaluate the role of M3814. As
presented in Figure 5A, M3814 showed a concentration-
dependent stimulation of ATPase activity at 0–20µM. The
stimulatory effect reached 50% maximal effect at 1.64µM with
a maximum stimulation of 371.02% of the basal activity. In
this study, topotecan was used as a positive substrate control
that can stimulate the activity of ABCG2 ATPase. Combined
with the results of the accumulation and efflux assay, M3814
may be a transported substrate and competitively inhibit the
transportation of other ABCG2 substrates.

Frontiers in Oncology | www.frontiersin.org 6 May 2020 | Volume 10 | Article 67453

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


Wu et al. M3814 Overcomes MDR

FIGURE 4 | Effect of M3814 on the accumulation and efflux of [3H]-mitoxantrone. (A) The effect of M3814 on the accumulation of [3H]-mitoxantrone in NCI-H460 and
NCI-H460/MX20 cells. (B) The effect of M3814 on the efflux of [3H]-mitoxantrone in NCI-H460 cells. (C) The effect of M3814 on the efflux of [3H]-mitoxantrone in
NCI-H460/MX20 cells. (D) The effect of M3814 on the efflux of [3H]-mitoxantrone in NCI-H460/MX20 cells with 2,4-dinitrophenol pretreatment. Ko143 at 1µM was
used as a positive control inhibitor of ABCG2. Data are expressed as mean ± SD from a representative of three independent experiments. *p < 0.05 vs. the control
group, #p < 0.05 vs. the control group in parental cell lines.

The Intracellular Accumulation of M3814
Was Consistent in Parental and
Drug-Resistant Cells
Since M3814 can stimulate ABCG2 ATPase activity, we
examined whether M3814 can be pump out of the cells by
ABCG2. By performing HPLC analysis, it is found that the
intracellular accumulation of M3814 showed no significant
different in parental NCI-H460 and ABCG2-overexpressing
NCI-H460/MX20 cells (Figure 5B). These results suggest that
M3814 can bind to ABCG2 transporter without being pump out
of the cells.

M3814 Did Not Affect ABCG2 Protein Level
or Cell Surface Localization
Since a reversal agent may exert its effect through multiple
mechanisms, we investigated whether M3814 can alter ABCG2
protein expression or cell surface localization. As shown in
Figure 6A, M3814 did not alter the expression level of ABCG2.
Furthermore, the immunofluorescent assay (Figure 6B) clearly
showed that ABCG2 continued to be localized at cell surface

after 72 h of M3814 treatment. These results indicated that the
modulatory effect of M3814 may be due solely to the inhibition
of substrate efflux. Similarly, ABCG2 expression level and cell
surface localization were not changed in A549/MX10 cells after
M3814 treatment (data not shown).

Molecular Docking Analysis of M3814 With
the Human ABCG2 Homology Model
The interactions between M3814 and human ABCG2 model
were stimulated by the induced-fit docking analysis. The Glide
gscore of the best docked pose of M3814-ABCG2 was −14.035
kcal/mol, which indicated that M3814 has a good affinity to
the drug-binding pocket of ABCG2. Figure 7A depicted the
general docking pose of M3814, which was predicted in the
drug-binding cavity of human ABCG2 model with the detailed
interactions between M3814 and some specific residues of the
protein model. As shown in Figure 7B, the best-scored pose
of M3814 was mainly stable in the ABCG2 transmembrane
domain, demonstrating hydrophobic interactions with specific
residues including Leu555, Phe431, Phe432, and Phe439 in
protein chain A. Other hydrophobic interactions include Leu555,
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FIGURE 5 | M3814 stimulates ABCG2 ATPase activity without being
transported out of the resistant cells (A) The effect of M3814 and topotecan
on the ATPase activity of ABCG2 transporter. (B) The intracellular
accumulation of M3814 in NCI-H460 and NCI-H460/MX20. Data are
expressed as mean ± SD from three independent experiments.

Val546, Met549, Phe431, Phe432, and Phe439 in protein chain
B. Furthermore, Figure 7B also depict that a hydrogen bond was
formed between the ether group in morpholine of M3814 and
Asn436 of ABCG2 chain A. In addition, M3814 formed two
hydrogen bonds with protein chain B: one between Phe432 and
the methanol group of M3814, another one between Asn436 and
the same methanol group. Two π-π stacking interactions were
formed between the quinazoline ring of M3814 and Phe431 of
both ABCG2 chain A and chain B, respectively. The molecular
docking analysis of mitoxantrone with ABCG2model was shown
in Figure 7C. M3814 only have two overlapping binding residues,
indicating M3814 may not bind to the same substrate-binding
site as mitoxantrone.

DISCUSSION

As one of the more well-known members of the ABC transporter
family, ABCG2 can be both beneficial and deleterious. By
eliminating xenobiotics from cells, ABCG2 acts as a gatekeeper
in normal tissue but as an MDR mediator in many tumors (40).

ABCG2 overexpression can confer cancer cells resistant to a
wide range of chemotherapeutic agents such as irinotecan,
doxorubicin, and mitoxantrone. Due to its pivotal role,
tremendous effort has been devoted to investigating ABCG2
inhibitors. Even though the clinical effect of these ABCG2
inhibitors remains inconclusive, an appropriate modulation of
ABCG2 activity may strengthen the efficacy of substrate-drugs
by overcomingMDR and improving their pharmacokinetics (41–
43). Recent studies suggest that the combination of several TKIs
with substrate-drugs can achieve desired effect and reverse drug
resistance (44–46).

Lung cancer accounts for a large proportion of cancer
incidences and mortalities. About 85% of the cases are
characterized as NSCLC. Clinical data have shown that ABCG2
overexpression may attenuate the response of NSCLC patients
to anticancer drug. M3814 is developed as a potent and
selective DNA-PK inhibitor. It is now under several clinical
trials for advanced solid tumors and CLL, as well as in
combination treatment with radio-chemotherapy. In this study,
the ABCG2 modulatory effect of M3814 was evaluated in two
ABCG2-overexpressing NSCLC cell lines, NCI-H460/MX20 and
A549/MX10. We report that M3814 can effectively modulate the
function of ABCG2 and reverse MDR in combination treatment.

The cytotoxicity of M3814 was examined in both parental
and ABCG2-overexpressing cell lines to select the appropriate
concentrations for reversal studies. The results showed that
no significant toxicity was observed up to 1µM in both sets
of NSCLC cell lines. Therefore, the reversal experiments were
carried out using 0.3 and 1µM of M3814 to evaluate its reversal
effect. The data showed that M3814 can significantly sensitize
the drug-resistant cells to ABCG2 substrates (mitoxantrone and
doxorubicin) but this phenomenonwas not observed in the drug-
sensitive parental cells, suggesting that the effect may be due
to ABCG2 efflux inhibition. Furthermore, it was documented
that a mutation at the position 482 of the ABCG2 protein
can result in a distinct substrate-binding and efflux profile
(47, 48). By conducting reversal studies in gene-transfected
HEK293 cells, we confirmed that M3814 can reverse both wild-
type and mutant ABCG2-mediated MDR in cellular models.
Comparing with other established ABCG2 modulators, the
effective concentration of M3814 is lower than ulixertinib (49),
selonsertib (50), ribociclib (51), PD1530353 (52), and comparable
to Ko143, olmutinib (53), SIS3 (54). M3814 did not alter the
toxicity of cisplatin, a non-substrate drug of ABCG2, nor did
it reverse ABCB1-mediated MDR. Therefore, M3814 may be
a modulator specific to ABCG2. Although we uncovered that
M3814 may not be a reversal agent for ABCB1-mediated MDR,
future studies are needed to assess the interaction of M3814 with
other MDR-associated proteins such as ABCC1 and ABCC10
(55, 56).

Further studies were conducted to gain insight into the
reversal mechanisms. [3H]-mitoxantrone accumulation and
efflux assays were conducted. By introducing the tritium-labeled
mitoxantrone, it allowed for a direct measurement of intracellular
concentration of mitoxantrone to assess the efflux process of
ABCG2. From the results of the accumulation assay, we found
that M3814 can increase the accumulation of mitoxantrone only
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FIGURE 6 | M3814 did not affect the ABCG2 protein expression or cell surface localization. (A) The effect of M3814 on the expression level of ABCG2 in NCI-H460
and NCI-H460/MX20 cells. (B) Cell surface localization of ABCG2 expression in NCI-H460/MX20 cells incubated with 1µM of M3814 for up to 72 h. Data are
expressed as mean ± SD from three independent experiments. *p < 0.05 vs. the control group.

in ABCG2-overexpressing cells in a concentration-dependent
manner, indicating that M3814 can interact with an ABCG2
transporter to interfere with its efflux function. Consistently, in
the [3H]-mitoxantrone efflux assay, M3814 was able to hinder the
efflux process in ABCG2-overexpressing cells and the effect was
comparable with the well-established ABCG2 inhibitor Ko143.

To determine if the enhanced mitoxantrone accumulation is
due to the decreased active efflux or increased drug uptake by
the cells, we introduced 2,4-dinitrophenol which can prevent
the synthesis of ATP and thereby can deplete the intracellular
ATP. As ABCG2 efflux function requires energy from ATP
hydrolysis, pretreatment with 2,4-dinitrophenol can significantly
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FIGURE 7 | The molecular binding mode of M3814 to the human ABCG2 model as predicted by induced-fit docking. (A) The superimposition of the best-scored
pose of M3814 within the binding cavity of ABCG2. Ligand is depicted as a ball-and-stick model with a transparent gray surface and the ABCG2 structure as a ribbon
diagram in faded pink. The detailed depiction of M3814 and nearby residues inside the ABCG2 binding cavity are depicted with the atoms colored as follows: carbon,

(Continued)
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FIGURE 7 | faded yellow; hydrogen, white; nitrogen, blue; oxygen, red; fluorine, light green; chlorine, dark green; and important amino acid residues are described
(sticks model) with the same color scheme as above for all atoms but carbon atoms in gray. The values of the relevant distances are indicated in Å. (B) The docked
conformation of M3814 (ball-and-stick model) is shown within the ABCG2 drug-binding cavity, and specific amino acids residues within 3 Å are indicated as a sticks
model, with the same color scheme as (A). Dotted pink lines represent hydrogen-bonding interactions, while dotted light blue lines represent π-π stacking
interactions. The values of the correlation distances are indicated in Å. (C) The docked conformation of mitoxantrone (ball and stick model) is shown within the ABCG2
drug-binding cavity with the atoms and important amino acid residues are described (sticks model) with the same color scheme as above for all atoms but carbon
atoms in green. Dotted pink lines represent hydrogen-bonding interactions, while dotted light blue lines represent π-π stacking interactions. The values of the
correlation distances are indicated in Å.

decrease the drug efflux process. Our results showed that,
in the presence of 2,4-dinitrophenol, ABCG2-overexpressing
NCI-H460/MX20 cells showed significant decreased efflux of
mitoxantrone, suggesting the efflux function of ABCG2 is
impaired. Furthermore, adding reversal agents M3814 or Ko143
did not contribute to the accumulation ofmitoxantrone after cells
were pretreated with 2,4-dinitrophenol. These results suggest that
M3814 can hinder the ABCG2 efflux function without facilitating
mitoxantrone uptake by the cells. Therefore, the modulatory
effect of M3814 may be in part due to the inhibition of ABCG2
efflux function, which leads to increased substrate accumulation
and enhanced cytotoxic effect.

Since we demonstrated that M3814 can attenuate the efflux
activity of ABCG2, it may act by inhibiting the ATPase, hindering
ABCG2 from utilizing the energy from ATP hydrolysis. Another
explanation, according to several previous studies (49, 50, 57),
is that the modulator may act as a substrate of ABCG2 and
compete with other substrates for the transporter. To determine
the mechanism of M3814 as an ABCG2 modulator, ABCG2
ATPase activity was measured in the presence of M3814. ABCG2
is characterized as a “half-transporter” with a transmembrane
domain to which a substrate binds and a nucleotide-binding
domain where ATP binds and hydrolyzes. If the drug is an
ATPase inhibitor, a trend toward decreased ATPase activity
would be observed (36). In contrast, a substrate can bind to the
substrate-binding pocket and stimulate the ATPase to provide
energy for drug efflux. The results indicated that M3814 can
stimulate the activity of ABCG2 ATPase in a concentration-
dependent manner, confirming its role as a transported substrate
of ABCG2. Some ABCG2 substrate inhibitors can act as
competitive inhibitors that bind to a distinct substrate-binding
site and inhibit the efflux of a particular class of substrates (58).
Another possibility is that some substrate inhibitors can interact
with ABCG2 on sites other than the substrate-binding sites
and cause conformational changes in the binding pocket which
allosterically affect the transportation of some substrates (59). It
should be noted that, although several ABCG2 inhibitors were
identified as substrates through ATPase assay, overexpression
of ABCG2 does not necessarily confer drug resistance to these
inhibitors (49, 54, 60–62). Hitherto, the detailed mechanism of
this inhibitory effect remained inconclusive and desire further
exploration. To explore the possible mechanism of the reversal
effect achieved by M3814, we performed HPLC to detect the
intracellular accumulation of M3814 in parental and drug-
resistant cells. The results showed that ABCG2-overexpressing
cells did not 14. Sinc necessarily effluxM38eM3814 can stimulate
the activity of ABCG2 ATPase, we hypothesized that M3814 can
bind to the drug-binding pocket of ABCG2, causing the protein

conformational changes and therefore inhibit the efflux of other
substrates. Further studies are needed to verify this possible
mechanism of action.

Subsequently, we examined two additional possible
mechanisms: alteration of ABCG2 protein expression or
cell surface localization. Some reversal agents can downregulate
the ABCG2 expression, leading to decreased drug resistance
(52). The reversal effect can be achieved by translocating the
transporter into cytoplasm, which also decreases the number
of efflux pumps on the cell membrane. By performing a
Western blot and immunofluorescent assay, we confirmed
that M3814 did not affect the expression level of ABCG2, and
the transporter remained on the cell membrane after M3814
treatment. Hence, we inferred that M3814 can inhibit the efflux
function of ABCG2. Further studies are needed to explore other
potential mechanisms.

Molecular docking has been extensively used in the field
of structural molecular biology, and helps to predict the
predominant binding interaction between a ligand and a protein.
The cryo-EM structures of ABCG2 bound with an ABCG2
inhibitor Ko143 (37) were used as the basis for investigating
the interaction between ABCG2 modulators and the transporter.
M3814 obtained a high docking score of−14.035 kcal/mol
compared to several other ABCG2modulators such as ulixertinib
(−11.501 kcal/mol) (49), PD153035 (−7.015 kcal/mol) (52),
and TMP195 (−12.7 kcal/mol) (63), suggesting that M3814 has
potent binding affinity with the drug-binding cavity of ABCG2.
Of note, the molecular docking is not meant to be accurate
affinity predictor, thereby the bound conformation may not
represent the actual binding situation and is therefore used as a
reference for this study (64).

In conclusion, our study highlights M3814 as a modulator
of ABCG2 function. The combination of M3814 and ABCG2
substrate drugs may allow additional benefit for cancer patients
with high ABCG2 expression.
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Anthracycline-Induced Cardiotoxicity:
A Systematic Review
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Beijing University of Chinese Medicine, Beijing, China, 3 Ministry of Education Key Laboratory of TCM Syndrome and Formula
& Beijing Key Laboratory of TCM Syndrome and Formula, Beijing, China, 4 School of Life Science, Beijing University of
Chinese Medicine, Beijing, China

Background: Evidence of the preventive and therapeutic effects of enalapril on
cardiotoxicity caused by chemotherapy needs to be further confirmed and updated.

Methods: We performed a systematic review of studies from electronic databases that
were searched from inception to January 29, 2019, and included relevant studies
analyzing enalapril as a cardioprotective agent before or during the use of
anthracyclines by oncology patients. Homogeneous results from different studies were
pooled using RevMan 5.3 software. The Cochrane risk-of-bias tool was used to determine
the quality of the studies.

Results: We examined and screened 626 studies according to specific criteria and
ultimately included seven studies that were relevant to the indicated topic. Among them,
three studies reported the incidence of death during 6- and 12-month follow-up periods.
Six of the seven included studies showed possible positive results, suggesting that
enalapril plays a cardioprotective role, while five of these studies showed that there was a
significant difference in the left ventricular ejection fraction (LVEF) between an enalapril
group and a control group (weighted mean difference (WMD) = 7.18, 95%CI: 2.49–11.87,
I2 = 96%, P < .001). Moreover, enalapril was beneficial in reducing troponin I (TnI), creatine
kinase myocardial band (CK-MB) and N-terminal pro-b-type natriuretic peptide (NT-
proBNP) levels in cancer patients treated with anthracycline.

Conclusions: Although a protective effect of enalapril on myocardial toxicity was
observed in terms of the LVEF values and TnI, CK-MB and NT-proBNP levels, its use
in the prevention and treatment of cardiotoxicity caused by anthracycline needs to be
investigated by more scientific research.
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INTRODUCTION

With the rapid increase in the global population and the
development of an aging society, cancer is becoming
increasingly prominent as a leading cause of death (GBD 2016
Causes of Death Collaborators, 2017). According to statistics
from the International Agency for Research on Cancer, there
were an estimated 18.1 million new cancer cases and 9.6 million
cancer-related deaths in 2018 (Rebecca et al., 2018).
Nevertheless, the great progress in therapeutic strategies for
various tumors has led to a longer life and a higher quality of
life (Rohit and Yeh, 2016), which has enabled observations of the
side effects of anticancer therapy and increased morbidity and
mortality from other causes.

The antibiotic anthracycline (represented by doxorubicin
(DOX)) is highly effective and is currently the most commonly
used chemotherapeutic drug for various cancers, including
leukemia, solid tumors, soft tissue sarcomas and breast cancer
(Damiani et al., 2016; Songbo et al., 2019). However,
anthracycline-related cardiac toxicity is reportedly as high as
57%, and the mortality rate from these heart diseases is
reportedly 8.2 times higher than that in normal persons
(Brewster et al., 2014), substantially limiting its clinical
application. Only one drug, dexrazoxane, is approved by the
US Food and Drug Administration (FDA) to be indicated for
contributing a certain protective effect in patients with
cardiotoxicity; however, its use is limited to patients receiving a
high cumulative dose of anthracyclines (Tomlinson et al., 2019).
In July 2011, the FDA released a declaration restricting the use of
dexrazoxane to adult patients with cancer who receive >300 mg/
m2 doxorubicin (an anthracycline) or >540 mg/m2 epirubicin
(another chemotherapeutic agent) and have general approval for
the use of dexrazoxane for cardioprotection (Tebbi et al., 2007;
Salzer et al., 2010). Furthermore, several previous studies have
shown that dexrazoxane may increase the incidence of
myelodysplastic syndrome and secondary cancers (Tebbi et al.,
2007). The Committee for Medicinal Products for Human Use
(CHMP) in the UK even recommended a few restrictions on the
use of dexrazoxane in both children and adults with cancer
(EMA, 2019). Therefore, there is an urgent need to identify the
underlying mechanism and novel therapeutic agents that can
prevent and/or reverse cancer treatment-induced cardiovascular
adverse effects.

Angiotensin-converting enzyme inhibitors (ACEIs)
(Cardinale et al., 2006; Zamani et al., 2018) are considered
promising cardioprotective agents that can be used for cardiac
protection during chemotherapy. The mechanism of cardiac
protection is mainly related to the SDF-1a/CXCR4 axis (Wen
et al., 2012), hypoxia-inducible factor-1a (HIF-1a) upregulation
(Luft, 2017; Zhang and Lin, 2010), nuclear factor kappa-light-
chain-enhancer of activated B cells axis (Puddighinu et al., 2018)
and a decrease in ROS (Heusch, 2012).

At present, some new clinical trials and meta-analyses
(Conway et al., 2015; Gupta et al., 2018) assessing the use of
ACEIs for anthracycline-induced cardiotoxicity have been
published and may provide higher quality evidence suggesting
that ACEIs are effective as cardioprotective agents. Given that
Frontiers in Pharmacology | www.frontiersin.org 263
existing evidence, therefore, we have the opportunity to perform
this systematic review of randomized controlled trials (RCTs) to
expand and update knowledge of cardioprotective role of ACEIs
on anthracycline-induced cardiotoxicity. We hope that the
findings of this study strengthen the evidence of the
effectiveness of enalapril with regard to the prevention and
treatment of anthracycline-induced cardiotoxicity.
MATERIALS AND METHODS

This study was registered at PROSPERO (registration number:
CRD42019124671; http://www.crd.york.ac.uk/PROSPERO).
This meta-analysis was conducted based on the Preferred
Reporting Items for Systematic Reviews and Meta-analysis
(PRISMA) criteria.

Types of Studies
We included all prospective RCTs focusing on enalapril as a
strategy for the treatment of cardiotoxicity caused by
anthracycline. Crossover trials , quasi-RCTs, animal
experiments and other studies published repeatedly or without
access to complete data were excluded.

Types of Participants
Participants who accepted conventional chemotherapy were
eligible. All participants were included in this review regardless
of age, race, sex and cancer type.

Types of Interventions
We only included studies in which interventions, including
enalapril alone or combined with other agents, were used to
prevent the toxic effects of anthracycline on the heart regardless
of duration or dosage.

Types of Comparisons
Control groups that could be used to show the cardioprotective
role of enalapril were considered.

Types of Outcomes
The primary outcomes were death from any cause and changes
in the left ventricular ejection fraction (LVEF) measured by
conventional echocardiographic parameters. The secondary
outcomes mainly focused on conventional echocardiographic
parameters (except for LVEF), cardiac biomarkers (plasma brain
natriuretic peptide, plasma myocardial enzyme, and troponin I
(TnI) levels) and adverse events.

Information Sources and Search Strategy
A comprehensive search strategy was carried out that included
searches of PubMed/Medline (from inception to January 2019),
EMBASE (from inception to January 2019), the Cochrane
L i b r a r y ( f r om in c ep t i on t o J anu a r y 2 019 ) and
ClinicalTrials.gov (from inception to January 2019). The
studies that met the inclusion criteria were searched. The
following search terms were searched individually or jointly at
the time of retrieval: ‘enalapril’, ‘ace-inhibitor’, ‘angiotensin-
May 2020 | Volume 11 | Article 788
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converting enzyme inhibitors’, ‘ace inhibitor’, ‘angiotensin
converting enzyme inhibitors’, ‘angiotensin-converting enzyme
antagonists’, ‘angiotensin converting enzyme antagonists’, ‘ACE
inhibitors’, ‘cancer’, ‘tumor’, ‘malignant’, and ‘solid tumor’. Only
studies published in English were considered. NoteExpress 3.0
Software was used to manage the literature.

Study Selection and Study Quality
Assessment
Two reviewers independently screened the literature and recorded
the reasons for exclusion. At the time of data extraction, a “table of
characteristics”was generated to extract information regarding the
included trials, including the author, age of the participants,
diagnostic criteria, sample size of the experimental group and
control group, intervention applied to the two groups, outcomes
and adverse events. The methodological quality of the RCTs was
assessed independently per the Cochrane Handbook for
Systematic Review of Interventions, Version 5.1.0., including
randomness, blindness, outcome reporting and other bias. The
evaluation degree of each itemwas divided into the following three
grades: low bias risk, high bias risk and unclear bias risk. The
evaluation of the methodological quality was performed
independently by two reviewers, and discrepancies were solved
through mutual consensus.

Data Analysis
RevMan 5.3 software was used for the meta-analytic calculations.
The Q test was conducted to estimate the total percentage of
variation in each study derived from heterogeneity rather than
chance, and the I2 statistic was used to quantify the heterogeneity.
The model used to synthesize the data needed to consider the
existence and degree of heterogeneity. For instance, if the I2

statistic was less than 50% and the P-value was more than 0.1,
the fixed-effects model was chosen. If the P-value was less than 0.1,
the treatment effects were calculated with a random-effects model.
Random effect models were used for the subgroup analysis and
when significant heterogeneity existed among the studies.
According to the Cochrane Handbook version 5.1.0, a random-
effects meta-analysis model involves an assumption that the effects
being estimated in the different studies are not identical but follow
some distribution. The model represents our lack of knowledge
about why real, or apparent, intervention effects differ by
considering the differences as if they were random. The center
of this distribution describes the average of the effects, while its
width describes the degree of heterogeneity.

For the dichotomous variables, the pooled relative risk (RR)
and 95% CI were used as the effect measures. For the continuous
outcomes, the weighted mean difference (WMD) was used when
the units of the outcomes were the same, while the standardized
mean difference (SMD) was used when the units and/or
measurement methods of the outcomes were inconsistent. If
fewer than two studies reported the same results or the
heterogeneity among the studies was obvious, the results of our
systematic review are narratively reported.
Frontiers in Pharmacology | www.frontiersin.org 364
Subgroup Analysis and Sensitivity Analysis
To solve the problems of heterogeneity and secondary analysis, the
subgroup analysis was very important. A sensitivity analysis was also
implemented from the methodological, statistical and clinical
aspects to explore potential sources of heterogeneity. When the
results of different experiments greatly varied and the heterogeneity
test showed significant differences, we removed one trial that
significantly differed from the other trials (due to clinical,
methodological, or other factors) and then combined the
remaining studies to compare the before and after results. For any
meta-analysis involving 10 ormore studies, we used funnel diagrams
to assess the possibility of publication bias (Kakia et al., 2016).
RESULTS

Search Results and Study Characteristics
Initially, the literature search yielded 626 citations concerning
enalapril for the treatment or prevention of cardiotoxicity from
an electronic database (Figure 1). After the two reviewers
screened the title, abstract and full text of each citation
according to the inclusion criteria, 619 articles were excluded
as duplicates, non-RCTs, reviews, retrospective studies or studies
with objectives that differed from the aim of this review.
Ultimately, seven RCTs were included, and we analyzed the
quantitative data reported in five studies.

In total, 848 participants were included in this systematic
review. Of these participants, 382 were treated with enalapril. In
addition, 137 patients in Cardinale’s study (Cardinale et al.,
2018) started taking enalapril only during or after an increase
in troponin was evident during chemotherapy. Forty-five
patients in one trial (Bosch et al., 2013) received a combination
treatment of enalapril and carvedilol. The trials included patients
with pediatric cancer, breast cancer, lymphoma, multiple
myeloma, lung cancer and other malignancies. The baseline
LVEF was comparable between the experimental and control
groups in all studies. The duration of follow-up in the selected
studies ranged from 6 to 36 months. Seven trials were conducted
in different countries, including the US, Italy, Greece, Spain, Iran,
and India. The details of the characteristics of the seven included
trials are provided in Table 1.

Methodological Quality
Regarding random sequence generation, three studies (Cardinale
et al., 2006; Bosch et al., 2013; Cardinale et al., 2018) were
conducted with appropriate randomization based on numbers
generated with an electronic computer. The other trials only
briefly mentioned ‘random’ without providing a detailed
description of the specific method. Three studies (Cardinale
et al., 2006; Bosch et al., 2013; Cardinale et al., 2018) described
the details of the allocation concealment (using central
dispensation or numbered envelopes). Two open-labeled trials
(Cardinale et al., 2006; Cardinale et al., 2018) were classified as
‘high risk’ in terms of blinding. Except for the studies by Silber
May 2020 | Volume 11 | Article 788
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et al. (2004), Janbabai et al. (2017) and Gupta et al. (2018), the
other studies did not report the methods used to blind the
participants, researchers or outcome assessments. All studies
claimed to have good baseline consistency with a trial
registration number, and the attrition in both groups seemed
balanced such that incomplete outcome data and selective
reporting were deemed to be at a low risk. Additionally, none
of the studies mentioned the other bias items. A risk-of-bias
graph is shown in Figure 2.
Frontiers in Pharmacology | www.frontiersin.org 465
Effects of Therapy
Death From Any Cause
Three studies (Bosch et al., 2013; Janbabai et al., 2017; Cardinale
et al., 2018) reported the incidence of death during 6- and 12-
month follow-up periods. Considering the potential clinical
heterogeneity of the interventions (enalapril plus carvedilol vs.
no treatment; enalapril vs. placebo; and enalapril in all patients
started before chemotherapy vs. enalapril started only in patients
with an increase in troponin during or after chemotherapy) and
FIGURE 1 | PRISMA flow diagram. RCTs, randomized controlled trials; PRISMA, Preffered Reporting Items for Systematic review and Meta-Analysis.
May 2020 | Volume 11 | Article 788
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TABLE 1 | Characteristics of the included trials.

Baseline LVEF Follow-up
duration

Outcomes

EG CG

NR NR Mean follow-up
duration of
34.6 months

The rate of change in the MCI
and LVESWS, stress-velocity
index, left ventricular
shortening fraction, adverse
events, functional status, and
quality of life

NR NR 12 months The occurrence of
cardiotoxicity, efficacy of
enalapril on LVEF, and adverse
cardiac events

65.2 ± 7.1 67.6 ± 7.1 36 months Echocardiographic evaluations

NR NR 6 months Global LVEF, TnI and BNP
levels, incidence of death,
heart failure or significant
LVSD, diastolic function, and
incidence of severe life-
threatening adverse events

59.39 ± 6.95 59.61 ± 5.70 6 months Changes from baseline in
LVEF, troponin I and CK-MB
levels and the incidences of
death, HF, significant LV
systolic dysfunction, diastolic
dysfunction, and severe life-
threatening adverse events
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Study ID Sample
size

(EG/CG)

Median age Types of cancer Patients and detailed chemo-
therapy or radiotherapy

Intervention

EG CG

Silber et al., 2004 69/66 EG: 17.8 ± 5.60
CG: 18.9 ± 6.17

Long-term survivors of
pediatric cancers

The target population consisted of
patients aged 8 years and older who
developed cancer before the age of
20 years and had been treated with
anthracyclines.

Enalapril Placebo

Cardinale et al., 2006 56/58 45 ± 12 Breast cancer, acute
myeloid leukemia, etc.

High-dose chemotherapy including
carmustine, etoposide, cytarabine,
melphalan, daunorubicin,
carboplatin, idarubicin,
mitoxantrone, epirubicin, etc.

Enalapril None

Georgakopoulos et al., 2010 43/40 EG: 47.4 ± 16.2
CG: 49.1 ± 19.4

Lymphoma The CT regimen consisted of 6–8
cycles of the “ABVD schema” for HL
as follows: doxorubicin (25 mg/m2),
bleomycin (10 mg/m2), vinblastine (6
mg/m2), and dacarbazine (375 mg/
m2) intravenously on day 1 and day
15 every 4 weeks.
The NHL patients received the “R-
CHOP schema” as follows:
rituximab (375 mg/m2),
cyclophosphamide (750 mg/m2),
doxorubicin (50 mg/m2), and
vincristine (1.4 mg/m2) intravenously
on day 1 and prednisolone (100 mg/
m2) orally on days 1–5 every 3
weeks.

Enalapril None

Bosch et al., 2013 45/45 50 ± 13 Acute leukemia,
relapsed or refractory;
Hodgkin’s and non-
Hodgkin’s lymphoma;
and
multiple myeloma

NR Enalapril and
carvedilol

None

Janbabai et al., 2017 34/35 EG: 47.76 ± 11.81
CG: 47.06 ± 12.39

Breast cancer (60
patients), Hodgkin’s
lymphoma (six
patients), Wilms tumor
(one patient), lung
cancer (one patient)
and bone sarcoma
(one patient)

Sixty patients had breast cancer and
received doxorubicin and
cyclophosphamide; six patients had
Hodgkin’s lymphoma and
underwent R-CHOP chemotherapy,
which included rituximab,
cyclophosphamide, doxorubicin,
vincristine, and prednisolone; one
patient had a Wilms tumor and
received vincristine, dactinomycin,
doxorubicin, cyclophosphamide,
and etoposide; one patient had lung
cancer and received vincristine,
doxorubicin, and
cyclophosphamide; and one patient
had bone sarcoma and received
cisplatin and doxorubicin. All
patients received doxorubicin, and
most patients received
cyclophosphamide. None of the
patients received trastuzumab or
radiotherapy during the 6-month
follow-up period.

Enalapril Placebo

66
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the different characteristics of the participants, these studies were
examined as separate individual studies in the assessment.
During the study implementation (Bosch et al., 2013), 11
patients were excluded from the study due to their deaths
(four cancer-related deaths and seven infection-related deaths).
In the ICOS-ONE trial (Cardinale et al., 2018), 10 patients died
(3.7%) during the 1-year follow-up period, including eight
patients in the experimental group and two patients in the
control group. These deaths were all due to non-cardiovascular
causes and were related to cancer progression (70%) or infection
(30%). However, none of the patients died during the follow-up
period in Janbabai’s study (Janbabai et al., 2017) in which the
patients seemed to have a better risk control state. In addition,
this finding may be related to the regimen and duration
of chemotherapy.

Therefore, based on the studies examined, no conclusion can
be drawn regarding the influence on cardiac-related mortality.

Changes in Cardiac Function: LVEF Value
Five studies (Cardinale et al., 2006; Georgakopoulos et al., 2010;
Bosch et al., 2013; Janbabai et al., 2017; Gupta et al., 2018)
reported changes in the LVEF values via different control
measurements. Of these studies, three studies (Cardinale et al.,
2006; Georgakopoulos et al., 2010; Bosch et al., 2013) combined
enalapril with no treatment, and each of the other two studies
had different participants. Therefore, we combined the three
studies into a subgroup while separately calculating the effects of
the other two studies to generate an overall meta-analysis. The
data of the five combined studies showed that the LVEF value in
the intervention group after chemotherapy was significantly
higher than that in the control group (WMD = 7.18, 95% CI:
2.49–11.87, P < .001) (Figure 3). However, substantial
heterogeneity still existed among the studies after the subgroup
analysis. The sensitivity analysis found that the results of one
study (Georgakopoulos et al., 2010) contradicted those of the
other studies, which affected the robustness of the pooling effect.
After excluding this study, there was no significant change in the
LVEF value compared to the original result. Furthermore, a
tendency toward the opposite result did not occur when any of
the studies were excluded, indicating that the stability of the
current results is trustworthy.

Conventional Echocardiographic Parameters (Other
Than LVEF)
Three RCTs (Cardinale et al., 2006; Georgakopoulos et al., 2010;
Janbabai et al., 2017) evaluated the morphology and function of
the heart by conventional echocardiography, but the selection of
evaluation indexes was inconsistent. A meta-analysis could only
be performed on the E/A index but showed no statistically
significant differences between the two groups. A summary of
the conventional echocardiographic parameters is provided in
Table 2.

Cardiac Biomarkers: Troponin I
An Italian trial (Cardinale et al., 2006) reported that compared
with the ACEI group, a percentage of patients in the control
group showed an increased TnI value during follow-up, and the
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FIGURE 2 | Risk of bias graph.
FIGURE 3 | Meta analysis for LVEF value.
TABLE 2 | Summary of the conventional echocardiographic parameters reported (other than the LVEF).

Parameter Studies WMD (95% CI) P-value P of heterogeneity I2

EDV Cardinale et al., 2006 −3.10 [−12.65, 6.45] 0.52 – –

ESV Cardinale et al., 2006 15.90 [9.90, 21.90] P < 0.00001 – –

LVEDD Georgakopoulos et al., 2010 0.20 [−0.02, 0.42] 0.07 – –

LVESD Georgakopoulos et al., 2010 0.20 [0.01, 0.39] 0.04 – –

FS % Georgakopoulos et al., 2010 −1.60 [−3.82, 0.62] 0.16 – –

E/A, ratio Georgakopoulos et al., 2010; Janbabai et al., 2017 0.00 [−0.11, 0.11] 1.00 1.00 0%
E/E a Georgakopoulos et al., 2010 −0.30 [−0.91, 0.31] 0.33 – –

LVEDV (cm3) Janbabai et al., 2017 −10.65 [−19.57, −1.73] 0.02 – –

LVESV (cm3) Janbabai et al., 2017 −19.39 [−25.56, −13.22] P < 0.00001 – –

LA Janbabai et al., 2017 −0.07 [−0.25, 0.11] 0.45 – –

AR (m/s) Janbabai et al., 2017 −0.02 [−0.06, 0.02] 0.33 – –
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AR, aortic regurgitation; EDV, end-diastolic volume; ESV, end-systolic volume; FS, fractional shortening; LA, left atrium; LVEDD, left ventricular end-diastolic dimension; LVEDS, left
ventricular end-systolic dimension; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume.
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mean TnI value was higher in the control group (WMD = −0.02,
95% CI: −0.04 – −0.00, P =.01). Bosch’s trial (Bosch et al., 2013)
demonstrated no statistically significant differences between the
two groups in the incidence of troponin I elevation at the end of
or soon after a cycle of chemotherapy. One pediatric study
(Gupta et al., 2018) showed elevated cTnI levels at 6 months in
both groups, whereas the cTnI levels in the placebo group were
significantly higher than those in the enalapril group.

Other Biomarkers
One study (Bosch et al., 2013) reported the b-type natriuretic
peptide (BNP) levels after 6 months of follow-up. However, the
results suggested that there were no significant differences
between the two groups when the BNP levels were >80 ng/l or
>200 ng/l. Another study (Janbabai et al., 2017) showed that
enalapril reduced the creatine kinase myocardial band (CK-MB)
levels more favorably using a Mann–Whitney U-test (control
group median = 20.27 ng/ml, 95% CI: 18.75–21.25; enalapril
group median = 16.44 ng/ml, 95% CI: 15.46–18.75, P =.006). The
only pediatric study (Gupta et al., 2018) in this analysis reported
proBNP and CK-MB levels. There was a significant difference in
the proBNP level at 6 months (49.60 ± 35.97 vs. 98.60 ± 54.24, P
< .001) between the two groups, but no difference was found in
the levels of CK-MB (P =.08).

Adverse Events
Five included studies (Silber et al., 2004; Cardinale et al., 2006;
Bosch et al., 2013; Janbabai et al., 2017; Cardinale et al., 2018)
described adverse events during the trial. Silber’s study reported
that the side effects of enalapril include dizziness or low blood
pressure (22% vs. 3% in the placebo group; P < .001) and fatigue
(10% vs. 0%; P =.01). In another study, in total, 31 cardiac
adverse events occurred during follow-up. Overall, the number
of events, including sudden death, cardiac death, and acute
pulmonary edema, in the control group was higher than that
in the enalapril group. Bosch’s trial showed that nine patients
and 15 patients in the intervention group and control group,
respectively, had life-threatening adverse events due to sepsis.
The results of the other two studies showed that safety was
relatively good. One study did not find any adverse events
possibly because the participants had a more favorable risk
profile. Another study found that only 15% of the entire
population stopped treatment with the drug, and no serious
adverse drug reactions (ADRs) were reported.
DISCUSSION

Based on the results of different individual original studies,
regarding the LVESV value, the rate of change in the left
ventricular end-systolic wall stress (LVESWS), and troponin I,
proBNP and CK-MB levels, enalapril still has a protective effect
on the chemotherapy cycles of cancer patients. However, a
conclusion regarding whether angiotensin antagonist-based
prevention translates into a reduction in adverse events cannot
be clearly drawn from our study, although the incidence of
Frontiers in Pharmacology | www.frontiersin.org 869
cardiac events in the general analysis was nominally better in
the prevention group.

The current work is a comprehensive systematic review
focusing on the use of enalapril in the treatment or prevention
of cardiotoxicity. Prior to this, some systematic reviews have
described the role of ACEIs as preventive agents for health
problems, such as heart failure (Turgeon et al., 2019) and
hypertension (Dimou et al., 2018). Over the past decade,
cardiologists have carried out multiple small clinical trials with
drugs typically used for heart failure therapy, such as ACEIs, to
provide either primary or secondary prevention for
anthracycline-induced cardiotoxic effects (Kaya et al., 2013).
These studies have shown benefits; however, the short-term
benefits may be due to hemodynamic changes rather than real
heart protection. Therefore, larger and longer-term clinical
studies are needed to demonstrate the true efficacy of these
drugs. In addition, to meet the needs of an increasing number of
cancer survivors, new insight based on mechanistic research or
genetic discovery is needed to pave the way for better prevention,
diagnosis and treatment of cardiovascular complications caused
by cancer treatment.

In recent years, strain imaging based on echocardiography
has been used identify early subclinical changes in left ventricular
systolic function during cancer treatment. A number of studies
have shown that global longitudinal strain (GLS) can be used as a
predictor of cardiotoxicity and can detect early declines in
ventricular mechanics prior to an overt reduction in LVEF (El-
Sherbeny et al., 2019; Arciniegas Calle et al., 2018; Potter and
Marwick, 2018). In clinical practice, GLS can also help reconcile
the significance of asymptomatic fluctuations in LVEF, which
occur during serial imaging (Robert et al., 2019). However, it is
regrettable that there is still a lack of studies that have evaluated
the effect of enalapril on GLS. Further investigation is needed to
determine whether the inclusion of GLS measurements in
current clinical practice will improve cardiac outcomes among
patients receiving cardiotoxic cancer therapy.

Although the association between cardiotoxicity and the use
of anthracyclines has been known for many decades, five of the
seven studies included in this review were published in the last
decade, demonstrating the increased interest in this topic in
recent years. However, since all studies were single-center studies
and the sample sizes were small, the generalizability of these
studies is limited despite the similar results obtained by most
groups. In addition, although more than two major databases
were searched to identify published studies, there was no
guarantee that all studies that meet the inclusion criteria were
retrieved for this systematic review. Additionally, Bosch’s study
used carvedilol in combination with enalapril as an intervention;
thus, the efficacy of enalapril could not be analyzed separately.
However, given the scientific value and methodological
robustness of the study, we included this study in the evaluation.

ACEIs are widely used in the clinic because of their class
effect. The reason we focused on enalapril in this study was that
different ACEIs may involve combinations of drugs, indications
and applicable objects in clinical practice. The ultimate purpose
of this study was to provide high-quality evidence to inform
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clinical decision making regarding specific drugs. If all the
specific drugs had been included in the analysis, the
extrapolation of the study results may not have been accurate.
However, if any new study is carried out in the future, it will be
meaningful to conduct a comprehensive analysis of the class
effect. Furthermore, the duration of treatment in this work may
limit the generalizability of the results. Most studies did not
analyze the persistence of left ventricular dysfunction, and the
patients were followed up for only 6 months. Long-term results
may enhance scientific consistency in the use of ACEIs in this
setting and may have the potential to demonstrate sustained and
lasting benefits. Although the research carried out to date has
been excellent and the preliminary results are considered
satisfactory, normative research with sufficient robustness to
indicate the routine use of ACEIs to prevent cardiotoxicity
induced by anthracycline drugs is still lacking.
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et al. (2013). Enalapril and carvedilol for preventing chemotherapy-induced
left ventricular systolic dysfunction in patients with malignant hemopathies:
the OVERCOME trial. J. Am. Coll. Cardiol. 61, 2355–2362. doi: 10.1016/
j.jacc.2013.02.072

Brewster, D. H., Clark, D., Hopkins, L., Bauer, J., Wild, S. H., Edgar, A. B., et al.
(2014). Subsequent hospitalisation experience of 5-year survivors of childhood,
adolescent, and young adult cancer in Scotland: a population based,
retrospective cohort study. Br. J. Cancer 110, 1342–1350. doi: 10.1038/
bjc.2013.788

Cardinale, D., Colombo, A., Sandri, M. T., Lamantia, G., Colombo, N., Civelli, M.,
et al. (2006). Prevention of high-dose chemotherapy–induced cardiotoxicity in
high-risk patients by angiotensin-converting enzyme inhibition. Circulation.
114, 2474–2481. doi: 10.1161/CIRCULATIONAHA.106.635144

Cardinale, D., Ciceri, F., Latini, R., Franzosi, M. G., Sandri, M. T., Civelli, M., et al.
(2018). Anthracycline-induced cardiotoxicity: A multicenter randomised trial
comparing two strategies for guiding prevention with enalapril: The
International CardioOncology Society-one trial. Eur. J. Cancer 94, 126–137.
doi: 10.1016/j.ejca.2018.02.005

Conway, A., McCarthy, A. L., Lawrence, P., and Clark, R. A. (2015). The
prevention, detection and management of cancer treatment-induced
cardiotoxicity: a meta-review. BMC Cancer 15, 366. doi: 10.1186/s12885-015-
1407-6

Damiani, R. M., Moura, D. J., Viau, C. M., Caceres, R. A., Henriques, J. A. P., and
Saffi, J. (2016). Pathways of cardiactoxicity: comparison between
chemotherapeutic drugs doxorubicin and mitoxantrone. Arch. Toxicol. 90,
2063–2076. doi: 10.1007/s00204-016-1759-y

Dimou, C., Antza, C., Akrivos, E., Doundoulakis, I., Stabouli, S., Haidich, A. B.,
et al. (2018). A systematic review and network meta-analysis of the
comparative efficacy of angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers in hypertension. J. Hum. Hypertens 33, 188–
201. doi: 10.1038/s41371-018-0138-y

El-Sherbeny, W. S., Sabry, N. M., and Sharbay, R. M. (2019). Prediction of
trastuzumab-induced cardiotoxicity in breast cancer patients receiving
anthracycline-based chemotherapy. J. Echocardiogr. 17, 76–83. doi: 10.1007/
s12574-018-0394-4

EMA. European Medicines Agency. (2019). Assessment report. Dexrazoxane-
containing medicinal products (EMEA/H/A-31/1275). London, United
Kingdom. www.ema.europa.eu/docs/en GB/document library/Referrals
document/Dexrazoxane 31/WC500120340.pdf Accessed April 13, 2019.

GBD 2016 Causes of Death Collaborators (2017). Global, regional, and national
age-sex specific mortality for 264 causes of death, 1980-2016: a systematic
analysis for the Global Burden of Disease Study 2016. Lancet 390, 1151–1210.
doi: 10.1016/S0140-6736(17)32152-9

Georgakopoulos, P., Roussou, P., Matsakas, E., Karavidas, A., Anagnostopoulos,
N., Marinakis, T., et al. (2010). Cardioprotective effect of metoprolol and
enalapril in doxorubicin-treated lymphoma patients: a prospective, parallel-
group, randomized, controlled study with 36-month follow-up. Am. J.
Hematol. 85, 894–896. doi: 10.1002/ajh.21840

Gupta, V., Kumar Singh, S., Agrawal, V., and Bali, S. T. (2018). Role of ACE
inhibitors in anthracycline-induced cardiotoxicity: A randomized, double-
blind, placebo-controlled trial. Pediatr. Blood Cancer 65, e27308. doi:
10.1002/pbc.27308

Heusch, G. (2012). HIF-1a and paradoxical phenomena in cardioprotection.
Cardiovasc. Res. 96, 214–215. doi: 10.1093/cvr/cvs145

Janbabai, G., Nabati, M., Faghihinia, M., Azizi, S., Borhani, S., and Yazdani, J. (2017).
Effect of Enalapril on Preventing Anthracycline-Induced Cardiomyopathy.
Cardiovasc. Toxicol. 17, 130–139. doi: 10.1007/s12012-016-9365-z

Kakia, A., Wiysonge, C. S., Ochodo, E. A., Awotedu, A. A., Ristic, A. D., and
Mayosi, B. M. (2016). The efficacy and safety of complete pericardial drainage
by means of intrapericardial fibrinolysis for the prevention of complications of
pericardial effusion: a systematic review protocol. BMJ Open 1, e007842. doi:
10.1136/bmjopen-2015-007842

Kaya, M. G., Ozkan, M., Gunebakmaz, O., et al. (2013). Protective effects of
nebivolol against anthracycline-induced cardiomyopathy: a randomized
control study. Int. J. Cardiol. 167, 2306–2310. doi: 10.1016/j.ijcard.2012.06.023

Luft, F. C. (2017). The promise of stromal cell-derived factor-1 in novel heart
disease treatments. J. Mol. Med. 95, 821–823. doi: 10.1007/s00109-017-1569-6
May 2020 | Volume 11 | Article 788

https://doi.org/10.1590/1806-9282.64.08.745
https://doi.org/10.1016/j.jacc.2013.02.072
https://doi.org/10.1016/j.jacc.2013.02.072
https://doi.org/10.1038/bjc.2013.788
https://doi.org/10.1038/bjc.2013.788
https://doi.org/10.1161/CIRCULATIONAHA.106.635144
https://doi.org/10.1016/j.ejca.2018.02.005
https://doi.org/10.1186/s12885-015-1407-6
https://doi.org/10.1186/s12885-015-1407-6
https://doi.org/10.1007/s00204-016-1759-y
https://doi.org/10.1038/s41371-018-0138-y
https://doi.org/10.1007/s12574-018-0394-4
https://doi.org/10.1007/s12574-018-0394-4
http://www.ema.europa.eu/docs/en GB/document library/Referrals document/Dexrazoxane 31/WC500120340.pdf
http://www.ema.europa.eu/docs/en GB/document library/Referrals document/Dexrazoxane 31/WC500120340.pdf
https://doi.org/10.1016/S0140-6736(17)32152-9
https://doi.org/10.1002/ajh.21840
https://doi.org/10.1002/pbc.27308
https://doi.org/10.1093/cvr/cvs145
https://doi.org/10.1007/s12012-016-9365-z
https://doi.org/10.1136/bmjopen-2015-007842
https://doi.org/10.1016/j.ijcard.2012.06.023
https://doi.org/10.1007/s00109-017-1569-6
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Zhang et al. Protective Role of Enalapril in Chemotherapy-Induced Cardiotoxicity
Potter, E., and Marwick, T. H. (2018). Assessment of left ventricular function by
echocardiography: the case for routinely adding global longitudinal strain to
ejection fraction. JACC Cardiovasc. Imaging 11 (2), 260–274. doi: 10.1016/
j.jcmg.2017.11.017

Puddighinu, G., D’Amario, D., Foglio, E., Manchi, M., Siracusano, A.,
Pontemezzo, E., et al. (2018). Molecular mechanisms of cardioprotective
effects mediated by transplanted cardiac ckit+ cells through the activation of
an inflammatory hypoxia-dependent reparative response. Oncotarget. 9, 937.
doi: 10.18632/oncotarget.22946

Rebecca, L. S., Torre, L. A., and Jemal, A. (2018). Global Cancer Statistics 2018:
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers
in 185 Countries. CA Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

Robert, S. C.-H., Liu, J. E., and Yu, A. F. (2019). Cardiotoxicity of HER2-targeted
therapies. Curr. Opin. Cardiol. 34, 451–458. doi: 10.1097/HCO.0000000
000000637

Rohit, M., and Yeh, E. T. H. (2016). Mechanisms of cardiotoxicity of cancer
chemotherapeutic agents: Cardiomyopathy and beyond. Can. J. Cardiol. 32, 1–
28. doi: 10.1016/j.cjca.2016.01.027

Salzer, W. L., Devidas, M., Carroll, W. L., Winick, N., Pullen, J., Hunger, S. P., et al.
(2010). Long-term results of the pediatric oncology group studies for childhood
acute lymphoblastic leukemia 1984-2001: a report from the children’s oncology
group. Leukemia. 24, 355–370. doi: 10.1038/leu.2009.261

Silber, J. H., Cnaan, A., Clark, B. J., Paridon, S. M., Chin, A. J., Rychik, J., et al.
(2004). Enalapril to prevent cardiac function decline in long-term survivors of
pediatric cancer exposed to anthracyclines. J. Clin. Oncol. 22, 820–828. doi:
10.1200/JCO.2004.06.022

Songbo, M., Lang, H., Xinyong, C., Bin, X., Ping, Z., and Liang, S. (2019). Oxidative
stress injury in doxorubicin-induced cardiotoxicity. Toxicol. Lett. 307, 41–48.
doi: 10.1016/j.toxlet.2019.02.013

Tebbi, C. K., London, W. B., Friedman, D., Villaluna, D., De Alarcon, P. A.,
Constine, L. S., et al. (2007). Dexrazoxane-associated risk for acute myeloid
leukemia/myelodysplastic syndrome and other secondary malignancies in
Frontiers in Pharmacology | www.frontiersin.org 1071
pediatric Hodgkin’s disease. J. Clin. Oncol. 25, 493–500. doi: 10.1200/
JCO.2005.02.3879

Tomlinson, L., Lu, Z. Q., Bentley, R. A., Colley, H. E., Murdoch, C., Webb, S. D.,
et al. (2019). Attenuation of doxorubicin-induced cardiotoxicity in a human in
vitro cardiac model by the induction of the NRF-2 pathway. Biomed.
Pharmacother. 112, 108637. doi: 10.1016/j.biopha.2019.108637

Turgeon, R. D., Kolber, M. R., Loewen, P., Ellis, U., and McCormack, J. P. (2019).
Higher versus lower doses of ACE inhibitors, angiotensin-2 receptor blockers
and beta-blockers in heart failure with reduced ejection fraction: Systematic
review and meta-analysis. PloS One 14, e0212907. doi: 10.1371/
journal.pone.0212907

Wen, J., Zhang, J. Q., Huang, W., and Wang, Y. (2012). SDF-1a and CXCR4 as
therapeutic targets in cardiovascular disease. Am. J. Cardiovasc. Dis. 2, 20–28.

Zamani, B., Salehi, R., and Esfahani, A. (2018). Protective effect of carvedilol
against anthracycline-induced cardiomyopathy on patients with breast cancer
and lymphoma. Int. J. Adv. Med. 5, 16–20. doi: 10.18203/2349-
3933.ijam20180061

Zhang, W., and Lin, M. (2010). e0098 HIF-1a, SDF-1a and VEGF gene expression
affected by HIF-1a siRNA in MSCs. Heart. 96, A32–A33. doi: 10.1136/
hrt.2010.208967.98

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.

Copyright © 2020 Zhang, Liu, Li, Tan, Du, Zhao, Wang, Zhang, Wang and Wang.
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.
May 2020 | Volume 11 | Article 788

https://doi.org/10.1016/j.jcmg.2017.11.017
https://doi.org/10.1016/j.jcmg.2017.11.017
https://doi.org/10.18632/oncotarget.22946
https://doi.org/10.3322/caac.21492
https://doi.org/10.1097/HCO.0000000000000637
https://doi.org/10.1097/HCO.0000000000000637
https://doi.org/10.1016/j.cjca.2016.01.027
https://doi.org/10.1038/leu.2009.261
https://doi.org/10.1200/JCO.2004.06.022
https://doi.org/10.1016/j.toxlet.2019.02.013
https://doi.org/10.1200/JCO.2005.02.3879
https://doi.org/10.1200/JCO.2005.02.3879
https://doi.org/10.1016/j.biopha.2019.108637
https://doi.org/10.1371/journal.pone.0212907
https://doi.org/10.1371/journal.pone.0212907
https://doi.org/10.18203/2349-3933.ijam20180061
https://doi.org/10.18203/2349-3933.ijam20180061
https://doi.org/10.1136/hrt.2010.208967.98
https://doi.org/10.1136/hrt.2010.208967.98
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


SYSTEMATIC REVIEW
published: 28 May 2020

doi: 10.3389/fonc.2020.00868

Frontiers in Oncology | www.frontiersin.org 1 May 2020 | Volume 10 | Article 868

Edited by:

Nehad M. Ayoub,

Jordan University of Science and

Technology, Jordan

Reviewed by:

Angelique Nyinawabera,

L.E.A.F. Pharmaceuticsls,

United States

Hemlata Sukhija,

City of Hope National Medical Center,

United States

*Correspondence:

Keng Po Lai

glmu_kengplai@yeah.net;

kengplai@cityu.edu.hk

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Pharmacology of Anti-Cancer Drugs,

a section of the journal

Frontiers in Oncology

Received: 17 January 2020

Accepted: 04 May 2020

Published: 28 May 2020

Citation:

Li R, Liang M, Liang X, Yang L, Su M

and Lai KP (2020) Chemotherapeutic

Effectiveness of Combining Cetuximab

for Metastatic Colorectal Cancer

Treatment: A System Review and

Meta-Analysis. Front. Oncol. 10:868.

doi: 10.3389/fonc.2020.00868

Chemotherapeutic Effectiveness of
Combining Cetuximab for Metastatic
Colorectal Cancer Treatment: A
System Review and Meta-Analysis
Rong Li 1†, Minqing Liang 2†, Xiao Liang 1, Lu Yang 1, Min Su 1 and Keng Po Lai 1,3*

1Guangxi Key Laboratory of Tumor Immunology and Microenvironmental Regulation, Guilin Medical University, Guilin, China,
2Department of Pharmacy, Guigang City People’s Hospital, The Eighth Affiliated Hospital of Guangxi Medical University,

Guigang, China, 3Department of Chemistry, City University of Hong Kong, Hong Kong, China

This meta-analysis used the database including PubMed, Medline, Cochrane Library,

CNKI, Chinese-Cqvip, and Wanfang for randomized controlled trials (RCTs) to investigate

the clinical effectiveness for combining cetuximab treatment with chemotherapy for

treating metastatic colorectal cancer (mCRC). A total of 12 RCTs involved 7,108 patients

with mCRC were included. The patients received chemotherapy with (3,521 cases) or

without cetuximab (3,587 cases). Outcomes were overall survival (OS), progression-free

survival (PFS), disease control rate (DCR), overall response rate (ORR), odd ratio (OR),

and risk ratio (HR). Our results showed that the chemotherapy alone group has shorter

OS, PFS, and ORR than the chemotherapy plus cetuximab group, with significant

differences (PFS:HR = 0.77, 95% CI = 0.72–0.82, P < 0.00001; OS:HR = 0.88,

95% CI = 0.79–0.99, P = 0.03; ORR:OR = 1.79, 95% CI = 1.30–2.47; P = 0.0003).

Results of subgroup analysis showed that cetuximab treatment prolonged PFS and OS

in KRAS wild-type patients, with statistically significant differences (PFS:HR= 0.79, 95%

CI = 0.65–0.95, P = 0.01; OS:HR = 0.85, 95% CI = 0.74–0.98, P = 0.02). Combining

cetuximab with chemotherapy, the PFS and OS of wild-type KRAS patients and the ORR

of all patients were significantly improved.

Keywords: cetuximab, chemotherapy, colorectal cancer, metastasis, meta-analysis

INTRODUCTION

Globally, colorectal cancer (CRC) refers to one of top 3 fatal cancers, characterized with poor
prognosis and high metastasis (1). However, the early symptoms of CRC are inconspicuous, and
then around 15–25% of patients with CRCwere diagnosed as advanced stage in initial check-up (2).
As a result, 50% of patients with metastatic colorectal cancer (mCRC) are inoperable, thus having
recurrence and metastasis after treatment (3). The traditional concept of mCRC chemotherapy is
continuous treatment until the disease progresses, but the cumulative toxicity of the drug limits
the continued use of chemotherapy. Therefore, measures to reduce toxicity during chemotherapy,
prolong PFS and OS have become the key to treatment options. Thanks to the new generation
of drugs with less toxicity and better targeting, they have gradually entered the clinical stage,
and advanced tumor maintenance treatment has gradually demonstrated its clinical application
advantages and have been successfully used in solid tumors, such as blood tumors, lung cancer and
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breast cancer (4–7). In the past two decades, with the progress
of tumor molecular biology and new drug research, molecularly
targeted drugs that specifically interfere with the biological
behavior of tumors have gradually demonstrated clinical
application advantages in tumor therapy due to their high
selectivity and high therapeutic index. The NCCN guidelines
recommend combining targeted drugs with mFOLFOX,
FOLFIRI and XELOX as first-line treatments for mCRC (8). At
present, there are mainly two types of drugs targeting EGFR,
monoclonal antibodies and small molecule tyrosine kinase
inhibitors (TKIs) have reached the mature stage of clinical
application (9). Monoclonal antibodies are highly homogeneous
antibodies derived from a single B-cell clone that targets only
a specific epitope. Compared with chemotherapeutic drugs,
monoclonal antibodies have the advantages of strong therapeutic
effect, fewer adverse reactions, and high patient tolerance (10).
Sirotnak et al. (11) have found that combining gefitinib with
paclitaxel or docetaxel can significantly inhibit the growth of
A431, LX-1, SK-LC-16, TSU-PR1, and PC-3 tumor cells as
compared to single drugs; doxorubicin combined with gefitinib
has 10-fold induction of A549 inhibitory effect. Ciardiello
et al. (12) found that the combined effect of gefitinib and
chemotherapeutic agents can significantly enhance apoptosis
and synergistically inhibit tumor growth in mice with colon
cancer (GEO) transplanted tumors and the tumor suppressive
effect of gefitinib on tumor-bearing mice was reversible; but
after the end of treatment, the tumor growth rate in the
control group was still able to recover, while the tumors in
the combination group started to grow slowly 4–8 weeks after
the treatment.

Cetuximab, as a novel monoclonal antibody, was marketed
in 2003 to target epidermal growth factor (EGFR) receptors
and block intracellular signal transduction, thereby inhibiting
proliferation of cancer cell (13). The main indication described
in its drug insert (Merck, Germany) is mCRC which is resistant
to chemotherapy with irinotecan-based drugs. Previous studies
have found that mCRC is often accompanied with genetic
mutations, such as K-Ras mutations, and the mutated mCRC
is no longer regulated by EGFR (14, 15). At this point, the
drugs that target EGFR will become ineffective. Therefore,
EGFR inhibitors are only suitable for the treatment of K-Ras
wild type mCRC. Cetuximab combined with chemotherapy
is currently the standard protocol for first-line treatment of
RAS wild-type mCRC patients (16). Several studies have shown
that cetuximab significantly improves objective response rate
(ORR), progression-free survival (PFS) and overall survival (OS)
in patients with wild-type RAS mCRC, especially those with
primary lesions on the left (17, 18). However, even in patients
with left half colorectal cancer where the efficacy of cetuximab
is dominant, about 30% of patients have failed (19). Besides,
its clinical application time is relatively short. In addition, the
clinical trial results of cetuximab in the treatment of mCRC in
recent years are inconsistent. At present, there is no definitive
agreement on its efficacy and adverse reactions. To further
explore the use of cetuximab in mCRC, this article used meta-
analysis combined with current published data to study the
efficacy of cetuximab in combination with chemotherapy for

mCRC treatment, so as to provide more reliable evidence-based
medical evidence for its clinical use.

METHODS AND MATERIALS

Search Strategy
We conducted database search and data analysis based on
the criteria published in the Systematic Review and the Meta-
analytical of Preferred Reporting Items (PRISMA) guidelines.
Search for PubMed, Medline, Cochrane Library, CNKI, Chinese-
Cqvip and Wanfang Database, time range from January 2004
to July 2018, extracting overall survival (OS), progression-free
survival (PFS), disease control rate (DCR), overall response rate
(ORR), odd ratio (OR), and risk ratio (HR) from literature
reports related to mCRC patients result. The disease in these

FIGURE 1 | Bias assessment of 12 RCTs included.
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mCRC patients originated from KRAS wild-type or mutant
colorectal cancer, and they were treated with or without
cetuximab in a randomized controlled trial (RCT). The key words
for searched were “metastatic colorectal cancer” (or “carcinoma”
or “malignant tumor”) and cetuximab (or “erbitux”). In addition,
there are some full text of the literatures were retrieved by
reference of the retrieved literature. And all the articles had no
limit for language. In addition, we conducted extensive searches
and the articles were further verified in the list of references.

Inclusion and Exclusion Criteria
Patient
Eligible patients were confirmed as mCRC and age 18 years or
older with Eastern Cooperative Oncology Group performance
status of 0, 1, or 2, and histologically proven stage III (any T, N1
or N2, M0) adenocarcinoma of the colon. Unlimited metastases,
and no limit on the number of metastases; no geographical or
gender restrictions; and renal and bone marrow hematopoiesis
are normal. Life expectancy≥12 weeks. All participants provided
written informed consent before study enrollment and were
required to submit blood and tumor tissue before randomization.

Intervention
Experimental group: cetuximab combined with chemotherapy;
control group: chemotherapy.

Type of Design of Experime
The experiment should be a randomized controlled clinical
trial. For studies with multiple intervention groups, relevant
data are selected for inclusion. Exclude crossover trials and
semi-randomized controlled trials by date or admission. When
duplicate or repeating data appears in multiple reports, the data
including the most comprehensive information is selected.

Outcomes
Overall survival (OS), progression-free survival (PFS), disease
control rate (DCR), overall response rate (ORR), odd ratio (OR),
and risk ratio (HR).

Quality Assessment
The abstracts of all documents identified in the original search
were screened and two researchers (Xiaoliu Liang and Yujia
Liang) excluded studies that violated the inclusion criteria.
Another author (Shiyuan Xie) post-evaluated the full-text article.
If different opinions were generated, the third researcher
was asked to evaluate such research and reach a consensus
through discussion. Finally, the risk of selective biased project
is recommended according to the Cochrane Handbook for
Systematic Reviews of Interventions. Risks of biased items
included: blinding, allocation concealment, proper sequence
generation, incomplete outcome data, non-selective reporting,
and other biases (Figure 1). If the article did not display the

FIGURE 2 | The flowchart of this study setting.
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original data, contact the corresponding author of the study by
email using a separately customized application form.

Data Extraction
The following information was independently extracted from
each study by two investigators (Xiaoliu Liang and Yujia Liang).
When a disagreement occurs, it is resolved by consensus.
Gather the following information from each eligible study:
the first author’s name, country, male/female ratio, age range,

sample size, treatment regimens, ending index, publication year,
intentionality therapy (Intention-to-treat, ITT) in patients with
OS and PFS, HRs with corresponding 95% Cis, period of
treatment, KRAS wild-type and KRAS-type mutations in OS and
PFS patients, etc.

Statistical Analysis
RevMan 5.0 software was used for all statistical analyses. Efficacy
in a regimen of chemotherapy with mCRC in combination with

TABLE 1 | Characteristics of the RCT studies included in our meta-analysis.

Treatments Age (median, range)

References Sex (male/female) Country Control Experiment Control Experiment A period of

treatment(d)

Duration

Bokemeyer

et al. (16)

181/156 Europe FOLFOX FOLFOX

+cetuximab

60 (30-82) 62 (24-82) 14 Depending on disease

progression and

severity of adverse

reactions

Huang et al.

(28)

78/68 Europe FOLFIRI FOLFIRI

+cetuximab

57 (25-82) 59 (30-82) 14 6 months

Dewdney

et al. (29)

101/63 Multicenter CAPOX CAPOX

+cetuximab

65 (28-79) 61 (28-79) 14 2 months

Van Cutsem

et al. (27)

725/473 Europe FOLFIRI FOLFIRI

+cetuximab

61 (19-84) 61 (22-82) 14 Depending on disease

progression and

severity of adverse

reactions

Van Cutsem

et al. (24)

725/473 Europe FOLFIRI FOLFIRI

+cetuximab

61 (19-84) 61 (22-82) 14 Depending on the

disease progression,

the degree of adverse

reactions or the

informed consent was

withdrawn

Tveit et al.

(31)

220/159 Multicenter FLOX FLOX

+cetuximab

61.2

(29.9–74.8)

60.8

(24.1–74.4)

14 Depending on disease

progression and

severity of adverse

reactions

Ye et al. (26) 88/50 Europe or

North

America

FOLFOX or

FOLFIRI

FOLFOX or FOLFIRI

+cetuximab

59 (35–75) 57 (26–75) 14 Depending on the

reaction after liver

metastasis of cancer,

disease progression or

the degree of adverse

reactions

Borner et al.

(20)

44/30 Multicenter CAPOX CAPOX+cetuximab 63 (47–80) 60 (37–81) 21 4.5 months or disease

progression

Maughan

et al. (21)

1068/562 UK CAPOX or

FOLFOX

CAPOX

or FOLFOX

+cetuximab

63 (56–69) 63 (58–70) 14 Depending on disease

progression

Ciardiello

et al. (23)

72/81 Chinese FOLFOX FOLFOX+cetuximab 49–59 49–59 14 Depending on the

disease progression,

the degree of adverse

reactions or the

informed consent was

withdrawn

Qin et al. (22) 266/127 Multicenter FOLFOX FOLFOX

+cetuximab

56 (21-78) 56 (21–83) 14 Depending on disease

progression and

severity of adverse

reactions

Sobrero et al.

(25)

816/482 Multicenter Irinotecan Irinotecan

+cetuximab

62 (21-90) 61 (23–85) 21 Depending on disease

progression and

severity of adverse

reactions
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cetuximab was evaluated based on data from RCT. DCR and
ORR were analyzed by relative risk (RR) or odds ratio (OR);
if RR > 1 or > 1, the experimental group (chemotherapy with

cetuximab) was higher than the control group (chemotherapy
without cetuximab); vice versa, if RR< 1 or< 1, the experimental
group was lower than the control group. In addition, PFS and OS

TABLE 2 | Characteristics of the RCT studies included in our meta-analysis.

References Number of cases HR (95%CI)

Control Experiment PFS OS

Bokemeyer et al. (16) 168 169 0.931(0.705,1.23) 1.105(0.791,1.303)

Huang (28) 106 40 0.53(0.26,1.1) 0.45(0.17,1.16)

Dewdney (29) 81 83 0.81(0.45,1.44) 0.53(0.26,1.10)

Van Cutsem (27) 599 599 0.851(0.726,0.998) 0.878(0.774,0.995)

Van Cutsem (24) 599 599 0.85(0.72,0.99) 0.93(0.81,1.07)

Tveit (31) 185 194 0.89(0.72,1.11) 1.06(0.83,1.35)

Ye et al. (26) 68 70 0.6(0.41, 0.87) 0.54 (0.33, 0.89)

Borner et al. (20) 37 37 NR NR

Maughan et al. (21) 815 815 NR NR

Ciardiello et al. (23) 79 74 0.56(0.33, 0.94) 0.57(0.32, 1.02)

Qin et al. (22) 200 193 0.69(0.54, 0.89) 0.76(0.61, 0.96)

Sobrero et al. (25) 650 648 0.692(0.617, 0.776) 0.975(0.854, 1.114)

FIGURE 3 | The ORR and DCR of forest plots with fixed effect model.
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were the primary endpoints of pooled analysis, and expression
of HR at the primary endpoint of each study was 95% CI. If the
literature did not provide HR, it could be extracted according to
the survival curve method (KM). Chi-square test and I2 statistics
were used when estimating statistical heterogeneity. When p <

0.05 or I2 > 50%, a random effects model was used; otherwise
a fixed effect model was used. If the heterogeneity was large, a
descriptive analysis was performed. The stability of the test results
was determined by sensitivity analysis if necessary.

RESULTS

Selection and Characteristics of Study
The overall flowchart of the study was shown in Figure 2. At
the beginning, we included 3,057 potential studies. Due to the
duplication, 934 publications were excluded. In addition, 1,510

articles with no controls, no relevant indicators, case reports,
or no association with mCRC were excluded. Then, 601 articles
with no relevant raw data, original data expressed as figures
and duplicated data were excluded. Besides, study with the two
arms containing cetuximab or the study with dual targeted drugs
were also excluded. Finally, 12 articles met the requirements for
this meta-analysis, involving 12 RCTs (20–31) (the experimental
group: 3,587 cases and the control group: 3,521 cases). The
characteristics of the 12 articles were shown in Tables 1,2.

Meta-Analysis of DCR and ORR
Eight studies (4,560 patients) reported DCR, and seven studies
(6,207 patients) reported ORR. The results showed heterogeneity
between studies (DCR: P = 0.002, I2 = 69%; ORR: P <

0.00001, I2 = 85%) (Figure 3), so a random effects model
was used for meta-analysis. Meta-analysis showed no significant

FIGURE 4 | The PFS of forest plots with fixed effect model.

FIGURE 5 | The OS of forest plots with fixed effect model.
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difference in DCR between the experimental group and the
control group (OR = 1.28, 95% CI = 0.94-1.74, P = 0.12)
(Figure 3). However, patients receiving combination therapy
with cetuximab had higher ORR (OR = 1.79, 95% CI = 1.30–
2.47; P = 0.0003) (Figure 3).

Meta-Analysis of PFS
PFS was reported in ten studies (5,404 patients) and there was
no statistical heterogeneity between each study (P = 0.1, I2 =

39%) (Figure 4). The log HR values of PFS were analyzed by fixed
effect model and inverse variance method. The results suggested
that the PFS of experimental group was significantly longer
than that of control group (HR = 0.77, 95% CI = 0.72–0.82,
P < 0.00001) (Figure 4).

Meta-Analysis of OS
There were 10 studies reported OS (5,404 patients). There
was heterogeneity between the studies (P = 0.03, I2 = 52%)
(Figure 5). Therefore, for the log HR values of the OS, a fixed
effect model and an inverse variance method were used for
meta-analysis. Analysis showed that the experimental group
had significant advantages in improving OS, as compared

to the control group (HR = 0.88, 95% CI = 0.79–0.99,
P = 0.03), (Figure 5).

Subgroup Analysis
Patients were divided into mutant KRAS and wild type KRAS
according to their KRAS genotypes. The HR with 95% CI were
extracted from KRAS wild-type and mutant KRAS of patients
in each study, followed by the subgroup analysis. Our result
showed that cetuximab can significantly prolonged PFS andOS in
patients with KRAS wild type (PFS:HR = 0.79, 95% CI = 0.65–
0.95, P = 0.01; OS:HR = 0.85, 95% CI = 0.74–0.98, P = 0.02)
(Figures 6, 7), but there was no significant change of PFS and OS
in patients with KRAS mutations when chemotherapy was used
in combination with cetuximab (PFS:HR= 1.12, 95% CI= 0.73–
1.72), P = 0.6; OS:HR = 1.35, 95% CI = 0.96–1.90, P = 0.09)
(Figures 6, 7).

Publication Bias
The PFS was used as the index to draw the inverted funnel plot.
The result showed that the arrangement of each study around
the Central Line was not completely symmetrical, suggesting
that there was a certain publication bias in the included
articles (Figure 8).

FIGURE 6 | OS forest plot.
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FIGURE 7 | PFS forest plot.

FIGURE 8 | Funnel plot.

DISCUSSION

A total of 12 studies involving 5,404 patients were included
in our meta-analysis. Our analysis used a large number of

enrolled patients, strict inclusion and exclusion criteria, and
similar outcome indicators among studies. Our results showed
that cetuximab could significantly prolong PFS and OS in mCRC
patients with wild type KRAS, but did not remarkably improve
PFS and OS in patients with KRAS mutations. This result was
concordant to Wang li’s finding that reported the relationship
between KRAS gene polymorphism and targeted therapy for
colorectal cancer (32). They concluded that cetuximab treatment
was ineffective if KRAS gene codon 12 and 13 were mutated.
While a meta-analysis conducted by Zhou et al. found that
oxaliplatin-based chemotherapy combined with cetuximab or
other anti-EGFR monoclonal antibodies could not prolong the
survival of mCRC patients (33). It could be explained by the
use of different chemotherapeutic drugs. Because in our 12
RCTs studies, five of the studies used folfiri and irinotecan,

instead of oxaliplatin-based chemotherapy. For the DCR of

intention to treat (ITT) patients, the efficacy of chemotherapy

drugs combined with cetuximab was comparable to that of

chemotherapy drugs alone, which was consistent with the

conclusion of the meta-analysis of 12 RCTS conducted by Wang

et al. (34). Our result also indicated that the ORR of the

experimental group was significantly higher than that of the
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control group, which was consistent with the meta-analysis of
Ye et al. (26). Additionally, Qin et al. (22) and Angeles et al.
(14) obtained a positive result through RCT, suggesting that the
use of cetuximab can be benefit to mCRC patients, while RCT
conducted by Yu et al. (19), Sirotnak et al. (11) came to a contrary
conclusion. Therefore, there is no consensus on the effective
therapeutic significance of cetuximab in mCRC patients with
ITT. Thismay be caused by different sample sources and different
experimental methods among different studies.

The KRAS gene polymorphism is a biomarker that reflects
changes in EGFR receptors and is associated with the efficacy
of cetuximab (27). Foreign CRC diagnostic and therapeutic
guidelines suggested that the genetic status of KRAS should
be tested before CRC patients treated with cetuximab, while
cetuximab is indicated for CRC patients with wild-type KRAS
(28). To further elucidate the efficacy relationship between
cetuximab and KRAS genotyping, this study performed a meta-
analysis of OS and PFS in mCRC patients with wild-type or
mutant KRAS, and the conclusions were similar to the finding
from Dewdney et al. (29). Another RCT study performed by
Christos SK indicated that the use of cetuximab is more effective
in patients with wild-type KRAS than that of patients with
KRAS mutations (30). References included in this study were
all from foreign databases. In addition, the title and abstract
attributives of the literature searched in this study were in
English, and the literature published in other languages were not
included, so there was a database retrieval bias. In the process
of literature screening, software screening and manual screening
are adopted. The software screening is simple and easy to
operate, but it is mechanical, with low recognition ability and the
possibility of omission. Manual screening has a large workload
and high recognition ability, but it is possible to wrongly reject
some negative conclusions, both of which will lead to bias in

literature screening. Inverted funnel plot analysis showed that
the included studies were not completely symmetrical, which
also suggested some publication bias. In addition, due to the
designs of the study, there is no information on the number of
prior treatments patients have completed, so the information on
successful treatment outcome is still not firmly confirmed.

CONCLUSIONS

In summary, compared with chemotherapy alone, combined
with cetuximab can significantly prolong PFS and OS in mCRC
patients. Limited by the quality and sample size of included
studies, this conclusion needs to be verified by a larger sample
of RCTs with strict design and long-term follow-up.
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Background: Regorafenib is a second-line therapy drug used for advanced

hepatocellular carcinoma (HCC). Unfortunately, the survival benefit of the patients

receiving this treatment is modest, which may be attributed to drug resistance. In

the present study, sphingosine kinase 2 (SphK2) was targeted to reverse regorafenib

resistance in HCC.

Methods: The functions of SphK2 and sphingosine-1-phosphate (S1P), the catalytic

product of SphK2 in regorafenib resistance of HCC cells, were evaluated by cell

counting kit-8 assay, colony formation, cell cycle evaluation, and annexin V–fluorescein

isothiocyanate/propidium iodide double-staining assay. The antitumor activity of

combined treatment of regorafenib and the SphK2-specific inhibitor ABC294640

was examined in HCC cells in vitro and xenograft model in vivo. The molecular

mechanisms of SphK2/S1P-mediating regorafenib resistance were investigated using

cell line establishment and Western blot analysis.

Results: Well-developed regorafenib-resistant HCC cells indicated high expression

levels of SphK2. The sensitivity to regorafenib of regorafenib-resistant HCC cells was

restored following SphK2 knockdown or pharmacological inhibition by ABC294640. In

addition, ectopic expression of SphK2 and exogenous addition of S1P decreased the

sensitivity of HCC cells to regorafenib. Furthermore, the combination treatment with

ABC294640 sensitized resistant tumor to regorafenib in xenograft model of HCC. The

phosphorylation levels of nuclear factor κB (NF-κB), as well as those of signal transducer

and activator of transcription 3 (STAT3), were positively associated with SphK2 and S1P.

Conclusions: SphK2/S1P mediates regorafenib resistance of HCC through NF-κB

and STAT3 activation. Targeting SphK2 by ABC294640 potently reduces regorafenib

resistance of HCC cells both in vitro and in vivo. The combination of ABC294640

and regorafenib could be developed as a novel potential treatment strategy for

advanced HCC.

Keywords: sphingosine kinase 2, sphingosine-1-phosphate, ABC294640, regorafenib, resistance, hepatocellular

carcinoma
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INTRODUCTION

With 841,000 newly diagnosed cases and 782,000 deaths annually,
liver cancer ranked as the sixth most common cancer and the
fourth leading cause for cancer-related deaths worldwide (1).
Hepatocellular carcinoma (HCC), which accounts for 75 to 85%
cases of primary liver cancer, is the most common pathological
type of this deadly disease (2).

The majority of HCC patients are diagnosed at an advanced
stage, which limited the applicability and efficacy of potentially
curative therapies, including surgical resection and liver
transplantation (3). Therefore, patients with advanced HCC rely
mainly on systemic therapy. Approved by the US Food and Drug
Administration in April 2017, regorafenib is currently used as
a second-line systemic therapy for advanced HCC (4). Similar
with the first-line systemic drug sorafenib, regorafenib is also an
oral tyrosine kinase inhibitor that targets vascular endothelial
growth factor receptors (VEGFR1, VEGFR2, and VEGFR3),
platelet-derived growth factor receptor, Fibroblast Growth Factor
Receptor 1, Raf, TIE-2, and the kinases KIT, RET, and BRAF
(5). Despite the fact that regorafenib prolonged the survival of
patients who had disease progression following sorafenib failure,
the efficacy of this drug was still limited by primary or acquired
therapy resistance (6). Therefore, it is essential to investigate
the mechanisms underlying the resistance to regorafenib and to
further explore strategies to enhance drug efficacy in HCC (7).

Sphingosine kinases (SphKs) are the key regulatory enzymes
catalyzing the formation of sphingosine-1-phosphate (S1P) (8).
With increasing evidence of the roles of SphKs in cell survival,
proliferation, apoptosis, and chemoresistance, these enzymes are
considered as significant therapeutic targets in various solid
tumors (9). To date, SphK1 and SphK2 have been identified as the
two isoforms of SphKs. Considerable attention has been devoted
to the involvement of SphK1 in multiple cancers including HCC
(10). Recently, the other isoform of SphK, SphK2, also received
increasing attention andmay be an important regulator of cancer
development and progression (11). Accumulating evidence has
revealed that SphK2 is overexpressed in tumor tissues and
cell lines (12, 13). Knockdown or pharmacological inhibition
of SphK2 can decrease tumor proliferation and metastasis
and increase apoptosis in vivo and in vitro (14, 15). It is
interesting to note that data from certain studies have shown
that SphK2 is closely associated with antitumor drug resistance.
Overexpression of SphK2 has been suggested to contribute to
gefitinib resistance in non-small cell lung cancer (NSCLC) and
all-trans retinoic acid (ATRA) resistance in colon cancer (13, 16).
However, whether SphK2 is involved in regorafenib resistance in
HCC remains unclear.

ABC294640 is a highly selective and orally available small
molecule inhibitor of SphK2 that can dose-dependently compete
with sphingosine for binding to the enzyme. ABC294640
displayed significant antitumor activity in various solid cancers,
including breast (17), lung (15), prostate (18), and liver (19)
cancers. Currently, ABC294640 is under evaluation in a phase II
clinical trial as a therapy for advanced HCC. Administration of
ABC294640 can further enhance the effects of antitumor drugs
including sorafenib (20). By coadministration of ABC294640, the

potency of sorafenib in HCC, cholangiocarcinoma, pancreatic
adenocarcinoma, and kidney carcinoma cells was increased (21).
Therefore, it is interesting to investigate whether ABC294640
could also enhance the effects of regorafenib and even reverse
regorafenib resistance in HCC.

In the present study, we explored the role and potential
molecular mechanisms of SphK2 in regorafenib-resistant HCC
cells. ABC294640 was used to investigate the efficacy of targeting
SphK2 for reversing regorafenib resistance in vitro and vivo. The
study aimed to provide experimental evidence for the clinical
application of ABC294640 in combination with regorafenib.

RESULTS

Acquired Resistance Develops After
Long-Term Exposure to Regorafenib
The SMMC-7721 andMHCC97H cell lines were used to establish
cell lines resistant to regorafenib. After the establishment of the
resistant cell lines, we characterized their resistant phenotype.
Initially, the CCK-8 assay was used, and the data demonstrated
that the growth-suppressive effect of regorafenib was significantly
higher in parental cells than in regorafenib-resistant cells
(Figure 1A). The IC50 values for regorafenib (Table 1) were
considerably higher in resistant cells (97H-R: 16.85µM, 7721-
R: 12.27µM) than in parental cells (97H: 5.378µM, 7721:
5.431µM). In addition, the total percentage of apoptotic
regorafenib-resistant cells treated with 10µM regorafenib was
significantly lower than that of the parental cells as shown
by flow cytometry analysis (Figure 1B, p < 0.001). Cell cycle
analysis demonstrated that regorafenib induced G1 phase arrest
in parental cells but not in regorafenib-resistant cells at a
dose of 10µM (Figure 1C). We also observed using a colony
formation assay that the proliferative potential of regorafenib-
resistant cells treated with or without 5µM regorafenib was
significantly higher than that of parental cells (Figure 1D). In
addition, the differential effects of regorafenib in parental and
regorafenib-resistant cells were confirmed bymeasurement of the
expression levels of two apoptotic cascade-related proteins, B-cell
leukemia/lymphoma 2 (Bcl2) and poly(ADP-ribose) polymerase
(PARP). The effect of regorafenib on cell proliferation was also
verified by the expression of cyclin D1 and cyclin-dependent
kinase 2 and 4 (CDK2, CDK4). These results indicated that the
regorafenib-resistant cells showed less response to regorafenib
exposure as compared to parental cells (Figure 1E). Collectively,
our data confirmed the establishment of stable regorafenib-
resistant cells.

SphK2 Expression Is Negatively
Associated With Regorafenib Sensitivity in
HCC Cells and Is Upregulated in
Regorafenib-Resistant HCC Cells
To investigate the potential involvement of SphK2 in regorafenib
resistance, five HCC cell lines were used, namely, BEL-
7402, HuH-7, PLC/PRF/5, SMMC-7721, and MHCC97H. The
characteristics of these cells including the origin, morphology,
doubling time, tumorigenicity, metastatic potential, and cellular
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FIGURE 1 | Establishment of regorafenib-resistant HCC cells. (A) The CCK-8 assay was used to compare the effects of regorafenib on cell proliferation between

parental and regorafenib-resistant HCC cells. (B) The percentage of apoptotic parental and regorafenib-resistant HCC cells treated with or without 10µM regorafenib

for 48 h was determined by annexin V/PI staining. (C) The cell cycle distribution of parental and regorafenib-resistant HCC cells treated with or without 10µM

(Continued)
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FIGURE 1 | regorafenib for 48 h was detected by flow cytometry. (D) The colony formation activity and the cell proliferation of parental and regorafenib-resistant HCC

cells treated with or without 5µM regorafenib (14 days for SMCC-7721 and 7721-R; 10 days for MHCC-97H and 97H-R, respectively) were measured. (E) The

expression levels of Bcl2, cleaved PARP, cyclin D1, CDK2, and CDK4 were examined by Western blot analysis. 7721 and 97H indicate SMMC-7721 and MHCC97H

parental cells, respectively; 7721-R and 97H-R indicate regorafenib-resistant SMMC-7721 and regorafenib-resistant MHCC97H cells, respectively. The result is

representative for three independent experiments. The error bars represent mean ± SD from a representative experiment. *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 1 | IC50 values of regorafenib in parental and regorafenib-resistant HCC

cells.

Cell line IC50 (µM)

97H 5.378

97H-R 16.85

7721 5.431

7721-R 12.27

products are summarized in Table 2 (22–26). Among these cell
lines, PLC/PRF/5 is the only one originated from African male,
and BEL-7402 grows the fastest. MHCC97H was reported to
developmassive lungmetastasis when inoculated subcutaneously
and is considered to have high metastasis potential, whereas
HuH-7 is considered to be a non-invasive cell line. Hepatitis
B surface antigen, which is known to be associated with
the development of HCC, is expressed in PLC/PRF/5 and
MHCC97H. The α-fetoprotein (α-FP), which represents the
aggressiveness of HCC cells, is expressed in all cell lines except
SMMC-7721. Based on the information, no obvious correlation
was found between the characteristics and SphK2 expression
levels. We evaluated SphK2 expression, as well as regorafenib
sensitivity in these cells. As shown in Figures 2A,B, the protein
levels of SphK2 were apparently higher in HCC cells with higher
regorafenib IC50 values (Table 3). In addition, the SphK2 protein
levels and the IC50 values exhibited a strong correlation, with
a Pearson correlation coefficient (R2) of 0.8889 (Figure 2C),
indicating that SphK2 expression was negatively associated
with regorafenib sensitivity in HCC cell lines. Furthermore,
SphK2 was significantly upregulated in regorafenib-resistant cells
compared with the corresponding expression noted in parental
cells (Figure 2D), whereas the expression of SphK1 remained
unchanged (Supplementary Figure 1A), suggesting that SphK2
expression was positively associated with regorafenib resistance.

Overexpression of SphK2 Promotes
Regorafenib Resistance in HCC Cells
To further investigate the role of SphK2 in promoting regorafenib
resistance in HCC, SMMC-7721 and MHCC97H HCC cells
were stably transfected with LV-SphK2 lentivirus to enhance
the expression of SphK2. The increased expression of SphK2
in these two cell lines compared with that in the control cells
was confirmed by Western blot analysis (Figure 3A). SphK2-
overexpressing HCC cells (LV-SphK2 HCC cells) exhibited low
sensitivity to regorafenib, as determined by the CCK-8 assay
(Figure 3B), which was similar to the results demonstrated in
HCC cells with acquired regorafenib resistance. The IC50 values

of SphK2-overexpressing HCC cells were higher than those of
the cells in the control group (Table 4). In LV-SphK2 HCC
cells, exposure to 10µM regorafenib for 48 h exhibited a limited
impact on the percentage of apoptotic cells (Figure 3C) and
number of G1-phase arrested cells (Figure 3D). The proliferative
potential of LV-SphK2 cells treated with or without 5µM
regorafenib was significantly higher than that of control cells,
as determined by the colony formation assay (Figure 3E). In
addition, overexpression of SphK2 reversed the changes in
Bcl2, cleaved PARP, cyclin D1, CDK2, and CDK4 (Figure 3F)
expression following incubation of the cells with regorafenib.

Knockdown of SphK2 Restores
Regorafenib Sensitivity in
Regorafenib-Resistant HCC Cells
Because the previous results suggested that enhanced SphK2
expression may be a cause of acquired resistance to regorafenib
in HCC cells, we attempted to knock down SphK2 in 97H-R
and 7721-R cells to determine whether regorafenib resistance
could be reversed. SphK2 small interfering RNA (siRNA)
transfection resulted in significantly decreased expression of
SphK2 in both regorafenib-resistant cell lines, as verified by
Western blot analysis (Figure 4A). Transfection of SphK2
siRNA into HCC cells enhanced the inhibitory effect of
regorafenib on the viability of regorafenib-resistant cells
(Figure 4B), as the IC50 values of SphK2-knockdown
regorafenib-resistant cells were lower than those of control
group cells (Table 5). In contrast, siRNA-mediated knockdown
of SphK1 (Supplementary Figure 1B) showed little impact on
the sensitivity of regorafenib (Supplementary Figure 1C) and
the IC50 values (Supplementary Table 1) in both resistant cell
lines. The apoptosis assay performed on regorafenib-resistant
cells demonstrated that incubation with regorafenib (10µM)
alone induced apoptosis only slightly, and SphK2 knockdown
mildly increased the percentage of apoptotic cells. However,
the combined effect of the two treatments was superior to the
effect of either treatment alone (Figure 4C). Similar results
were found in the cell cycle (Figure 4D) and colony formation
assays (Figure 4E). Furthermore, the combination of SphK2
knockdown and regorafenib decreased Bcl2, cyclin D1, CDK2,
and CDK4 expression levels and increased cleaved PARP
expression levels. These results indicated that SphK2 knockdown
successfully enhanced the effects of regorafenib and restored
regorafenib sensitivity in regorafenib-resistant HCC cells.

Exogenous Addition of S1P Increases the
Resistance of HCC Cells to Regorafenib
Since the main biological function of SphK2 is to catalyze the
generation of S1P, we hypothesized that the effect of SphK2
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TABLE 2 | General characteristics of 5 HCC cell lines.

Cell line Origin Cell morphology Doubling time Tumorigenicity Metastatic potential HBsAg α-FP

BEL-7402 Human HCC Asian male Epithelial 20 h Yes Low Neg Pos

HuH-7 Human HCC Asian male Epithelial 38 h Yes Non Neg Pos

PLC/PRF/5 Human HCC African male Epithelial 43 h Yes Low Pos Pos

SMMC-7721 Human HCC Asian male Epithelial 40 h Yes Low Neg Neg

MHCC97H Human HCC Asian male Epithelial 31 h Yes High Pos Pos

HBsAg, hepatitis B surface antigen; α-FP, α-fetoprotein; Neg, negative; Pos, positive.

FIGURE 2 | Association between SphK2 expression and regorafenib sensitivity in HCC cells. (A) The protein expression of SphK2 in five HCC cell lines was

determined by Western blot analysis. (B) Hepatocellular carcinoma cells were incubated with regorafenib for 48 h, and regorafenib sensitivity was determined by the

CCK-8 assay. (C) The correlation between SphK2 expression and the regorafenib IC50 value in HCC cell lines was assessed by the Pearson correlation coefficient. (D)

SphK2 protein expression in parental and regorafenib-resistant HCC cells. The result is representative for three independent experiments. The error bars represent

mean ± SD from a representative experiment. ***p < 0.001.

TABLE 3 | IC50 values of regorafenib in 5 HCC cell lines.

Cell line IC50 (µM)

BEL-7402 26.04

HuH-7 16.90

PLC/PRF/5 9.91

SMMC-7721 6.81

MHCC97H 6.26

on acquired regorafenib resistance was achieved via S1P. To
determine whether S1P could increase regorafenib resistance of
HCC cells, we added 1µMexogenous S1P to stimulate HCC cells.
The concentration of S1P was determined based on physiological
S1P content in human blood and a dose-dependent HCC

cell viability analysis (Supplementary Figure 2). Sphingosine-1-
phosphate stimulation decreased regorafenib sensitivity in HCC
cells. The IC50 values of regorafenib in 97H and 7721 cells
incubated with S1P were 13.13 and 10.67µM, respectively.
However, the IC50 values of regorafenib in 97H and 7721 cells
that were not incubated with S1P were only 6.157 and 6.245µM,
respectively (Table 6). In addition, S1P stimulation decreased the

influence of regorafenib on cell viability (Figure 5A), apoptosis

(Figure 5B), and cell cycle progression (Figure 5C) in HCC
cells. Following S1P stimulation, the proliferative potential of
HCC cells was increased significantly (Figure 5D), and the
changes noted in Bcl2, cleaved PARP, cyclin D1, CDK2, and
CDK4 expression following regorafenib treatment of the cells
were partly diminished (Figure 5E). Collectively, these data
suggested that exogenous S1P stimulated the development of
regorafenib resistance, indicating that SphK2 could promote
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FIGURE 3 | Effects of SphK2 overexpression on the sensitivity of HCC cells to regorafenib. (A) The protein expression of SphK2 in HCC cells transfected with

LV-SphK2 lentivirus or control vector was measured by Western blot analysis. (B) Regorafenib sensitivity of HCC cells transfected with LV-SphK2 lentivirus or control

lentivirus was assessed by the CCK-8 assay, and regorafenib IC50 values were calculated accordingly. (C) The annexin V–FITC/propidium iodide double-staining

assay, (D) cell cycle analysis, and (E) colony formation assay were applied to compare regorafenib sensitivity of HCC cells in the two different groups. (F) The

(Continued)
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FIGURE 3 | expression levels of Bcl2, cleaved PARP, cyclin D1, CDK2, and CDK4 were examined by Western blot analysis. The dose of regorafenib treatment in the

assays was 10µM for 48 h, with the exception of the colony formation assay (5µM, 14 days for SMCC-7721 and 10 days for MHCC-97H, respectively). The result is

representative for three independent experiments. The error bars represent mean ± SD from a representative experiment. **p < 0.01, ***p < 0.001.

TABLE 4 | IC50 values of regorafenib in SphK2-overexpressing HCC cells and

control group cells.

Cell line Group IC50 (µM)

97H Control 6.145

LV-SphK2 9.592

7721 Control 6.36

LV-SphK2 10.22

regorafenib resistance in HCC by catalyzing the generation
of S1P.

Pharmacological Inhibition of SphK2 Leads
to Regorafenib Sensitization in HCC Cells
In the present study, SphK2 was targeted by its selective inhibitor
ABC294640, to evaluate the effects of SphK2 on regorafenib
resistance and to explore the potential efficacy of combination
treatment with regorafenib and SphK2 inhibitors. The CCK-8
assay was used to determine the effects of ABC294640 on
the viability of regorafenib-resistant HCC cells. Treatment
with 20µM of ABC294640 showed little inhibition on cell
viability. Therefore, this dose was selected for the SphK2
inhibitory experiments (Figure 6A). The representative images
of cell morphology demonstrated that the number of cells
treated with combination of ABC294640 and regorafenib was
considerably decreased compared with that in other groups
(Figure 6B). The CCK-8 assay results indicated that the viability
of 97H-R and 7721-R cells (Figure 6C) and their regorafenib
IC50 values (Table 7) were significantly decreased following
combination treatment with ABC294640 and regorafenib for
48 h. In contrast, coadministration of selective SphK1 inhibitor
PF-543 did not sensitize resistant cells to regorafenib treatment
(Supplementary Figure 1D and Supplementary Table 2).
Furthermore, the induction of apoptosis (Figure 6D), cell cycle
arrest (Figure 6E), and the inhibition of colony formation
(Figure 6F) in regorafenib-resistant cells was dramatically
enhanced by concomitant exposure to ABC294640 and
regorafenib, while treatment with either drug alone exhibited
only marginal effects. The alterations in the expression levels of
Bcl2, cleaved PARP, cyclin D1, CDK2, and CDK4 (Figure 6G)
further confirmed the effects of ABC294640 on reversing
regorafenib resistance. These data indicated that the application
of ABC294640 could reduce regorafenib resistance of HCC cells.

The Combined Treatment of Regorafenib
and ABC294640 Suppressed Tumor Growth
in Xenograft Animal Model of HCC
The present study further evaluated the potential therapeutic
efficacy of combination treatment with ABC294640 and

regorafenib in a nude mice xenograft model established by
regorafenib-resistant MHCC97H cells. There was no significant
difference in body weight between mice treated with drugs
and mice treated with vehicle, and no mice died during the
treatment, indicating little systemic toxicity of these drugs
(Figure 7A). As shown in Figures 7B,C, compared with vehicle
control, treatment of either regorafenib or ABC294640 showed
mild tumor inhibitory effects, whereas combination treatment
with both drugs dramatically suppressed the growth of tumor.
The measurement of the volume and weight (Figure 7D) of
tumors also confirmed that coadministration of AB294640 with
regorafenib sensitized the resistant cells to treatment.

SphK2/S1P Regulates Regorafenib
Resistance of HCC Cells by Inducing the
Activation of Nuclear Factor κB and Signal
Transducer and Activator of Transcription 3
Currently, the molecular mechanisms of SphK2-mediated
regorafenib resistance in HCC remain unknown. Because
nuclear factor κB (NF-κB) and signal transducer and activator
of transcription 3 (STAT3) are targets of regorafenib and
ABC294640, we hypothesized that SphK2/S1P could regulate
regorafenib resistance in HCC cells through NF-κB and
STAT3 activation. Therefore, we determined the phosphorylation
levels of NF-κB p65 and STAT3 in HCC cells following
different treatments. Western blot analysis indicated that the
phosphorylation levels of NF-κB p65 and STAT3 were increased
in regorafenib-resistant HCC cells (Figure 8A) and SphK2-
overexpressing HCC cells (Figure 8D), whereas they were
decreased in regorafenib-resistant HCC cells following SphK2
knockdown or inhibition (Figures 8B,C). In addition, exogenous
S1P treatment promoted the phosphorylation of NF-κB p65
and STAT3 (Figure 8E). Based on these experimental data,
the present study confirmed that NF-κB and STAT3 activation
was involved in SphK2/S1P-mediated regorafenib resistance in
HCC cells.

DISCUSSION

Chemoresistance is a complex process that develops in the
majority of cancer types and causes poor therapeutic responses
along with treatment failure (27). Regorafenib is a crucial
drug for treating metastatic colorectal cancer (CRC), advanced
gastrointestinal stromal tumors, and HCC (28). To date, only a
limited number of studies have been carried out on regorafenib
resistance, and most in CRC (5). This is the first study that
demonstrated SphK2/S1P was the key regulator in mediating
regorafenib resistance of HCC by the activation of NF-κB and
STAT3. Moreover, ABC294640, a selective inhibitor of SphK2,
exhibited high potential to increase the sensitivity of regorafenib-
resistant HCC cells to regorafenib.
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FIGURE 4 | Effects of SphK2 knockdown on regorafenib resistance in HCC cells. (A) The protein expression levels of SphK2 in HCC cells transfected with SphK2

siRNA or control vector were determined by Western blot analysis. (B) The viability of regorafenib-resistant HCC cells transfected with SphK2 siRNA or control vector

was determined by the CCK-8 assay, and IC50 values were calculated accordingly. (C) The induction of apoptosis of regorafenib-resistant HCC cells transfected with

SphK2 siRNA or control vector was assessed by the annexin V–FITC/propidium iodide double-staining assay. (D) The cell cycle distribution of regorafenib-resistant

(Continued)
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FIGURE 4 | HCC cells transfected with SphK2 siRNA or control vector was assessed by flow cytometry. (E) The proliferation of regorafenib-resistant HCC cells

transfected with SphK2 siRNA or control vector was evaluated by the colony formation assay. (F) The expression levels of Bcl2, cleaved PARP, cyclin D1, CDK2, and

CDK4 were examined by Western blot analysis. The dose of regorafenib treatments in all assays was 10µM for 48 h, except for the colony formation assay (5µM, 14

days for 7721-R and 10 days for 97H-R, respectively). The result is representative for three independent experiments. The error bars represent mean ± SD from a

representative experiment. *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 5 | IC50 values of regorafenib in SphK2 knockdown HCC cells and control

group cells.

Cell line Group IC50 (µM)

97H-R Control 15.24

SphK2 siRNA 10.08

7721-R Control 11.13

SphK2 siRNA 6.243

TABLE 6 | IC50 values of regorafenib in S1P-stimulated HCC cells and control

group cells.

Cell line Group IC50 (µM)

97H 0µM S1P 6.157

1µM S1P 13.13

7721 0µM S1P 6.245

1µM S1P 10.67

Dysregulation of sphingolipid metabolism and signaling has
recently been shown to be associated with chemoresistance.
Lower levels of ceramide and higher levels of S1P were
simultaneously observed in gemcitabine-resistant pancreatic
cancer cells than in gemcitabine-sensitive pancreatic cancer cells,
whereas increasing ceramide concentrations or decreasing S1P
concentrations sensitized pancreatic cancer cells to gemcitabine-
induced cell death (29). In addition, the ceramide: S1P ratio
was also decreased in docetaxel-resistant cells (30) and imatinib-
resistant cells (31). In the present study, SphK2, the rate-
limiting enzyme in sphingolipid metabolism, was found to
play a vital role in regorafenib resistance in HCC. In well-
established regorafenib-resistant HCC cells, the expression levels
of SphK2 were substantially higher than those in parental
cells. Significantly increased SphK2 expression levels were also
observed in chemoresistant breast cancer cells (32). In addition,
a negative correlation between SphK2 protein levels and the
sensitivity to regorafenib was noted in the five HCC cell lines.
These results were similar to those reported from the study by
Yang et al. (20) demonstrating that SphK2 expression correlated
negatively with tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) sensitivity in three NSCLC cell lines.

To further investigate the role of SphK2 in promoting
regorafenib resistance in HCC, we inhibited the expression of
SphK2 in regorafenib-resistant cells and increased the SphK2
expression in normal HCC cells. Knockdown of SphK2 restored
regorafenib sensitivity of regorafenib-resistant HCC cells. A
previous study demonstrated that knockdown of SphK2 could

induce the apoptosis of gefitinib-resistant NSCLC cells, which
is consistent with the results reported in present study (13).
Our results also showed that overexpression of SphK2 increased
regorafenib resistance of normal HCC cells. Consistently, Shi et
al. (16) reported that the increased levels of SphK2 expression led
to ATRA therapy resistance in human colonic adenocarcinoma
HCT-116 cells. Taking these data together, we demonstrated the
important role of SphK2 in mediating regorafenib resistance
in HCC, which could be a potential target to overcome
regorafenib resistance.

In the present study, we further explored the role of SphK1
in regorafenib resistance of HCC cells. There was no obvious
difference in the expression levels of SphK1 between parental
cells and regorafenib-resistant cells. In addition, inhibition
of SphK1 did not restore the sensitivity of HCC cells to
regorafenib. These results indicated that SphK1 may not be
involved in regorafenib resistance, and SphK2 was the specific
SphK mediating regorafenib resistance.

Because S1P is the main product of SphK2, the present study
revealed that S1P mediates regorafenib resistance in HCC cells.
Accumulating evidence demonstrated that in addition to its
role as a sphingosine metabolite, S1P is a critical secondary
messenger that mediates chemoresistance (30). A high level of
S1P was detected in camptothecin-resistant PC-3 prostate cancer
cells, and inhibition of the S1P receptor signaling significantly
decreased cell growth (33). Sphingomab, a neutralizing antibody
against S1P, also showed inhibitory effect on sunitinib-resistant
renal carcinoma cell growth (34). The present data indicated that
the supplementation of S1P reduced the sensitivity of HCC cells
to regorafenib. However, the IC50 values of regorafenib in HCC
cells stimulated with S1P were not as high as those in HCC cells
with acquired regorafenib resistance. Possibly, the intracellular
S1P levels in HCC cells stimulated with 1µM S1P were different
from those in regorafenib-resistant cells. In previous studies
(35), the doses of S1P used to stimulate HCC cells were 1, 3,
and 10µM, which were all higher than that used in our study.
Alternatively, exogenous addition of S1P may not influence
endogenous ceramide production, which has inhibitory effects on
chemoresistance of HCC cells. In contrast to the effects of S1P
on chemoresistance, exogenous addition of ceramide (1µM) to
pancreatic cancer cells increased their sensitivity to gemcitabine
(30). In addition, it has been shown that 20µM S1P treatment
exhibited no effects on ceramide production in leukemia HL-60
cells (36). Therefore, we hypothesized that the ratio of ceramide
to S1P in HCC cells treated with 1µM S1P was not as low as that
in HCC cells with acquired regorafenib resistance. Subsequently,
we will further explore the changes and the function of complex
sphingolipid metabolism in regorafenib resistance in HCC.

As we demonstrated the promoting effect of SphK2/S1P on
the regorafenib resistance of HCC cells, we aimed to reverse
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FIGURE 5 | Effects of exogenous S1P on the sensitivity of HCC cells to regorafenib. (A) The regorafenib sensitivity of HCC cells stimulated with 1µM S1P was

examined by the CCK-8 assay. We further used the (B) annexin V–FITC/propidium iodide double-staining assay, (C) cell cycle analysis, and (D) colony formation assay

to measure regorafenib effects on HCC cells in different groups. (E) The expression levels of Bcl2, cleaved PARP, cyclin D1, CDK2, and CDK4 were examined by

Western blot analysis. The dose of regorafenib treatment in all assays was 10µM for 48 h, with the exception of the colony formation assay (5µM, 14 days for

SMCC-7721 and 10 days for MHCC-97H, respectively). The result is representative for three independent experiments. The error bars represent mean ± SD from a

representative experiment. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6 | Effects of SphK2 inhibition on regorafenib resistance in HCC cells.

(A) The effects of ABC294640 on regorafenib-resistant HCC cell viability were

evaluated by the CCK-8 assay. (B) Regorafenib-resistant HCC cells were

treated with ABC294640 and regorafenib for 48 h. Representative images of

cell morphology were acquired. Subsequently, (C) cell viability was evaluated

by the CCK-8 assay, (D) whereas the apoptosis rate was determined by the

annexin V–FITC/propidium iodide double-staining assay. (E) The cell cycle

distribution was measured by flow cytometry, and (F) cell proliferation was

evaluated by the colony formation assay. (G) The expression levels of Bcl2,

cleaved PARP, cyclin D1, CDK2, and CDK4 were examined by Western blot

analysis. The doses of regorafenib and ABC294640 treatment in all assays

were 10 and 20µM, respectively, for 48 h, with the exception of the colony

formation assay (5 and 10µM, respectively, 14 days for 7721-R and 10 days

for 97H-R). The result is representative for three independent experiments. The

error bars represent mean ± SD from a representative experiment. *p < 0.05,

**p < 0.01, ***p < 0.001.

TABLE 7 | IC50 values of regorafenib in regorafenib-resistant HCC cells exposed

to ABC294640 and control group cells.

Cell line Group IC50 (µM)

97H-R 0µM ABC294640 15.99

20µM ABC294640 3.101

7721-R 0µM ABC294640 12.84

20µM ABC294640 4.672

regorafenib resistance by targeting SphK2. ABC294640 is a
novel selective inhibitor of SphK2 that has been found to
exert broad anticancer activity. The application of ABC294640
enhanced the effects of specific antitumor drugs, such as
TRAIL-induced apoptosis in NSCLC cells (20) and paclitaxel-
induced apoptosis in Caov-3 ovarian cancer cells (37). The
present study is the first to explore the biological effects of
ABC294640 on regorafenib-resistant HCC cells. We investigated
the efficacy of the combination treatment with ABC294640 and
regorafenib toward regorafenib-resistant HCC. The combination
of ABC294640 with regorafenib increased the induction of
apoptosis and decreased the proliferation of regorafenib-resistant
HCC cells. The dose of ABC294640 used in our study was 20µM
in most assays and 10µM in the colony formation assay, which
was considerably lower than that used in previous studies (37).
By using 20 or 10µM ABC294640 alone, only a mild effect
was noted on proliferation and apoptosis of regorafenib-resistant
cells. However, the combination of regorafenib with ABC294640
remarkably inhibited cell proliferation and promoted apoptosis
in regorafenib-resistant HCC cell lines in vitro. In addition, the
combined treatment of regorafenib and ABC294640 suppressed
tumor growth of HCC resistant cells in a xenograft tumor model.
The combination significantly reduced the volume and weight
of developed tumors compared to individual treatments and the
vehicle control animals. These findings suggest the potential of
the SphK2 inhibitor ABC294640 to reverse regorafenib resistance
and provide a high clinical value for the treatment of regorafenib-
resistant HCC patients.

Although we demonstrated that SphK2/S1P plays important
roles in mediating regorafenib resistance in HCC, the molecular
mechanism of its action remains unclear. The present study
indicated that NF-κB and STAT3 were involved in regorafenib
resistance and that they were the downstream effectors of
SphK2/S1P signaling. Western blot analysis demonstrated that
the phosphorylation levels of NF-κB p65 and STAT3 were
higher in regorafenib-resistant cells compared to parental
cells. In addition, SphK2 overexpression and S1P addition
increased the phosphorylation levels of NF-κB p65 and STAT3,
which were decreased following inhibition of SphK2. The
involvement of NF-κB in chemoresistance has been reported
in doxorubicin-resistant breast cancer cells (38). In addition,
STAT3 is significantly activated in sorafenib-resistant cells (39)
and multidrug-resistant myeloma cells (40). Our findings further
support previous evidence indicating that NF-κB and STAT3
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FIGURE 7 | The antitumor effects of the combination treatment of ABC294640 and regorafenib in xenograft nude mice model of HCC. (A) Body weight of nude mice

during drug treatment. (B) Tumor growth of subcutaneous xenograft tumors in nude mice during drug treatment. (C) Image of tumors harvested from nude mice

treated with vehicle, regorafenib, ABC294640, and the combination with regorafenib and ABC294640. (D) Average volume and weight of subcutaneous xenograft

tumors harvested from nude mice at the end point of the study. The error bars represent mean ± SD. **p < 0.01, ***p < 0.001.

are important mediators of chemoresistance. In addition, the
results indicating that NF-κB and STAT3 are the downstream
effectors of SphK2/S1P signaling have been observed in earlier
studies. For example, S1P promoted the activation of STAT3 in
cardiomyocytes (41), and ABC294640 blocked NF-κB activity in
multidrug-resistant breast cancer cells (32).

CONCLUSIONS

Collectively, our data indicated that SphK2/S1P mediated
regorafenib resistance of HCC cells. The activation of NF-κB
and STAT3 played an important regulatory role in regorafenib
resistance. The two key proteins serve as downstream effectors
of SphK2/S1P, elucidating a novel mechanism, which links
SphK2/S1P to NF-κB and STAT3 in regorafenib-resistant HCC
cells. Most notably, the combination treatment of regorafenib
with ABC294640 inhibited the proliferation and promoted
the apoptosis of regorafenib-resistant HCC cells, providing
new insights to overcome acquired resistance to regorafenib
treatment and enhancing therapeutic outcomes for patients with
advanced HCC.

MATERIALS AND METHODS

Cell Culture, Antibodies, Chemicals, and
Reagents
The human HCC cell lines BEL-7402, HuH-7, PLC/PRF/5,
and SMMC-7721 were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). The HCC
cell line MHCC97H was kindly provided by Prof. Jia Fan
from Zhongshan Hospital of Fudan University. The cells were
maintained in Dulbecco modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100µg/mL streptomycin sulfate in a humidified
incubator at 37◦C in an atmosphere containing 5% CO2

in air. The suppliers and catalog numbers of all antibodies,
chemicals, and reagents used in this study are listed in
Supplementary Table 3.

Establishment of Acquired Resistance to
Regorafenib
Resistant cell lines (7721-R and 97H-R) were established
by treating cells with stepwise increasing concentrations of
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FIGURE 8 | Phosphorylation of NF-κB p65 and STAT3 in HCC cells. (A) The phosphorylation of NF-κB p65 and STAT3 in parental and regorafenib-resistant HCC cells

was examined by Western blot analysis. (B) The phosphorylation of NF-κB p65 and STAT3 in regorafenib-resistant HCC cells transfected with SphKK2 siRNA. (C) The

phosphorylation of NF-κB p65 and STAT3 in regorafenib-resistant HCC cells treated with ABC294640. (D) The phosphorylation of NF-κB p65 and STAT3 in

SphK2-overexpressing parental HCC cells. (E) The phosphorylation of NF-κB p65 and STAT3 in HCC cells exposed to S1P. The density of each band was measured

and normalized to respective GAPDH. The result is representative for three independent experiments. The error bars represent mean ± SD from a representative

experiment. *p < 0.05, **p < 0.01, ***p < 0.001.
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regorafenib. The protocol was modified from the establishment
of sorafenib-resistant cell lines described in a previous study (42).
Briefly, 1 × 106 cells were cultured in 6-mm plates and were
incubated with regorafenib at a concentration just below their
respective IC50 (5µM for both SMCC-7721 and MHCC97H).
The concentration of regorafenib was slowly increased by 0.5µM
per week. Dead cells were washed, and viable cells were cultured
in fresh medium containing stepwise increasing concentrations
of regorafenib. In parallel, control wild-type cells were treated
with the corresponding vehicle. After 6 months, the IC50 to
regorafenib was determined to confirm the establishment of
regorafenib-resistant HCC cells. Regorafenib-resistant HCC cells
were continuously maintained by culturing them in the presence
of 4 µM regorafenib.

siRNA Transfection
SphK2 and SphK1 expression was downregulated by transfection
with sequence-specific siRNAs. siRNA against human SphK2
(targeted sequence: GGGUAGUGCCUGAUCAAUGTT, 5′ to
3′), human SphK1 (targeted sequence: GGGCAAGGCCUUGCA
GCUCTT, 5′ to 3′), and scrambled control siRNA (GenePharma,
Shanghai, China) were used. The siRNAs were diluted in 150
µL of OptiProTM SFM. LipofectamineTM 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) was mixed gently before use, and
the appropriate amount was subsequently diluted in 150 µL of
OptiProTM SFM. The solution was incubated for 5min at room
temperature. Following 5min of incubation, the diluted DNA
was combined with diluted LipofectamineTM 2000 (total volume
= 300 µL). The solution was mixed gently for 20min at room
temperature. The complexes (300 µL) were added to a six-well
dish containing cells and medium. The cells were incubated at
37◦C in a CO2 incubator for 18 to 48 h prior to further assays.

Lentiviral Transfection
Lentiviral transfection was used to obtain HCC cells with stable
ectopic SphK2 overexpression. Lentivirus expressing SphK2 and
corresponding negative control virus, both with puromycin
resistant gene, were purchased from Shanghai GeneChem
Company Ltd. (Shanghai, China). Hepatocellular carcinoma cells
were plated in 6-well plates at a density of 2 × 105 cells per well
andwere subsequently transfected with lentivirus at amultiplicity
of infection of 10. Following 48 h of incubation, the antibiotic-
resistant transfected cells were selected and enriched by applying
culture medium containing puromycin.

CCK-8 Assay
For CCK-8 assay, the powder of regorafenib, ABC294640,
and S1P were dissolved in dimethyl sulfoxide (DMSO) to
make stock solutions containing 50, 100, and 10mM indicated
chemicals, respectively. The final concentration of DMSO in
the treatment medium was <0.1%. Hepatocellular carcinoma
cells in DMEM containing 10% FBS were seeded into 96-
well plates at a concentration of 1 × 104 cells per well and
incubated for 24 h. The culture medium was replaced with
fresh medium containing vehicle or testing reagents at indicated
concentrations. After treating cells with different reagents or
vehicle for 48 h, CCK-8 solution (10 µL/well) was added to the
96-well plates and incubated for 1 h to detect the viability of

HCC cells. The absorbance values at 450 nm were measured
in a microplate reader (Bio-Rad, Hercules, CA, USA), and cell
viability was determined. Relative viability was normalized to
the vehicle-treated control cells after background subtraction
and was expressed as ODtest/ODcontrol × 100%. The IC50 value
was defined as the drug concentration that inhibits 50% cell
viability compared with vehicle-treated controls and calculated
by GraphPad Prism 6.0 software (GraphPad Software, La Jolla,
CA, USA). Each treatment was performed in triplicate wells, and
three independent repeats of experiments were performed.

Colony Assay
Hepatocellular carcinoma cells were plated in 6-well plates at
a density of 1 × 103 cells per well in DMEM containing 10%
FBS and allowed to adhere overnight. The culture media was
replaced with fresh media containing vehicle or testing reagents
every 3 days. The concentration of regorafenib, ABC294640 and
S1P for colony assay was 5, 10, and 1µM, respectively. After
incubation (14 days for SMCC-7721 and 7721-R, 10 days for
MHCC-97H and 97H-R), the cells were washed and fixed with
4% paraformaldehyde (20min). The plates were incubated with
0.4% crystal violet solution (30min) and washed with phosphate-
buffered saline (PBS) and dried. The total number of colonies
(≥30 cells) (32) in each well was counted manually. Three
independent repeats of experiments were performed.

Cell Cycle Assay
The cell cycle distribution of different cells was determined
by flow cytometry. The cells (approximately 1 × 106 cells per
well) were harvested following different treatments and fixed
overnight in 70% ethanol at 4◦C. Following fixation, the cells
were centrifuged at 1,000 × g for 5min to remove the ethanol,
washed, and stained with propidium iodide (PI) (10µg/mL)
and RNase A (100µg/mL) at room temperature for 30min.
Propidium iodide detection was achieved with a BD FACSCalibur
flow cytometer (Becton–Dickinson, San Jose, CA, USA). The
distribution of the cells in the different phases of the cell cycle
was analyzed and calculated using the FlowJo software (Tree star,
San Carlos, CA, USA). The blue, green, and red parts in the
figure of cell cycle distribution represent cells in G1 phase, S
phase, and G2/M phase, respectively. Three independent repeats
of experiments were performed.

Annexin V–Fluorescein Isothiocyanate/PI
Double-Staining Assay
Cells (approximately 1 × 106 cells per well) were collected
and centrifuged at 1,000 × g for 5min at room temperature,
resuspended in ice-cold PBS, centrifuged at 1,000 × g for
5min, and washed. The cells were resuspended by adding 500
µL of 1× binding buffer. Subsequently, 5 µL annexin V–
fluorescein isothiocyanate (FITC) staining solution and 5 µL
PI staining solution were added to the suspension, mixed well,
and incubated for 30min at room temperature. Fluorescence
intensity was measured using a BD FACSCalibur cytometer
(Becton–Dickinson), and the apoptotic rates of cells were
analyzed using the FlowJo software (Tree Star). The cells in Q1
(left upper quadrant), Q2 (right upper quadrant), Q3 (right lower
quadrant), and Q4 (left lower quadrant) represent dead cells, late
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apoptotic cells, early apoptotic cells, and living cells, respectively.
Three independent repeats of experiments were performed.

Protein Isolation and Western Blot Analysis
The cells were lysed with 150µL lysis buffer (Beyotime, Shanghai,
China) containing 1% protease inhibitors (Thermo Fisher
Scientific) on ice for 5min following washing twice with ice-cold
PBS. The cells were harvested and centrifuged at 12,000 × g for
5min at 4◦C. The protein concentrations were determined using
a BCA Kit (Beyotime). Equal amounts of protein (20 µg/lane)
dissolved in 20 µL loading buffer (Beyotime) were separated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(Beyotime), transferred to polyvinylidene difluoride (Roche
Applied Science,Mannheim, Germany)membranes, and blocked
with 5% non-fat dry milk for 1 h at room temperature.
Immunoblotting was carried out by incubation overnight at 4◦C
with the indicated primary antibodies. Catalog numbers and
suppliers of antibodies used are listed in Supplementary Table 3.
The dilution of primary antibodies against SphK1 and SphK2 was
1:500. Other primary antibodies were diluted at 1:1,000. After
the incubation with primary antibodies, membranes were washed
and incubated with HRP-linked secondary antibodies (1:5,000
dilution) at room temperature for 1 h. The signals were developed
with an enhanced chemiluminescence reagent (Biosharp, Beijing,
China) under a chemiluminescence camera (Tanon, Beijing,
China). The density of each band was measured using ImageJ
software (National Institutes of Health, Maryland, MD, USA)
and was normalized to internal loading control (GAPDH) from
the same sample. Three independent repeats of experiments
were performed.

Tumor Xenograft Model
Six-week-old male BALB/c nude mice, weighing ∼20 g, were
purchased from the Model Animal Research Center of Nanjing
University. Mice were housed in sterile cages in laminar airflow
hoods in a specific pathogen-free environment at 22 to 25◦C,
relative humidity 40◦C to 60% with a 12:12-h day–night light
cycle. The mice had free access to autoclaved water and
commercial mice food (Xietong Biological, Nanjing, China). The
protocol of this study was approved by the Institutional Ethics
Committee of the Affiliated Drum Tower Hospital of Nanjing
University Medical School. Regorafenib-resistant MHCC-97H
(97H-R) cells (1 × 107 cells in 100 µL PBS) were injected
subcutaneously to nude mice. When the long diameter of tumors
reached 5mm, mice were randomly assigned to four groups (n
= 6 per group) and were orally treated with vehicle, regorafenib,
ABC294640, or both regorafenib and ABC294640, respectively.
Regorafenib and ABC294640 were suspended in an oral vehicle
containing 2% DMSO + 30% PEG300 (Selleck, Mattapoisett,
MA, USA) + 5% Tween 80 (Selleck) + ddH2O. Mimicking the
clinically recommended administration schedule of regorafenib
in human, 20 mg/kg regorafenib was given orally once daily for
the first 21 days. ABC294640 was given 40 mg/kg orally, three
times a week for 4 weeks according to a previously published
study (43). Tumors were measured with a digital caliper three
times a week, and the volume was calculated by the formula:
length × width2 × 0.5. The body weight of animals was also
measured three times a week. All mice were sacrificed by cervical

dislocation under general anesthesia with isoflurane (RWD Life
Science, Shenzhen, China) after 4 weeks of treatment, and the
tumors were harvested.

Statistical Analysis
The data were analyzed using SPSS 19.0 statistical software
(IBM, Chicago, IL, USA) and expressed as the mean ± SD
of a representative independent experiment. The comparisons
between two groups were performed with Student t-test, whereas
the comparisons among multiple groups were performed with
one-way analysis of variance followed by the Student–Newman–
Keuls post-hoc test. P < 0.05 was considered to indicate a
statistically significant difference.
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Combination therapies that display cancer-killing activities through either coexistent

targeting of several cellular factors or more efficient suppression of a specific pathway

are generally used in cancer treatment. Sildenafil, a specific phosphodiesterase

type 5 (PDE5) inhibitor, has been suggested to display both cardioprotective and

neuroprotective activities that provide a rationale for the combination with vincristine on

the treatment against castration-resistant prostate cancer (CRPC). In the present work,

vincristine arrested cells in the metaphase stage of mitosis. Vincristine-induced mitotic

arrest was identified by Cdk1 activation (i.e., increased Cdk1Thr161 phosphorylation

and decreased Cdk1Tyr15 phosphorylation), cyclin B1 upregulation, and increased

phosphorylation of multiple mitotic proteins and stathmin. Sildenafil synergistically

potentiated vincristine-induced mitotic arrest and a dramatic increase of mitotic index.

Furthermore, sildenafil potentiated vincristine-induced mitochondrial damage, including

Mcl-1 downregulation, Bcl-2 phosphorylation and downregulation, Bak upregulation

and loss of mitochondrial membrane potential, and sensitized caspase-dependent

apoptotic cell death. Sildenafil-mediated synergistic effects were mimicked by other

PDE5 inhibitors including vardenafil and tadalafil, and also by PDE5A knockdown in cells,

suggesting PDE5-involved mechanism. Notably, sildenafil amplified vincristine-induced

phosphorylation and cleavage of BUBR1, a protein kinase in spindle assembly

checkpoint (SAC) function and chromosome segregation. Sildenafil also significantly

decreased kinetochore tension during SAC activation. Moreover, sildenafil synergized

with vincristine on suppressing tumor growth in an in vivo model. In conclusion, the data

suggest that sildenafil, in a PDE5-dependent manner, potentiates vincristine-induced

mitotic arrest signaling, and sensitizes mitochondria damage–involved apoptosis in

CRPC. Both in vitro and in vivo data suggest the combination potential of PDE5 inhibitors

and vincristine on CRPC treatment.

Keywords: sildenafil, vincristine, castration-resistant prostate cancer, spindle assembly checkpoint, kinetochore
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INTRODUCTION

Prostate cancer is the secondmost commonly occurring cancer in
men worldwide. Prostate cancer that keeps growing regardless of
androgen-deprivation therapy in the situation of very low serum
testosterone levels is considered castration-resistant prostate
cancer (CRPC). New therapies have emerged for treating CRPC
because of better understanding of the molecular signaling
pathways underlying the progression and development of CRPC
(1, 2). However, even though numerous treatment options have
been provided, the patients only have limited survival benefit
(3, 4). Recently, several therapeutic agents have been introduced
to treat CRPC to improve overall survival; the clinicians still face
the critical challenge in choice of the best treatment sequencing
(2). In fact, the therapy is still in evolution and new clinical
insights need to be proposed. Vinca alkaloids (e.g., vincristine,
vinblastine, vinorelbine, and vindesine) are a family of anti-
mitotic and anti-microtubule agents widely used in cancer
chemotherapy. The combination of Vinca alkaloids with several
anticancer drugs in CRPC treatment has been demonstrated to
display favorable activity and a low toxicity profile in several
clinical studies (5–7). These combination therapies fulfill the
purpose of mechanism-based killing cancer and reduction of
toxic effect through decreased doses of individual drugs and
suggest that Vinca alkaloids are options in combination with
other therapeutic drugs in CRPC treatment.

Sildenafil, which acts by inhibiting phosphodiesterase type
5 (PDE5), is a medication for the treatment of erectile
dysfunction and pulmonary arterial hypertension (8, 9). Recent
evidence has demonstrated the cardioprotective activity of
sildenafil against myocardial injury by ischemia/reperfusion,
heart failure, cardiac hypertrophy, and diabetic cardiomyopathy
(10, 11). Furthermore, a variety of studies have revealed the
neuroprotective role of sildenafil and have suggested that
sildenafil could be repurposed as a potential therapeutic drug for
the treatment of several neuronal disorders (12, 13). Moreover,
the anti-inflammatory effects of sildenafil have been proposed
to show therapeutic benefit in cardiac and inflammatory
complications (10). Notably, sildenafil has been reported to
induce apoptotic sensitization of several types of cancer to
chemotherapeutic drugs, including prostate cancer, breast cancer,
and small cell and non-small cell lung cancers (10, 14–16).
It has been suggested that co-treatment of sildenafil and
vincristine increases apoptotic sensitization of halaven-resistant
KBV20C cancer cells (17). Combination of sildenafil with
standard chemotherapy agents (vincristine/etoposide/cisplatin)
significantly enhances anticancer effect against medulloblastoma
(18). These studies suggest the feasibility and therapeutic
anticancer potential between the combination of sildenafil with
vincristine. There is an ongoing interest by both basic and
clinical oncologic investigators in discovering their clinical
uses. In the present work, the anticancer sensitization of
sildenafil on vincristine-treated CRPC has been studied. To
the best of our knowledge, this is the first study dealing with
the underlying mechanism related to perturbation of spindle
checkpoint protein and microtubule–kinetochore interactions in
sildenafil-sensitized anticancer effect.

MATERIALS AND METHODS

Materials
Human prostate adenocarcinoma cell lines, PC-3 and DU-
145, were obtained from American Type Culture Collection
(Rockville, MD, USA). RPMI 1640 medium, fetal bovine
serum (FBS), penicillin, and streptomycin were purchased from
GIBCO/BRL Life Technologies (Grand Island, NY). Antibodies
of PARP-1, Bcl-2, Bcl-xL, Bak, Mcl-1, α-tubulin, cyclin A,
cyclin B, cyclin-dependent kinase (Cdk) 1, and GAPDH were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Antibodies of cleaved caspase-9, caspase-8, β-tubulin (Alexa
Fluor 594 Conjugate), p-Cdk1Thr161, and p-Cdk1Tyr15 were from
Cell Signaling Technologies (Boston, MA). Stathmin-1, BUBR1,
and CENP-A were from Abcam (Cambridge, UK). MPM2 was
from Millipore (Bedford, MA, USA). Caspase-3 was purchased
from Imgenex (San Diego, CA). Antibody of PDE5 was from
OriGene Technologies (Rockville, MD, USA). PDE5 small
interfering RNA (siRNA) was from GE Healthcare Dharmacon
(Chicago, USA). JC-1 and DAPI were from Molecular Probes
(Eugene, OR, USA). Anti-mouse and anti-rabbit IgGs were
from Jackson ImmunoResearch Laboratories (West Grove, PA,
USA). Leupeptin, phosphatase inhibitors (NaF and Na3VO4),
dithiothreitol, phenylmethylsulfonylfluoride (PMSF), propidium
iodide (PI), and all other chemical compounds were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Cell Culture
PC-3 and DU145 cells were cultured in RPMI 1640 medium
supplemented with 5% FBS (v/v), penicillin (100 U/ml), and
streptomycin (100µg/ml). Cultures were maintained in a 37◦C
incubator with 5% CO2. Adherent cultures were passaged using
0.05% trypsin–EDTA after reaching 80% confluence.

Flow Cytometric Assay With PI Staining
Cells were harvested by trypsinization, fixed with 70% (v/v)
alcohol at 4◦C for 30min and washed with phosphate-buffered
saline (PBS). After centrifugation, cells were centrifuged and
re-suspended with 0.3ml PI solution containing Triton X-100
(0.1% v/v), RNase (100µg/ml), and PI (80µg/ml). DNA content
was analyzed with the FACScan and CellQuest software (Becton
Dickinson, Mountain View, CA).

DNA Fragmentation Assay
DNA fragmentation was determined using commercial Cell
Death Detection ELISAPLUS kit (Roche, Mannheim, Germany)
which was based on the examination of cytoplasmic histone-
associated DNA fragments (mono- and oligo-nucleosomes) in
cells after the induction of cell apoptosis. After the indicated
treatment, the cells were lysed and centrifuged, and the
supernatant was used for the detection of nucleosomal DNA
fragments according to the manufacturer’s protocol.

Cell-Cycle Synchronization
Synchronization of the cells was performed by double thymidine
block. Briefly, the cells were treated with 2mM thymidine in
medium/10% FBS for 12 h. After washing cells with PBS, the
block was released by the incubation of cells in the medium
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without thymidine and then followed by another 12-h thymidine
block. The cells were harvested at the indicated times. The cell-
cycle progression was detected by flow cytometric analysis and
analyzed with CellQuest software (Becton Dickinson).

Western Blotting
After the treatment, cells were harvested with trypsinization,
centrifuged, and lysed in 50 µl of lysis buffer containing 10mM
Tris–HCl (pH 7.4), 150mM NaCl, 1mM EGTA, 1% Triton
X-100, 1mM PMSF, 10µg/ml leupeptin, 1mM dithiothreitol,
1mM NaF, and 1mM sodium orthovanadate. Total protein
was quantified, mixed with sample buffer, and boiled at 90◦C
for 5min. An equal amount of protein (30 µg) was separated
by electrophoresis in 8 or 12% SDS-PAGE, transferred to
PVDF membranes. After 1-h incubation at room temperature
in PBS/0.1% Tween 20/5% non-fat milk, the membrane was
washed with PBS/0.1% Tween 20 for 1 h and immuno-reacted
with the indicated antibody for 1 h at room temperature. After
three washings with PBS/0.1% Tween 20, the anti-mouse or anti-
rabbit IgG (dilute 1:8000) was applied to themembranes for 1 h at
room temperature. The membranes were washed with PBS/0.1%
Tween 20 for 1 h and the detection of signal was performed
with an enhanced chemiluminescence detection kit (Amersham,
Buckinghamshire, UK).

Measurement of Mitochondrial Membrane
Potential (19m)
JC-1, a mitochondrial dye staining mitochondria in living cells in
a membrane potential–dependent fashion, was used to determine
19m. Cells were treated with or without the compound. Thirty
minutes before termination of incubation, cells were incubated
with JC-1 (5µM) at 37◦C for 10min. Accumulation of JC-1 was
determined using flow cytometry analysis (Becton Dickinson,
Mountain View, CA).

siRNA Transfection
Cells were seeded into a six-well-plate with 30% confluence
and grown for 24 h to 50% confluence. Each well was
washed twice with PBS and 1ml of serum-free Opti-MEM
(Life Technologies, Ground Island, NY) was added. Aliquots
containing control or PDE5 siRNA (a pooled siRNA sequence
other than a single sequence) in serum-free Opti-MEM were
transfected into cells using Lipofectamine 2000 according to the
manufacturer’s instructions. After transfection for 6 h, cells were
washed twice with PBS and incubated in 10% FBS-containing
RPMI-1640 medium for 48 h, and the subsequent experiments
were performed.

Confocal Immunofluorescence
Microscopic Examination
For β-tubulin and CENP-A staining, cells were fixed with 100%
methanol (−20◦C) for 5min and incubated in 1% bovine serum
albumin (BSA)/PBS containing 0.1% Triton X-100 at 37◦C for
30min. Cells were washed and stained with β-tubulin antibody at
37◦C for 1 h or stained with CENP-A antibody at 4◦C overnight.
Cells were next incubated with FITC-conjugated secondary
antibody at room temperature for 1 h. For BUBR1 staining,

cells were fixed with 4% paraformaldehyde in PBS for 20min,
permeabilized with 0.1% Triton X-100 for 10min, and blocked
with 5% BSA/PBS for 1 h. Cells were washed and stained with
BUBR1 antibody at 4◦C and then FITC-conjugated secondary
antibody at room temperature for 1 h. Nuclear identification was
performed by DAPI staining. The air-dried coverslips were next
mounted onto glass slides using ProLongR Diamond Antifade
Mountant (Thermo Fisher Scientific, Waltham, MA, USA). The
cells were analyzed by a confocal microscope Zeiss LSM88 (Carl
Zeiss, Jena, Germany). As for themeasurement of amitotic index,
the number of cells in mitosis (prophase, metaphase, anaphase,
and telophase) was divided by the total number of cells. As for the
measurement of sister kinetochore distance, distances between
paired kinetochores (n = 50) were measured at individual z
planes using the ZEN 2012 (black edition) software (19).

In vivo Anti-tumor Study
PC-3-derived cancer xenografts in nude mice were used as an in
vivo model. The nude mice were subcutaneously injected with
PC-3 cells (107 cells/mouse). When the tumor volume reached
400–600 mm3, the mice were divided into four groups (n = 7–
9) and compound treatment was initiated. The animals received
intraperitoneal injections of 5% DMSO (for control), vincristine
alone (0.5 mg/kg, once weekly), sildenafil alone (10 mg/kg, 5 on
2 off), or vincristine plus sildenafil. The tumor length (l) and
width (w) were measured to obtain tumor volume as lw2/2. The
protocols of the in vivo study were approved by the Animal
Care and Use Committee at National Taiwan University. All
animal procedures and protocols were approved by an AAALAC-
accredited facility.

Data Analysis
Data are presented as mean ± SEM. Statistical analysis was
performed and two-group comparisons were done with Student’s
t-test. P < 0.05 was considered statistically significant.

RESULTS

Sildenafil Sensitizes Vincristine-Induced
Cell Death and an Increase of Mitotic Index
Vincristine is a natural alkaloid working predominantly by
binding to tubulin proteins, preventing their polymerization
and microtubule formation, leading to failure of chromosome
separation during the metaphase and eventually causing cell
apoptosis. The cell morphology analysis via microscopic
examination in Figure 1A shows that vincristine induced
morphological change and cell shrinkage, a hallmark of
apoptotic mode of programmed cell death, of PC-3 cells.
Sildenafil profoundly exacerbated vincristine-induced effect. The
data were substantiated using flow cytometric quantitation of
DNA content showing that sildenafil synergistically increased
vincristine-induced apoptotic sub-G1 cell population in PC-3
cells (Figure 1B). Sildenafil-induced apoptotic potentiation was
substantiated by the detection of nucleosomal DNA fragments.
The synergism between vincristine and sildenafil was assessed
through constructing isobolograms and calculating combination
index (CI) values using Chou–Talalay method (20). The
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FIGURE 1 | Effect of vincristine and sildenafil on cell morphology, apoptosis, and mitotic index in PC-3 cells. The cells were incubated in the absence or presence of

the indicated agent for 24 h (A,C–E) or 48 h (B). The cell morphology was observed under microscopic examination (A), or the cells were harvested for propidium

iodide staining to analyze the distribution of cell populations at sub-G1 (apoptosis) phase using FACScan flow cytometric analysis (B), or the cell apoptosis was

examined through measuring the level of nucleosomal DNA fragments (C). The confocal immunofluorescence examination was performed to detect microtubule

(green) and chromosome (blue) using β-tubulin antibody and DAPI (D), and the quantitative mitotic index was obtained accordingly (E). Data are expressed as mean ±

SEM of three to nine independent determinations. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vincristine alone.
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resulting CI values were <1.0 confirming the synergistic effects.
Similar data of synergistic apoptotic effect also were obtained
in DU-145 cells (Supplementary Figure 1). Furthermore, the
mitotic abnormalities, key characteristics of anti-mitotic agents,
were detected using double staining of mitotic spindle and
chromosome. The images depicted in Figure 1C show that
vincristine induced mitotic arrest with abnormal features of
mitosis. The effect was dramatically exacerbated in the presence
of sildenafil. To further substantiate the effect on mitotic
arrest, the cells were synchronized using double thymidine
block to arrest cell at G1/S boundary. After the release
from double thymidine block, cell-cycle progression, and cell
population at distinct phase were detected at different time points
(Supplementary Figure 2). The data showed that in the presence
of vincristine at 17, 21, and 24-h treatment, about 23–31% of the
cell population was capable of entering G1 phase. In contrast,
the population was significantly reduced in the combinatory
treatment of vincristine and sildenafil; furthermore, sildenafil
significantly increased vincristine-induced G2/M population
(Supplementary Figure 2).

The levels of mitotic arrest in cells responsive to microtubule-
targeting agents are proportional to those of subsequent cell
death. Accordingly, the mitotic index was measured showing

that sildenafil significantly increased vincristine-induced mitotic

arrest (Figure 1D) and mitotic index (Figure 1E). The mitotic
index was defined in detail in characteristics of several mitotic

phases, including prophase, metaphase, anaphase, and telophase.
The data in Table 1 demonstrated that vincristine caused

predominantly an increase of cell population in metaphase,

such as unaligned chromosome, tripolar spindle, multiple
spindle poles, and asymmetrical bipolar spindle. The presence

of sildenafil dramatically increased the probability of cells at

metaphase, in particular tripolar spindle and multiple spindle
poles, in cells (Table 1). Besides, it has been evident that cells

can survive metaphase arrest at a sublethal concentration of
vincristine possibly through completing cytokinesis normally
(21). Our data showed that sildenafil decreased, although not

significantly, the level of cytokinesis in cells responsive to
vincristine (Table 1).

Sildenafil Exacerbates Vincristine-Induced
Mitotic Arrest Signaling and Mitochondrial
Damage Response
It has been widely recognized that exposure of cells to
anti-tubulin agents always leads to prolonged activation
of spindle assembly checkpoint (SAC), resulting in
mitotic arrest and eventually cell apoptosis (22, 23). Cdk1
activation needs a multiple process including Cdk1/cyclin B1
complex formation and nuclear relocation, and is based on
phosphorylation/dephosphorylation. Dephosphorylation of
both Thr14 and Tyr15 is necessary for kinase activity. On
the contrary, Thr161 must be phosphorylated for activity
(24, 25). As expected, vincristine induced the upregulation
of cyclin B1 protein expression associated with a decrease of
cyclin A protein levels, and caused an increase of Cdk1Thr161

phosphorylation and a decrease of Cdk1Tyr15 phosphorylation
suggesting the induction of mitotic arrest (Figure 2A). Increased
phosphorylation of multiple mitotic proteins (MPM-2) and
stathmin, which regulate the dynamics of microtubule
polymerization and depolymerization, further validate the
mitotic arrest to vincristine action. Notably, vincristine-
mediated signaling in mitotic arrest was significantly amplified
in the presence of sildenafil (Figure 2A).

Several lines of evidence suggest a link between the network
of SAC and mitochondrial functions that may regulate cellular
signaling to cell death (26). Accordingly, JC-1 mitochondrial
membrane potential assay was performed and the data
demonstrated that vincristine induced a loss of mitochondrial
membrane potential that was significantly exacerbated in the
presence of sildenafil, suggesting further mitochondrial damage
to sildenafil action (Figure 2B). Mitochondrial outer membrane
potential permeabilization, which is controlled by Bcl-2 family
members, is a key event in apoptotic insult because it induces
the release of proapoptotic proteins to the cytosol. Vincristine

TABLE 1 | Effect of vincristine alone and combined with sildenafil on several mitotic phases in PC-3 cells.

Cell phase Feature Control Vincristine Sildenafil Vincristine + Sildenafil

Prophase Normal 0.79 ± 0.06 1.23 ± 0.42 1.08 ± 0.23 1.05 ± 0.16

Monopolar 0 1.02 ± 0.83 0 0.26 ± 0.26

Metaphase Normal 1.47 ± 0.73 0.58 ± 0.085 1.05 ± 0.53 0.34 ± 0.20

Unaligned chromosome 0 2.44 ± 0.21 0.23 ± 0.19 1.30 ± 0.39

Tripolar 0 2.00 ± 1.28 0 7.98 ± 0.45a

Multiple spindle poles 0 4.30 ± 0.72 0 18.40 ± 1.02b

Asymmetrical bipolar spindle 0 0.50 ± 0.32 0 0.11 ± 0.11

Anaphase Normal 0.25 ± 0.25 0.18 ± 0.18 0 0.11 ± 0.11

Lagging chromosomes 0 0.22 ± 0.22 0 0.24 ± 0.12

Telophase Normal 0.48 ± 0.48 0.23 ± 0.23 3.23 ± 0.99 0.11 ± 0.11

Cytokinesis 2.02 ± 0.86 0.45 ± 0.45 5.58 ± 1.27 0.13 ± 0.13

aP < 0.05 compared with vincristine alone.
bP < 0.001 compared with vincristine alone.

Frontiers in Oncology | www.frontiersin.org 5 August 2020 | Volume 10 | Article 1274103

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


Hsu et al. Sildenafil Sensitizes Vincristine-Mediated Apoptosis

FIGURE 2 | Effect of vincristine and sildenafil on cell-cycle regulators and mitochondria-involved signaling pathway. PC-3 cells were treated in the absence or presence

of vincristine (10 nM) and sildenafil (10µM) for 24 h (A,C,D) or 48 h (B). After the treatment, the cells were harvested and lysed for the detection of protein expressions

of cell-cycle regulators (A,C,D) by Western blot analysis or the cells were harvested for JC-1 staining to detect mitochondrial membrane potential using FACScan flow

cytometric analysis (B). Data are expressed as mean ± SEM of three to six determinations. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vincristine alone.
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induced downregulation of Mcl-1 and Bcl-2 (two anti-apoptotic
Bcl-2 family members) and upregulation of Bak (a pro-apoptotic
member) that explained the mitochondrial damage (Figure 2C).
Moreover, Bcl-2 phosphorylation was evoked (Figure 2C) that
further verifies the mitotic arrest because it has been evident
that Cdk1/cyclin B1-mediated Bcl-2 phosphorylation serves as
a functional link coupling mitotic arrest and cell death (27).
Of note, sildenafil profoundly aggravated vincristine-mediated
effects, in particular the Bcl-2 phosphorylation (Figure 2C).
The data together with the amplification of caspase activation
including caspase-8, -9, and -3, and increased cleavage of PARP-
1 (a caspase-3 substrate) (Figure 2D) confirmed the synergistic
effect on mitotic arrest and apoptotic cell death.

Other PDE5 Inhibitors Mimic Sildenafil on
Potentiating Vincristine-Induced Effects
The effect of other PDE5 inhibitors including vardenafil and
tadalafil on vincristine-induced cell apoptosis and related
signaling pathway was examined. Both vardenafil and tadalafil
sensitized apoptotic cell death to vincristine action in PC-3 cells
(Figure 3A) and DU-145 cells (Supplementary Figure 3); the
activation of caspase cascade also was potentiated (Figure 3B).
Both vardenafil and tadalafil synergistically exaggerated
vincristine-induced signaling pathways on mitotic arrest effects,
including downregulation of cyclin A whereas upregulation
of cyclin B1 protein expression, increased mitotic-specific
MPM-2 phosphorylation, increased Cdk1 activity (i.e., decreased
Cdk1Tyr15 phosphorylation associated with increased Cdk1Thr161

phosphorylation), and increased phosphorylation of Bcl-2 and
Bcl-xL (Figure 3C).

Vincristine-Induced Effects Are Amplified
in Cells With PDE5A Gene Knockdown by
siRNA
Because the PDE5 inhibitors used in this study (i.e., sildenafil,
vardenafil, and tadalafil) displayed similar sensitization activity
to vincristine action, the PDE5A gene knockdown by siRNA
in PC-3 cells was performed to realize its functional role.
The data showed an efficient knockdown of PDE5A gene
and, therefore, a dramatic reduction of PDE5A protein
expression was observed (Figure 4A). The inhibition of PDE5A
protein expression significantly amplified several cellular signals
stimulated by vincristine, including caspase-3 activation, PARP-
1 cleavage, downregulation of cyclin A protein expression,
decreased phosphorylation of Cdk1Tyr15, and increased Bcl-
2 phosphorylation. The upregulation of cyclin B1 and an
increase of mitotic-specific MPM-2 phosphorylation, although
not significantly, also were observed in PDE5A knockdown cells
(Figure 4A). Vincristine-induced mitotic arrest of the cell cycle
was markedly increased in PDE5A knockdown cells although
sub-G1 population was not augmented (Figure 4B). Altogether,
the data indicated that knockdown of PDE5A played a crucial role
on sensitizing vincristine-induced mitotic arrest and subsequent
signaling pathway. However, it was noteworthy that none of the
conditions, including vincristine alone, sildenafil alone, or their
combination, significantly induced an increase of intracellular

cGMP levels in PC-3 cells. In contrast, the positive control (the
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine plus
the nitric oxide donor sodium nitroprusside) produced a 23-
fold increase of intracellular cGMP (data not shown). The data
questioned the functional role of cGMP.

Sildenafil Potentiates Vincristine-Induced
Phosphorylation and Cleavage of BUBR1
and Loss of Tension Across the Sister
Kinetochores
BUBR1, a multidomain protein kinase involving in SAC function
and chromosome segregation (26), localizes to kinetochore
and plays a crucial role in inhibiting anaphase-promoting
complex/cyclosome (APC/C), delaying the anaphase onset in
guaranteeing accurate chromosome segregation. BUBR1 is
expressed with a high mitotic index and its phosphorylation
is regulated during mitotic checkpoint activation (28). The
images in Figure 5A show that vincristine and in combination
with sildenafil induced profound BUBR1 expression. Besides,
the phosphorylation of BUBR1 was induced by vincristine
and was markedly amplified in the presence of sildenafil. The
cleavage of BUBR1 was significantly evoked as well (Figure 5B).
Furthermore, BUBR1 phosphorylation was validated by
the absence of phosphatase inhibitors or the presence of
phosphatase. Both conditions almost completely abolished the
phosphorylation of BUBR1 (Figure 5B).

The kinetochore provides signaling function to modify the
properties of spindle checkpoint and evokes signal transduction
leading to the blockade of anaphase-promoting complex
and cell-cycle arrest (29). The images in Figure 5C show
that all attached kinetochores on the chromosomes were
properly aligned at metaphase plate in control cells, whereas
vincristine alone and vincristine combined with sildenafil
causedmisalignment of chromosomes and attached kinetochores
(Figure 5C). Because the tension generated between paired
kinetochores was suggested to be proportional to their distance,
the distance between sister kinetochore pairs was examined
accordingly. The data demonstrated 1.039± 0.018µm in control
group. In contrast, the distance was decreased to 0.784 ±

0.023µm in vincristine alone group. Vincristine combined with
sildenafil further significantly reduced the distance to 0.720
± 0.018µm (Figure 5D). The data indicated that sildenafil
exacerbated vincristine-induced perturbation of microtubule–
kinetochore interactions.

Sildenafil Dramatically Potentiates
Vincristine in Suppressing Tumor Growth in
Mouse Xenograft Models
The tumor xenografts in nude mice after subcutaneous PC-3
inoculation were performed. The mice were administered with
vehicle, vincristine, sildenafil, or vincristine plus sildenafil when
the tumor size reached to an average of about 500 mm3 (control
group, 403 ± 51; vincristine group, 542 ± 55; sildenafil group,
561 ± 57; combination group, 600 ± 39). Vincristine alone
and combined with sildenafil inhibited tumor growth with T/C
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FIGURE 3 | Effect of vardenafil and tadalafil on vincristine-induced sub-G1 population and protein expression. PC-3 cells were incubated in the absence or presence

of the indicated agent for 48 h (A) or 24 h (B,C). The cells were harvested for propidium iodide staining to analyze the distribution of cell populations at sub-G1

(apoptosis) phase using FACScan flow cytometric analysis (A), or the cells were harvested and lysed for the detection of protein expression by Western blot analysis

(B,C). Data are expressed as mean ± SEM of three independent determinations. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vincristine alone.

Frontiers in Oncology | www.frontiersin.org 8 August 2020 | Volume 10 | Article 1274106

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


Hsu et al. Sildenafil Sensitizes Vincristine-Mediated Apoptosis

FIGURE 4 | Effect of PDE5 knockdown on vincristine-induced cell-cycle

distribution and protein expression. PC-3 cells were transfected with control or

PDE5 siRNA as described in the Materials and methods section. After the

transfection, the cells were incubated in the absence or presence of vincristine

(10 nM) for 24 h and then the cells were harvested and lysed for the detection

of protein expression by Western blot analysis (A) or the cells were harvested

for propidium iodide staining to analyze the distribution of cell populations at

various phases using FACScan flow cytometric analysis (B). Data are

expressed as mean ± SEM of four independent determinations. *P < 0.05,

**P < 0.01, ***P < 0.001 compared with vincristine alone at siControl group.

(treatment/control) ratios of 0.69 and 0.25, respectively, at end-
of-treatment (Figure 6A). The average tumor weights at end-of-
treatment were 994.7 ± 116.8, 623.5 ± 132.2, 969.9 ± 92.2, and
207.6 ± 36.7mg in control group, vincristine group, sildenafil
group, and combination group, respectively. The median tumor
weights were 1101.7, 641.6, 1046.5, and 225.1mg, respectively
(Figure 6B). The data suggested that sildenafil synergized with
vincristine on suppressing tumor growth in an in vivo model.
There was a progressive loss of weight in all experimental animal

groups; however, no significant between-group difference was
detected (Figure 6C).

DISCUSSION

Microtubule-targeting agents, such as taxanes and Vinca
alkaloids, are used in treating a wide variety of cancers through
disturbing microtubule dynamics, resulting in mitotic arrest
and cell death. The data in this study showed that vincristine
induced mitotic arrest with abnormal features of mitosis. The
mitotic index was provided demonstrating that vincristine caused
predominantly an increase of abnormality in metaphase of the
cell cycle. Vincristine induced several cellular events that are
crucial during mitotic arrest, including the activation of Cdk1,
upregulation of cyclin B1, and phosphorylation of MPM-2
and stathmin. Furthermore, vincristine induced the alteration
of several Bcl-2 family members, the loss of mitochondrial
membrane potential, and activation of caspase cascades.
Altogether, the data suggested that vincristine induced the
mitotic arrest of the cell cycle and apoptotic cell death. However,
accumulating evidence shows that vincristine treatment is limited
by its side effects, in particular several forms of neuropathy.
Combination therapy is an efficient therapeutic approach to
achieve drug efficacy through lower doses that produce lower
toxicity. Sildenafil has been suggested to improve nerve function
and to ameliorate long-term peripheral neuropathy (30, 31).
Because of its beneficial role, the study aims to repurpose
sildenafil as a supportive anticancer agent when combined
with vincristine to sensitize tumor killing efficacy. The data
demonstrated that sildenafil dramatically increased the mitotic
index to vincristine action. All the cellular signals during
SAC activation and mitochondrial damage in response to
vincristine were synergistically amplified. Notably, other PDE5
inhibitors, such as vardenafil and tadalafil, mimicked sildenafil
on potentiating vincristine-induced mitotic arrest and caspase-
dependent apoptosis. The data together with PDE5A gene
knockdown study supported that the inhibition of PDE5A played
a crucial role on sensitizing vincristine-induced mitotic arrest
and subsequent apoptotic signaling pathway. However, either
sildenafil alone or vincristine plus sildenafil did not induce an
increase of intracellular cGMP levels. The data questioned the
functional role of cGMP. Because it is reported that sildenafil
sensitivity of PDE5 can be regulated by cGMP-independent
mechanisms (32), the role of PDE5 and its dependence on cGMP
needs further elucidation.

Not only mitotic cell death, vincristine has been suggested to
induce cytotoxicity by interfering with interphase microtubules,
such as G1 phase (33). It remained unclear whether G1 interphase
cytotoxicity was related to vincristine-induced neuropathy.
However, our data by double thymidine block and cell
synchronization assay revealed that sildenafil significantly
reduced G1 cell population in response to vincristine, and
increased cells in mitotic arrest and apoptotic death. The data
also provided a rationale for the consideration of combination
therapy. Nevertheless, it is noteworthy that cells may die in
mitosis or exit mitosis as mitotic slippage. Two cellular networks
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FIGURE 5 | Effect of sildenafil and vincristine on BUBR1 expression and the distance between kinetochore pairs in PC-3 cells. The cells were incubated in the

absence or presence of sildenafil (10µM) and/or vincristine (10 nM) for 24 h. The confocal immunofluorescence examination was performed to detect BUBR1 (green)

and chromosome (blue) using BUBR1 antibody and DAPI, respectively (A), or the cells were harvested and lysed for the detection of protein expression by Western

blot analysis (B). Data are expressed as mean ± SEM of three independent determinations. Furthermore, BUBR1 phosphorylation was validated by the absence of

phosphatase inhibitors or the presence of phosphatase. Both conditions significantly decreased the phosphorylation levels. (C) Confocal immunofluorescence

microscopic examination was performed to detect kinetochore (green), microtubule (red), and chromosome (blue) using CENP-A antibody, β-tubulin antibody, and

DAPI, respectively. (D) The distances between paired kinetochores (n = 100) were blindly measured at individual z planes, scored from 5 to 8 cells.
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FIGURE 6 | Effect of sildenafil and vincristine on tumor growth in an in vivo anti-tumor xenograft model. The nude mice were subcutaneously injected with PC-3 cells

(107 cells/mouse). The tumors were measured every day. When the tumors reached to a volume of 400–600 mm3, the mice were divided into four groups and the

drug administration was initiated as described in the Materials and methods section. (A) The length (l) and width (w) of the tumor were measured, and tumor volume

was calculated as lw2/2. The tumor weights (B) and the body weights (C) also were measured. Data are expressed as mean ± SEM. **P < 0.01 and ***P < 0.001

compared with vincristine alone.

are key players to dictate the cell fate either to death in mitosis
or undergoing mitotic slippage: one involving caspase activation
and the other is protecting cyclin B1 from degradation (33, 34).
Gascoigne and Taylor have reported an excellent study showing
that slowing down caspase activation leads to the delay of mitotic
cell death; during this time, cyclin B1 keeps progressively being
degraded that ultimately permits slippage. In contrast, cyclin
B1 overexpression prolongs the duration of mitotic arrest that
gives more time for accumulating death signals and ensures cell
death (34). Our data were consistent with the notion showing
that sildenafil profoundly amplified vincristine-induced cyclin
B1 upregulation, which mediated Bcl-2 phosphorylation as a
functional link to mitochondrial damage and caspase-dependent

cell death. The data validated that sildenafil delayed the mitotic
slippage during vincristine exposure and guaranteed longer
mitotic arrest and more cell death.

SAC supervises microtubule and kinetochore interactions
during the transition of metaphase to anaphase, working on
keeping genome stability through delaying cell division only
when precise chromosome segregation can be ensured. Mitotic
checkpoint complex, the main effector of SAC, is composed
of Bub3 (Budding Uninhibited by Benzimidazole 3), BubR1,
Mad2 (Mitotic arrest deficient), and CDC20 (Cell division cycle
20). The mitotic checkpoint complex inhibits APC/C activity
(an E3 ubiquitin ligase) and prevents proteolytic degradation
of securin (an inhibitor of separase) and cyclin B1 (a Cdk1
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activator), resulting in the inhibition of separase activity and
sustained Cdk1 activity (26, 35, 36). Because cohesin cleavage
by separase is required for anaphase and cytokinesis, the
mitotic checkpoint complex acts to prevent cohesin cleavage
and sister chromatid separation. SAC is induced in the
presence of unattached kinetochores and/or a lack of tension
between sister kinetochores (26, 36, 37). Our data showed
that vincristine reduced the distance between sister kinetochore
pairs, indicating the perturbation of microtubule–kinetochore
interactions and SAC activation. Notably, sildenafil markedly
exacerbated vincristine-induced effects, reinforcing the mitotic
arrest at metaphase and subsequent cell death.

BubR1 phosphorylation is critical for checkpoint inhibition
of APC/C. During SAC, BubR1 phosphorylation by several
kinases including Cdk1, polo-like kinase (Plk1), Aurora B,
and monopolar spindle 1 (Mps1) is necessary to supervise
the microtubule–kinetochore binding and to detect kinetochore
tension, suggesting the key role on kinetochore attachments
and checkpoint regulation (38). Moreover, BubR1 has been
implicated in drug resistance. Kita et al. reported that
BubR1 knockdown in Hela cells showed reduced formation
of mitotic checkpoint complex and mitotic arrest induced by
thio-dimethylarsinic acid. The mitotic index was significantly
decreased associated with almost completely abolished cyclin B1
protein expression in the BubR1 knockdown cells, leading to
an increased cell survival when exposed to thio-dimethylarsinic
acid (39). Our data were consistent with this notion showing
that sildenafil significantly amplified vincristine-mediated BubR1
phosphorylation and mitotic index, increasing cyclin B1 protein
levels and ultimately sensitizing cell apoptosis. Furthermore, Kim
et al. reported that the inhibition of caspase activity blocked
BubR1 cleavage and prolonged mitosis. They showed that the
mutation of caspase cleavage sites in BubR1 which prevented
BubR1 from the cleavage led to increased aneuploidy and also
reduced the rate of cell death when exposed to nocodazole (40).
Our data showed that the cleavage of BubR1 was apparent, in
particular in cells exposed to vincristine plus sildenafil that also
triggered massive caspase activation. The data supported the
caspase activation as a determinant of BubR1 cleavage.

It was noteworthy that our supplementary data showed
that sildenafil did not synergize both paclitaxel- and docetaxel-
mediated effect (Supplementary Figure 4). Precise chromosome
segregation is dependent on the SAC. Aurora B plays a key role
in the SAC to trigger rapid kinetochore localization of Mps1,
granting Mps1 to generate the SAC signals. Anti-mitotics work
through disturbing the spindle assembly that induces the SAC
and mitotic arrest. However, it is not clear whether there is
discrepancy in SAC signals between the stresses of microtubule
stabilizing agents and polymerization inhibitors. Gurden et al.
have reported that Mps1 inhibition can rapidly override both
a nocodazole- and paclitaxel-induced arrest, whereas Aurora
B inhibition can only override a paclitaxel-induced arrest
through the detection of mitotic index and formation of mitotic
checkpoint complex (41). Furthermore, it has been reported
that weakened spindle checkpoint with decreased BUBR1
expression is associated with acquired paclitaxel resistance in
ovarian carcinoma cells (42). Currently, our study has not yet
explained why sildenafil does not synergize both paclitaxel- and

docetaxel-mediated effect. However, there exists a discrepancy
with the SAC signaling in cells exposed to different anti-
mitotics. The sildenafil-mediated different regulation on anti-
mitotic sensitivity in this study needs further investigation.

Finally, nude mice xenograft model was used to determine
the in vivo anti-tumor efficacy. The present work showed
that the administration of vincristine combined with sildenafil
dramatically inhibited the tumor growth with a low T/C of 0.25
and about 80% inhibition of tumor growth by detecting both
average and median tumor sizes.

CONCLUSIONS

The data suggest that sildenafil, in a PDE5-dependent manner,
potentiates vincristine-induced mitotic arrest signaling, and
sensitizes mitochondria damage–involved apoptosis in CRPC.
Both in vitro and in vivo data suggest the combination potential
of PDE5 inhibitors and vincristine on CRPC treatment.
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Marika Pettersson1 and Diana Spiegelberg1,2*
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Rational: Cisplatin based cancer therapy is an affordable and effective standard therapy
for several solid cancers, including lung, ovarian and head and neck cancers. However,
the clinical use of cisplatin is routinely limited by the development of drug resistance and
subsequent therapeutic failure. Therefore, methods of circumventing cisplatin resistance
have the potential to increase therapeutic efficiency and dramatically increase overall
survival. Cisplatin resistance can be mediated by alterations to the DNA damage
response, where multiple components of the repair machinery have been described to
be client proteins of HSP90. In the present study, we have investigated whether therapy
with the novel HSP90 inhibitor onalespib can potentiate the efficacy of cisplatin and
potentially reverse cisplatin resistance in ovarian and head and neck cancer cells.

Methods: Cell viability, cancer cell proliferation and migration capacity were evaluated
in vitro on models of ovarian and head and neck cancer cells. Western blotting
was used to assess the downregulation of HSP90 client proteins and alterations in
downstream signaling proteins after exposure to cisplatin and/or onalespib. Induction
of apoptosis and DNA damage response were evaluated in both monotherapy and
combination therapy groups.

Results: Results demonstrate that onalespib enhances the efficiency of cisplatin in a
dose-dependent manner. Tumor cells treated with both drugs displayed lower viability
and a decreased migration rate compared to vehicle-control cells and cells treated with
individual compounds. An increase of DNA double strand breaks was observed in both
cisplatin and onalespib treated cells. The damage was highest and most persistent in
the combination group, delaying the DNA repair machinery. Further, the cisplatin and
onalespib co-treated cells had greater apoptotic activity compared to controls.

Conclusion: The results of this study demonstrate that the reduced therapeutic efficacy
of cisplatin due to drug-resistance could be overcome by combination treatment with
onalespib. We speculate that the increased apoptotic signaling, DNA damage as well
as the downregulation of HSP90 client proteins are important mechanisms promoting
increased sensitivity to cisplatin treatment.

Keywords: cisplatin, Hsp90 inhibition, drug resistance, synergy, combination treatment, chemo-sensitization,
AT13387, CDDP
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INTRODUCTION

Cisplatin (cis-diamminedichloridoplatinum(II), CDDP) is one of
the most commonly used antineoplastic drugs worldwide. The
platinum-based compound has been in clinical use for more
than 40 years and is a cost-effective first-in-line treatment against
several solid cancers including ovarian, head and neck and
testicular cancer (1). The main mechanism of action of cisplatin
and other platinum-based analogs involves inter-or intra-strand
crosslinks mediated by binding to reactive metal-binding sites on
the DNA, primarily the N7 atoms of guanine and adenine in the
major groove (2). These crosslinks disrupt DNA transcription
and replication and can result in the induction of cytotoxic
processes such as apoptosis. Furthermore, cisplatin is highly
electrophilic and thus interacts with numerous nucleophilic
non-DNA targets in the cytoplasm upon entering the cell.
These interactions account for additional antineoplastic effects of
the drug (2).

Though cisplatin is one of the most effective anticancer drugs,
issues of acquired or innate resistance along with the serious
adverse effects of the drug limit its curative potential (3, 4).
However, the efficacy varies among the different types of cancer,
in which ovarian and head and neck cancers present the greatest
challenge. Development of cisplatin resistance is frequent,
and linked to multiple mechanisms. One primary resistance
mechanism is the reduction of uptake and accumulation of
the compound in cancer cells (5). Although a large fraction of
cisplatin is believed to enter the cell through passive diffusion,
recent studies have indicated that copper transporters 1 and
2 (CTR1 and CTR2) are involved in the active transport
of cisplatin (6). Studies have shown that cisplatin therapy
downregulates CTR1 and CTR2, resulting in reduced uptake and
subsequently decreased intracellular accumulation of cisplatin
(7). Similarly, proteins involved in copper efflux, ATP7A and
ATP7B, regulate the efflux of cisplatin, resulting in decreased
intracellular cisplatin levels (8). Additionally, increased cisplatin-
binding to glutathione S-transferase (GSH), metallothioneins
and other cytoplasmic nucleophilic scavengers can decrease
reactive intracellular levels of cisplatin (2, 5). Altered DNA-repair
pathways further contribute to cisplatin resistance (4, 9). The
primary repair mechanism utilized by cells following cisplatin-
induced DNA damage is nucleotide excision repair (NER). NER
involves more than thirty proteins but cisplatin resistance is
most commonly associated with ERCC1, which is essential to
catalyze the DNA excision step. High levels of ERCC1 have been
associated with cisplatin resistant cancers, whereas low levels of
ERCC1 are found in cisplatin sensitive cancers (10). Additionally,
alterations in general stress response pathways including the heat
shock response can promote cisplatin resistance (2, 5).

Heat shock proteins (HSP) are highly conserved molecular
chaperones that play important roles in the formation and
maturation of proteins involved in a wide diversity of cellular
pathways, and subsequently have noticeable effects on the biology
of normal and cancer cells. Among the HSP, HSP90 is a
promising target in cancer therapy (11). HSP90 plays an essential
role in signal transduction, conformational folding and cellular
localization and stabilization of its client proteins (12, 13),

which in turn are involved in processes such as transcriptional
regulation, chromatin remodeling, cellular homeostasis, and
DNA repair. So far, more than 300 HSP90 clients have been
discovered. Among the clients are members of the epidermal
growth factor receptor family (EGFR), signal transduction
proteins (AKT and ERK) or DNA damage response proteins
such as ATM (14). Many HSP90 client proteins are cancer-
related, and elevated levels of HSP90 are often found in cancer.
As a result, the malignancy is retained with the help of HSP90
and becomes particularly dependent on its activity, leading to
an “HSP90 addiction” (15, 16). However, this dependency of
HSP90 makes the cancer more susceptible to HSP90 inhibition.
Therefore, inhibition of HSP90 offers the unique opportunity
to overcome HSP90 dependency and to shut down several
oncogenic processes simultaneously.

Several HSP90 inhibitors are currently undergoing clinical
trials as cancer therapies, both as monotherapy and in
combination with common antineoplastic therapies or radiation
therapy (17, 18). HSP90 inhibitors mainly target the N-terminal
ATPase on HSP90 and are able to displace ATP, blocking HSP90
function (11, 19). HSP90 inhibitors have been investigated as
antineoplastic drugs since 1998, and in the intervening decades
even more efficient inhibitors have been developed. Although
promising on a preclinical level, the clinical usage of the first
HSP90 inhibitors such as 17-AAG was limited due to issues with
solubility, hepatotoxicity and the potential formation of toxic
metabolites (20). Newer generations of HSP90 inhibitors such
as AUY922, KW2478, STA-9090, and ONALESPIB387 display
lower toxicities and improved function. Among them, onalespib
(AT13387) is a potent second-generation compound, currently
undergoing phase II studies in advanced solid tumors (13, 17).
Studies have demonstrated potent radiosensitizing effects of
onalespib both in vitro and in vivo, an effect likely mediated by
impairment of the DNA damage response (13, 21, 22). Here,
combination therapy of onalespib and radiotherapy resulted in
a substantial increase in DNA double breaks (DSBs) as well as
delay in DNA repair measured by the DSB markers γH2AX and
53BP1 (22). These findings raise the question whether HSP90
inhibition may also enhance the cytotoxic effect of cisplatin,
due to similarities between the effects of cisplatin and ionizing
radiation on tumor cells.

The frequent development of cisplatin resistance in
monotherapy has encouraged fruitful research on cisplatin
combination therapies. Subsequently, cisplatin has become
the backbone of several combination therapies for a wide
range of solid tumors including bladder, cervical, ovarian,
lung, gastric, breast, and head and neck cancers. However,
combination therapy with HSP90 inhibitors is still under
investigation and ongoing clinical trials are evaluating the
combination of onalespib, cisplatin and radiotherapy (13, 21,
23). Combination treatments with cisplatin are of great interest,
both due to its aforementioned wide range of activity, high initial
level of activity and the ubiquity and low cost of treatment.
Whereas there currently are many novel and highly advanced
cancer drugs under investigation, many new compounds are
exorbitantly expensive once they reach clinical use. This results
in an unavailability for large sections of the worldwide patient
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population, resulting in an increased global and socio-economic
gap in quality of cancer care. Focusing on restoring or enhancing
the efficacy of widely available and affordable drugs by innovative
use of combination therapy is therefore an attractive prospect for
reducing this gap.

In the present study, we have evaluated whether therapy
with the novel HSP90 inhibitor onalespib can potentiate the
efficacy of cisplatin and reverse cisplatin resistance in vitro.
We examined the efficacy of the drugs in H314, a head and
neck squamous cell carcinoma cell line, and in the ovarian
cancer cell lines SKOV3, A2780 and its cisplatin resistant clone
A2780CIS. Furthermore, the underlying molecular mechanisms
for the combination treatment were investigated.

MATERIALS AND METHODS

Cell Lines and Culture Conditions
The human ovarian cancer cell line SKOV3 (doubling time
24 h) obtained from American Type Culture Collection (ATCC,
Manassas, VA, United States) was cultured in RPMI 1640
medium (Biochrom GmbH, Berlin, Germany) supplemented
with 10% fetal bovine serum (FBS) (Sigma Aldrich, St. Louis,
United States), 2 mM L-glutamine (Biochrom GmbH) and
antibiotics (100 IU penicillin and 100 µg/ml streptomycin,
Biochrom GmbH) (24). The human head and neck squamous
cell carcinoma cell line H314 (doubling time 34 h) was obtained
from The European Collection of Authenticated Cell Cultures
(ECACC, Salisbury, United Kingdom) and was cultured in
Dulbecco’s Modified Eagle Medium/Ham’s F-12 medium (1:1,
Biochrom GmbH) with the previously described supplements
(25). The human ovarian cancer cell lines A2780 and the
cisplatin resistant clone A2780CIS (doubling times of 18 h) were
obtained from The European Collection of Authenticated Cell
Cultures and cultured in RPMI 1640 medium with the previously
described supplements (26). In order to retain cisplatin resistance
for the clone, 1 µM cisplatin was added to the media every 2–
3 passages. All four cell lines were incubated at 37◦C with 5%
CO2 and split two-to-three times a week using Trypsin/EDTA
(Biochrom GmbH) when cells reached 80–90% confluency. All
cell lines have been cultured for less than 3 months.

Drug Preparation
Onalespib (Selleck Chemicals, Houston, TX, United States) was
dissolved in DMSO to a stock concentration of 61.0471 mM
and stored in aliquots at −20◦C. The stock concentration of
cisplatin from EBEWE Pharma (Unterach am Attersee, Austria)
was 1 mg/ml and was stored at room temperature. Both cisplatin
and onalespib were diluted further in complete media for assay
dependent concentrations. The final DMSO concentration was
0.005% (v/v) for 3000 nM Onalespib, 0.0002% (v/v) and 0.00008%
(v/v) for 100 nM for 50 nM, respectively.

XTT Cell Viability Assays
A defined number of cells were seeded in flat-bottomed 96-
well plates (SKOV3: 2000 cells/well, H314: 15000 cells/well,
A2780: 2000 cells/well and A2780CIS 3000 cells/well) and

incubated at 37◦C and 5% CO2 for 48 h prior to drug
incubation with 0–3000 nM onalespib and 500 nM, 10 µM and
25 µM cisplatin. Cells were incubated at 37◦C and 5% CO2
for 24 h or 72 h. XTT Activation Reagent and XTT Reagent
were added according manufacturer’s instructions (American
Type Culture Collection protocol 30–1011 K, Manassas, VA,
United States). Plates were incubated for 4 h (SKOV3, A2780,
and A2780CIS) and 3 h (H314) at 37◦C and 5% CO2
and absorbance was measured using a BioMark Microplate
Reader (Bio-Rad Laboratories AB, Solna, Sweden). Significance
was determined using two-way ANOVA followed by Sidak’s
multiple comparison’s test. The number of replicates within
each experimental group was 3 or more. Each experiment was
repeated three times.

Clonogenic Survival Assay
Clonogenic survival assays were performed as described
previously (27). In short, SKOV3, H314, A2780, and A2780CIS
cells were seeded in 6-well plates and treated 24 h after
seeding, with either cisplatin (100 and 250 nM) or onalespib
(50 and 100 nM) as well as with combined treatment (100 nM
of cisplatin with 50 nM of onalespib, 100 nM of cisplatin
with 100 nM of onalespib, 250 nM of cisplatin with 50 nM
onalespib, and 250 nM of cisplatin with 100 nM onalespib).
After a drug incubation time of 24 h, the medium was replaced
with complete media corresponding to the cell line and cells
were incubated until colonies of >50 cells/colony were formed.
After colony formation time (H314: 20 days, SKOV3: 10 days,
A2780: 14 days, A2780CIS: 14 days), cells were fixed with 95%
ethanol and stained with crystal violet. Colonies containing
>50 cells were scored manually and plating efficiency (PE)
and survival fraction (SF) were calculated. One-way ANOVA
followed by Tukey’s multiple comparison’s test determined
significance. Data were expressed as mean ± SD and p < 0.05
considered to be statistically significant. The number of replicates
within each experimental group was 3. Each experiment was
repeated three times.

Wound Healing Assay
Wound healing assay was performed as per published protocol
(28). Briefly, cells were seeded in 48 well-plates (H314) or 6
well-plates (SKOV3). After 24 h, the confluent cell monolayer
was scratched with a p10 pipette tip and was immediately
treated with either cisplatin (100, 250, and 500 nM), onalespib
(50 and 100 nM) or combinations thereof. Images from the
same scratch location (three areas for each concentration) were
obtained directly after scratching, 8 h and 24 h for SKOV3 cells
and 24, 48, and 72 h of incubation for H314 cells using an
inverted microscope Nikon Diaphot (Nikon, Japan) mounted
with a Canon EOS 700D camera (Canon Inc., Japan). Migration
distance was measured and analyzed using ImageJ 1.51k software
(NIH, Bethesda, MD, United States). One-way ANOVA followed
by Tukey’s multiple comparison’s test determined significance.
Data were expressed as mean ± SD and p < 0.05 considered
to be statistically significant. The number of replicates within
each experimental group was three. Each experiment was
repeated three times.
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Trans-Well Migration Assay
Trans-well migration assay was performed using 24-well plates
with inserts of 8 µm filter (Thermo Fisher Scientific, Sweden).
Cells were starved for 24 h before adding cell suspension in FBS−

media (1 × 105 cells/chamber) and 250 nM cisplatin and/or
50 and 100 nM onalespib into the upper chamber with a total
volume of 100 µl. 500 µl 10% FBS containing media was placed
in lower chamber. After overnight incubation at 37◦C, remaining
cells in the upper chamber were removed and the migrated cells
on the bottom side of the filter were fixed in 99.7% ethanol
for 10 min and stained with 1% crystal violet for 2 min. Five
images of each insert were captured with microscope at ×200
magnification. and ImageJ (version 2.0, NIH, United States) was
used for manual scoring of the migrated cells and for analysis.
One-way ANOVA followed by Tukey’s multiple comparison’s test
determined significance. The experiments were repeated at least
two times (N > 2).

Western Blotting
After a 24 h or 96 h drug incubation with either 250 or 500 nM
cisplatin, 50 or 100 nM onalespib or combinations thereof,
whole cell lysates of SKOV3 and H314 cells were prepared as
follows: cells were washed once with 1x cold PBS and incubated
with Pierce R© IP Lysis Buffer containing 1x phosphatase and
protease inhibitor cocktail (Thermo Fisher Scientific, Sweden)
for 15 min on a tilting ice bed. The cell lysates were centrifuged
for 15 min at 15000 rpm at 4◦C and subsequently stored at
−20◦C. Following protein quantification (Pierce BCA Protein
Assay Kit, Thermo Scientific, Sweden) samples were separated
on an SDS-PAGE using 4–12% Bis-Tris gels in MES or MOPS
SDS running buffer or 3–8% Tris–Acetate gels in Tris–Acetate
SDS running buffer (NovexTM, NuPAGE R©, Invitrogen, Thermo
Fisher Scientific, Sweden). Thereafter, the separated proteins were
transferred to a PVDF membrane (Merck Millipore, Darmstadt,
Germany) using wet transfer for 2 h with the constant voltage
of 100 V at room temperature using an insert ice block
for cooling. The membranes were blocked in Western Blot
fluorescent Blocking Buffer (ThermoFisher Scientific, Sweden)
or 5% bovine serum albumin in PBS-Tween (0.1%) for
60 min. The membranes were incubated with the primary
antibody targeting EGFR (2232S Rabbit polyclonal antibody,
Cell Signaling Technology, United States), AKT1,2,3 (ab179463
Rabbit monoclonal antibody, Abcam, United Kingdom), Anti-
AKT (phospho T308) (Rabbit polyclonal antibody, Abcam,
United Kingdom), Anti-AKT1 + AKT2 + AKT3 (phospho
Y312 + Y315 + Y316) (Rabbit polyclonal antibody, Abcam,
United Kingdom), H2AX (Rabbit polyclonal antibody, Abcam,
United Kingdom), γH2AX (Rabbit monoclonal antibody,
Abcam, United Kingdom and Mouse monoclonal antibody,
JBW clone 301, Millipore GmbH, Germany), ATM (Rabbit
monoclonal antibody, Abcam, United Kingdom) and DNA-PKcs
(Rabbit monoclonal antibody, Abcam, United Kingdom),
overnight at 4◦C. Beta-actin (Mouse monoclonal, Sigma
Aldrich, Sweden) or sodium-potassium ATPase (ab76020,
Abcam, United Kingdom) was used as loading control. The
following day, the membranes were incubated with secondary
antibodies (Invitrogen) in 0.1% PBS-Tween for 60 min

and developed using the AmershamTM ImagequantTM 800
(ThermoFisher Scientific, Sweden). The bands were quantified
by using ImageJ software. One-way ANOVA followed by
Tukey’s multiple comparison’s test determined significance where
p < 0.05 was considered significant. The experiments were
repeated at least three times (N = 3).

Analysis of Apoptosis via Flow
Cytometry
SKOV3 and A2780CIS cells were plated in T25 flasks 24 h
before drug exposure. Afterward, samples were treated with
37◦C warm media mixed with 100 nM onalespib, 500 nM
cisplatin, or a combination of onalespib and cisplatin for
96 h before flow cytometry. Harvested cells were washed in
cold PBS and stained with propidium iodide (PI) and Alexa
Fluor 488 annexin V (Alexa Fluor R©488 Annexin V/Dead Cell
Apoptosis Kit with Alexa Fluor 488 annexin V and PI for
flow cytometry, ThermoFisher Scientific, Sweden) according to
manufactures instructions. CellEventTM Caspase-3/7 Green Flow
Cytometry Assay Kit (Thermo Fisher Scientific, Sweden) was
used to analyze caspase 3/7 activity. Caspase activity inhibition
on SKOV3 and A2780CIS apoptosis were evaluated by pan-
caspase inhibitor z-VAD-FMK (Selleckchem, Germany). Cells
were pretreated with or without 20 µM z-VAD-FMK for 1 h
followed by incubation with 500 nM cisplatin and 100 nM
onalespib. Apoptotic cells were visualized using a CytoFLEX
(Beckman Coulter, Krefeld, Germany). Obtained data were
analyzed by FlowJoTM Software for Windows (Version 10.6.1.
Becton, Dickinson and Company, Ashland, OR, United States).
One-way ANOVA followed by Tukey’s multiple comparison’s
test determined significance, where p < 0.05 was considered
significant. The number of replicates within each experimental
group was two. Each experiment was repeated three times.

Cell-Cycle Distribution Analysis via Flow
Cytometry
After 96 h exposure to 500 nM cisplatin, 100 nM onalespib, or the
combination thereof SKOV3 and A2780CIS cells were harvested
and washed with ice-cold PBS followed by resuspension in 0.5 mL
PBS. Cells were fixed by adding 5 mL of ice-cold 70% EtOH drop-
wise and incubated at −20◦C overnight. Afterwards, the cells
were centrifuged at 1200 rpm for 5 min and washed once with
2 mL ice-cold PBS. After removing the supernatant, cells were
centrifuged again at 1200 rpm for 5 min followed by removing the
supernatant and adding 0.5 mL RNase (100 µg/mL) and 100 µL
of PI (50 µg/mL). The cells were incubated for 30 min at RT in
the dark before analysis using a CytoFLEX (Beckman Coulter,
Krefeld, Germany). The data analysis and peaks recognition
performed in FlowJoTM Software for Windows (Version 10.6.1.
Becton, Dickinson and Company, Oregon, United States).

Analysis of γH2AX and 53BP1 Expression
via Immunofluorescence Staining
(Confocal Microscopy)
SKOV3 and A2780CIS cells were seeded in 4-well cell culture
chamber slides (Nunc A/S, Roskilde, Denmark) and incubated
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for 24 h before drug treatment for a confluency of 60% prior
to start of treatment. Thereafter, cells were incubated with
either mono-or combination treatments of 500 nM cisplatin
and 100 nM onalespib for 96 h. After treatment, slides were
washed with 1x PBS followed by 99% methanol fixation at
−20◦C. Cell membrane permeability was induced by ice-cold
acetone exposure for 10–15 s (Millipore, Merck, United States).
Non-specific protein blocking was performed in 10% FBS-
PBS for 60 min at room temperature to reduce background
interference. Cells were incubated with primary Rabbit anti-
53BP1 (Abcam, Cambridge, United Kingdom) and mouse
anti-γH2AX (EMD Millipore Merck Darmstadt, Germany)
antibodies overnight at 4◦C and secondary antibody incubation
[master mix of Alexa flour 488 (ab150117, Abcam, Cambridge,
United Kingdom) and Alexa flour 555 (ab150086, Abcam,
Cambridge, United Kingdom)] were done the following day for
60 min in the dark. DAPI (ThermoFisher Scientific, Sweden)
was used for nucleus staining in the dark for 2 min followed by
10 washes with 1x PBS and milli-Q water. After air-drying, the
VectaShield (Vectorlabs, Burlingame, CA, United States) were
mounted on slides and covered with a coverslip. Slides were
imaged at three randomly chosen fields of view with a Zeiss LSM
700 confocal microscope (Zeiss, Oberkochen, Germany). The
accuracy of foci image acquisition was confirmed by Z-stacking
with different magnifications. Image processing and foci counting
were performed using Image J software. One-way ANOVA
followed by Tukey’s multiple comparison’s test determined
significance, where p < 0.05 was considered significant. The
experiments were repeated three times (N = 3).

RESULTS

Cisplatin and Onalespib Monotherapy
Decreases Viability of Cancer Cells While
Co-treatment Potentiates the Effects
The growth inhibitory effects of monotherapy with cisplatin and
the HSP90 inhibitor onalespib were first assessed in ovarian
cancer cell lines SKOV3, A2780, and A2780CIS cells as well
as head and neck cancer cells (H314) following both 24 h
and 72 h drug incubations (Figures 1A,B and Supplementary
Figure 1). Increasing concentrations of cisplatin decreased the
viability as measured by XTT metabolic assay in all cell lines in a
concentration dependent manner (Figure 1A). In the XTT assays
500 nM cisplatin did not affect the viability of SKOV3, H314, or
A2780CIS cells using a drug incubation time of 72 h. However,
the A2780 cells demonstrated a decrease in viability by about
>50% as a result of a 72 h drug incubation time. Concentrations
of 10 µM decreased the viability by 57.5% and 53% and 25 µM
cisplatin by 70 and 71% in SKOV3 and H314 cells, respectively.
Similarly, the A2780CIS cells was greatly affected by 10 and
25 µM cisplatin, resulting in a decrease in viability by 58 and
98%, respectively.

Increasing concentrations of onalespib also decreased the
viability as measured by XTT. 100 nM onalespib decreased
the viability by 11% and 45%, and 1 µM onalespib by 60%
and 90% in SKOV3 and H314 cells in the XTT analysis,

respectively (Figure 1B). The A2780 and A2780CIS cells were
more sensitive to onalespib monotherapy than SKOV3 and
H314 cells. Following incubation with 100 nM of onalespib, the
viability of A2780 and A2780CIS cells decreased by 80% and 70%,
respectively. 1 µM of onalespib resulted in a nearly undetectable
signal, nearing 100% decrease in viability.

At 24 h, the viability of SKOV3 and H314 cells was not
significantly affected by cisplatin monotherapy at either
concentration (Supplementary Figure 1A, dotted lines),
whereas onalespib monotherapy resulted in decreased
viability at concentrations exceeding 100 nM for both cell
lines (Supplementary Figure 1A). Analysis of the later time
point (72 h) demonstrated greater effects in both SKOV3,
H314 and A2780CIS cells treated with 10 µM cisplatin, where
viability had decreased to less than 50% of untreated controls,
compared with 90–100% of untreated controls at 24 h post
treatment (dotted lines in Figures 2A,B). Similarly, the effects
of onalespib increased over time, resulting in significantly
decreased viability of samples treated with 30 nM or higher
(Supplementary Figures 1A, 2A,B).

The potency of the combination of cisplatin and onalespib
was greater at the later time point (72 h) and the high cisplatin
concentration (10 µM). In these samples, a significant decrease
in viability was measured in all combination treated samples
compared to monotherapy in both cell lines. In H314 cells,
the combination of 10 µM of cisplatin and doses ≥300 nM
onalespib resulted in nearly indistinguishable absorbance levels
(13% for onalespib monotherapy at 1000 and 3000 nM and 2%
for combination therapy at the same concentrations), effectively
reducing survival of the cells to near zero. For SKOV3 and
A2780CIS cells, the same pattern was observed, resulting in a
viability of the combination of 10 µM cisplatin and 100 or
300 nM onalespib below 15% (Figure 2B). Interestingly, H314
samples treated with 500 nM of cisplatin were unaffected and
there were no differences between onalespib monotherapy and
combination treated samples. SKOV3 and A2780 cells treated
with 500 nM cisplatin were affected by the combination therapy,
with significant differences between onalespib monotherapy
and combination treated samples at onalespib concentrations
≤100 nM (Figure 2A).

Combination Therapy Significantly
Impairs Clonogenic Survival
The efficacy of cisplatin and onalespib combination therapy
was also studied in clonogenic survival assays. The highest
concentration of cisplatin (500 nM) significantly decreased
the survival fraction of SKOV3, H314, A2780, and A2780CIS
cells (Figures 3A–D, left hand graph). Monotreatment with
100 nM onalespib decreased the survival of H314, A2780,
and A2780CIS cells, but not of SKOV3 cells. However, the
combination of cisplatin and onalespib significantly affected the
survival fractions of all cell lines compared to untreated controls
and cells treated with onalespib alone (Figures 3A–D middle
and right-hand graphs). Generally, A2780 and H314 cells were
more sensitive to the treatments than SKOV3 and A2780CIS
cells (Figures 3A–D, middle). Cisplatin in combination with
50 nM onalespib displayed a clear increase in effect, where all

Frontiers in Oncology | www.frontiersin.org 5 September 2020 | Volume 10 | Article 532285117

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


fonc-10-532285 September 28, 2020 Time: 18:8 # 6

Mortensen et al. Potentiating Effects of Cisplatin and Onalespib

FIGURE 1 | (A) XTT cell viability from left to right of SKOV3, H314, A2780, and A2780CIS cells following treatment with 500 nM, 10 µM, or 25 µM cisplatin
normalized to untreated controls. (B) XTT cell viability from left to right of SKOV3, H314, A2780, and A2780CIS cells following treatment with 10, 100, or 1000 nM
onalespib normalized to untreated controls. N = 3, error bars represent SD. **p < 0.01, ****p < 0.0001.

survival fractions of all combination treatments were significantly
decreased compared to both untreated controls and onalespib
monotherapy. For 100 nM onalespib, the difference between
combination treatment and monotreatment was lower, due to
the high effect of onalespib alone. Here, all four cell lines
treated with 100 nM onalespib were significantly affected
compared to untreated controls (p ≤ 0.001). Furthermore, the
combination of 500 nM cisplatin and 100 nM onalespib was
significantly decreased from onalespib monotherapy in all cell
lines (p ≤ 0.05). Combination therapy of H314 and A2780
cells decreased the survival fraction in all tested combinations
(p ≤ 0.0001). Besides the effects on the survival fraction, the
shape and size of the colonies was affected by the drug treatment.
In general, cells treated with increasing drug combinations
showed smaller colony sizes. Furthermore, colonies of the
combination treatment groups were more irregular in shape
(Figures 3A–D, right hand).

Combination Therapy of Cisplatin and
Onalespib Delayed Wound Healing and
Decreased the Migration of Cancer Cells
Wound Healing Assay
To further study whether onalespib treatment can augment
cisplatin therapy, the migration capacity of SKOV3 and H314
cells was studied in wound healing assays. Cisplatin monotherapy
did not affect the wound healing ability of SKOV3 cells
(Supplementary Figure 1C), whereas a dose-dependent decrease
in migration capacity/healing was observed for onalespib (50
and 100 nM) monotherapy samples (Figures 4A–C). The
combination of 50 nM onalespib with 500 nM cisplatin
(Figure 4A) resulted in a significant (p ≤ 0.01) delay in wound
healing in compared to either monotherapy at 24 h post start
of the assay (Figure 4B, bar chart). A similar trend in inhibitory
effect was observed for the combination with 100 nM onalespib,
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FIGURE 2 | (A) XTT cell viability normalized to untreated controls of SKOV3, H314, and A2780 cells treated with 0–3000 nM onalespib or the combination of
onalespib with 500 nM cisplatin (A) 72 h post treatment. (B) XTT cell viability normalized to untreated controls of SKOV3, H314 and A2780CIS cells treated with
0–3000 nM onalespib or the combination of onalespib with 10 µM cisplatin at 72 h post treatment. N = 3, error bars represent SEM. Dotted lines represent the
viability of cisplatin monotherapy at either 500 nM or 10 µM.

though not statistically significant (Figures 4B,C). H314 cells
did not migrate as fast as SKOV3 cells. Therefore, this cell
line was followed up to 72 h. H314 cells were unaffected
by cisplatin monotherapy (Supplementary Figure 1C) after
72 h, but onalespib monotherapy displayed a dose-dependent
decrease in healing. However, the onalespib combination therapy
had a more potent effect compared to monotherapy in the
H314 cells (Figures 4D–F). The combination of cisplatin and
onalespib resulted in a significant delay in wound healing for
the combination of 50 nM of onalespib with 250 nM cisplatin
(p ≤ 0.001), but paradoxically not for 500 nM cisplatin. Similarly
to SKOV3 cells, the greatest inhibitory effect was seen in
the 100 nM onalespib and 500 nM cisplatin group, though
the difference to monotherapy was not statistically significant
(Figure 4E). Representative images of the scratches are shown in
Figure 4C for SKOV3 cells and in Figure 4F for H314 cells.

Trans-Well Migration Assay
Since the wound healing assays measure a mixture of migration
and proliferation, the migrating potential of serum-starved
SKOV3 and H314 cells was specifically investigated using trans-
well migration assays with a pore size 0.8 µm. Increasing doses
of cisplatin decreased the number of migrated SKOV3 cells,

with significant decrease measured at 250 nM (63.3 ± 9.2%)
and 500 nM cisplatin (17.1 ± 2.1%) compared to control cells.
Similarly, increasing doses of onalespib resulted in a significantly
lower number of migrated SKOV3 cells at concentrations
≥100 nM (54.1 ± 8% and 21 ± 3.7% for 100 and 200 nM,
respectively) compared to untreated controls. Moreover, the
combination of cisplatin and onalespib resulted in additionally
lowered migration (Table 1), although none of the tested
combination treatments resulted in significant changes compared
to monotherapies. Microscopic images of the migrated cells
are displayed in Supplementary Figure 1D. H314 cells were
unable to migrate in the trans-well migration assays, where as
few as ten cells had migrated after 48 h in the control samples
(data not shown).

Onalespib and Cisplatin Treatment
Downregulate Cell Signaling and HSP90
Client Proteins
Western blotting was used to study the effect of onalespib
and cisplatin on HSP90 client proteins, downstream signaling
cascades and DNA damage response proteins in SKOV3 and
H314 cells (Figures 5A–C). In order to investigate DNA
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FIGURE 3 | (A) Clonogenic survival of SKOV3 cells treated with 0, 100, 250, and 500 nM cisplatin as monotherapy or in combination with 50 or 100 nM onalespib.
Note that combination samples are normalized to 0, 50, or 100 nM of onalespib to compensate for the effect on survival by onalespib alone. (B) Clonogenic survival
of H314 cells treated with 0, 100, 250, and 500 nM cisplatin as monotherapy or in combination with 50 or 100 nM onalespib. Note that combination samples are
normalized to 0, 50, or 100 nM of onalespib to compensate for the effect on survival by onalespib alone. (C) Clonogenic survival of A2780 cells treated with 0, 100,
250, and 500 nM cisplatin as monotherapy or in combination with 50 or 100 nM onalespib. (D) Clonogenic survival of A2780CIS cells treated with 0, 100, 250, and
500 nM cisplatin as monotherapy or in combination with 50 or 100 nM onalespib. Note that combination samples are normalized to 0, 50, or 100 nM of onalespib to
compensate for the effect on survival by onalespib alone. N = 3, error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

damage response, the expression of the repair proteins ATM
and DNAPKcs were investigated. Treatment with onalespib
reduced ATM and DNAPKcs expression, most pronounced at
highest concentrations (100 nM onalespib) with and without
cisplatin treatment (Figures 5A,B). Incubation with onalespib
reduced ATM expression to a high degree, and no band was
observed in H314 cells at highest concentrations (Figure 5C).
To investigate whether the non-phosphorylated form of the
DNA double strand break marker γH2AX is changed by

onalespib and / or cisplatin, we examined the expression
of the histon H2AX. At the 24 h time point, the level of
H2AX expression was nearly constant for both cell lines in all
treatment groups and in the control. At 96 h, a slight increase
in the H2AX level was found for both cell lines, but not
significant (Figure 5C).

The AKT expression levels for both cell lines decreased
significantly in the onalespib and the combination treatment
group compared to control and cisplatin monotherapy. For
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FIGURE 4 | (A) Effect of 50 nM onalespib and the combination with 100, 250, or 500 nM cisplatin and (B) effect of 100 nM onalespib and the combination with 100,
250, or 500 nM cisplatin at 24 h on the wound healing ability of SKOV3 cells. Note that in figure [(A) – right] and [(B) – right], wound/scratch sizes are normalized to
50 nM onalespib (A) or 100 nM onalespib (B). (C) Representative images of SKOV 3 wound/scratch of control, 250 nM cisplatin, 100 nM onalespib and the
combination at 0, 8, and 24 h post scratch. (D) effect of 50 nM onalespib and the combination with 100, 250, or 500 nM cisplatin and (E) effect of 100 nM onalespib
and the combination with 100, 250, or 500 nM cisplatin at 24 h on the wound healing ability of H314 cells at 72 h. Note that in figure [(D) – right] and [(E) – right],
wound/scratch sizes are normalized to 50 nM onalespib (D) or 100 nM onalespib (E). (F) Representative images of H314 wound/scratch of control, 250 nM
cisplatin, 100 nM onalespib and the combination at 0, 24, and 72 h post scratch. N = 3, error bars represent SD. **p < 0.01, ***p < 0.001. The size bar in (C,F)
corresponds to 4 µm.

SKOV3 cells, only the combination of 250 nM cisplatin and
100 nM onalespib resulted in a significant decrease compared
to cisplatin monotherapy (Figures 5A,B). For H314 cells, all
combination treatments showed a significantly lower AKT
expression compared to cisplatin monotherapy. For both cell

TABLE 1 | Mean, SEM, and 95% confidence intervals (CI) of migrated SKOV3
cells treated with 250 or 500 nM cisplatin, 50 or 100 nM onalespib or the
combination during the trans-well migration assays, N = 3.

Treatments Mean of migrated
cells ± SEM

95% Cl

Control 100 ± 4 8.4

250 nM Cisplatin 63.3 ± 9.2 19.2

500 nM Cisplatin 17.1 ± 2.1 4.8

50 nM Onalespib 80.6 ± 5.5 11.9

100 nM Onalespib 54.1 ± 8 18.1

200 nM Onalespib 21 ± 3.7 8.5

250 nM Cisplatin + 50 nM Onalespib 65.3 ± 9 19.4

250 nM Cisplatin + 100 nM Onalespib 51.4 ± 7 16

250 nM Cisplatin + 200 nM Onalespib 23 ± 4 9.7

500 nM Cisplatin + 50 nM Onalespib 24.2 ± 4 13.8

500 nM Cisplatin + 100 nM Onalespib 26.5 ± 7 20.3

500 nM Cisplatin + 200 nM Onalespib 18.2 ± 2 4.6

lines, pAKT was not detected by Western blot at any time point
(data not shown).

Cisplatin monotherapy at concentration <500 nM did not
affect the expression of EGFR in both SKOV3 and H314 cells,
whereas monotherapy with 50 nM and 100 nM onalespib
significantly downregulated EGFR levels in a concentration-
dependent manner (Figures 5A,B).

Combination Therapy With Cisplatin and
Onalespib Leads to G2/M Phase Arrest
Flow cytometric analysis of cell cycle distribution of SKOV3 cells
using PI staining after exposure to 500 nM cisplatin, 100 nM
onalespib, or combination for 96 h showed increasing number of
cells in G2/M phase (32.5%) in the combination group compared
to the monotreatment groups (onalespib 26.6% and cisplatin
12.1%) (Figures 5D,E). The percentage of cells in the G2/M phase
of the combination group was significantly (p≤ 0.01) higher than
the cisplatin and (p ≤ 0.001) control group (6%). The percentage
of cells in the S phase was significantly (p ≤ 0.01) higher in
the combination group (45%) compared to onalespib (20.5%)
and cisplatin (18.2%) and control (20%) samples. The G1 phase
was decreased from 73.9% in the control group to 71.1% in the
cisplatin group followed by 50.5% in the onalespib group and
31.7% in the combination group. Representative histograms are
presented in Figure 5E.
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FIGURE 5 | (A) Representative Western blot membrane of the analysis of ATM, DNAPKcs, AKT, H2AX, and EGFR expression levels of SKOV3 and H314 cells
following 24 h incubation with cisplatin and onalespib and their combinations. Note for EGFR analysis is from a separate membrane and the beta actin below is the
loading control for this particular membrane. The black bar inserted in the middle of the membrane is due to removal of an overexposed size marker
(B) Quantification of Western blot at 24 h incubation of SKOV3 and H314 cells. (C) Representative Western blot membrane of the analysis of ATM, DNAPKcs, AKT
and H2AX expression levels of SKOV3 and H314 cells following 96 h incubation with cisplatin and onalespib and their combinations. (D,E) Cell cycle distribution in
SKOV3 cells after exposure to cisplatin, onalespib, and their combinations as percentage of cells in G1, S, and G2M phases. (E) Representative flow cytometry
graphs. Combination treatment led to cell cycle arrest and elevated G2/M peak compare to monotherapy groups. N = 3, error bars represent SEM. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Combination Therapy of Cisplatin and
Onalespib Increased Apoptotic Activity
in Cancer Cells
SKOV3 and A2780CIS cells were treated with 500 nM cisplatin
and 100 nM onalespib monotherapy and combination therapy

for 96 h to investigate cell apoptosis by flow cytometry
(Figure 6). Mean fluorescence intensity graphs are presented in
Supplementary Figure 2.

Annexin V, a specific apoptotic cell membrane marker,
revealed increased levels of apoptotic cells for both cell lines
following all treatments (Figures 6A,B,E,F). In SKOV3 cells,
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FIGURE 6 | Flow cytometric analysis of apoptosis of untreated controls, 500 nM cisplatin, 100 nM onalespib and the combination using Annexin V/PI staining of
(A,B) SKOV3 and (E,F) A2780CIS cells following 96 h incubation. The lower left square shows the percentage of live cells, the lower right square shows the
percentage of apoptotic cells and the upper right square shows late apoptotic and necrotic cells. Flow cytometric analysis of caspase 3/7 of untreated controls,
500 nM cisplatin, 100 nM onalespib and the combination of (C,D) SKOV3 and (G,H) A2780CIS cells after 96 h incubation. Note that in (C,D,G,H), the effects of
combination therapy were also evaluated in combination with 20 µM of the z-VAD-FMK pan-caspase inhibitor. The lower left square shows the percentage of live
cells, the lower right square shows the percentage of apoptotic cells and the upper right square shows late apoptotic and necrotic cells. N = 3, error bars represent
SEM. *p < 0.05, ***p < 0.001, ****p < 0.0001.

combination treatment significantly elevated Annexin V activity
to 45% compared to 31% in the onalespib treated group
(p = 0.0003) and 9% in the cisplatin group (p< 0.0001). Similarly,
albeit somewhat lower for A2780CIS cells than SKOV3 cells,
Annexin V activity was significantly elevated to 20% in the
combination group compared to 11% in the onalespib and 2%

in the cisplatin monotherapy groups (p < 0.0001). The apoptotic
response in the onalespib group was significantly higher than
cisplatin treated and control cells (p < 0.0001) (Figures 6E,F).

To further characterize the apoptotic activity flow cytometric
analysis of caspase 3/7-sytox and the pan-caspase inhibitor
z-VAD-FMK were performed (Figures 6C,D,G,H). Similarly
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FIGURE 7 | The compartmentalization of γH2AX, 53BP1 foci in SKOV3 cells in vitro exposed to mono- and combined treatment of cisplatin and onalespib.
(A) Representative high-resolution images of γH2AX and 53BP1 foci units formation in SKOV3 cells in vitro exposed to 500 nM cisplatin, 100 nM onalespib, or a
combination of cisplatin and onalespib for 96 h. The images panel demonstrate green stain for γH2AX, orange for 53BP1, and blue for stained nuclei with DAPI
(B,C). N = 3, foci counts are presented as the mean @ SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

to the Annexin V results, apoptotic activation was greatest in
SKOV3 cells compared to A2780CIS cells. In SKOV3 cells,
caspase 3/7 increased significantly to 72% in the combination
group compared to 51% and 13% in the onalespib and cisplatin
monotherapy groups, respectively (p < 0.0001). Caspase activity
in onalespib monotherapy samples was significantly higher than
in cisplatin monotherapy samples (p < 0.0001). Treatment
with the z-VAD-FMK pan-caspase inhibitor significantly reduced
apoptotic activity to 25% in the combination group (p < 0.0001)
(Figure 6C and Supplementary Figure 2E). The percentage of
caspase 3/7 positive A2780CIS cells was significantly increased
to 27% in the combination group compared to 12% in onalespib
and 10% in cisplatin monotherapy groups (p< 0.0001). Here, the
pan-caspase inhibitor significantly inhibited apoptotic activity to
10% in the combination group (p < 0.0001) (Figure 6H and
Supplementary Figure 2J).

Onalespib and Cisplatin Combination
Treatment Increased Number of DNA
Double Strand Breaks
The effect of onalespib and cisplatin combination treatment
on the induction of DNA damage was studied by confocal
microscopy through γH2AX foci and 53BP1 foci analyses of
300 SKOV3 and A2780CIS cells per replica (Figure 7). As
demonstrated in Figure 7A, exposure of SKOV3 and A2780CIS
cells to 500 nM cisplatin induced DSBs as measured by the

number of γH2AX and 53BP1 foci. Monotherapy with 100 nM
onalespib significantly increased the DNA damage, as measured
by number of foci. In SKOV3 cells, the total number of 53BP1 foci
was higher than that of γH2AX in all samples (Figures 7A,B).
The number of 53PB1 foci was significantly elevated in the
combination compared to onalespib and cisplatin monotherapy
(p < 0.0001). The number of γH2AX foci significantly increased
in the combination compared to onalespib (p = 0.0015) and
cisplatin (p = 0.0001) monotherapy. The same DSBs induction
trend was seen in A2780CIS cells. The combination produced
significantly greater numbers of 53PB1 foci than onalespib
(p = 0.0001) and cisplatin (p < 0.0001) monotherapy. The
γH2AX foci number significantly increased in the combination
therapy compared to onalespib (p = 0.0017) and cisplatin
(p = 0.0002) monotherapy (Figure 7C).

Foci analysis was also performed on H314 cells, however,
due to its different growth phenotype (in clusters, spheroid like)
it was not possible to get quantifiable data on foci numbers
(data not shown).

DISCUSSION

Forty years after the introduction of cisplatin, it remains a
cornerstone cancer drug, widely used as a first-in-line treatment
in many solid cancers. The initial response to cisplatin is high, as
for all platinum-based drugs. The majority of patients will relapse
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with cisplatin-resistant disease, however, as rapid resistance
development is one of the main limitations of cisplatin and
related platinum-based analogs. Additional clinically important
limitations include severe adverse side effects, which restrict
the possibility of achieving efficient doses in patients (3). These
important limitations have encouraged extensive exploration
of cisplatin combination therapies, of which several are in
wide clinical use today. Combination therapies in general are
becoming increasingly important within the field of cancer
therapy, due to multiple factors such as the potential of re-
sensitizing resistant cancers, potentiating the effects of therapy,
and/or reducing side effects by facilitating lowered therapeutic
doses without compromising the outcome (9). Multiple studies
have demonstrated that combination therapies including HSP90
inhibitors can overcome or reverse drug resistance in several
cancers due to the wide involvement of HSP90 client proteins
in many fundamental aspects of cancer, especially DNA damage
response and repair (19, 29, 30). Accordingly, preclinical
studies suggest that the HSP90 inhibitor onalespib display
radiosensitizing effects, and an ongoing clinical trial is exploring
the combination of cisplatin, radiotherapy and onalespib (13, 21,
23). However, little is known about the mechanisms behind the
reversal of cisplatin resistance in combination with onalespib and
other HSP90 inhibitors.

The four cell lines used in this study were chosen as
representatives of types of cancers that are traditionally
considered challenging to treat with cisplatin, specifically ovarian
and head and neck cancer. Three of the tested cell lines (SKOV3,
H314, and A2780CIS) were selected due to their relatively high
innate cisplatin resistance (Figure 1), and one was selected as
cisplatin sensitive (A2780). As A2780CIS is derived from A2780 a
direct comparison of differences in cisplatin sensitivity is possible.

Interestingly, while all cell lines were sensitive to onalespib
monotherapy, H314 proved more sensitive than SKOV3, while
the A2780 cell lines demonstrated even greater sensitivity.
This relationship was consistent in both XTT cytotoxicity
and clonogenic survival assays (Figures 1, 3). In this work,
however, the combination therapy has been generally found to
be more potent than either monotherapy, an effect likely caused
by onalespib-mediated inhibition of DNA repair mechanisms
activated in response to cisplatin-mediated DNA damage
(Figures 2, 3). Combination treatment with 10 µM cisplatin
resulted in significantly reduced cell viability for all cell lines
at all tested onalespib concentrations as measured by XTT
assays (Figure 2). Moreover, combination treatment virtually
eliminated H314 and A2780 cell viability and significantly
reduced SKOV3 and A2780CIS cell colony formation ability
(Figure 3). These findings are in line with previous studies on
cisplatin in combination with other HSP90 inhibitors, and are
encouraging for the prospect of utilizing cisplatin against types
of cancer typically not considered sensitive (30).

Recent studies indicate that the HSP90 inhibitors 17-AAG and
AUY922 also can affect cancer cell motility and migration (31–
34). To investigate whether these effects translate to onalespib,
the effects of cisplatin and/or onalespib on migration and
wound healing were investigated in two separate migration assays
(Figure 4). Onalespib indeed affected the rate of wound healing

while cisplatin did not, thus indicating a reduction in migration
and proliferation in both tested cell lines. This reduction was
amplified in combination with cisplatin in a dose-dependent
manner. Interestingly, H314 cells were unable to migrate in the
trans-well migration assay, whereas SKOV3 cell migration was
impaired in a dose-dependent manner following both cisplatin
and onalespib treatment (Table 1). This strongly indicates that
the effects on the H314 cells in the wound healing assay
were primarily due to reduced proliferation and not impaired
migration, which was not the case for the SKOV3 cells.

Interestingly, cisplatin itself inhibits HSP90 by binding to
the ATP-binding domain on the C-terminal of HSP90 (2).
This raises the question of why HSP90 inhibition prevents
or reverses cisplatin resistance when cisplatin itself acts as an
HSP90 inhibitor. In light of this, the current findings may seem
implausible. Our data clearly demonstrates that the tested HSP90
client proteins are not significantly affected by cisplatin treatment
alone, however (Figure 5), whereas expression of HSP90 client
proteins EGFR and its downstream target protein AKT were
significantly downregulated by onalespib monotherapy at both
50 and 100 nM doses (Figure 5). The high potency of onalespib
in terms of downregulation of HSP90 client proteins made
it difficult to assess potential combination effects through
Western blotting, which has a low dynamic range. There was
a trend toward slightly greater downregulation in combination
treatments observed for the measured EGFR-expression levels,
however, most notably evident in the highest dose combinations.
These results indicate that cisplatin-induced DNA damage does
not significantly affect HSP90 client protein expression levels.
Interestingly, only combination therapy managed to significantly
increase the number of apoptotic SKOV3 cells (Figure 6). This
finding is consistent with the HSP90 inhibitor geldanamycin
demonstrating depletion of essential anti-apoptotic proteins and
resulting in greater levels of apoptosis in combination with
cisplatin, as demonstrated elsewhere (35). In general, apoptotic
cell death is induced by stress, e.g., the withdrawal of stimulating
growth factors, hypoxia and DNA damage. The same stimuli
induce the expression and accumulation of members of the
HSP family, however, including HSP70 and HSP90, which
shows that a death stimulus can cause a protective response
in the cell (36). HSP90 associates with essential stress-signal-
and apoptotic molecules, thereby blocking programmed cell
death and promoting survival, proliferation, migration and
differentiation, which can be reversed by HSP90 inhibition.

Cisplatin induces DNA intra-strand crosslinks that activate
a cascade of DNA damage response (DDR) pathways such as
cell cycle arrest, DNA repair and apoptosis (37). The main
repair mechanism for cisplatin-induced cross-links is nucleotide
excision repair (NER) (38). ERCC1 is a central component
of NER and ERCC1 overexpression correlates with cisplatin
resistance, indicating its role in the repair of cisplatin-induced
DNA damage (39). Excision of cisplatin-induced DNA-adducts
through NER can produce DSBs, which are harder to repair for
the cell compared to single strand breaks. DNA repair proteins
such as ATM, ATR and DNA-PKcs are known client proteins of
HSP90, which was also confirmed by Western blotting in this
study (Figure 5). Therefore, onalespib-induced HSP90 inhibition
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may further impair DDR pathways, resulting in increased
conversion of single strand breaks to DSBs and a switch from
NER to DSB repair mechanisms. The two primary DSB repair
mechanisms are homologous recombination (HR) and non-
homologous end joining (NHEJ) and the choice of mechanism
is strongly connected to cell cycle phases (40). One of the
earliest events in the DSB repair is the phosphorylation of H2AX
and subsequent phosphorylation of 53BP1 (41, 42). Our studies
demonstrate a significant increase in γH2AX and 53BP1 foci
and therefore an increase in DSBs of SKOV3 and A2780CIS
cells in the combination therapy compared to cisplatin and
onalespib monotherapy (Figure 7). This observation proves that
the SKOV3 and A2780CIS cells were unable to successfully
repair DSBs induced by cisplatin when combined with onalespib,
whereas repair in the monotherapy groups was more successful.

CONCLUSION

In conclusion, our findings support HSP90 inhibition as a
potentially valuable mechanism for enhancing cisplatin efficacy;
by increasing the cytotoxic effect, restoring sensitivity in innately
resistant cells and possibly preventing development of cisplatin
resistance. Further development of this concept has the potential
to increase cure rates, prolong survival and increase quality of
life for a broad population of patients, and follow-up studies
exploring optimal dosing intervals and in vivo efficacy are
therefore warranted.
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FIGURE S2 | Flow cytometric analysis. (A,B) Annexin V median fluorescent
intensity (MFI) expression (FITC.A+) in SKOV3 cells and (F,G) A2780CIS cells after
96 h exposure to 500 nM cisplatin, 100 nM onalespib, or a combination. (C,D)
Caspase 3/7 median fluorescent intensity (MFI) expression (FITC.A+) in SKOV3
cells and (F,G) A2780CIS cells after 96 h exposure to 500 nM cisplatin, 100 nM
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A2780CIS cells. N = 3, error bars represent SEM. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

TABLE S1 | Average plating efficiency (PE) and standard deviation (SD) of SKOV3,
H314, A2780 parental, and A2780 cisplatin resistant cells, N > 3.
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Liver kinase B1 (LKB1/STK11) is the second tumor suppressor gene most frequently
mutated in non-small-cell lung cancer (NSCLC) and its activity is impaired in about half
KRAS-mutated NSCLCs. Nowadays, no effective therapies are available for patients
having these mutations. To highlight new vulnerabilities of this subgroup of tumors
exploitable to design specific therapies we screened an US FDA-approved drug library
using an isogenic system of wild-type (WT) or deleted LKB1. Among eight hit compounds,
Birinapant, an inhibitor of the Inhibitor of Apoptosis Proteins (IAPs), was the most active
compound in LKB1-deleted clone only compared to its LKB1 WT counterpart. We
validated the Birinapant cells response and its mechanism of action to be dependent
on LKB1 deletion. Indeed, we demonstrated the ability of this compound to induce
apoptosis, through activation of caspases in the LKB1-deleted clone only. Expanding our
results, we found that the presence of KRAS mutations could mediate Birinapant
resistance in a panel of NSCLC cell lines. The combination of Birinapant with
Ralimetinib, inhibitor of p38a, restores the sensitivity of LKB1- and KRAS-mutated cell
lines to the IAP inhibitor Birinapant. Our study shows how the use of Birinapant could be a
viable therapeutic option for patients with LKB1-mutated NSCLCs. In addition,
combination of Birinapant and a KRAS pathway inhibitor, as Ralimetinib, could be
useful for patients with LKB1 and KRAS-mutated NSCLC.

Keywords: non-small-cell lung cancer, liver kinase B1, KRAS, drug library in vitro screening, SMAC mimetic
compounds, 3D culture (three-dimensional spheroids), combination therapeutics, Ralimetinib
INTRODUCTION

Non-small-cell lung cancer (NSCLC) is the leading cause of cancer-related death worldwide (1). In
the recent decades, with the discovery of the molecular heterogeneity and oncogene addiction of
some NSCLC subtypes, the use of targeted therapies and immunotherapy has improved the
outcomes for patients affected by these malignancies (2). Nowadays, in spite of this progress, some
mutations frequently present in NSCLCs remain untargetable and the available therapies seem to be
not very effective (2, 3). Among these, NSCLC mutated in Liver kinase B1 (LKB1/STK11) gene
represent one-third of the cases and LKB1/STK11 is considered the third most commonly mutated
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gene in NSCLC adenocarcinomas, after TP53 and KRAS (4).
LKB1 mutations were found in about 50% of KRAS-mutated
NSCLC and it was demonstrated that the co-occurrence of
LKB1/KRAS mutations significantly increases the tumor
burden, mediated by increased resistance to classical anticancer
and immunotherapeutic drugs thus corresponding with poor
prognosis for patients carrying these alterations (5, 6). Moreover,
mutations in LKB1 is mutually exclusive with mutations in those
genes for which a targeted therapy already exists. LKB1 is a
master kinase that, acting on AMPK-mTOR pathway, regulates
different cellular processes as cell metabolism, cell polarity,
growth and autophagy (7). Mutations in this gene almost
invariably lead to protein loss of function that reflects in a
series of cellular abnormalities (8).

Birinapant is a SMAC mimetic compound and an IAP
inhibitor (9). Similar to the endogenous SMAC protein,
Birinapant is able to bind IAPs promoting their degradation.
In particular, it binds with high affinity to the cellular IAP 1 (c-
IAP1) and with a lesser extent to the cellular IAP 2 (c-IAP2) and
XIAP (10). IAPs belong to the class of proteins that inhibit the
apoptotic process. Indeed, in normal cell conditions, they block
the extrinsic apoptotic pathway and promote cell survival and
cell growth (11, 12).

Ralimetinib is a selective molecule able to inhibit a and b
isoforms of p38 mitogen-activated protein kinase (MAPK), in an
ATP-competitive way (13). P38 MAPK belongs to MAPK family,
which also includes JNK and ERK (14), and it is downstream the
MAPKKK proteins, as KRAS protein. P38 MAPK protein
phosphorylates multiple substrates in response to external
stimuli. Inhibition of this protein decreases prosurvival,
proangiogenic, and proinflammatory soluble factors (15).

In the present study, after an FDA-approved drug library
screening, we analyzed the activity of Birinapant alone, or in
combination with Ralimetinib, in LKB1-mutated NSCLC
cell lines.
MATERIALS AND METHODS

2D Cell Culture and Treatments
The NSCLC cell lines used (H1299, H520, H1975, H2009, H358,
LU99, H727, H460, H2030, A549, H23) were obtained from
American Type Culture Collection (ATCC) and RIKEN BRC cell
bank. They were grown in RPMI1640 (Gibco) with the addition of
10% fetal bovine serum (FBS) (Euroclone) and 2 mM L-Glutamine
(Gibco). Two LKB1-deleted clones H1299-LKB1 KO 1 and 2 were
derived from H1299 through the Crispr-Cas9 technique, as
previously described (16). They were maintained in selection by
adding 3 µg/ml of Puromycin to the medium. The NCI-H1299
cells were also genetically manipulated to generate the KRAS G12C
mutated (K) and LKB1WT and KRAS G12C-mutated and LKB1-
deleted (KL) clones (17–20). For the K and KL clones, 500 µg/ml of
Geneticin (G418) were added to the medium. Cell lines were
routinely tested for mycoplasma contamination by polymerase
chain reaction (PCR), and authenticated with the PowerPlex 16 HS
System (Promega) every 6 months by comparing the short tandem
Frontiers in Oncology | www.frontiersin.org 2129
repeat (STR) profiles to those deposited in the ATCC and/or in the
German Collection of Microorganisms and Cell Cultures
(DSMZ) databases.

The day of the treatment, dimethyl sulfoxide (DMSO) stock
solutions of all the drugs used (10 mM) were diluted in complete
medium at the desired concentrations with a final DMSO
concentration of 0.05% for single treatment or 0.15% in
combination treatment. In all the cytotoxicity experiments, either
single or combination treatments, cells were continuously treated
for 72 h.

Cell viability assays were performed independently. For the
MTS cell viability assay, MTS was added to each well. Then,
plates were incubated at 37°C for about 3 h and the absorbance at
490 nm was read using plate-reading instrument (GloMax
discover, Promega). For the CellTiter-Glo viability assay, a
volume of CellTiter-Glo reagent equal to the volume present in
each well was added and luminescence was read through GloMax
instrument. Finally, the sulforhodamine B assay was performed
following the manufacturer’s instructions and the absorbance
was measured at 560 nm.

For each experiment, starting from the absorbance/
luminescence values, the mean of at least six biological
replicates and the percentage of cell viability (where the 100%
of viability were control-treated samples values) were calculated
for each dose. The average of at least three independent
experiments was then plotted in dose-response curves. The
concentration that inhibits 50% of cell viability (IC50) was
calculated with PRISM software.

3D Spheroids Culture and Treatments
Procedures involving animals were conducted in conformity with
the following laws, regulations, and policies governing the care and
use of laboratory animals: Italian Governing Law (D. lg 26/2014;
authorization no.19/2008-A issued 6 March 2008 by the Ministry
of Health); Mario Negri Institutional Regulations and Policies
providing internal authorization for persons conducting animal
experiments (Quality Management System Certificate: UNI EN
ISO 9001:2008, reg. no. 6121); An institutional review board and
the Italian Ministry of Health approved the in vivo experiments
performed (project authorization #9F5F5.69.EXT.37).

Three dimensional spheroids models were derived from
excised H1299 and H1299-LKB1 KO xenografts, obtained by
subcutaneously injecting the cell lines in nude mice. When the
tumor weight was about 1 mg, the mice were euthanized with
CO2, then, tumors were excised, rinsed with saline solution,
mechanically minced and incubated in a flask at 37°C with
collagenase. After 30 min, all the flask content was filtered, the
tumor mass was recovered and another cycle with collagenase
was performed for 60 min. Successively, after filtration, the
tumor mass was transferred into a 50 ml falcon where it was
resuspended in 10 ml of wash buffer (Supplementary Material)
and incubated at room temperature for 20 min. The supernatant
was removed and the passage was repeated until the solution
became clear. After the last wash, the pellet was spun down in 10
ml of wash buffer. The pellet was resuspended in wash buffer and
counted with Neubauer chamber. Cells, at a density of 20000
cells/ml, were then resuspended in 50 µl/well of Basement
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Membrane Extract (BME, RGF BME, Type 2 PathClear,
CULTREX) and seeded in 24-well plate. Once BME was
solidified, 500 µl of culture medium (Supplementary Material)
was added. Spheroids formed in about 1 week and were
subsequently subcultured once a week. The procedure of
subculture consisted in mechanical detachment of BME with
spheroids from the substrate and trypsin addition (TrypLE
Express, GIBCO) to favor the disruption of the 3D aggregates.
The suspension was then incubated at 37°C for 5 min under mild
shaking and trypsin activity was stopped by adding cold basal
medium (Supplementary Material). Single cells were
resuspended in BME and plated in 24-well plates. After BME
solidification, warm culture medium was added. Spheroids were
replaced with fresh stocks from liquid nitrogen after 4 to 5
months of culture.

To perform cytotoxicity experiments, 3D spheroids were
mechanically detached from the 24-well plate and spheroid-
derived single cells were then counted by Neubauer chamber and
resuspended in an appropriated volume of BME to obtain
100,000 cells/ml as final concentration. They were then seeded
in white 96-well plates, 10 µl of BME per well, and 50 µl of
culture medium was added to each well. Four days after seeding,
they were treated and 72 h after treatment start, CellTiter glo
assay was performed, as previously described.

FDA-Approved Drug Library Screening
The FDA approved drug library (Z208828, Selleckchem) is a
collection of 1,443 inhibitors belonging to different classes like
oncology, anti-inflammation, immunology, neuropsychiatry,
analgesia and so on. The library comprises some drugs already
approved by FDA and some undergoing clinical trials (21). The
compounds were dissolved in DMSO or water at a concentration
of 10 mM. Original stock solutions of the library compounds
were then diluted in water to a final concentration of 100 mM for
each compound.

To perform the screening, cells were detached from flasks by
trypsin-EDTA, resuspended at the desired concentration in
RPMI1640 medium plus Penicillin and Streptomycin (Pen/
Strep, Gibco) and seeded in a volume of 76 µl/well in 384-wells
plates by automatic liquid handling (epMotion 5075,
Eppendorf). The next day, the plates were treated with the
FDA-approved drug library by an automatic liquid handling.
Four µl of each drug were transferred to 384-well plates, thus
reaching a final concentration of 5 µM for each drug and 0.05%
for DMSO. Medium (80 ml/well) was used as a blank. Negative
control was composed of 4 ml of H2O or 4 ml of H2O + DMSO
0.05% without drug treatment. Finally, a positive control group
was composed of adding 4 ml of a drug known to be active only in
LKB1-deleted clone. After 72 h of continuous treatment, the
cytotoxicity of each compound was evaluated with MTS cell
viability assay, as previously described. For each cell line, the
absorbance of drug-treated cells (T) was normalized to control-
treated cells (C), thus obtaining the T/C ratio.

Western Blot Molecular Analysis
Cells were seeded in petri dishes and, after 48 h, they were treated
with drug at the desired concentration. Pellets were collected 24
Frontiers in Oncology | www.frontiersin.org 3130
and 48 h after treatment start. To prepare the pellets, cells were
washed twice with ice-cold PBS and then mechanically detached
from the plates with scrapers. The suspension was then
centrifuged and the pellet resuspended in lysis buffer and
incubated on ice for 1 h to permit cells lysis. Successively,
insoluble cellular debris were pelleted at 10,000 rpm for 15
min at 4°C and the total protein amount in the supernatant
was recovered. An aliquot was used to determine protein
concentration at 595 nm at the spectrophotometer Ultrospec
2100 pro (Amersham Bioscences). Protein concentration was
obtained using a BSA calibration curve.

Thirty µg of protein total extracts were separated according to
their molecular weight with an electrophoretic run in denaturing
conditions at about 100V. Then, proteins were transferred on
activated PVDF membrane (Millipore) for 2 h at 60V. PVDF
membrane was colored with Red Ponceau dye (Sigma) to verify
the presence of proteins.

The proteins of interest were detected by exposing PVDF
membranes overnight at 4°C to protein-specific primary
antibodies diluted in 5% BSA-TBS-T or non-fat dry milk-TBS-
T. The next day, the membrane was exposed to the secondary
antibodies labelled with horseradish-peroxidase. After several
washings, the horseradish-peroxidase substrate (ECL Western
Blotting Detection, Amersham-Life Science) was added and the
signal revealed through Odyssey Fc instrument (LI-COR). C-
IAP1, LKB1, and PARP primary antibodies were purchased from
Cell Signaling while XIAP, Caspase-3, Actin, Ran, and Lamin B
from Santa Cruz Biothecnology. The anti-mouse and anti-rabbit
secondary antibodies were purchased from Biorad whereas the
anti-goat secondary antibody was purchased from Santa
Cruz Biotechnology.

Realtime-Glo Annexin V Apoptosis Assay
Cells were seeded in white 96-well plates and treated with the
drug at the desired concentrations after 24 h. The Realtime-Glo
Annexin V detection reagent was added to all wells (the detection
reagent was prepared following the datasheet instructions).
Plates were maintained at 37°C and luminescence was read at
different time points: 0, 24, 48, and 72 h after treatment start. At
each concentration and time point, luminescence data were
normalized to blank values and the average of six biological
replicates was calculated. Control-treated cells were used as
reference samples. Results were plotted as histograms, which
represented the mean of at least three independent experiments.

Caspase-Glo 3/7 Assay
Cells were seeded in white 96-well plates and, after 24 h, treated
with the drug at the desired concentrations. Seventy-two hours
after treatment, the Caspase Glo reagent was then added to all
wells (the reagent was prepared following the datasheet
instructions). Plates were incubated at 37°C and, after 1 h,
luminescence was read. Data were analyzed as for Annexin V
assay and statistical analysis was performed with PRISM software.

Statistical Analysis
The statistical analyses for each experiment were performed
through GraphPad Prism 7.01 software (GraphPad Software,
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San Diego California USA, www.graphpad.com). The different
tests used are reported in the legends of the figures. Differences
with a p-value < 0.05 were considered statistically significant.
RESULTS

FDA-Approved Drug Library Screening and
Independent Validation of the Hit
Compounds
To find new vulnerabilities of LKB1-mutated NSCLCs,
potentially exploitable to design new therapies, we performed a
high throughput screening with an FDA-approved drug library.
We used NCI-H1299 cell line (LKB1 WT) and a LKB1-deleted
clone (H1299-LKB1 KO 1) previously obtained with Crispr-Cas9
Frontiers in Oncology | www.frontiersin.org 4131
technique (16) fromH1299. To select compounds more active on
LKB1-deleted clone than on the parental cell line, for each
compound of the library, the ratio between H1299-LKB1 KO 1
T/C and H1299 T/C was calculated and a cut-off of 0.6 was
established (Supplementary Table 1). This cut-off permitted to
select compounds able to induce at least 40% more cell killing in
LKB1-deleted clone than in the WT cell line. Fourteen
compounds have achieved the cut-off value but three of them
were excluded from hit compounds because of their high toxicity
in both cell lines (Figure 1A). Among hits, two MEK inhibitors,
three antimetabolites, a SYK inhibitor and an ALDH inhibitor,
an HMG-CoA reductase inhibitor, an antiseptic, an antibacterial
and an IAP inhibitor were present (Table 1).

The activity of selected drugs was confirmed by generating,
for each compound, a complete dose-response curve on both
H1299 and H1299-LKB1 KO 1 cell lines and by calculating the
A B

FIGURE 1 | (A), Distribution of the FDA-approved drug library’s compounds according to their different activity in H1299 and H1299 LKB1 KO 1 cells. Y-axis refers
to H1299-LKB1 KO 1 T/C and H1299 T/C ratio. Each single triangle represents a compound. The eleven hit compounds are below the chosen cut-off value of 0.6
and they are colored in green. The three excluded compounds are in red. (B) Dose-response curves of H1299 and H1299-LKB1 KO 1 isogenic system treated with
increasing concentrations of Birinapant. The response to the drug was evaluated with MTS assay. The average of three independent experiments is reported.
Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 2.
TABLE 1 | Table summarizing the H1299 and H1299-LKB1 KO 1 clone (here reported as LKB1 KO 1) IC50 of the eleven hit compounds from the drug library
screening.

DRUG CLASS H1299 IC50 (mM) LKB1 KO 1 IC50 (mM) IC50 H1299 / IC50 LKB1 KO 1

Birinapant IAP inhibitor >5 0.527
(0.466–0.596)

≥9.48

6-Mercaptopurine Antimetabolite >5 0.212
(0.184–0.244)

≥2.36

Clofarabine Antimetabolite 0.717
(0.559–0.954)

0.332
(0.289–0.385)

2.16

Floxuridine Antimetabolite 0.106
(0.065–0.178)

0.054
(0.038–0.789)

1.95

Pitavastatin Calcium HMG-CoA reductase inhibitor 3.114
(1.681–13.159)

1.687
(1.028–3.877)

1.84

Fostamatinib SYK inhibitor 4.380
(3.904–5.156)

2.660
(2.506–2.819)

1.65

Chloroxine Antibacterial 3.399
(3.138–3.682)

3.100
(2.878–3.326)

1.10

Disulfiram ADLH-inhibitor 0.241
(0.136–0.412)

0.289
(0.159–0.514)

0.83

Chlorhexidine HCl Antiseptic 0.747
(0.626–0.876)

1.942
(1.792–2.101)

0.39

Cobimetinib MEK inhibitor >4 >4 –

Pimasertib MEK inhibitor >4 >4 –
October 202
For each compound the drug class, the IC50 in the two cell lines and the ratio between the IC50 in the H1299 and H1299-LKB1 KO 1 clone are indicated.
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IC50, where it was possible. In addition, the ratio between H1299
IC50 and H1299-LKB1 KO 1 IC50 was calculated. Eight
compounds, out of eleven, confirmed a higher cytotoxicity on
the LKB1-deleted clone compared to the parental cell line (Table
1, Supplementary Figure 1). The antiseptic and antibacterial
drugs showed an opposite behavior compared to the screening,
while the ALDH inhibitor did not show significant differences
between the two cell lines. Although the H1299-LKB1 KO 1
showed a higher sensitivity to MEK inhibitors than the LKB1
WT cell line, drug concentrations chosen for these inhibitors
were too low to reach the IC50 in both cell lines. Birinapant, an
IAP inhibitor, gave the best different responses: H1299-LKB1 KO
1 showed a significant sensitivity to this drug compared to the
parental cell line and only for the LKB1-mutated clone we were
Frontiers in Oncology | www.frontiersin.org 5132
able to calculate the IC50 (0.53 µM; CI: 0.47–0.60 µM) (Figure
1B, Table 1, and Supplementary Table 2).

Therefore, the study continued characterizing the different
response observed with this drug.

Analysis of Birinapant Activity With
Different Cell Viability Assays and in 3D
Models
Birinapant activity was further validated on our isogenic system by
two additional cell viability assays. The use of CellTiter-Glo and the
sulforodamine B assay confirmed the high sensitivity of the LKB1-
deleted clone to Birinapant (IC50 0.52 mM; CI: 0.46–0.58 mM and
0.53 mM; CI: 0.41–0.67 mM, respectively), while the parental cell line
remained resistant, with an IC50 not calculable for the first assay
A B

D E

F G

C

FIGURE 2 | (A, B) Evaluation of the H1299 isogenic system response to Birinapant treatment through different cell viability assays: (A) CellTiter-Glo viability assay
and (B) Sulforhodamine B assay. Dose-response curves were generated by treating the H1299 isogenic system with increasing concentrations of Birinapant. The
average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple
comparisons and it is reported in Supplementary Table 3. (C–E) Dose-response curves of H1299 and two H1299-LKB1 KO clones treated with increasing
concentrations of (C) Birinapant, (D) AT406, and (E) GDC0152. The response to the drug was evaluated with the MTS assay. The average of three independent
experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in
Supplementary Table 4. (F) Western Blot analysis of LKB1 expression levels in H1299 and H1299-LKB1 KO 1 spheroids (3D). Actin was used as a loading
control. (G) Dose-response curves of H1299 and H1299-LKB1 KO 1 spheroids (3D) treated with increasing concentrations of Birinapant. The response to the drug
was evaluated with the CellTiter-Glo viability assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-way
ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 5.
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and equal to 2.58 mM (CI: 2.0–3.4 mM) for the second (Figures 2A,
B and Supplementary Table 3). Moreover, the Birinapant activity
was confirmed in another independent H1299-derived clone
(H1299-LKB1 KO 2) previously obtained with the Crispr-Cas9
technique (Figure 2C, Supplementary Table 4) (16).

In order to verify that Birinapant activity was correlated to its
specific mechanism of action as IAP inhibitor, we treated the cell
lines with increasing doses of other two IAP inhibitors, AT406 and
GDC0152. For each drug, it was possible to calculate the IC50 in
both the two LKB1-deleted clones, whereas the drug concentrations
used did not permit to reach the 50% of viability inhibition in the
LKB1 WT cell line (Figures 2D, E and Supplementary Table 4).
Frontiers in Oncology | www.frontiersin.org 6133
Finally, we increased the complexity of our cellular model: 3D
spheroids expressing or not LKB1 were generated (Figure 2F) and
treated with Birinapant. Even in this model, it was possible to
calculate the IC50 just for the clone lacking LKB1 (1.3 µM; CI: 0.8–
2.0 µM) while the WT cells resulted resistant (Figure 2G and
Supplementary Table 5).

Analysis of Apoptosis at Different Levels
After Birinapant Treatment
We first excluded that the differences in the sensitivity of H1299
and H1299-LKB1 KO 1 cells to the drug were due to differences
in the achievement of its targets. We analyzed the expression of
A B

D E
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C

FIGURE 3 | (A) Western Blot analysis of c-IAP and XIAP levels after Birinapant treatment, at different time points. Actin and Ran were used as loading controls.
(B) RealTime-Glo Annexin V assay on H1299 and H1299-LKB1 KO 1 cell lines treated with Birinapant 5, 10, 25, and 50 nM. Annexin V exposure was followed 0,
24, 48, and 72 h from treatment start. The average of three biological replicates with standard deviations are reported. Statistical analysis was carried out through
two-way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 6. (C) Analysis of caspase-3 cleavage in H1299 and
H1299-LKB1 KO 1. The two cell lines were treated with Birinapant 0.5 mM and protein levels were evaluated 24 and 48 h after treatment start. Actin was used as
loading control. (D) Evaluation of caspase-3/7 activity in H1299 isogenic system after treatment with different concentrations of Birinapant, 24 and 48 h after
treatment start with Caspase-Glo 3/7 assay. The average of two independent experiments is reported. The statistical analysis was carried out through two-way
ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 7. (E) Analysis of PARP cleavage in H1299 isogenic system
after 24 and 48 h from Birinapant treatment start. Lamin B was used as loading control. (F) Dose-response curves of H1299 and H1299-LKB1 KO 1 cell lines
treated with increasing concentrations of Birinapant, alone or in combination with ZVAD 10 mM. The response to the drugs was evaluated with MTS assay. The
average of three independent experiments is reported. Statistical analysis was carried out through two-way ANOVA and Bonferroni post-test for multiple
comparisons and it is reported in Supplementary Table 8.
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c-IAP1 and XIAP, the two main Birinapant targets, after 24 and
48 h from treatment start with a sub-toxic concentration of 0.5
µM. In both cell lines, at the two time points considered, the drug
reached its targets but, while the c-IAP1 was completely
degraded, the XIAP levels were only (again equally in both cell
lines) downregulated (Figure 3A).

Being an IAP inhibitor, Birinapant exerts its cytotoxic activity
by induction of apoptosis (9), so we analyzed this process at
different levels. We evaluated the phosphatidylserine (PS)
exposure on the outer leaflet of cell membrane, a signal of
induction of apoptosis (22), by detecting Annexin V binding to
it. H1299 and H1299-LKB1 KO 1 cells were treated with
increasing concentrations of Birinapant and Annexin V
binding was measured at different time points. We observed a
higher PS exposure in H1299-LKB1 KO 1 clone compared to
H1299, after 24 h of treatment. The differences in Annexin V
levels between the two cell lines became more marked at 48 and
72 h (Figure 3B and Supplementary Table 6).

Then, we studied the effectors of apoptosis, Caspase 3 and 7.
We observed the cleaved and active form of the Caspase 3
enzyme after treatment with a sub-toxic dose of Birinapant
(0.5 µM), just in H1299-LKB1 KO cell line, while in H1299
only the uncleaved, inactive form of Caspase 3 was present
(Figure 3C). Further evidence of apoptosis activation only in
H1299-LKB1 KO 1 sensitive clone was given by the observation
of Caspase 3/7 activity, at both 24 and 48 h from treatment. In
the WT cell line, no activity of effector caspases at the two time
points considered was detected (Figure 3D and Supplementary
Table 7). In addition, Birinapant treatment induced cleavage of
PARP, a substrate of active caspases, once again just in H1299-
LKB1 KO 1 cells (Figure 3E).

To corroborate these data with a different approach, we
treated cells with a combination of Birinapant and ZVAD, a
pan caspases inhibitor. As expected, the co-treatment completely
restored the resistance to Birinapant in H1299-LKB1 KO 1 clone
while the same treatment in H1299 parental cell line did not
change the viability of cells. Indeed, while the LKB1-deleted
clone displayed an IC50 of about 0.5 mM, when treated with
Birinapant alone, it was not possible to calculate this parameter
when ZVAD was added to the treatment (Figure 3F and
Supplementary Table 8).
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Analysis of Birinapant Activity in NSCLC
Cell Lines With Different LKB1 Status
In order to strengthen our previous results, we expanded the study
to a panel of NSCLC cell lines WT or naturally mutated in LKB1
(Table 2). As already reported in literature, all the inactivating
mutations found in LKB1 gene invariably lead to protein loss
(Figure 4A) (7). All the cell lines chosen, together with the H1299-
LKB1 KO 1 clone, used as positive control of treatment efficacy,
were treated with Birinapant and dose-response curves were
plotted. As shown in Figure 4B, all the cell lines were resistant
to the compound (IC50 > 5 mM), independently from their LKB1
mutational status. These findings were also confirmed by treating
a representative panel of cell lines, with increasing concentrations
of two other IAP inhibitors previously tested, AT406 (Figure 4C)
and GDC0152 (Figure 4D). Realizing that all LKB1-mutated cell
lines in this panel also harbored activatingKRASmutations (Table
2) we hypothesized that these alterations could impede, in some
way, Birinapant action and justify the resistance of LKB1-mutated
NSCLC cell lines.

To assess this hypothesis, we used an ad hoc isogenic cell
system composed by K clone (KRAS G12C/LKB1 WT) and its
derived KL clone (KRAS G12C/LKB1-deleted). The K clone was
previously obtained starting from H1299 cell line by transfecting
KRAS-G12C containing vector, then LKB1 was disrupted
through Crispr-Cas9 technique, thus generating KL clone (17–
20). Both clones were resistant to Birinapant as indicated by IC50

values higher than 5 mM (Figure 4E).

Combination of Birinapant and Ralimetinib
in Other KRAS-LKB1 Co-Mutated Cell Lines
Knowing that the unique difference between KL and H1299-LKB1
KO 1 clones is the activating mutation in KRAS, we suggested that
the inhibition of proteins belonging to pathways downstream of
KRAS could restore the sensitivity to Birinapant in KL clone.
Therefore, we treated K and KL clones with increasing doses of
Birinapant and a sub-toxic dose of some KRAS downstream protein
inhibitors: ERK inhibitor, MEK inhibitor, B-RAF inhibitor, AKT
inhibitor and p38a inhibitor (data not shown). Among them, only
the combination of Birinapant and Ralimetinib (2 mM), the p38a
inhibitor, restored the sensitivity in KL clone, with an IC50 of
1.55 mM (CI: 1.24–1.99 mM), while the K clone remained resistant
(IC50 > 5 mM) (Figure 5A and Supplementary Table 9).

Having confirmed that, in our ad hoc isogenic system, the
inhibition of a KRAS downstream protein with Ralimetinib
restored the sensitivity to Birinapant in the LKB1-deleted
KRAS mutated clone, we tried to expand this result to other
LKB1 and KRAS mutated cell lines of our previous panel. We
chose two KRAS mutated and LKB1 WT cell lines, the H358 and
the LU99, and other two naturally mutated both in KRAS and
LKB1, the A549 and the H23. All these cell lines were treated
with single sub-toxic doses of Birinapant or Ralimetinib and with
the combination of the two drugs. The combination treatment
did not have a significant impact on cell viability in the LKB1WT
cell lines (Figure 5B), while it significantly decreased cell viability
in both the LKB1-mutated cell lines (Figure 5C).
TABLE 2 | LKB1 and KRAS mutational status in NSCLC cell lines.

CELL LINES LKB1 KRAS REFs

H520 WT WT (23)
H1975 WT WT (23)
H2009 WT G12A (23)
H358 WT G12C (23)
LU99 WT G12C (24)
H727 Q302P G12V (23)
H460 LOSS (Hom Q37*) Q61H (23)
H2030 LOSS (Hom E317*) G12C (23)
A549 LOSS (Hom Q37*) G12S (23)
H23 LOSS (Hom W322*) G12C (23)
REFs references of the mutational status reported in the table.
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DISCUSSION

Mutations in STK11, the second tumor suppressor gene most
frequently mutated in NSCLCs (4), lead to loss of LKB1 protein
expression which precludes the possibility to directly targeting
the cancer-associated, mutated product. Moreover, the frequent
co-presence, in NSCLCs, of LKB1 and KRAS mutations (25) is
associated with resistance to the classical anticancer drugs and
immunotherapy (5). In addition, the mutual exclusivity of LKB1
mutations with other targetable mutated genes, such as EGFR
and ALK (5), pose great challenges on how to treat patients
affected by these tumors. Therefore, highlighting new
vulnerabilities of LKB1-mutated NSCLC tumors potentially
exploitable to design new therapies is urgently needed. In
order to achieve this goal, we have screened an FDA-approved
drug library on a NSCLC cell line LKB1 WT and its LKB1-
deleted clone, previously obtained in our laboratory with Crispr-
Cas9 technique. The FDA-approved library used comprises some
drugs already approved by FDA and others under evaluation in
clinical trials (21). The screening of FDA-approved library is an
interesting technique already used in different fields by
researchers (26, 27). Indeed, by examining all the drug classes
on the same cellular model it is possible to find new applications
for an old drug and, hence, introduce an already existing therapy
to a new disease, the so called drug repurposing (28). In addition,
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drug repurposing allows rapid clinical impact and patient benefit
at reduced cost and time requirements than de novo drug
development as a result of the availability of bioactivity and
safety data from clinical trials for each compound used in the
screening (21). In our study, the screening and the consequent
validation revealed that eight compounds were more active on
the LKB1-deleted clone compared to the parental cell line. As
already reported in the literature, the LKB1-deleted clone
resulted sensitive to the three different MEK inhibitors
included in the library (29, 30). The most active compound on
LKB1-deleted clone compared to the LKB1 WT cell line was
Birinapant, a phase II SMAC mimetic or IAP inhibitor
compound. Our results indicate that Birinapant, as a
representative compound of IAP inhibitors, inhibited c-IAP1
and XIAP in both cell lines, but just in the LKB1-deleted clone it
induced apoptosis through caspase activation. Studies in
literature showed that degradation or inhibition of IAPs by
Birinapant does not necessarily translate in sensitivity to the
drug (31). In our isogenic system, the unique difference between
the cell lines is the deletion in LKB1, so we identify a potential
role of this protein in determining sensitivity to IAP inhibitors.

In order to enhance the translational impact of our results, we
chose to shift from this isogenic system to different LKB1 WT or
naturally mutated NSCLC cell lines. All the cell lines tested were
resistant to Birinapant, independently from LKB1 mutations.
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FIGURE 4 | (A) Western Blot analysis of LKB1 expression levels in NSCLC cell lines. Ran was used as loading control. (B–D) Dose-response curves of NSCLC cell
lines treated with increasing concentrations of (B) Birinapant, (C) AT406, and (D) GDC0152. The response to the drugs was evaluated with MTS assay. The average
of three independent experiments is reported. (E) Dose-response curves of H1299-derived clones, K, and KL, treated with increasing concentrations of Birinapant.
The response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through
two-way ANOVA and Bonferroni post-test for multiple comparisons. Data were not reported because no differences were found among all the compared groups.
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Due to the fact that all LKB1-deleted cell lines tested in these
experiments were also KRAS-mutated, we hypothesized that the
latter mutation could constitutively activate downstream
pathways to interfere with the sensitivity of LKB1-deleted cell
lines to IAP inhibitors. To investigate the hypothesized
contribution of KRAS mutations in the resistance to
Birinapant, we combined subtoxic doses of the IAP inhibitor
to different KRAS downstream protein inhibitors. Among them,
the combination of Birinapant and Ralimetinib, a p38a inhibitor
(13, 14), was able to restore the sensitivity of Birinapant in
KRAS- and LKB1-mutated cell lines. Our data are in line with
those present in literature where it was shown that targeting
p38a, overcomes resistance to Birinapant in primary acute
myeloid leukemia (32).

In conclusion, our results highlighted a potential new strategy
to specifically treat LKB1-deleted tumors. Pending the
verification of our results in LKB1-mutated in vivo systems, the
Frontiers in Oncology | www.frontiersin.org 9136
use of Birinapant could be a viable therapeutic option for patients
with LKB1-mutated NSCLCs, where co-existing alterations
which can interfere with Birinapant activity (i.e. KRAS
activating mutations) have not been found. Moreover,
combination of Birinapant and Ralimetinib could be also
useful for that number of patients with LKB1- and KRAS-
mutated NSCLC, for whom, no targeted therapies are available
yet, although the recent introduction of KRAS G12C specific
inhibitors could make KRAS druggable (33). Because the results
observed with Ralimetinib were based on the assumption that it
interferes with KRAS signaling, our data would suggest that a
combination of Birinapant and KRAS specific inhibitors, (at least
for those patients harboring G12C mutation) could be a further
valuable strategy. Finally, considering that Birinapant has been
already adopted in phase I-II clinical trials (NCT03803774,
NCT01828346, and NCT01681368) (34), the new therapy
could be quickly translated to the clinic.
A

B C

FIGURE 5 | (A) Dose-response curves of K and KL clones treated with increasing concentrations of Birinapant, alone or in combination with Ralimetinib 2 mM. The
response to the drugs was evaluated with MTS assay. The average of three independent experiments is reported. Statistical analysis was carried out through two-
way ANOVA and Bonferroni post-test for multiple comparisons and it is reported in Supplementary Table 9. (B) Histograms of KRAS mutated/LKB1 WT cell lines,
H358 and LU99, treated with Birinapant 5 mM, Ralimetinib 10 mM or the combination of the two drugs. The response to the drugs was evaluated with MTS assay.
The average of three independent experiments is reported. Statistical analysis was carried out through one-way ANOVA and Bonferroni post-test for multiple
comparisons and it is reported in the graphs. *p < 0.05, ns: not statistically significant. (C) Histograms of KRAS mutated/LKB1 deleted cell lines, A549 and H23,
treated with Birinapant 5 mM, Ralimetinib 10 mM or the combination of the two drugs. The response to the drugs was evaluated with MTS assay. The average of
three independent experiments is reported. Statistical analysis was carried out through one-way ANOVA and Bonferroni post-test for multiple comparisons and it is
reported in the graphs. ****p < 0.0001. Percentage of cell viability of single treated samples was calculated reporting its value to the control-treated sample,
considered 100% viable. While, for combination treatment, Ralimetinib treated sample was considered as 100% of viability hence the combination cell viability was
normalized on the Ralimetinib cell viability. In this way, the minimum effect of Ralimetinib on cell viability is nulled and the potency of Ralimetinib in sensitizing cells to
Birinapant is highlighted.
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Suppression of Esophageal Cancer
Stem-like Cells by SNX-2112 Is
Enhanced by STAT3 Silencing
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Many studies have demonstrated that cancer stem cells (CSCs) or tumor-initiating cells
(TICs) are responsible for tumor cell proliferation, chemotherapy resistance, metastasis,
and relapse in various cancers. We, and others, have previously shown that the signal
transducer and activator of transcription 3 (STAT3) signaling pathway is responsible for
CSCs and TICs growth. Recent reports have indicated that the heat shock protein 90
(Hsp90) is also essential for the survival of CSCs and TICs. SNX-2112 is an Hsp90 inhibitor.
However, it remains unclear whether proliferation of esophageal cancer stem-like cells
(ECSLCs) is suppressed by SNX-2112 with knockdown of STAT3 (shSTAT3). Here, we
explored the association between SNX-2112 with shSTAT3 and the suppression of
ECSLCs growth. We found that the expression level of both STAT3 and p-STAT3 was
higher in clinical esophageal cancer tissue than in the adjacent normal tissue, using
western blot and qPCR analysis. Furthermore, differential expression analysis
demonstrated that STAT3 was overexpressed in clinical specimens. We demonstrated
that SNX-2112 inhibited cancer cell proliferation, decreased ABCB1 and ABCG2 gene
expression levels and reduced the colony formation capacity of ECSLCs, which was
enhanced by STAT3 silencing. Flow cytometry analysis revealed that the combination of
SNX-2112 and shSTAT3 significantly induced apoptosis and cell cycle arrest at G2/M
phase in ECSLCs. Levels of proliferation pathway proteins, including p38, c-Jun N-terminal
kinase (JNK), and extracellular signal–regulated kinase (ERK) which were also client
proteins of Hsp90, were also reduced. In addition, SNX-2112 with shSTAT3 inhibited
the proliferation of ECSLCs in vivo. Finally, STAT3 overexpression eliminated the apoptotic
and antiproliferative effects of SNX-2112 on ECSLCs. Hence, these results provide a
rationale for the therapeutic potential of the combination of SNX-2112 with shSTAT3 in
esophageal cancer, and may indicate new targets for clinical intervention in human cancer.
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INTRODUCTION

Esophageal cancer is the seventh most common cause of cancer-
associated death globally (Siegel et al., 2020). The mortality rate
for patients with esophageal cancer is high, and the 5-years
survival rate is less than 20%, even in developed countries like
the United States (Siegel et al., 2020). According to epidemiology
and pathology, esophageal cancer is of two types: esophageal
squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC) (Middleton et al., 2018). ESCC is the
most common type of esophageal cancer, and is highly prevalent
in East Asia, East Africa, and South America (Middleton et al.,
2018). Although clinicians and researchers have made progress
with treatments for esophageal cancer, most patients are
diagnosed at a later stage, when metastasis has occurred
(Itskoviz et al., 2019). A lack of effective chemotherapeutic
drugs is responsible for the high mortality rate.

According to cancer stem cells (CSCs) hypotheses, cancer cells
from small subpopulations are responsible for tumor cell
proliferation, invasion, metastasis, relapse, and resistance (Jeter
et al., 2011; Noh et al., 2012; Song et al., 2017). In addition, CSCs
have the ability to self-renew (Noh et al., 2012). To-date, CSCs
have been isolated and identified in many types of solid tumors,
including breast, prostate, brain, colorectal, and pancreatic
cancers (Sancho et al., 2015). CSCs are identified primarily
through their aldehyde dehydrogenase (ALDH) activity, along
with several surface markers, including CD44, CD90, and CD133
(Zhao et al., 2011; Hang et al., 2012; Wang et al., 2017). In
esophageal cancer cells, CD44 + cells are considered to be CSCs
(Zhao et al., 2011). In previous studies, esophageal cancer stem-
like cells (ECSLCs) were isolated and examined, demonstrating
high expression levels of stem-like markers, as well as tumor
sphere formation and tumorigenesis induction (Xu et al., 2016).

Molecular chaperones, such as heat shock protein 90 (Hsp90),
interact with their client proteins to stabilize them and assist in
their folding. They play an essential role in cell stress process,
such as during starvation and at low temperatures, to prevent
their client proteins from mis-folding (Hoter et al., 2018). Hsp90
helps its client proteins to recover from cell stress, either by
protein refolding or by degradation to restore homeostasis. Hsp90
is implicated in carcinogenesis by promoting cancer cell
proliferation, as well as inhibiting cell death pathways (Hoter
et al., 2018). The client proteins of Hsp90 are associated with the
hallmarks of cancer, and inhibition of Hsp90 has been considered
an efficient strategy for cancer therapy (Wang et al., 2010).
Emerging evidence demonstrates that Hsp90 inhibition is
effective in targeting CSCs (White et al., 2016; Nolan et al.,
2017). Extracellular Hsp90 upregulates stemness markers,
promotes self-renewal, and enhances tumor sphere growth in
prostate cancer patients, which suggest that extracellular Hsp90 is
a modulator of CSCs in prostate cancer (Nolan et al., 2017).
Inhibition of extracellular Hsp90 using the monoclonal antibody
mAb4C5 reduced the activity of breast CSC in vitro and
significantly inhibited the growth of breast cancer cells in vivo
(Stivarou et al., 2016). Additionally, inhibition of Hsp90 using
novel C-terminal inhibitors KU711 and KU757 completely
prevented the self-renewal of head and neck squamous cell

carcinoma CSCs (Subramanian et al., 2017). At the same time,
they found that suppression of Hsp90 effectively targeted the
functionality of thyroid CSCs, which prevented their migration
and invasion (White et al., 2016). In our previous studies, the
Hsp90 inhibitor SNX-2112 demonstrated antitumor activity by
induction of apoptosis and cell cycle arrest of melanoma cells, and
inhibiting tumor growth in vivo (Liu et al., 2012a; Liu et al., 2012b;
Wang et al., 2014). In addition, it exerted its inhibitory effect on
various cancer cells by binding to the N-terminal adenosine
triphosphate binding site of Hsp90 (Wang et al., 2015).
Moreover, SNX-2112 is a more effective agent compared to
the classic Hsp90 inhibitor, 17-allylamino-17-
demethoxygeldanamycin (17-AAG). For example, SNX-2112
inhibited melanoma cell proliferation in a dose-dependent
manner to a more significant level than 17-AAG and the IC50

values of 17-AAG and SNX-2112 at 48 h were 1.25 and 0.16 μM,
respectively (Liu et al., 2012b). The inhibitors of Hsp90 are listed
in Table 1. These results encouraged us to investigate the effects
of SNX-2112 on ECSLCs.

Accumulating evidence has demonstrated that STAT3
signaling is associated with the proliferation of CSCs or TICs
(Chung et al., 2013; Kulesza et al., 2019). STAT3 is a key
transcription factor with many functions in normal stem cells,
CSCs, and embryonic stem cells (ESCs) (Zhong et al., 1994;
Marotta et al., 2011; da Hora et al., 2019; Zhang et al., 2019).
This transcription factor is necessary for maintaining mouse
ESCs in an undifferentiated state, and is regulated via a Myc-
dependent mechanism (Wong et al., 2018). STAT3 has been
identified as an oncogene, and activated STAT3 can mediate
cellular transformation (Bromberg et al., 1999). Indeed, its
regulation is complex as it is involved in many signaling
pathways, in many types of cancer cells (He et al., 2018; Lin
et al., 2018). STAT3 is constitutively activated by tyrosine
phosphorylation in numerous cancers, including esophageal
cancer (Chen et al., 2013). Aberrant expression of STAT3 has
been implicated in malignant transformation and tumor
progression (Xiong et al., 2012). Further studies have
demonstrated that STAT3 is overexpressed in CSCs in brain
cancer, leukemia, and breast cancer (Hosea et al., 2018; Shastri
et al., 2018; Han et al., 2019). Consistently, STAT3 level was
higher in melanoma samples and it supported maintenance of
melanoma CSCs. It is suggested that STAT3 could serve as a
potential target to impair tumor progression or recurrence
(Kulesza et al., 2019). STAT3 is also overexpressed in ECSLCs
(Xu et al., 2016).

Notably, Hsp90 is important for the functional competence of
STAT3 which governs the tumor microenvironment and cancer
progression (Bocchini et al., 2014; Cho et al., 2019). The
association between Hsp90 and STAT3 was identified in
tumor cells, and is necessary for STAT3 phosphorylation,
dimerization, and nuclear translocation, all of which
contribute to cancer cell survival (Chatterjee et al., 2007;
Bocchini et al., 2014). Hsp90 inhibition may simultaneously
suppress both Hsp90 functionality and STAT3 signaling
activity (Cho et al., 2019). However, it remains unclear
whether STAT3 inhibition influences the anti-tumor activity of
Hsp90 inhibitors.
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In the present study, we investigated the molecular
mechanisms underlying the ECSLCs-targeting effects of
STAT3 knockdown combined with SNX-2112. We found that
ECSLCs proliferation was inhibited by combination treatment.
We also demonstrated that the expression level of p-STAT3 is
higher in clinical esophageal samples than in paired normal cells.
Moreover, the levels of Hsp90 client proteins were significantly
reduced in ECSLCs after STAT3 depletion and treatment with
SNX-2112. Finally, knockdown of STAT3, along with SNX-2112
administration, inhibited the growth of ECSLCs in vivo.

MATERIALS AND METHODS

ECSLCs Culture
SNX-2112 was synthesized in our laboratory according to a
known procedure, with purity of the compound >98.0% (Barta
et al., 2008). SNX-2112 was dissolved in DMSO and 10 mM SNX-
2112 stock solution was stored in 4°C. Eca109 cancer cells were
obtained from the Cell Bank of the Chinese Academy of Science.
Immortalized human esophageal epithelial cells (HEEC) were
purchased from BNBIO (Beijing, China). ECSLCs were isolated
and identified according to our previous study (Xu et al., 2016).
After they were isolated, the ECSLCs were maintained in serum-
free DMEM/F12 medium supplemented with B27 supplement (1:
50) (Invitrogen, Carlsbad, CA, United States), 20 ng/ml
epidermal growth factor (EGF) (Pepro Tech, Inc. Rocky Hill,
United States), 20 ng/ml basic fibroblast growth factor (bFGF)
(Pepro Tech, Inc. Rocky Hill, United States) using ultra-low
attachment plates (Coring, NY, United States). Clinical
esophageal samples were provided by the Cancer Center of
Sun Yet-Sen University in October 2014. Primary ESCC
tumors and adjacent normal tissues were obtained from eight
patients who underwent surgical treatment. The specimen was
same with our previous studies (Xu et al., 2016). The patients
provided written informed consent to participate in the study.
The use of the clinical specimens for research purposes was

approved by the Ethics Committee of Guangdong Food and
Drug Vocational College.

Cell Viability Assay and Ki-67 Labeling
The proliferation of ECSLCs was evaluated using the MTT (3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide) assay. The ECSLCs were stably transduced with
lentiviral constructs carrying shGFPctrl or shSTAT3 for
72 h. Next, approximately 4 × 103 cells were seeded into 96-
well culture plates and cultured overnight in DMEM/F12
medium containing 20 ng/ml EGF, 20 ng/ml bFGF, and B27
(1: 50). The following day, to the combination treatment group
the cells had been transfected with lentiviral and after 72 h, the
cells were exposed to SNX-2112 for 24 h. To the shGFPctrl and
shSTAT3 groups ECSLCs were treated with lentiviral
constructs for 72 h and cell viability was measured. To
SNX-2112 group the ECSLCs were treated with SNX-2112
and cell viability was measured. The MTT assay solution
(10 µL) was added to each well, and the plates were
incubated at 37°C for 4 h. The MTT final concentration in
treatment media was 5 mg/ml. Then the medium was removed,
and the formazan crystals were dissolved in DMSO. The
absorbance (A) was measured at 570 nm using a microplate
reader (Elx800, Biotek). To detect the proliferation of ECSLCs
using the Ki-67 marker, the cells were treated with SNX-2112
and shSTAT3 for 24 h. The next day, the cells were incubated
with the Ki-67 antibody (1:1,000, Cell Signaling Technology,
#9449) at room temperature for 1.5 h after the cells were
blocked with 10% goat serum at room temperature for
1.0 h. The cells were then washed three times with Tris-
buffered containing 01% Tween-20 for 5 min. Next, the cells
were incubated with FITC-conjugated secondary antibody
(goat anti-mouse/rabbit) (1:8,000, Beyotime, Haimen,
Jiangsu, China) at 37°C for 0.5 h. The cells were then
washed three times with Tris-buffered saline (TBS) for
5 min and photographed using a fluorescence microscope
(Nikon, Japan).

TABLE 1 | Summary of Hsp90 inhibitors reaching clinical trials.

Hsp inhibitor Class of compound Cancer type Phase Ref

17-AAG Geldanamycin analogue Prostate, papillary, and clear cell RCC,
melanoma V600E
Harboring BRAF mutation

Phase II (Solit et al., 2008) NCT00118092

17-DMAG Geldanamycin analogue Solid tumors, AML Phase I (Lancet et al., 2010) NCT00088868
IPI-504 Geldanamycin analogue GIST progression after TKI

NSCLC progression on EGFR inhibitor
Phase III
Phase I/II

(Sequist et al., 2010; Wagner et al., 2013) NCT00606814

AUY922 Resorcinol derivate NSCLC progression on chemotherapy Phase II (Garon et al., 2013) NCT01854034
AT-13387 Resorcinol derivate CRPC progression on abiraterone Phase II (Shapiro et al., 2015)

NCT01685268
STA-9090 Resorcinol derivate Solid and hematological malignancies Phase I (Acquaviva et al., 2014) NCT00858572
SNX-5422 Purine and purine-like analogue HER2+ tumor types

NSLC, esophagogastric, breast
Phase I/II (Rajan et al., 2011)

NCT01848756
NVP-HSP990 Purine and purine-like analogue Advanced solid tumors Phase I (Spreafico et al., 2015) NCT00879905
XL -888 Purine and purine-like analogue Advanced solid tumors Phase I (Jhaveri et al., 2012) NCT00796484

RCC, renal cell carcinoma; CRPC, castrate-resistant prostate cancer; GIST, gastrointestinal stromal tumors; NSCLC, non-small cell lung cancer; TKI, tyrosine kinase inhibitor; EGFR,
epidermal growth factor receptor.
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Construction of shRNA-Expressing Vectors
and Transfection
The STAT3-specific shRNA carrying lentiviral vectors with GFP
were constructed (Genechem, Shanghai, China) in order to
silence the expression of STAT3. The shRNA sequence were
as follows, shSTAT3, forward primer, 5′-GCCATTGGCCGG
AATTAGCGAACGGT-3′, reverse primer, 5′-CCGGTTAAAG
GTTCGACTTCCAAGGTA-3′; shSTAT3-1, forward primer, 5′-
GCTAAACCGGTGCCAGCTGAGTTCCCA-3′, reverse primer,
5′-TTGGCGTAAGGTTCGTACAGTTGGTCC-3′; shGFP-ctrl,
forward primer, 5′-GTCGGAAGTCCCAAGGTTAGTCCGT-
3′, reverse primer, 5′-GGTTACGTAAGGTCCGACTGGAC-3′.
The complementary oligonucleotides encoding shRNA were
designed and packaged. The sequences of plasmids were
verified by sequencing. The cells were transfected with a
serum-free medium in the presence of 8 μg/ml polybrene to
improve the knockdown efficiency for 4 h. After 4 h, the
serum-free medium was replaced by normal medium. The
silence efficiency of shSTAT3 was evaluated in our previous
studies (Xu et al., 2016).

Ribonucleic Acid Sequencing and
Quantitative PCR Analysis
The total RNA was extracted from the tumor tissue using Trizol
reagent (Invitrogen, CA, United States) following the
manufacturer’s procedure. RNA integrity was assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2,100
system (Agilent Technologies, CA, United States). After total
RNA was extracted, the ribosomal RNA in the total RNA was
completely removed using the Ribo-Zero Magnetic Gold Kit
(illumina, United States). Subsequently, the RNA was broken
into fragments and connected to the sequencing connector using
NEB Next Ultra Directional RNA Library Prep Kit for Illumina
(NEB, United States) following the manufacturer’s procedure.
The cDNA libraries were sequenced by Novogene Technologies
(Beijing, China) using an Illumina HiSeq Xten platform. Raw data
generated by sequencing were recorded. The specific processing
steps were as follows: removal of short sequences; removal of
contaminated information which cannot be determined; removal
of low-quality reads. At the same time, Q20, Q30, and GC content
of the clean data were calculated. All of the analyses were based on
the clean data with high quality. For Quantitative PCR (qPCR)
analysis, total RNA was isolated using TRIzol reagent
(Invitrogen) and reverse transcribed into cDNA using a
standard protocol (TaKaRa Biotechnology, Dalian, China).
qPCR was carried out using the Bio-Rad system (Hercules,
CA, United States) and the TaqMan system (Applied
Biosystems, Foster City, CA, United States). The PCR primers
were synthesized (Sangon Biotech, Shanghai, China). The primer
sequences for PCR were as follows: ABCB1, forward primer 5′-
CAGCTGTTGTCTTTGGTGCC-3′, reverse primer 5′-TGGCAA
TGCGTTGTTTCTGG-3′. ABCG2, forward primer 5′-TGGTGT
TCCTTGTGACACTG-3′, reverse primer 5′-TGAGCCTTTGGT
TAAGACCG-3′. GAPDH, forward primer 5′-ATTCCACCC
ATGGCAAATTC-3′, reverse primer 5′-TGGGATTTCCAT

TGATGACAAG-3′. Each sample was analyzed in triplicate.
Gene expression level data analysis was performed according
to the 2−ΔΔCt method using GAPDH expression as the control.
The following PCR procedure was used on the Light Cycler: 95°C
for 5 s, 60°C for 5 s, followed by 42 cycles of 95°C for 15 s and 60°C
for 1 min, in a 10 μl reaction volume.

Western Blot Analysis
Cells were collected and lyzed with 1% SDS containing
phenylmethylsulfonyl fluoride (PMSF), and protein
concentration in the samples was measured using the BCA
protein assay kit (Beyotime, Haimen, China). Samples
containing 20 µg protein were separated by SDS-PAGE and
transferred onto 0.22 µm polyvinylidene fluoride membranes
(Millipore, Billerica, MA, United States). Membranes were
blocked with 5% skimmed milk in TBS containing 0.05%
Tween-20 (TBST) for 1.5 h and were incubated with primary
antibodies [Bcl2, Cell Signaling Technology (CST), c15071; Bax,
CST, #5023; p38, abcam, ab32142; p-p38, abcam, ab126425; ERK,
CST, #4695; p-ERK, CST, #4370; JNK, CST, #9252; p-JNK, CST,
#9255; STAT3, CST, #9139; p-STAT3 (Tyr705), CST, #9145;
GAPDH, CST, #5174] at 4°C overnight. The following day, the
membranes were washed three times with 0.1% TBST. The
membranes were incubated with HRP-conjugated secondary
antibody (1: 8,000, goat anti-mouse antibody or goat anti-
rabbit antibody) for 1.5 h. The signals on the membranes were
developed with ECL reagent (Thermo Scientific, Waltham, MA,
United States).

Flow Cytometry Assay
For the apoptosis assay, cells were treated with shSTAT3 and
SNX-2112. They were then harvested and washed with PBS for
5 min. The cells were incubated with 5 µl of binding reagent and
5 µl of Annexin V-APC (KeyGen BioTech, China). After 30 min,
cells were washed three times with PBS and stained with 5 µl of 7-
AAD (KeyGen BioTech, China) for 25 min at room temperature,
according to the manufacturer’s instructions. The experiments
were repeated three times. All data were analyzed and calculated
using FlowJo software.

TUNEL Assay
ECSLCs apoptosis was analyzed post-treatment using the
terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick end labeling (TUNEL) method, using the in-
situ cell death detection kit (Beyotime, Haimen, China),
according to the manufacturer’s instructions. Paraffin sections
were dewaxed in xylene for 10 min, followed by soaking in a series
of descending alcohol concentrations (EtOH for 5 min, 90%
EtOH for 2 min, 70% EtOH for 2 min, distilled water for
2 min). The sections were incubated with 20 mg/ml proteinase
K for 20 min at 30°C in an incubator. The sections were washed
with PBS three times for 5 min and soaked in 3% H2O2 to block
endogenous peroxidase. The sections were incubated with
TUNEL reagents. The percentage of TUNEL-labeled cells was
determined at a magnification of ×400 by counting 500 cells in a
random field.
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Colony Formation Assay
For colony formation, according to our previous study (Xu et al.,
2016), a 6-well plate was coated with a bottom agar layer
containing DMEM/F12 medium supplemented with
recombinant human EGF, recombinant human bFGF, and B27
supplement (1:50). The top agar layer contained a single cell
suspension of 1 × 103 ECSLCs transfected with shSTAT3 in
DMEM/F12 medium supplemented with EGF (20 ng/ml), bFGF
(20 ng/ml), B27 supplement (1:50), and 0.2 μM SNX-2112. After
14 days, the cells were stained with 0.5% crystal violet for 30 min
at 37°C, and colonies of more than 50 cells were counted as
positive.

Animal Experiments and
Immunohistochemical Analysis
The study protocol was approved and conducted according to the
Jinan University Laboratory Animal Ethics Committee. Five-
week-old male Balb/c nude mice were purchased from the
Animal Center of Huafukang (Beijing, China). These mice
were divided randomly into four groups containing six
animals each. ECSLCs containing shSTAT3 were washed with
PBS three times and counted. The cells (1 × 105) were
resuspended in 150 μl PBS, mixed with an equal volume of
Matrigel (BD Biosciences, MA, United States), and injected
subcutaneously into the neck area of each nude mouse. The
tumor size was measured every three days, and the tumor volume
was calculated as L × W2 × 0.5 (mm3; L indicates length; W
indicates width). After seven days, SNX-2112 was
intraperitoneally injected into mice. In addition, in control
group the mice were inoculated 1 × 105 cells and seven days
later equal volume of PBS was intraperitoneally injected, which
was same as the experiment group treatment. Every other day the
mice were administrated 10 mg/kg of SNX-2112. After drug
treatment for 2 weeks, animals from each group were
euthanized, and the tumors were harvested and measured to
determine their weight.

For IHC analysis, tumor tissue and adjacent non-tumor
esophageal tissue were fixed in 4% paraformaldehyde and
paraffin-embedded. Then, the tissues were sectioned at 3–4 µm
thickness and deparaffinized. The sections were dewaxed and
subjected to antigen retrieval (0.01 M Citrate buffer pH 6.0 and
0.01 M Tris-HCI buffer pH 9.0, respectively). Endogenous
peroxidase was blocked using 0.6% H2O2 for 30 min, followed
by washing steps with TBS. Sections were treated with 10%
normal goat serum in 0.1% TBST for 10 min for non-specific
antibody binding. Tissue sections were incubated with primary
antibodies [p-ERK, CST, #4695, 1:100; p-AKT (Ser473), CST,
#4060, 1:100; STAT3, CST, #9139; p-STAT3 (Tyr705), CST,
#9145]. Secondary antibody incubation was performed at
room temperature for 90 min. Chromogen reaction was
performed by incubating with diaminobenzidine (DAB) for
5 min. Slides were counterstained with hematoxylin,
dehydrated, and permanently mounted using standard
procedures. IHC quantification was performed on three
randomly selected high power fields (HPF) per slice.
Quantification of apoptotic cells was performed manually.

Integrated optical density (iod) of Ki-67+, p-AKT and p-ERK
were quantified using Image pro-Plus software by applying the
appropriate pixel threshold equally on all selected pictures and
using measure function to calculate the covered area. Data is
represented as % of covered area.

Statistical Analysis
The SPSS19.0 program (SPSS Inc., Chicago, IL, United States)
was used for statistical analysis. The data are presented as the
means ± SD of at least three independent experiments. Student’s
t-test was used for two-group comparisons. p < 0.05 was
considered to indicate a statistically significant difference.

RESULTS

STAT3 Level Was Higher in Clinical
Esophageal Cancer Samples
STAT3 is constitutively activated in numerous types of human
cancers, including ECSS, and plays a key role in regulating
proliferation, chemo-resistance, and relapse.

However, its clinical significance and biological role in the
regulation of proliferation remains unexplored. Western blot
analysis indicated that both STAT3 and p-STAT3 (Tyr705)
protein levels were increased in human ECSS samples
compared with adjacent non-tumor tissue samples
(Figure 1A). qPCR analysis showed that remarkably higher
level of STAT3 was detected in clinical cancer samples
(Figure 1B). IHC results were also consistent with western
blot results regarding levels of STAT3 and p-STAT3 (Tyr705)
(Figure 1C). Additionally, we compared gene expression
profiles of eight esophageal cancer cases with those of
normal adjacent tissues using RNA sequencing. Differential
expression analysis demonstrated that STAT3 was
overexpressed in six out of eight cases (Figure 1D).
Together, these results demonstrated that STAT3 level is
higher in esophageal cancer cells, and STAT3 may play an
important role in regulating the proliferation of esophageal
cancer cells.

shSTAT3 Enhanced SNX-2112 Efficacy by
Inhibiting ECSLCs Colony Formation
The chemical structure of SNX-2112 is shown in Figure 2. First
the cell toxicity of SNX-2112 was studied using HEEC. According
to our previous studies (Liu et al., 2012a; Liu et al., 2012b), HEEC
were cultured with 20, 40, and 80 μM SNX-2112 for 24, 48, and
72 h. As in the Supplementary Figure S1, no significant cell
toxicity was observed. In addition, both western blot and qPCR
assays demonstrated that the silence efficiency of shSTAT3 was
higher than shSTAT3-1 (Supplementary Figure S2). Therefore,
the shSTAT3 was selected to conduct the following experiments.
To investigate the anticancer effects of the combination treatment
of SNX-2112 with shSTAT3, ECSLCs viability was analyzed. The
ECSLCs was cultured in the presence of a range of concentration
of SNX-2112 (0.05, 0.1, 0.2, 0.4, 0.8,1.6 μM) for 24 h. The viability
of ECSLCs was inhibited in a concentration-dependent manner
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(Figure 3A), and the IC50 value of SNX-2112 at 24 h was
0.19 μM. So for the convenience in the following studies the
treatment time and concentration of SNX-2112 was 24 h and
0.20 μM, respectively. SNX-2112, along with shSTAT3,
remarkably suppressed cell proliferation compared with
shSTAT3 and SNX-2112 alone (Figure 3B). Furthermore, a
significant downregulation of the mitochondrial protein Bcl2
level was observed with the combination therapy. Bax
expression level in the combination treatment group was
higher than that in the shSTAT3 and 0.20 μM SNX-2112 alone
treatment groups (Figure 3C). In addition, the mRNA level of
ABC transporter super-family ABCB1 and ABCG2 was
significantly reduced following the combination treatment
(Figures 3D,E).

We further investigated the colony formation capacity of
ECSLCs cultured in DMEM/F12 medium supplemented with
recombinant human 20 ng/ml EGF, recombinant human 20 ng/
ml bFGF and B27 (1: 50). The results demonstrated that the
combination treatment of SNX-2112 with shSTAT3 significantly
decreased the colony formation ability of ECSLCs (Figure 3F).
These results indicated that the combination treatment notably
reduced the proliferation of the ECSLCs.

SNX-2112With shSTAT3 Induced Apoptosis
and Cell Cycle Arrest in ESCLCs
To explore whether the combination of SNX-2112 with shSTAT3
induced ECSLCs cycle arrest, a flow cytometry assay was

FIGURE 1 | Expression of STAT3 and p-STAT3 in clinical esophageal cancer samples (A)Western blot analysis of the STAT3 expression in clinical samples. STAT3
expression in tumor tissues was compared with that in the adjacent normal tissues. T, tumor tissues; N, normal. (B) qPCR analysis of the STAT3 expression level in
clinical samples. mRNA expression levels of STAT3 in clinical tumor tissue were compared with that in normal tissue. The experiments were repeated three times
independently (mean ± SD). (C) Expression levels of STAT3 and p-STAT3 in paraffin sections of clinical tumor tissue were analyzed by immunocytochemistry.
Representative images of various clinical esophageal cancer specimen sections from eight independent cases and the percentage of samples showing high STAT3 and
p-STAT3 expression levels are provided. Scale bar, 50 μm. (D) Heat maps of differential expressions of mRNA in clinical esophageal cancer samples.
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conducted. As shown in Figure 4A, the cell cycle was indeed
found to be arrested. The relative percentages of G2/M phase cells
in the combination treatment, SNX-2112 and shSTAT3 groups
were 29.97%, 24.32%, and 16.73%, respectively. In addition, the
combination treatment significantly increased the number
apoptotic cells compared with the individual treatment
(Figure 4B). These results suggest that SNX-2112 and
shSTAT3 combination remarkably increased G2/M phase
arrest compared with SNX-2112 or shSTAT3 alone.

To further investigate whether SNX-2112 combination with
shSTAT3 reduced the proliferation and colony formation size of
cancer cells, we performed a gain-of-function analysis in vitro,
using a shSTAT3 lentiviral vector containing GFP. As shown in
Figure 4C, SNX-2112 combination with shSTAT3 significantly
decreased the colony formation size of cells.

To explore the molecular changes in cell proliferation, the
levels of p38, JNK and ERK which were client proteins of Hsp90,
were measured. We found that p-p38 levels were significantly
reduced in the combination group compared with SNX-2112 and
shSTAT3 alone groups (Figure 4D). Changes were also observed
in p-JNK and p-ERK levels (Figure 4D). In addition, the Ki-67
assay showed that intensity of signal of Ki-67 was reduced, which
suggested that the proliferation of ECSLCs was inhibited by the
combination treatment of SNX-2112 with shSTAT3 (Figure 4E).
Together, these results demonstrate that STAT3 is required for
the proliferation of ECSCLs.

Combination Treatment of SNX-2112 With
shSTAT3 Suppressed ECSLCs Tumor
Growth In Vivo
To investigate the effect of a combination of SNX-2112 with
shSTAT3 on esophageal tumor growth in vivo, xenograft tumor
models with ECSLCs were established. The tumor volume was
monitored. The mean weight and volume of tumors in the
combination treatment group were smaller than that in the
shSTAT3 or SNX-2112 alone groups (Figure 5A). The

combination treatment of SNX-2112 with shSTAT3 inhibited
the tumor growth (Figure 5A). In addition, the body weight of
animal was not significanty reduced in the combination
treatment group (Figure 5A). To further investigate the
effect of SNX-2112 combination with shSTAT3 on tumor
growth, the levels of Ki-67, p-ERK and p-AKT (Ser473) in
the xenograft tumors were examined. It was determined that
Ki-67 and p-ERK levels were decreased significantly in the
combination treatment group. The same effect was observed
for p-AKT (Ser473) (Figure 5B). TUNEL assay revealed higher
levels of cancer cell apoptosis in the combination treatment
group (Figure 5B).

Constitutively Active STAT3 Reduced the
Efficacy of SNX-2112 on ECSLCs
Previous studies have demonstrated that STAT3 is overexpressed
in many types of tumor cells (Misra et al., 2018; Shastri et al.,
2018; Kulesza et al., 2019). To determine whether the STAT3
pathway is required for SNX-2112-induced ECSLCs apoptosis,
clinical esophageal cancer samples were collected and the STAT3
and p-STAT3 expression levels were evaluated using IHC. STAT3
and p-STAT3 (Tyr705) levels were higher in tumors than in the
adjacent normal tissues (Figure 6A). Western blot assay
demonstrated that the expression level of p-p38 was reduced
with treatment of SNX-2112, and this effect was reversed by
STAT3 overexpression (Figure 6B). Consistently, these results
were observed in p-JNK and p-ERK (Figure 6B). In addition,
fluorescence microscopy showed that the proliferation of ECSLCs
was inhibited by SNX-2112. However, the proliferation inhibition
of the ECSLCs by SNX-2112 was reversed by STAT3
overexpression (Figure 6C). These results demonstrated that
STAT3 overexpression reduced the efficacy of SNX-2112 on
ECSLCs.

STAT3 Overexpression Abolished the
Apoptotic Effect of SNX-2112 on ECSLCs
To investigate the effect of STAT3 overexpression on the
expression of ABCB1 and ABCG2, the level of ABCB1 and
ABCG2 was messured. SNX-2112 reduced the expression level
of ABCB1 and ABCG2, which was reversed by STAT3
overexpression (Figures 7A,B). In addition, the percentage
of total apoptosis in the control, SNX-2112 and STAT3
overexpression groups was 11.68%, 23.60%, and 14.27%,
respectively (Figure 7C). STAT3 overexpression decreased
the percentage of the apoptotic cells. To further confirm the
biological role of STAT3 in the regulation of ECSLCs
proliferation, the colony formation assay was conducted.
The colony formation assay demonstrated that STAT3
overexpression increased colony formation ability of
ECSLCs (Figure 7D). Collectively, shSTAT3 potentiated the
apoptotic effect of SNX-2112 on ECSLCs. Meanwhile,
overexpression of STAT3 abolished the apoptosis of
ECSLCs induced by SNX-2112. Taken together, these results
suggest that SNX-2112 with shSTAT3 inhibited the
proliferation of ECSLCs.

FIGURE 2 | The chemical structure of SNX-2112.
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DISCUSSION

CSCs have been isolated and identified in many types of tumor
cells, including breast, pancreas, brain, and leukemia (Choi et al.,
2014; Ross et al., 2015). CSCs have been found to have stem-like

cell properties, such as self-renewal, multilineage differentiation
potential, and stemness marker expression (Batlle and Clevers,
2017). More importantly, cancer cells have the abilities of
invasion, resistance, metastasis, and relapse, mainly due to the
presence of these CSCs (Chen et al., 2011; Sainz and Heeschen,

FIGURE 3 | The inhibition of colony formation capacity of ECSLCs by combination treatment of SNX-2112 with shSTAT3 (A) Cell viability of ECSLCs treated with
SNX-2112 for 24 h. ECSLCs were treated with various concentrations of SNX-2112 fro 24 h and cell viability was assessed using the MTT assay. (B) Proliferation curve
analysis of ECSLCs after treatment with SNX-2112 and shSTAT3. ECSLCswere stably transduced with lentiviral constructs carrying shGFPctrl and shSTAT3. After 72 h,
ECSLCs were treated with 0.2 μM SNX-2112 for 24 h. Then, ECSLCs proliferation was evaluated by MTT assay. The experiments were repeated three times
independently. (C) Western blot analysis of Bcl2 and Bax expression levels in ECSLCs post treatment with shSTAT3 for 72 h and 0.2 μM SNX-2112 for 24 h. GAPDH
was used as a loading control. (D,E) qPCR analysis of ABCB1 and ABCG2 in ECSLCs. After transfection with shSTAT3 for 72 h, ECSLCswere treated with 0.2 μMSNX-
2112 for 24 h. Vertical bars represent mean ± SD. (F) The colony forming capacity of ECSLCs was tested using soft agar plates. Approximately 1 × 103 ECSLCs post
treatment with shSTAT3 and 0.2 μM SNX-2112 were allowed to grow for approximately 14 days and formed colonies were stained by 0.5% crystal violet and counted.
The experiments were repeated three times independently. Scale bar, 10 mm.
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2013; Williams et al., 2015; Zhao et al., 2015). In this study, we
demonstrated that the Hsp90 inhibitor SNX-2112 combined with
shSTAT3 suppressed the proliferation of esophageal cancer stem-
like cells in vitro and in vivo. Importantly, the combined
treatment of SNX-2112 with shSTAT3 exerted cytotoxic effects
against ECSLCs. These results suggest that combined treatment of
SNX-2112 with shSTAT3 could be useful for esophageal cancer
therapy.

Overexpression of Hsp was found to promote cell survival and
protect cellular proteins from the risk of damage or aggregation,
such as heat shock, absence of nutrients, and oxidative stress
(Pirkkala et al., 2001; Hoter et al., 2018). Hsp90 is known to

promote cancer cell survival and anticancer drug resistance by
helping their client protein to maintain correct conformation and
by enhancing the stability of numerous oncogenic proteins
(Taipale et al., 2010; Jego et al., 2013; Le et al., 2018). Hsp90
overexpression is observed in many types of cancer cells, and has
emerged as a promising target for anti-tumor drug development
(Modi et al., 2011; Le et al., 2018). In addition, several clinical
trials are being conducted to evaluate the effectiveness of Hsp90
inhibitors (Modi et al., 2011).

In addition, Hsp90 plays a key role in drug resistance.
Cisplatin resistance in bladder cancer-initiating cells was
overcome by Hsp90 inhibitor 17-DMAG (Tatokoro et al.,

FIGURE 4 | Combination treatment with SNX-2112 and shSTAT3 induced ECSLCs apoptosis and cell cycle arrest (A) Flow cytometry analysis of cell cycle of the
ECSLCs after treatment with shSTAT3 for 72 h and with 0.2 μM SNX-2112 for 24 h. The cell cycle distribution was analyzed by flow cytometry. Vertical bars represent
mean ± SD from three independent experiments. (B) The apoptosis of ECSLCs treated with shSTAT3 for 72 h and 0.2 μM SNX-2112 for 24 h was analyzed by flow
cytometry. The data were from three independent experiments. (C) The sphere formation size detection of ECSLCs. The ECSLCs were treated with shSTAT3 for
72 h and 0.2 μM SNX-2112 for 24 h. Then the ECSLCs were subjected to normal medium for approximately 14 days. The medium was changed every 3 days. Scale
bar, 50 μm. (D) Western blot analysis of ECSLCs treated with shSTAT3 for 72 h and 0.2 μM SNX-2112 for 24 h. The level of p38, ERK, and JNK were analyzed by
western blot. GAPDH was used as a loading control. (E) Ki-67 proliferation analysis of ECSLCs treated with shSTAT3 and 0.2 μM SNX-2112 for 24 h. The cells were
collected and incubated with Ki-67 antibody. Scale bar, 50 μm.
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2012). In their study, they found that 17-DMAG simultaneously
inactivated both AKT and ERK signaling, which were its client
proteins, and synergistically potentiated the cytotoxicity of
cisplatin (Tatokoro et al., 2012). The glioma tumor-initiating
cells were inhibited in a dose-dependent manner by NVP-
HSP990, another Hsp90 inhibitor. NVP-HSP990 disrupted
cell-cycle control mechanisms by decreased CDK2 and CDK4
levels and increased glioma tumor-initiating cell apoptosis levels
(Fu et al., 2013). Furthermore, in aggressive hematological

tumors, Hsp90 is still a target for anti-tumor therapy. For
example, 17-AAG, an Hsp90 inhibitor, induced apoptosis and
disrupted transcriptional functionality of HIF1α, which is a client
protein of Hsp90, and 17-AAG decreased the colony formation
ability of mouse lymphoma CSCs and human myeloid leukemia
CSCs (Newman et al., 2012).

Hsp90 inhibitors were initially designed and developed with
the rationale that Hsp90 is overexpressed in cancer cells and
emerges as a molecular chaperone to many client proteins

FIGURE 5 | The inhibition of tumorigenicity of ECSLCs by SNX-2112 with shSTAT3 in vivo (A) Analysis of tumor weight and animal weight. Balb/c nude mice were
injected subcutaneously with 1 × 105 ECSLCs transduced with shSTAT3. After 7 days, 10 mg/kg SNX-2112 was intraperitoneally injected into mice. Every other day,
the mice were administrated with SNX-2112. Following drug treatment for 2 weeks, animals from each group were euthanized, and the tumors were harvested and
measured. Vertical bars represent mean ± SD. (B) Expression of Ki-67, p-AKT (Ser473) and p-ERK proteins in paraffin sections of ECSLCs xenografts analyzed by
immunocytochemistry. Sections were counter-stained with hematoxylin (blue nuclei). Representative images of various tumor tissue sections were present. TUNEL
analysis of cell apoptosis was present. Scale bar, 100 μm.
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(Subramanian et al., 2017). Hsp90-related gene expression is
increased in CSCs, which led us to hypothesize that Hsp90
inhibitors may be useful in cancer therapies. Furthermore,
Hsp90 inhibitors are more active in tumor cells than in
normal tissue, which suggests that these novel inhibitors are
likely to preferentially target cancer cell populations and CSCs
subpopulations (White et al., 2016; Subramanian et al., 2017). In
our study, we demonstrated that treatment with SNX-2112 in
combination with shSTAT3 decreased ECSLCs viability and
induced ECSLCs apoptosis and cell cycle arrest in G2/M
phase. ECSLCs proliferation was significantly inhibited as
indicated by reduced colony formation potential and reduced
cell viability.

The expression of ABCB1 and ABCG2 was also reduced by
treatment with SNX-2112 in combination with shSTAT3. The
increased levels of ATP-binding cassette (ABC) transporters is a

general mechanism by which cancer cells acquire multidrug
resistance in CSCs. High ABCB1 protein expression has been
identified as an independent predictor of early recurrence and
death for EAC and ESCC patients treated with
chemoradiotherapy based on 5-fluorouracil and cisplatin (Zhu
et al., 2015). Available studies suggest that expression of several
ABC proteins (ABCB1, ABCC2, and ABCG2) correlates with
prognosis or response to therapy in esophageal cancer patients
(Vrana et al., 2018). Other studies confirmed ABCG2 protein
overexpression in the majority (75%) of esophageal cancer tissues
and high ABCG2 protein correlates with poor prognosis of ESCC
patients (Bharthuar et al., 2014). ABCB1 overexpression has been
observed in half of EAC patients whose biopsies were taken before
and after treatment with combination of epirubicin, cisplatin and
5-fluorouracil (Narumiya et al., 2011). ABCG2 overexpression
accompanied by increased drug efflux rate resulted in resistance

FIGURE 6 | STAT3 overexpression-reducing the efficacy of SNX-2112 (A) STAT3 expression was analyzed in tumor specimens compared with adjacent normal
tissue. Representative images of various clinical esophageal cancer specimen sections were present. T, tumor tissues; N, normal. Scale bar, 50 μm. (B) Western blot
analysis of p38, JNK and ERK expression. ECSLCs were transfected with pcDNA3.1-STAT3 vectors for 72 h and then 0.2 μMSNX-2112 for 24 h. GAPDHwas used as
a loading control. (C) The proliferation analysis of ECSLCs treated with pcDNA3.1-STAT3 vectors for 72 h and then 0.2 μM SNX-2112 for 24 h. The cells were
collected and incubated with Ki-67 antibody. Scale bar, 50 μm.
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of ECA-109 cell line to doxorubicin in vitro (Liu et al., 2014). This
resistance could be reversed, through downregulation of ABCG2,
by administration of epigallocatechin-3-gallate in vitro (Liu et al.,
2017). Previous studies have already suggested important role for
ABCB1 overexpression in paclitaxel and cisplatin-resistance in
radio-resistant EC-9706 ESCC model in vitro. Interestingly, the
resistance to taxane could be blocked by ABCB1 inhibitor
verapamil (Wang et al., 2012). In our studies, we found that
ABCB1 and ABCG2 levels were reduced by SNX-2112 with
shSTAT3.

Accumulating evidence has demonstrated that STAT3 plays
an important role in regulating proliferation, survival, relapse,
invasion, and self-renewal of CSCs (Kulesza et al., 2019; Zhang
et al., 2019). The JAK/STAT3 axis plays an essential role in
promoting tumor initiation and radio-resistance in glioma CSCs
(Lin et al., 2018). STAT3 suppression reduced stemness-
associated gene expression levels and inhibited colony
formation capacity of glioma cells, and the intracranial glioma
xenograft growth was effectively impaired (Han et al., 2019).
Furthermore, in malignant hematopoietic cell disorders, STAT3

was considered a treatment target, and high STAT3 expression
was observed in myelodysplastic syndromes. CD34+ cell and
STAT3 inhibition by antisense oligonucleotides led to reduced
viability and increased apoptosis in leukemic cell lines (Shastri
et al., 2018). The targeted delivery of the STAT3 modulator
reduced expression levels of several stemness genes, including
MYC, BCL2, EGFR, and MMP9, and caused a reduction of
CD44+/CD24-breast CSCs (Misra et al., 2018). In our
previous study, we found that miR-181b and STAT3
interacted and their interaction was key for the proliferation of
ECSLCs (Xu et al., 2016). In this study, we found that p-STAT3
(Tyr705) was upregulated in clinical esophageal cancer samples.
In addition, we found that the Hsp90 inhibitor combination with
shSTAT3 significantly suppressed the proliferation of ECSLCs
and induced apoptosis. SNX-2112 with shSTAT3 inhibited
ECSLCs tumor growth in vivo. Compared with the SNX-2112
group and shSTAT3 group, the tumor weight and volume in the
combination group were significantly reduced. The animal body
in the combination group was not decreased, which suggested
that the reduced tumor weight and volume were due to the effect

FIGURE 7 | STAT3 overexpression-reversing SNX-2112-induced ECSLCs apoptosis (A,B) qPCR analysis of ABCB1 and ABCG2 expression level in ECSLCs.
ECSLCs were transfected with pcDNA3.1-STAT3 vectors and after 72 h the ECSLCs were treated with 0.2 μM SNX-2112 for 24 h. (C) Flow cytometry analysis of
ECSLCs. ECSLCs were treated with pcDNA3.1-STAT3 vectors for 72 h and 0.2 μM SNX-2112 for 24 h. (D) The colony formation efficiency analysis of ECSLCs treated
with pcDNA3.1-STAT3 vectors and SNX-2112. Approximately 1 × 103 ECSLCs were treated with pcDNA3.1-STAT3 vectors for 72 h and then 0.2 μM SNX-2112
for 24 h. These cells were then cultured on soft agar plates for 14 days, followed by staining with 0.5% crystal violet. Scale bar, 10 mm.
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of SNX-2112 with shSTAT3. Consistently, The Hsp90 client
proteins p-ERK and p-AKT (Ser473) levels were reduced in
the combination group. TUNEL assay demonstrated that the
apoptotic effect was obvious in the combination group.

CONCLUSION

In summary, we demonstrated that STAT3 is overexpressed in
clinical esophageal cancer samples by RNA sequencing.
Combination treatment of SNX-2112 along with shSTAT3
inhibited ECSLCs proliferation, induced ECSLCs apoptosis
and cell cycle arrest at G2/M phase, attenuated clonal growth,
inhibited phosphorylation of Hsp90 client proteins, and
decreased ECSLCs tumorigenicity. STAT3 overexpression
reversed the anticancer effects of SNX-2112 in ECSLCs
suggesting that the combination treatment of SNX-2112 with
shSTAT3 suppresses ECSLCs proliferation through the STAT3
pathway.
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GLOSSARY

ABC ATP-binding cassette

ALDH aldehyde dehydrogenase

bFGF basic fibroblast growth factor

CSCs cancer stem cells

EAC esophageal adenocarcinoma

ECSLCs esophageal cancer stem-like cells

EGF epidermal growth factor

ERK extracellular signal–regulated kinase

ESCC esophageal squamous cell carcinoma

ESCs embryonic stem cells

HEEC human esophageal epithelial cells

Hsp90 heat shock protein 90

IHC immunohistochemical

JNK c-Jun N-terminal kinase

PMSF phenylmethylsulfonyl fluoride

shSTAT3 knockdown of STAT3

STAT3 signal transducer and activator of transcription 3

TICs tumor-initiating cells

TUNEL terminal deoxynucleotidyl transferase–mediated deoxyuridine
triphosphate nick end labeling

17-AAG 17-allylamino-17-demethoxygeldanamycin
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Bladder cancer is the ninth most frequently diagnosed cancer world-wide and ranks 13th
in cancer-related deaths. Two tremendous breakthroughs in bladder cancer therapy over
the last decades are the approval of immune checkpoint inhibitors(ICIs)and the fibroblast
growth factor receptor tyrosine kinase inhibitor (FGFR-TKI) erdafitinib for treating this
deadly disease. Despite the beneficial effects of these approaches, the low response rate
and the potential resistance of the cancer are major concerns. Hence, novel combination
therapies to overcome these limitations have been investigated. In this context, combining
immunotherapy with targeted drugs is an appealing therapeutic option to improve
response and reduce the emergence of resistance in the management of bladder
cancer. In this review, the rationale of using different therapeutic combinations is
discussed according to the mechanistic differences, emphasizing the efficacy and
safety based on evidence collected from preclinical and clinical studies. Finally, we
highlight the limitations of these combinations and provide suggestions for further
efforts in this challenging field.

Keywords: combination therapies, immunotherapy, targeted therapy, chemotherapy, bladder cancer
Abbreviations: ADCs, antibody-drug conjugates; AKT, protein kinase B; APIM, AlkB homologue 2 PCNA-interacting motif;
AR, androgen receptor; BCG, bacillus Calmette‑Guerin; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; DC, docetaxel
with cisplatin; DDR, DNA damage repair; DNMT1, DNA methyltransferase1; EV, enfortumab vedotin; FDA, food and drug
administration; FGFR-TKI, fibroblast growth factor receptor tyrosine receptor inhibitor; GC, Gemcitabine plus cisplatin; ICIs,
immune checkpoint inhibitors; ICLs, interstrand crosslinks; IFN g, interferon gamma; IL-15, interleukin-15; IDO, Indoleamine
2,3-dioxygenase; MIBC, muscle invasive bladder cancer; MMC, Mitomycin C; MVAC, methotrexate, vinblastine, doxorubicin
and cisplatin; mTOR, mammalian target of rapamycin; NMIBC, non-muscle invasive bladder cancer; NK, natural killer; ORR,
objective response rate; OS, overall survival; PARP, poly ADP-ribose polymerase; PD-1, programmed death-1; PD-L1,
programmed death-1 ligand 1; PCNA, proliferating cell nuclear antigen; PFS, progression-free survival; PI3K,
phosphatidylinositol 3 kinase; PLUMMB, pembrolizumab in muscle-invasive/metastatic bladder cancer; polyICLC,
polyinosinic-polycytidylic acid-poly-l-lysine carboxymethylcellulose; PPAR, peroxisome proliferator-activated receptors;
pT0, the pathological T0 rate; PTEN, gene of phosphate and tension homology deleted on chromosome ten; RICTOR,
Rapamycin-insensitive companion of mTOR; RT, radiation therapy; SoC, standard of care; TAAs, tumor-associated antigens;
TACC3, transforming acidic coiled-coil containing protein 3; TAMs, tumor-associated macrophages; TCC, transitional cell
carcinoma; Tregs, regulatory T cells; TIL, tumor-infiltrating lymphocytes; TSC, tuberous sclerosis complex; UC,
urothelial carcinoma.
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INTRODUCTION

Bladder cancer is one of the most prevalent cancers worldwide,
with around 430,000 new diagnoses and 150,000 deaths each year
(1). Approximately 75% of newly diagnosed patients have non-
muscle invasive bladder cancer (NMIBC) with standard treatment
of intravesical chemotherapeutic drugs or immune inhibitor after
tumor resection (2). However, around 40-50% of patients will
experience recurrence within five years of diagnosis with up to
80% in the highest-risk groups (2). The remaining 25% of patients
have muscle invasive bladder cancer (MIBC) or metastatic disease
and the gold standard therapeutic method is radical cystectomy
followed with systemic chemotherapy. However, prognosis in this
population of bladder cancer patients is poor and the 5-year
overall survival (OS) rate is 15% (3, 4).

The past decade has witnessed the rapid development of
combination therapy for improved therapeutic outcomes in
bladder cancer. Combination therapy has been a successful
strategy to enhance efficacy, increase response, reverse resistance
and reduce toxicity as well as address tumor heterogeneity upon
using different drugs of different dynamics and molecular targets (5,
6). Previously, the common combination regimens are drugs
composed of different chemotherapeutic anticancer drugs or
combining chemotherapy with radiotherapy. With comprehensive
analysis of bladder cancer cases, molecular characterization is
figured out and this provides rationales for novel therapies.
NMIBC is primarily presented with FGFR3 alterations while
MIBC has a more diverse mutation spectrum (7, 8). High
mutational burden in bladder cancer provides implications for the
use of targeted and immune checkpoint inhibitors (ICIs). Recently,
immunotherapy has become a hot topic since the approval of
programmed death-1 (PD-1)/programmed death-1 ligand 1 (PD-
L1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) ICIs by
the U.S. Food and Drug Administration (FDA)with satisfying
efficacy in advanced cancers (9, 10). However, low response rate,
emergence of drug resistance, and tolerability concerns appeared
quickly. The tumor microenvironment significantly influences
therapeutic response and efficacy. Thus, combination therapy via
regulation of immune microenvironment for the purpose of
sensitizing drug activity and decreasing doses has been under
investigation (11). Another breakthrough is the introduction of
erdafitinib, an oral pan-FGFR-targeted tyrosine kinase inhibitor
approved by the US FDA in 2019 for treatment of metastatic
urothelial carcinoma (UC) patients with susceptible FGFR3 or
FGFR2 alterations (12).

In this mini-review, multiple combination regimens including
chemotherapy, radiotherapy, targeted therapy, and immunotherapy
for treating bladder cancer in preclinical or clinical settings are
discussed. This review will provide a comprehensive summary for
readers to understand the present and future potential combination
therapies in bladder cancer.

IMMUNOTHERAPY

Immune checkpoints refer to inhibitory pathways built into the
immune system which are vital to limit collateral tissue damage
(that is, the prevention of autoimmunity) under the circumstance of
Frontiers in Oncology | www.frontiersin.org 2156
physiological immune responses (13). Immune checkpoints are
initiated by ligand-receptor interactions. For example, normal cells
harbor PD-L1 bind to PD-1 receptors on T-cells to suppress excessive
immune response (14). In addition, the activation of the receptor
CTLA-4 located in T cells inhibits the initiation of the immune
response by T cells, resulting in the reduction of activated T cells and
preventing the formation of memory T cells (15). However, Tumor
cells can up-regulate PD-L1 or activate CTLA-4 and this ligand-
receptor binding causes inactivation of T cells and tumors escaping
the immune response (16). Therefore, the FDA approved ICIs that
block the interaction between CTLA-4 and its ligand or block the
interaction between PD-1 and PD-L1, thereby restoring cytotoxic T
cell immune response in recognizing and destroying cancer cells thus
preventing growth of tumors (9, 10). Immunotherapy is approved as
a second-line treatment for metastatic urothelial cancer (17). Their
use as a first-line agent is only limited to patients who are ineligible for
cisplatin-based treatments (17). There is a biological and clinical
rationale for using immunotherapy in NMIBC patients. First, the
historic use of bacillus Calmette−Guerin(BCG)in NMIBC attests to
the effectiveness of immunotherapy for these patients and supports
evaluation of other immunotherapy strategies to overcome resistance
to BCG. Second, it is well known that genomic and epigenomic
alterations drive the pathogenesis of bladder cancer (18), with many
alterations thought to provide neoantigens that may elicit potent
antitumor immune responses (8, 18). High-grade NMIBC harbors
many of the same genomic alterations as muscle invasive and
metastatic bladder cancer (8). Tumors with a higher mutational
load produce many neoantigens that are recognized as foreign by the
immune system, thereby triggering a T-cell mediated antitumor
immune response (19). High mutational burden has also been
associated with increased efficacy of ICIs (20, 21). From a
preclinical perspective, evidence from bladder cancer models in
immunocompetent mice supports the use of ICIs alone or in
combination with other treatment modalities in bladder cancer
(22). From a clinical context, the approval of five inhibitors of the
PD-1/PD-L1 axis (atezolizumab, pembrolizumab, nivolumab,
durvalumab, and avelumab) for the treatment of advanced or
metastatic UC provides a compelling and logical rationale for
testing checkpoint blockades in the earlier stage, BCG-unresponsive
NMIBC. Although immunotherapy is better tolerated than
chemotherapy, autoimmune side effects are be particularly
concerning. Simultaneously, based on results from clinical trials,
the overall response rate of immunotherapy is ranging from 17%
to 23% and indicating that immunotherapy is only effective for a
minority of patients. Thus, there is an urgent need to find new
therapeutic approaches to improve response rates. Combinations of
immunotherapy with conventional agents are being investigated in
several preclinical and clinical studies in urothelial cancer. Table 1
summarizes ongoing clinical trials for ICIs and other novel
combination therapies for the management of bladder and
urothelial cancers.

Combination of PD-1 With CTLA-4
Inhibitors
It is well established that tumors use PD-1 and CTLA-4 pathways to
silence the immune system (16). The CTLA-4 antibody promotes
the entry of anti-cancer immune cells into the surrounding tumor
January 2021 | Volume 10 | Article 539527
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tissue and eliminates the immunosuppressive cells that promote
cancer growth (23). At the same time, the role of PD-1 antibody is to
activate these immune cells to prevent tumor cell immune escape
(16). Recent data have shown that combination therapy with an anti-
PD-1 and anti-CTLA-4 antibodies demonstrated significant
preclinical and clinical responses in bladder cancer (24).
Duraiswamy et al. provided evidence that reversal of T-cell
dysfunction could be achieved by simultaneously targeting effector
T cells and regulatory T cells (Tregs). The study showed that co-
expression of both PD-1 and CTLA-4 was associated with marked
dysfunction of antigen-specific T cells so blockade of PD-1 and
CTLA-4 pathways reversed T-cell dysfunction. It proved that
adoptive transfer tumor-infiltrating lymphocytes (TIL) that had
been pretreated in vitro with anti-PD-1 and anti-CTLA-4
antibodies eliminated tumors in vivo (25). Furthermore,
immunohistochemistry staining for CD3+ T cells in the MC38
tumor model revealed the highest CD3+ T-cell tumor infiltration in
the anti-CTLA-4/PD-1 monoclonal antibodies combination setting
(26). Higher tumor infiltration likely accounts for CTLA-4/PD
synergy. Shi et al. elucidated the underlying tumor rejection
mechanisms for the combination therapy of PD-1 with CTLA-4
inhibitors by performing a detailed analysis of human bladder tumor
samples together with murine MB49 bladder tumor model (27). The
results showed that combination therapy improved tumor rejection
by promoting T-cell infiltration into tumors, encouraging the
proliferation and polyfunctionality of TILs, and endogenous
memory T cells expansion. The interactions among these immune
cells are mediated by the interdependent loop between interleukin-7
(IL-7) and interferon gamma (IFN- g) signaling (27). These provided
direct evidence that additional blockade of PD-1 hindered tumor
from breaking away from an anti-CTLA-4 inhibitor monotherapy
and additional blockade of PD-1 handicapped tumor from getting
rid of a-CTLA-4 monotherapy via protecting immunity by both T-
cell-dependent, and natural killer (NK)/natural killer T (NKT) cell-
independent fashions (27). In clinical trials, current PD and CTLA-4
combinations are paired as durvalumab/tremilimumab and
nivolumab/ipilimumab. CheckMate-032 assessed nivolumab
monotherapy and two combinations of nivolumab and
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ipilimumab in participants with platinum-refractory advanced
bladder cancer. The dosage was variant in the combination
groups, with nivolumab 1 mg/kg + ipilimumab 3 mg/kg (n = 26)
in one cohort and nivolumab 3 mg/kg + ipilimumab 1 mg/kg (n =
104) in the other. From preliminary data, OS and objective response
rate (ORR) were stronger in the cohort receiving a greater
ipilimumab dose (10.2 months and 39%) compared to nivolumab
monotherapy or the other combination (7.3 months and 26%) (28)
(NCT01928394). Optimal sequencing is being tested in TITAN-
TCC, in which subjects begin with nivolumab monotherapy
induction and, should no response occur, receive boost cycles of
nivolumab/ipilimumab (NCT03219775). Potential utility in the first
line is being tested in CheckMate-901, previously discussed for its
gemcitabine + cisplatin (GC)+ nivolumab arm, is also testing
nivolumab/ipilimumab. This combination will be assessed against
standard of care (SoC) chemotherapy, and the study aims for an
enrollment of 897 (NCT03036098). Multiple umbrella trials are
investigating durvalumab/tremelimumab together in advanced
cancers. STRONG (NCT03084471) compares a fixed dose
regimen of durvalumab 1500 mg + tremelimumab 75 mg to
durvalumab 1500 mg monotherapy in advanced cancers including
bladder cancer. Subjects will have progressed on prior
chemotherapy. Durvalumab/tremelimumab is being compared to
SOC chemotherapy in a phase III trial dubbed DANUBE
(NCT02516241). Stage IV bladder cancer patients formed the
study’s population (est. n = 1200) and were randomized 1:1:1
to durvalumab monotherapy, durvalumab with tremelimumab,
or chemotherapy (29). This combination was assessed in a
phase I/II study of advanced cancers including bladder cancer with
the addition of intra-tumoral polyinosinic-polycytidylic acid-poly-l-
lysine carboxymethylcellulose, which is a toll-like receptor 3 agonist
and a modulator of the tumor microenvironment (NCT02643303).

Combination of Radiation Therapy
With Immunotherapy
Radiation therapy (RT) has evolved over the past several decades as
a powerful way to treat cancer (30). However, it has some
limitations as it alone cannot generate a systemic effect.
TABLE 1 | Ongoing clinical trials of novel combination therapies in bladder cancer and urothelial cancer.

Study number Eligibility Phase Intervention

NCT01928394 Advanced or metastatic bladder cancer Phase I/II Nivolumab and Ipilimumab
NCT03084471 Advanced bladder cancer Phase III Durvalumab and Tremelimumab
NCT03219775 Metastatic or advanced transitional cell carcinoma Phase II Nivolumab and Ipilimumab
NCT03036098 Unresectable or metastatic UC Phase III Nivolumab, Ipilimumab, Gemcitabine/Cisplatin/Carboplatin
NCT02516241 Unresectable stage IV UC Phase III Durvalumab and Tremelimumab
NCT04223856 Advanced or metastatic UC Phase III EV and Pembrolizumab
NCT03519256 BCG unresponsive high-risk NMIBC Phase II Nivolumab, BMS-986205 and BCG
NCT02560636 Advanced bladder cancer Phase I Pembrolizumab and radiotherapy
NCT02643303 Bladder cancer Phase I/II Tremelimumab, Durvalumab and polyICLC
NCT03473743 Metastatic or advanced UC Phase Ib-II Erdafitinib, Cetrelimab and Platinum
NCT03473756 UC Phase Ib/II Rogaratinib and Atezolizumba
NCT04172675 High-risk NMIBC Phase II Erdafitinib, Gemcitabine/Mitomycin C
NCT03745911 Metastatic UC Phase II Paclitaxel and TAK-228
NCT02546661 MIBC Phase I Durvalumab, Olaparib, AZD1775 and Vistusertib
NCT03022825 BCG unresponsive high grade NMIBC Phase II ALT-803 and BCG
BCG, bacillus Calmette-guerin vaccine; EV, enfortumab vedotin; MIBC, muscle-invasive bladder cancer; NMIBC, non-muscle-invasive bladder cancer; polyICLC, polyinosinic-polycytidylic
acid-poly-l-lysine carboxymethylcellulose; UC, urothelial carcinoma.
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Integration of RT with the immunotherapies has been a subject of
intense research recently. The rationale behind the combination was
initially derived from abscopal effect observations. It is a
phenomenon whereby radiation at one site leads to the regression
ofmetastatic cancer at a distant site that has not been exposed to any
radiation (31). Advances in immunology have progressed our
understanding of the phenomena, and while the mechanism is
still not entirely elaborated, the explanation for combining
immunotherapy and radiation to increase the frequency of
the abscopal effect is irradiation activated cytotoxic T cells
to target tumor-associated antigens (TAAs) within human
bodies, thereby overcoming the immunosuppressive tumor
microenvironment. Furthermore, radiotherapy might increase the
response rate of combination by stimulating the accumulation and
activation of CD8 + T cells (32) to create a more permissive
tumor microenvironment.

Preclinical and clinical trials showed that the combination of
the immunotherapy and RT had the potential to provide a
synergistic effect in treating cancer, including NMIBC (33).
Interestingly, T-cell activity was important for radiation
efficacy in tumor control. Wu et al. found that radiation
transiently increased PD-L1 expression, and PD-1 or PD-L1
blockade not only led to tumor control, but also enhanced the
efficacy of RT, and the combination had increased efficacy
compared with either modality alone (34). In addition to
improving local control of treated tumors, several recent cases
of the abscopal effect with RT published in the literature were in
the setting of ICI therapy, suggesting that the combination of
ICIs and RT may be the scenario where the abscopal effect may
occur with a higher frequency (35, 36). Finally, the combination
of immunomodulating agents and RT may result in protective
immunologic memory, preventing subsequent recurrences of
disease. However, there are many unanswered questions
regarding the practical and logistic combination of RT and
immunotherapy. For example, the optimal consequence of
immunotherapy and RT, the optimal immunotherapy dose,
and the duration of radiotherapy need to be clarified.
Additionally, details regarding the RT, such as the optimal
dose/fractionation, target volume, and site to irradiate are not
known (37). Since an inappropriate combination can increase
the patient ’s therapeutic toxicity, the PLUMMB trial
(Pembrolizumab in Muscle-invasive/Metastatic Bladder cancer)
(NCT02560636) is in a phase I study to test the tolerability of a
combination of weekly RT with pembrolizumab in patients with
metastatic or locally advanced urothelial cancer of the bladder. In
the first dose-cohort, patients received pembrolizumab 100 mg
3-weekly, starting 2 weeks before commencing weekly adaptive
bladder RT to a dose of 36 Gy in 6 fractions. The first dose-
cohort was stopped after 5 patients, having met the predefined
definition of dose-limiting toxicity. Three patients experienced
grade 3 urinary toxicities, 2 of which were attributable to therapy.
One patient experienced a grade 4 rectal perforation. In view of
these findings, the trial had been paused and the protocol would
be amended to reduce RT dose per fraction (38). As a result,
clinical trials are underway on the optimal combination of
radiation and immunotherapy to treat various cancers,
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including bladder cancer (37). In conclusion, the combination
of radiotherapy and immunotherapy has a great prospect
(Figure 1A).

Combination of IDO1 With Immunotherapy
Indoleamine 2,3-dioxygenase 1(IDO1) enzyme is involved in the
catabolism of the essential amino acid tryptophan and plays an
important role in immune evasion and tumor growth through
production of kynurenine. The IDO1 enzyme is activated in
many human cancers including NMIBC (40, 41). Recent data
indicate that IDO1 gene expression characterizes a poorly
differentiated, more aggressive NMIBC, with IDO1 gene
expression in tumor tissues directly correlating with tumor size
(R (correlation coefficient) =0.24, p=0.04) and stage (R=0.25,
p=0.03) (41). Moreover, there was a trend toward longer OS in
patients with tumors that did not express IDO1. IDO inhibitors
such as BMS-986205, epacadostat, indoximod, navoximod, and
HTl-1090 are in various stages of clinical development in several
cancers. There is evidence supporting an interrelationship
between the PD-1/PD-L1 and IDO1 axes, with IDO functional
activity linked with increased PD-L1 positive cytotoxic T-cells
and increased CTLA4 expression by regulatory T cells (42).
Therefore, it has been proposed that parallel inhibition of these
pathways may lead to a more effective activation of T cell
mediated antitumor immune response.

Indeed, in an advanced bladder cancer cohort (n=29) of an
ongoingmulti-arm, phase I/IIa dose-escalation and expansion study
(CA017-003), treatment with oral BMS-986205 (100 or 200 mg
once daily) in combination with nivolumab (2 schedules) resulted in
an ORR of 34% and disease control rate of 48%. The ORR was 38%
in patients with no prior immunotherapy (n=26), 47% in patients
with tumor PD-L1 1% (n=15), and 27% in those with tumor PD-L1
<1% (n=11). The authors reported that the combination of BMS-
986205 plus nivolumab was well tolerated (43). Preliminary phase I/
II results of the ECHO-202/KEYNOTE-037 trial also demonstrated
that oral epacadostat plus pembrolizumab was well tolerated and
yielded an ORR of 35% in patients with advanced UC (43).
Preliminary antitumor signals in the advanced UC cohort of the
CA017-003 study and the ECHO-202/KEYNOTE-037 study are
suggestive of potential activity in bladder cancer (44). Based on these
data, the aforementioned CheckMate 9UT trial has been designed to
investigate four different treatment regimens (nivolumab alone,
nivolumab plus BCG, nivolumab plus BMS-986205, or nivolumab
plus BMS-986205 and BCG) in BCG-unresponsive, high-risk
NMIBC (NCT03519256)

Combination of PARP Inhibitors
With Immunotherapy
Poly ADP-ribose polymerase (PARP) inhibitors (PARPi), such
as Olaparib, amplifies the DNA damage, augments the
mutational burden and promotes the immune priming of the
tumor by increasing the neoantigen exposure and increasing
tumor-infiltrate T lymphocytes (45). Studies also reported that
defects in DNA damage repair (DDR) genes could be potential
predictive biomarkers of clinical response to ICIs in metastatic
urothelial bladder cancer (46, 47). However, the use of PARPi
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can also lead to upregulation of PD-L1 in tumor cells, leading to
tumor immune escape. Therefore, the combination of PARPi
and immunosuppressants will benefit patients including those
with bladder cancer. Interestingly, a more recent study, in 60
patients with advanced UC, had indicated that defects in DDR
pathways may enrich for antitumor responses to anti–PD-1/L1
(48). In this study, patients with a deleterious alteration in at least
one of 34 DDR genes showed a response rate of 80% versus only
18.8% in patients lacking these alterations. Thus, the
combination of PARPi and the anti-PD/PD-L1 targeting may
represent a promising strategy for bladder cancer treatment (39)
(NCT02546661). Ross et al. summarized available data and
found that combinations of PARPi and anti–PD-1/L1 agents
were well tolerated and demonstrated antitumor activity in a
range of tumor types (49). An open-label randomized multidrug
biomarker-directed phase Ib study, the BISCAY trial, was
designed to evaluate the effects of the treatments with the
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PARPi Olaparib as a single agent therapy, or in association
with the ICI durvalumab (anti-PD-L1 antibody), for treatment of
urothelial bladder cancer patients who had progressed from prior
treatment and also presented defects in DNA-repair genes
(NCT02546661) (Figure 1B).

Epigenetics is defined as a heritable modification to DNA
without alteration in the nucleotide sequence, resulting in altered
gene transcription and chromatin structure. Epigenetic
modifications include DNA methylation and post-translational
histone modifications involving methylation or acetylation are
common in bladder tumors. Growing evidence showed that
epigenetic drugs, such as DNA methyltransferase inhibitors can
upregulate immune signaling through demethylation of
endogenous retroviruses and cancer testis antigens. It provides a
strong rationale for the combination of epigenetic drugs with ICIs
(50, 51). Interestingly, RRx-001, not only a new DNA damage
inducer, but also an epigenetic and immunomodulatory drug, has
A

B

FIGURE 1 | (A) The combined use of CTLA-4 and PD-1 inhibitors promotes anti-cancer immune cells to enter the surrounding of the tumor tissue and activates
immune response. (B) The treatment of PARP inhibitors leads to PD-L1 upregulation in tumor cells. Combining PARP inhibitors with immunosuppressants blocks
tumor immune escape (39).
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been recently investigated as single chemotherapeutic agent to re-
sensitize tumor to prior therapy (52–54). The low toxicity
profile of RRx-001 differentiates this agent from conventional
anticancer drugs, such as chemotherapeutics, and epigenetic
agents (54, 55). Indeed, RRx-001 is able to trigger DNA
damage response in urothelial bladder cancer cells, reducing the
DNA methyltransferase1(DNMT1) levels and increasing the
transcriptional levels of the interferon type III and the interferon
stimulated genes (56). Thus, it enhances the sensitivity to ICIs.
Criscuolo D et al. investigated the effects of combining three classes
of drugs together with epigenetic agents and immune-checkpoint
inhibitors in bladder cancer for the purpose of reducing toxicity and
doses of monotherapy alone (39).

Combination of Antibody-Drug Conjugates
(ADSs) With Immunotherapy
The response of immunotherapy is a big concern in clinic. The
combination of ADCs with immunotherapy attempts to increase
patients’ overall response rate. ADCs are monoclonal antibodies
conjugated to cytotoxic agents through a chemical linker, which can
achieve selective targeting of cancer cells (57). In December 2019,
the United States Food and Drug Administration (FDA) approved
the first ADCs, enfortumab vedotin (EV), for the treatment of
platinum-refractory and immune checkpoint blockade-refractory
locally advanced or metastatic UC. A phase I study of EV in 112
patients with immunotherapy and platinum refractory metastatic
UC treated at the 1.25mg/kg dose level indicate a 43% confirmed
ORR, including five complete responses (50).

A phase 1b study (58) investigating combination of EV (1.25
mg/kg) plus pembrolizumab (200mg) for cisplatin-ineligible
patients with metastatic UC. The preliminary data showed that
patients tolerated it well and achieved a response rate of 73.3%
Frontiers in Oncology | www.frontiersin.org 6160
(59). Based on the efficacy observed in the trial, a randomized
phase III study (NCT04223856) of EV and pembrolizumab with
or without platinum-based chemotherapy for the first-line
treatment of locally advanced or metastatic urothelial cancer
was initiated (60).
TARGETED THERAPY

Targeted therapy is a revolutionary treatment which can prevent
the growth, progression, and metastasis of cancer by interfering
with specific molecules. This therapy has achieved satisfactory
results in the treatment of various cancers, such as breast cancer
and colon cancer (61). However, the contribution of targeted
drugs in UC is very limited due to the lack of efficacy or
treatment-related toxicity.

Targeted therapies have not been added to the crucial
backbone of the treatment in bladder cancer so far.
Comprehensive analyses of MIBC samples, expanding from
131 to 412, identified significantly mutated genes, including
FGFR3, phosphatidylinositol 3 kinase (PI3K)/protein kinase B
(AKT) pathway, Peroxisome proliferator-activated receptors
(PPAR) g mutations, DNA repair, p53 and cell cycle (7, 62).
The good news is that, in April of 2019, the US FDA approved
erdafitinib as an oral pan-FGFR-targeted agent indicated for
metastatic urothelial cancer (UC) patients with susceptible
FGFR3 or FGFR2 alterations (12). Despite genomic instability,
molecular heterogeneity, and pathway redundancy still
presenting challenges to targeted therapies in bladder cancer,
researchers are making strategies to improve efficacy. Here, we
present the combination effects of targeted therapies with other
drugs in preclinical settings (Figure 2).
FIGURE 2 | Combination of targeted therapy with immunotherapy or chemotherapy in bladder cancer. FGFR and PI3K/AKT/mTOR signing pathways are potential
targets in bladder cancer. Blocking FGFR or PI3K/AKT/mTOR pathway decreased PD-L1 levels and increased immunotherapy response. On the other hand, these
targeted drugs increased the pro-apoptotic effect and cytotoxic effect of chemotherapy drugs.
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Combination of FGFR Inhibitors
With Immunotherapy
Erdafitinib, as the first TKI approved in UC therapy, has been
demonstrated to be beneficial in clinical trials. Similar to other
targeted drugs, toxicity and drug responses become concerns.
Research has suggested that the presence of an antitumor T-cell
response is fundamental for the activity of immunotherapy (63).
Recently, Sweis et al. showed that UC can be divided into T-cell-
inflamed and non-T-cell-inflamed subtypes. The latter phenotype
correlated with a resistance to ICIs, but was also linked to FGFR3
mutation, providing a rationale for combining FGFR inhibitors and
anti-PD-1/PD-L1 (64). Preliminary data in the FIERCE-22 study
showed that the ORR was 36% in the overall population, and a
response was observed in both wild type (ORR33%) and mutated
(ORR 43%) FGFR3 patients receiving vofatamab (FGFR3 inhibitor)
and pembrolizumab (anti-PD-1) (65). Powles et al. conducted a
phase I study (NCT02546661) enrolled with platinum-resistant and
ICI naïve patients with A/M UC harboring FGFR mutations (66).
However, the results showed that AZD4547 (FGFR1-3 inhibitor)
plus durvalumab increased response modestly compared to
AZD4547 alone (n=21, ORR 29% versus n=15, ORR 20%,
respectively), suggesting that the tumor mutations burden might
contribute rather small differences to ICI response. A phase Ib/II
study of rogaratinib combined with atezolizumab in patients with
untreated FGFR-positive UC is currently in progress
(NCT03473756). Likewise, the safety and efficacy of erdafitinib
plus JNJ-63723283 (an anti-PD-1 monoclonal antibody) are
investigated by a phase Ib/II study (NCT03473743) in advanced
UC patients with FGFR gene alterations.

FGFR inhibitors may induce tumor environment changes and
sensitize ICIs. However, FGFR alterations in UC contribute to
intrinsic resistance to FGFR inhibitors. Thus, some patients with
FGFR point mutations or fusions did not respond to erdafitinib
or other FGFR inhibitors. Lima et al. observed activating FGFR3
mutants and FGFR3-TACC3 (transforming acidic coiled-coil
containing protein 3) fusion constitutively elevated Src levels
(67). Low dose dasatinib sensitized UC to FGFR TKIs, implying
that the combination of FGFR with Src inhibitors may overcome
intrinsic resistance compared with FGFR TKI monotherapy.

Combination of PI3K/AKT/mTOR Inhibitors
With Immunotherapy or Chemotherapy
The PI3K/AKT/mammalian target of rapamycin (mTOR)
pathway is an important signal pathway closely related to
protein synthesis, cell growth, survival and tumorigenesis (68).
The deregulation of this signaling pathway is present in 42% of
UC, including mutations, copy number alterations, or RNA
expression changes (62). Despite the frequent deregulation,
clinical trials using PI3K/mTOR inhibitors have not shown
prominent success. The PIK3CA gene is an oncogene that
implicates the overactivation of the PI3K/AKT/mTOR
pathway. Recurrent somatic mutations of PIK3CA increase the
activity of PI3Ks and the loss of phosphatase and tension
homolog (PTEN, a tumor suppressor that inhibits PI3K) also
can result in the overactivation of the PI3K/AKT/mTOR
pathway (69).
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A study in human glioma suggested that the loss of PTEN and
the consequent upregulation of the PI3K-AKT pathway increased
the expression of PD-L1 post-transcriptionally, thus promoting
immune resistance (70). Additionally, other reports validated this
resistance in melanoma, prostate and breast cancers, making the
inhibition of PI3K-AKT pathway a potential strategy to overcome
immunotherapy-resistance (71, 72).

Recently, a study showed that the PIK3CA mutation
correlated with immune cell infiltration. In human urothelial
bladder cancer samples, the expression of the immune gene
signature which represents the immune cell infiltration in
PIK3CA-mutated tumors was significantly lower than that of
wild type counterparts. It means PIK3CA-mutated tumors may
show lower response to ICIs therapy. In a humanized mouse
model of bladder cancer with PIK3CA mutation, the treatment
of BKM120(a pan-PI3K inhibitor) increases the expression of
chemokines and immune genes. Notably, compared to the single
treatment, BKM120 combined with Nivolumab (an anti-PD-
1antibody) significantly inhibited the growth of PIK3CA-
mutated tumors (73). And a clinical trial is now investigating
the therapeutic promise of durvalumab (an antibody that blocks
PD-L1) in combination with vistusertib (AZD2014) in MIBC
patients with rapamycin-insensitive companion of mTOR
(RICTOR) amplification, or tuberous sclerosis complex (TSC)
1/1 mutation. (NCT02546661 module E)

Chemotherapy drugs kill tumor cells primarily through the
induction of apoptosis. The activation of PI3K/AKT/mTOR
pathway in tumor cells reduces the pro-apoptotic effect and the
cytotoxic effect of chemotherapy drugs, leading to resistance
(74). Therefore, inhibition of this signaling pathway may
enhance the sensitivity of chemotherapy drugs.

Zeng et al. reported that in the patient-derived xenograft
models with a PI3K mutation or amplification, the combination
groups (pictilisib with cisplatin and/or gemcitabine) achieved
significant delay of tumor growth and increased survival
compared with any single drug (pictilisib/cisplatin/
gemcitabine) (75). When combining TAK-228 (an oral
mTORC1/2 inhibitor) with TAK-117 (PI3Ka inhibitor) or
with paclitaxel, strong synergistic effect was also observed in
preclinical bladder cancer models (76). These results facilitate a
clinical trial to investigate efficacy of TAK-228 plus paclitaxel in
patients with metastatic bladder cancer (NCT03745911). Similar
results were obtained through combining the PI3K/mTOR dual
inhibitor NVP-BEZ235 with cisplatin in osteosarcoma, triple
negative breast cancer and bladder cancer (77, 78). Moon et al.
demonstrated that when NVP-BEZ235 was used in combination
to treat cisplatin-resistant T24R2 cells, the IC50 of cisplatin and
NVP-BEZ235 could be reduced by 3.6- and 5.6-fold,
respectively (79).

However, the results of clinical trials seem to be inconsistent.
A phase II trial of BEZ235 evaluated in 20 advanced bladder
cancer patients after failure of platinum-based therapy conveyed
a modest activity but a hostile toxicity with 50% grade 3-4
adverse effects (80). Single-agent mTOR inhibitor temsirolimus
and everolimus also showed limited efficacy (81, 82), whereas
one patient carrying a TSC 1-inactivating mutation treated with
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everolimus had notable tumor shrinkage and durable response,
suggesting the blockade of the PI3K/mTOR axis could improve
outcome in some specific patients (83). The role of paclitaxel/
everolimus combination in metastatic UC was investigated in the
phase II AUO AB 35/09 trial, and the results were modest (PFS
was 2.9 months, 3 months and ORR 13%) (84). Thus, better
understanding of the molecular landscape of these tumors and
more precise patient selection might be helpful for a more
rational design of combination therapy.
CHEMOTHERAPY

Chemotherapy is a routine treatment in cancer. There are two
different chemotherapeutic routes in bladder cancer, including
intravesical BCG/MMC for NMIBC and systemic chemotherapies
for MIBC. Although it has brought benefits to patients in the past
decades, intolerant toxicity needs to be improved. Novel
combinations of chemotherapeutic drugs with others are studied.

Combination of Interleukin-15 Super-
Agonist With BCG
Interleukin-15 (IL-15) is implicated in the development,
proliferation, and activation of effector NK cells and CD8+
memory T cells. However, its short half-life, high dose
requirement for clinical activity, and prohibitive toxicity
represent barriers for successful clinical trial development (85).
To overcome these shortcomings, ALT-803 was developed as a
novel fusion complex. Recombinant IL-15, a super-agonist due
to an activating N72D mutation, is bound to the soluble receptor
IL-15RaSushi-Fc. This complex has improved bioavailability,
increased serum half-life, longer retention in lymphoid organs,
and in vivo biological activity up to 25 times that of native IL-15.
ALT-803 has demonstrated potent immunostimulatory effects in
terms of triggering a local cytokine response as well as activating
NK and CD8+ T cells in animal models (85). In a carcinogen-
induced rodent NMIBC tumor model, intravesical ALT-803 plus
BCG treatment reduced tumor burden by 46% vs ALT-803
(35%) or BCG (15%) alone (86). An ongoing multicenter,
open-label, single-arm phase II trial (QUILT-3.032) is
evaluating ALT-803 in combination with BCG administered
via intravesical instillation in patients with BCG-unresponsive
NMIBC (NCT03022825). Recently presented preliminary results
indicate that six of the seven evaluable patients with BCG-
unresponsive carcinoma in situ achieved a CR at the 12-week
response assessment (87).

Combination of Chemotherapeutic Drug
MMC With BCG/Gemcitabine
BCG and Mitomycin C (MMC) are representatives of clinical
intravesical immunotherapy and chemotherapy drugs
for NMIBC.

A randomized prospective trial involved 407 patients with
intermediate- to high-risk NMIBC found that sequential
combination of MMC plus BCG is more effective but more
toxic than BCG alone. Thus, it was recommended to patients
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with a high likelihood of recurrence, such as those with recurrent
T1 tumors (88). Another study including 151 patients with high-
risk NMIBC demonstrated outstanding efficacy for sequential
BCG and EMDA-MMC (Electro Motive drug administration of
MMC). The complete-response rate was 87%, with 86% and 93%
remaining disease-free at one and two years respectively which is
better than any previously published outcomes in this
disease (89).

Gemcitabine is a pyrimidine analogue that incorporates into
actively replicating DNA and thereby prevents further synthesis,
whereas MMC cross-links DNA moieties to prevent synthesis
(90). In addition, MMC is a vesicant to the urothelium, which
could increase permeability to subsequent gemcitabine
administration through its irritating action. So, it is available to
combine MMC with gemcitabine as a possibly effective way to
enhance mutual absorption and control tumor progression (91).
Sequential intravesical gemcitabine and MMC in NMIBC
patients appeared to be well tolerated and yielded a response
in a good proportion of patients with recurrent BCG refractory
bladder cancer or who are not surgical candidates (92).

Furthermore, combination of MMC with other novel
methods also suggests improved treatment effect. Proliferating
cell nuclear antigen (PCNA) is an essential scaffold protein in
multiple cellular processes including DNA replication and repair
(93). More than 200 proteins, many involved in stress responses,
interact with PCNA through the AlkB homologue 2 PCNA-
interacting motif (APIM), including several proteins directly or
indirectly involved in repair of DNA interstrand crosslinks
(ICLs) (94). Gederaas et al. targeted PCNA with a novel
peptide drug containing the APIM sequence, ATX-101, to
inhibit repair of the DNA damage introduced by the
chemotherapeutics. Results showed that ATX-101 increased
the anticancer efficacy of the ICL-inducing drug MMC and
ATX-101 given intravesically in combination with MMC
penetrating the bladder wall and further reducing the tumor
growth in both the slow growing endogenously induced and the
rapidly growing transplanted tumors (95). Survivin inhibits
apoptosis and enables tumor cells to escape from therapy-
induced senescence. High expression of survivin is associated
with bladder cancer aggressiveness and recurrence. Cui et al.
demonstrated that silencing survivin enhanced activity of MMC
in human bladder RT4 xenografts, representing a potentially
useful chemo-gene therapy for bladder cancer (96). These data
indicate that combination of MMC can be a useful approach to
improve the effect of chemotherapy.

Platinum-Based Combination Treatment
Chemotherapy with MVAC (methotrexate, vinblastine,
doxorubicin, and cisplatin) or GC (Gemcitabine plus cisplatin)
are considered the gold standard of care for MIBC. To improve
efficacy and reduce toxicity, clinical researchers are still trying to
develop new combinations. Taxanes, including paclitaxel,
docetaxel and derivatives with taxane structure, are well-
known antitumor drugs. Combination of platinum with
taxanes has emerged as an alternative option for MIBC
patients (97).
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Apart from combination of clinically available chemotherapeutic
agents, several preclinical trials focusing on novel mechanisms that
can improve efficacy and sensitize chemoresistance of cisplatin have
been studied. Obatoclax, a BH3mimetic which inhibits pro-survival
Bcl-2 family members, can inhibit cell proliferation, promote
apoptosis, and significantly enhance the effectiveness of cisplatin
in MIBC cells via inhibiting Bcl-2 and Bcl-xL and decreasing cyclin
D1 and Cdk4/6 expression levels (98). This finding can help validate
Obatoclax as a cell cycle inhibitor and increase the attractiveness of
Obatoclax as an anti-cancer drug. Enzalutamide, a synthetic
androgen receptor (AR) signaling inhibitor, synergistically
inhibited growth of bladder cancer cells more efficiently when
combined with cisplatin. This supports the feasibility for future
investigation of AR antagonists in combination with standard
chemotherapy in MIBC (99). Besides, obtained data via an
epigenomic approach suggested that Homeobox A9 promoter
methylation could serve as a potential predictive biomarker and
decitabine might sensitize resistant tumors in patients receiving
cisplatin-based chemotherapy, but clinical trials are needed to
confirm this conclusion (100).
DISCUSSION

As we stated above, due to the efforts of the scientific community,
the management of bladder cancer, especially for advanced patients,
has made great progress recently despite the slow rate of
development (101). Two milestones, the application of ICIs and
approval of oral FGFR-TKI erdafitinib have made tremendous
progress (12, 17). ICIs bring a revolutionary impact on patients
with durable outcomes in a subset of individuals with tolerable
adverse event profiles (12). More importantly, marked advances to
understand the molecular interplay within the immune
environment have been generated in the past decades (63, 64).
Thus, combination of immunotherapy with other therapies has
Frontiers in Oncology | www.frontiersin.org 9163
been designed to improve efficacy, increase responses and reduce
toxicity. Simultaneously, antibody-drug conjugates represent a new
therapeutic modality in urothelial cancer. Enfortumab vedotin (EV),
is the first antibody-drug conjugate, which gained approval in
December, 2019 in advanced UC. Clinical trials seek to improve
its efficacy via novel combinations such as combining EV with
immunotherapy drugs. There are also new ADCs under
investigation and showing promise. Although the results show
that combination therapies produce encouraging outcomes, there
are still several unsolved issues. First, the detailed mechanisms of
each ICIs need to be investigated. Second, biomarkers are required
to analyze through molecular diagnosis helping in understanding
patient-specific immune-suppression. Third, toxicity should be
tolerable with proper drug doses and irradiation duration time.

The approval of FGFR-TKI erdafitinib made a breakthrough
for metastatic bladder cancer targeted therapy. Combination of
FGFR-TKI with ICIs has the potential to overcome drug-
resistance barriers as well as augment immunogenicity of the
tumor – even in patients who lack response to ICIs monotherapy
(65). As pointed out in the previous section, PI3K/AKT/mTOR
pathway plays an important role in bladder tumorigenesis,
conferring PI3K/AKT/mTOR potential targets in bladder
cancer. Unfortunately, clinical results of these targeted
inhibitors, alone or in combination, are not very encouraging
so far (80–82). The possible reason is that the molecular
landscape and pathophysiology of patients were not fully and
deeply understood. Thus, assays such as genome sequencing and
immunohistochemical analyses could be employed to select
appropriate patients.

Intravesical drugs including BCG and MMC, the clinical
guidelines recommended for NMIBC after tumor resection
have been clinically used for a long time (102, 103). The past
decades witnessed their benefits to patients. However, recurrence
has been a big challenge all the time for these administration
strategies. New multiagent intravesical chemotherapy regimens
FIGURE 3 | The overview of various novel combinations in bladder cancer.
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for instance, either interleukin-15 super-agonist or MMC with
BCG have been developed in recent years, dramatically
enhancing antitumor activity of BCG (2). Either GC or MVAC
is well-accepted neoadjuvant chemotherapies for MIBC (104). As
stated above, pathologic information of patients largely helps
medical doctors to make the decision to choose either GC or
MVAC to treat bladder cancer patients, depending on molecular
characteristics of individuals (105).

In addition, intravesical administration route is a particular
way for bladder cancer treatment due to the unique physiological
features of urinary bladders. The strategy increases the local
concentrations within the bladder and avoids the systemic
toxicity of drugs. Due to the possible interactions among
drugs, the physical and chemical profiles of drugs should be
carefully considered when combining.
CONCLUSIONS

In conclusion, combination therapy is a classic and proven
strategy to improve patients’ survival. Many combination
therapies as shown in Figure 3 such as dual immunotherapies
Frontiers in Oncology | www.frontiersin.org 10164
and alternate ICIs with targeted therapies are understudied,
holding considerable promise for treating bladder cancer. The
revolution of bladder cancer treatment will keep moving forward
with a good understanding the biology of bladder cancer based
on rapid drug development.
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Background: Colorectal cancer (CRC) is the third most common cancer in Europe, with
an annual increase in incidence ranging between 0.4 and 3.6% in various countries.
Although the development of CRC was extensively studied, limited number of new
therapies were developed in the last few years. Bevacizumab is frequently used as
first- and second-line therapy for management of metastatic CRC (mCRC). The aim of
this study is to present our experience with using bevacizumab beyond disease
progression at different dosage levels in mCRC patients, in terms of overall survival,
progression-free survival, time to treatment failure, and toxicities.

Methods: We performed a consecutive retrospective analysis of patients with confirmed
mCRC who were treated with bevacizumab at "Prof Dr. Ion Chiricuta" Institute of Oncology,
Cluj-Napoca, Romania. We included patients who had received bevacizumab as first- or
second-line therapy and further stratified them according to the dose administered as a
second-line (either standard dose of 5mg/kg every 2 weeks or 7.5mg/kg every 3 weeks, or
double dose of 10mg/kg every 2 weeks or 15mg/kg every 3 weeks–depending on the
classical chemotherapy partner). All patients had received bevacizumab beyond progression
(BYP) which is defined as continuing bevacizumab administration through second-line
treatment despite disease progression. In each group, we evaluated the prognostic
factors that influenced survival and treatment outcome.

Results: One hundred and fifty-one (151) patients were included in the study. Themedian
age of patients receiving double dose bevacizumab (DDB) and standard dose
bevacizumab (SDB) was 58 years (range 41–71) and 57 years (range 19–75),
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Coza O, Bălăcescu L, Marta MM,
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respectively. The median overall survival in the DDB group was 41 months (range 27–49)
compared to 25 months (range 23–29) in the SDB group (p � 0.01 log-rank test). First-line
oxaliplatin-based treatment was used more frequently regardless of group, while
irinotecan-based more frequently used as a second-line treatment (p � 0.014). Both
oxaliplatin- and irinotecan-based regimens were found to be suitable partners for BYP.
Statistical analysis revealed that dose intensity, primary tumor location, and cumulative
exposure to BYP had significant influence on survival.

Conclusion: Doubling the dose of bevacizumab after first progression may improve
survival in mCRC patients. Increasing bevacizumab dose intensity could override the
prognostic impact of primary tumor location in patients receiving double the dose of
bevacizumab after first disease progression.

Keywords: colorectal, cancer, progression, bevacizumab, metastasis, double dose

INTRODUCTION

According to the latestdata released by GLOBOCAN in 2018,
colorectal cancer (CRC) is one of themost common types of cancer
worldwide, being the thirdmost frequent and the secondmost fatal
malignancy (Ferlay et al., 2018). In Europe, CRC is the third most
common cancer, with the highest incidence rates registered in
countries such as Hungary, Slovenia, Slovakia, Norway, and the
Netherlands (Ferlay et al., 2018). In Romania, CRC is the second
most frequent malignancy after lung cancer in both genders, with a
rapidly increasing incidence (Ferlay et al., 2018). The annual
increase in incidence in the different European countries ranges
from 0.4 to 3.6%.According to the latest reports, the age of disease
onset appears to be decreasing. Vuik et al. analyzed the incidence of
CRC in the last 25 years in Europe, and revealed an increase in the
incidence of the disease among adults aged 20–49 years of age,
compared with initial data which showed a predisposition for CRC
starting with fifth decade (Vuik et al., 2019).

Since CRC treatment can be curative in the localized and
locoregional disease, early diagnosis through national screening
programs is essential. However, up to 44% of patients with loco
regional disease will develop metastases despite treatment (Bray
et al., 2018). In such relapsed cases, as well as in the 20% of CRC
patients presenting with metastasis at diagnosis (Edwards et al.,
2014), overall survival (OS) can exceed 30 months in fit patients
who benefit fromthe triple-agent chemotherapy regimen
(FOLFOXIRI) combined with targeted therapy (Qiu et al., 2015).

Despite the discoveries made in the last few years and the
research conducted in order to highlight the mechanisms of CRC
pathogenesis, the processes that allow cancer cells to migrate,
invade and metastasize to other parts of the body have not yet
been fully described (Esin and Yalcin, 2016; Coyle et al., 2017).

Although genomic instability—microsatellite instability (MSI),
chromosomal instability (CIN), and CpG island methylator
phenotype (CIMP) are known to contribute to the development of
CRC (Hong, 2018), a limited number of new therapies for metastatic
CRC (mCRC) patients have been developed in the last few years.
Therapeutic options currently available to treat mCRC include the
classical chemotherapy backbone–fluoropyrimidine with oxaliplatin
or irinotecan, combined with either an anti-angiogenic agent,

or anti-epidermal growth factor receptor (EGFR) antibodies. There
are several classesof drugs which target malignant angiogenesis,
such as anti-vascular endothelial growth factor (VEGF) antibodies,
proteins with binding portions for the extracellular domains of
human VEGF receptors 1 and 2, which will retain tumor-released
VEGF (a VEGF trap: aflibercept, for example), or protein kinase
inhibitors which target angiogenic, stromal and oncogenic receptor
tyrosine kinase (RTK) (Stivarga, 2020; Zaltrap, 2020). While anti-
EGFR antibodies are used exclusively for mCRC patients with
wild-type RAS, anti-angiogenic drugs can be of benefit in all
patients regardless of RAS status.Bevacizumab (anti-VEGF
antibody) is frequently used as first-orsecond-line therapy for
the management of mCRC. Beyond the first progression of the
disease, standard dose bevacizumab (SDB) or double dose
bevacizumab (DDB) can be administered (Avastin, 2020). New
target drugs have been approved for use in patients with mCRC
such as immunotherapy like pembrolizumab–approved in MSI-
high mCRC patientsas well asunresectable or metastatic solid
tumors with MSI-H ordeficient mismatch repair (dMMR).
BRAF inhibitors–dabrafenib and MEK inhibitors for mCRC
BRAF mutant are still under investigations (Al-Husein et al.,
2012; Cutsem et al., 2016; Kuramochi et al., 2017; Keytruda,
2020). Human epidermal growth factor receptor (HER2)
amplification seems to be a valuable new target in mCRC.
Despite its prevalence of 2% in the general population of
mCRC patients, it seems to be linked to primary resistance to
anti-EGFR agents (Dienstmann et al., 2018). Although phase III
trials are not available, the response rate to anti-HER2 agents
reached 38% in the MyPathway study (Dienstmann et al., 2018).

The aim of this study is to present our experience with using
bevacizumab beyond disease progression at different dosage
levels in mCRC patients, in terms of OS, progression-free
survival (PFS), time to treatment failure (TTF), and toxicities.

MATERIALS AND METHODS

Study Population
This study was conducted to generate data from a tertiary care
center of excellence in the treatment of mCRC in Romania. We
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present the treatment strategies, prognostic factors, and survival
data of them CRC patients treated between 2009 and 2017 outside
of a clinical trial. This study retrospectively includedmCRC patients
who used bevacizumab as first-line and second-line treatment. Two
treatment options are used in our cancer center in which the first is
to continue SDB and the other is to consider DDB through second-
line treatment. Hence, mCRC patients in this study were classified
according to the dose of bevacizumab administered beyond
progression. Bevacizumab beyond progression (BYP) was
defined as the continuation of bevacizumab treatment in the
second-line of systemic therapy despite disease progression
proven through imaging techniques. SDB implies that patients
continued the same dose of bevacizumab (5 mg/kg every 2 weeks
or 7.5 mg/kg every 3 weeks) administered as first-line treatment,
while DDB indicates doubling the dose of bevacizumab (10mg/kg/
every 2 weeks or 15 mg/kg every 3 weeks). The decision to maintain
SDB or switch to DDB through the second-line treatment wasmade
by oncologists based on bevacizumab toxicity and tolerance through
the first-line treatment phase. The study was approved by the Ethics
Committee of “Prof.Dr. Ion Chiricuta” Institute of Oncology,Cluj-
Napoca,Romania through decision No 42/8 December 2015.

The inclusion criteria were: age of 18 years or older,
histologically confirmed diagnosis of CRC, lab tests adequate for
chemotherapy and no medical contraindication to chemotherapy,
at least one metastatic site, Eastern Cooperative Oncology Group
(ECOG) performance status of 0–2, bevacizumab administration
in first and second-line treatment, adequate follow-up (at least
monthly clinical checkup and CT-scan every 3–4 months).

The exclusion criteria were: previous administration of
chemotherapy for the metastatic stage, uncontrolled comorbidities,
poor performance status (ECOG ≥3), inadequate labtests,
hypersensitivity to the active substance, heart failure (NYHA
grade >2), uncontrolled hypertension, acute myocardial infarction
(within 6months prior to start chemotherapy) and pregnancy.

According to the literature, the benefit of systemic treatment
in mCRC is controversial especially in patients with poor ECOG
performance status, with no survival advantage over the best

supportive care (Crosara Teixeira et al., 2015). Therefore, patients
with poor performance status were excluded from this study.

Chemotherapy Regimens and Follow-up
The chemotherapeutic regimens used in this study were
consistent with international guidelines: capecitabine-based
(CAPEOX/XELOX or CAPIRI/XELIRI) 3 weeks regimen or 5-
fluorouracil-based (FOLFOX4 or FOLFIRI) 2 weeks regimen, at
the dosages displayed in Table 1. Dose modifications during
treatment were allowed according to guideline recommendations
(Cutsem et al., 2016; Messersmith, 2019).

After first-line chemotherapy, most patients underwent
maintenance therapy with a reduction in chemotherapy
intensity until disease progression or surgical resection. The
same standard or double dose bevacizumab was continued
beyond disease progression in combination with a different
chemotherapy partner. All patients were assessed by CT scan
according to RECIST 1.1 (Eisenhauer et al., 2009).

Statistical Analysis
For statistical analysis purposes, we defined overall survival (OS)
as the period of time between the first cycle of chemotherapy and
death, time to treatment failure (TTF) as the period of time
between the first and the last cycle of bevacizumab chemotherapy,
progression-free survival after first-line therapy (PFS1) as the
time between the first and the last cycle of first-line chemotherapy
and progression-free survival during second-line therapy (PFS2)
as the time between the first and the last cycle of second-line
chemotherapy. These definitions were similar to those in the
Simkens CAIRO3 trial with TTF corresponding to the time to
second progression (Simkens et al., 2015). We also defined PFS
during second-line of therapy in the DDB group.

The main characteristics of the studied population were
analyzed using Microsoft Excel 2010, followed by Chi-square
test for association. For data reported as mean ± SD, p-values
were calculated with t-test. Survival analyses were performed using
R version 3.5.1 [R Core Team (2018). R: A language and

TABLE 1 | Chemotherapy used in combination with bevacizumab in first and second-line therapy.

Type of chemotherapy Drug Dose Cycle length

FOLFOX4 5-FU 400 mg/m2 bolus in 15 min day 1 + 2 14 days
5-FU 600 mg/m2 continuous perfusion over 22 h day 1 + 2
Leucovorin 400 mg/m2 in 2 h day 1 + 2
Oxaliplatin 85 mg/m2 in 2 h day 1

FOLFIRI 5-FU 400 mg/m2 bolus in 15 min day 1 + 2 14 days
5-FU 600 mg/m2 continuous perfusion over 22 h day 1 + 2
Leucovorin 400 mg/m2 in 2 h day 1 + 2
Irinotecan 180 mg/m2 day 1

CAPEOX Capecitabine 2,000 mg/m2 days 1–14 21 days
Oxaliplatin 130 mg/m2 in 2 h day 1

CAPIRI Capecitabine 2,000 mg/m2 days 1–14 21 days
Irinotecan 240 mg/m2 day 1

Bevacizumab standard dose (SDB) Bevacizumab + FOLFOX4 or FOLFIRI 5 mg/kg Every 2 weeks
Bevacizumab standard dose (SDB) Bevacizumab + CAPEOX or CAPIRI 7.5 mg/kg Every 3 weeks
Bevacizumab double dose (DDB) Bevacizumab + FOLFOX4 or FOLFIRI 10 mg/kg Every 2 weeks
Bevacizumab double dose (DDB) Bevacizumab + CAPEOX or CAPIRI 15 mg/kg Every 3 weeks

5FU, 5 fluorouracil; m2-square meter; mg-milligram, kg-kilogram.
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environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URLhttp://www.R-project.org/.] in
multiple steps. First, we used the Kaplan-Meier method to obtain
survival curves. Second, we compared them using the log-rank test.
Finally, we used Cox regression to generate Hazard Ratios (HRs)
and corresponding 95% Confidence Intervals (CIs). The calculated
p-values were two-sided, and p-values less than 0.05 were
considered statistically significant. The Pearson correlation
coefficients as well as the corresponding p-values were
determined using Pearson correlation test, inMicrosoft Excel 2010.

RESULTS

Patient Characteristics
In a retrospective analysis of mCRC patients treated with
chemotherapy in our institute between 2009 and 2017, we
identified 162 patients who met the main inclusion criteria. Out
of these, 151 met the criteria for “beyond progression”, while 11 were
treated with bevacizumab throughmultiple lines or beyond the third-
line of chemotherapy and therefore were excluded from the analysis.

First-line oxaliplatin-based chemotherapy was more frequently
used than irinotecan-based therapy in the SDB group compared
with the DDB group (p < 0.001), while irinotecan was more
frequently used in the second-line after disease progression (p �
0.014) (Table 2). Themedian age was 57 years (range 19–75) in the
SDB group and 58 in the DDB group (range 41–71), while
approximately 80% of patients were under the age of 65 in both
groups. The primary tumor was in the right side of the colon in
76.8% of cases. The liver, peritoneum and lungs were the most
common metastatic sites in both the SDB and DDB groups. About
27.2% of patients had more than one metastatic site. No significant
differences were noted between SDB and DDB patients regarding
site and number of metastases. More male patients had left-sided
cancer compared to female patients. Mean body mass index (BMI)
was significantly higher in the DDB group compared to patients
receiving SDB (p � 0.01). Regarding the RAS status, a reasonable
proportion of patients did not have data; however no significant
differences were observed between the SDB and DDB groups.

The median values of OS, TTF, PFS1, and PFS2 were
significantly higher in the DDB group compared with the SDB
group (Table 3).

TABLE 2 | Baseline characteristics of mCRC patients in SDB (N � 111) and DDB (N � 40) groups.

SDB DDB p-value

Age (years) Under 65 88 (79.3%) 35 (87.5%) 0.25
Over 65 23 (20.7%) 5 (12.5%)

Gender Male 62 (58.9%) 24 (60.0%) 0.65
Female 49 (44.1%) 16 (40.0%)

BMI*(kg/m2) 25.17 ± 4.47 (14.19–36.51) 27.73 ± 5.03 (19.59–42.24) 0.01
Primary tumor Left-sided 35 (23.17) 0.25

Right-sided 116 (76.82%)
Metastasis site Liver 91 (58.0%) 30 (62.5%) 0.98

Lung 19 (12.1%) 6 (12.5%)
Peritoneum 25 (15.9%) 6 (12.5%)
Lymph nodes 6 (3.8%) 2 (4.2%)
Bone 6 (3.8%) 1 (2.1%)
Other** 10 (6.4%) 3 (6.3%)

Metastasis–organs involved 1 78 (70.3%) 32 (80.0%) 0.24
>1 33 (29.7%) 8 (20.0%)

First-line chemotherapy Oxaliplatin-based 81 (73.0%) 9 (22.5%) <0.01
Irinotecan-based 30 (27.0%) 30 (75.0%)

Second-line chemotherapy Oxaliplatin -based 33 (29.7%) 20 (50%) 0.01
Irinotecan-based 78 (70.3%) 19 (47.5%)

RAS Mutant 11 (9.9%) 6 (15%) 0.06
Wild type 32 (28.8%) 5 (12.5%)
Not available 68 (61.3%) 29 (72.5%)

T Stage 1 0 (0%) 1 (2.5%) <0.01
2 3 (2.7%) 1 (2.5%)
3 58 (52.3%) 27 (67.5%)
4 34 (30.6) 7 (17.5%)
Not available 16 (14.4%) 4 (10%)

N stage 0 8 (7.2%) 6 (15.0%) 0.39
1 29 (26.1%) 13 (32.5%)
2 48 (43.2%) 16 (40.0%)
Not available 26 (23.4%) 5 (12.5%)

M Stage 0*** 35 (31.5%) 14 (35%) 0.72
1 72 (64.9%) 25 (62.5%)
Not available 4 (2.5%) 1 (2.5%)

SDB: standard dose bevacizumab, DDB: double dose bevacizumab; BMI: body mass index; data are n (%); p-value was calculated with Chi-test.
*data are mean ± SD (range) and p-value was calculated with t-test; all tests were conducted at 0.05 level of significance. Bold the significant p value when we have multiple values.
**subcutaneous, ovaries.***M0–stage at initial diagnostic.
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Bevacizumab Toxicity
Regarding toxicity of bevacizumab, hypertension and
proteinuria were more frequent in the DDB compared to the
SD Bgroup. Of those, only proteinuria and hypertension grade 3
reached statistical significance (Table 4). These differences did
not lead to significant treatment delays between the SDB and
DDB groups.

Survival curves were constructed for OS, TTF, PFS1, and PFS2
according to primary tumor location (data not shown) and the
corresponding medians and HR were determined. Statistically
significant differences were obtained for OS only with a higher
median survival for left-sided vs. right-sided tumors: 29 months
(IQR: 25–37) vs. 22 months (IQR: 18–30), respectively, (p � 0.01).

In the group of patients having received DDB after first
progression, no differences between left- and right-sided
mCRC were observed in terms of OS, PFS1, PFS2, and TTF.

Patients receiving SDB had significantly improved OS and
PFS2 for left-sided mCRC compared to right-sided disease
(Table 5). However, TTF and PFS1 were not significantly
different between left- and right-sided tumors in patients
receiving SDB in second-line treatment.

First and Second-line Chemotherapy
Backbone
We investigated the role of first and second-line chemotherapy
partners for bevacizumab to improve our understanding for the
impact of chemotherapy in mCRC patients.

When comparing the groups regarding the type of standard
chemotherapy regimens (irinotecan vs. oxaliplatin backbone) in
first- or second-line treatment, a trend toward a greater OS, TTF,
PFS1, and PFS2 was observed for irinotecan-based regimens
compared to oxaliplatin-based chemotherapy in both groups,

however these differences did not reach statistical significance
(Table 6).

TABLE 3 | Median of OS, PFS, and TTF based on bevacizumab dose.

Endpoint SDB DDB p-value

OS 25 (23–29) 41 (27–49) 0.01
TTF 19 (16–22) 24 (21–35) 0.01
PFS1 12 (11–14) 17 (15–22) 0.01
PFS2 5 (4–6) 9 (6–12) 0.03

SDB: standard dose bevacizumab, DDB: double dose bevacizumab, OS: overall survival,
TTF: time to treatment failure, PFS1: progression-free survival during first-line treatment,
PFS2: progression-free survival during second-line treatment; data are median
(interquartile range) in months; p-values were calculated with log-rank test at 0.05 level of
significance. p value statistical significant.

TABLE 4 | Bevacizumab toxicity in SDB and DDB groups.

Type of toxicity DDB–number of patients
(% from total number-40)

SDB- number of patients
(% from total number-111)

p-value

Proteinuria Grade 1 7 (17.5%) 10 (9%) 0.69
Grade 2 4 (10%) 3 (2.7%)
Grade 3 3 (7.5%) 5 (4.5%)
Any grade 14 (35.0%) 18 (16.2%) 0.01

Hypertension Grade 2 1 (2.5%) 10 (9%) 0.04
Grade 3 7 (17.5%) 8 (7.2%)
Any grade 8 (20%) 18 (16.2%) 0.29

Thromboembolic events Grade 2 1 (2.5%) 3 (2.7%) 0.17
Grade 3 1 (2.5%) 0 (0%)
Any grade 2 (5%) 3 (2.7%) 0.65

Fistula 1 (2.5%) 1 (0.9%) 1.0
Bleeding Grade 2 1 (2.5%) 3 (2.7%) 1.0

Grade 3 1 (2.5%) 3 (2.7%)
Any grade 2 (5%) 6 (5.4%) 0.92

Cardiopathy 1 (2.5%) 5 (4.5%) 0.10
Treatment delay Number of patients 3 (7.5%) 7 (6.3%) 0.47

days delay* 85.33 ± 49.92 (30–127) 69.57 ± 121.45 (8–340)

DDB: double dose bevacizumab; SDB: standard dose bevacizumab; data are n (%); p-values were calculated with χ2test
*data are mean ± SD (range) and p-value was calculated with t-test; all tests were conducted at 0.05 level of significance. Bold the significant p value when we have multiple values.

TABLE 5 | Characteristics of OS, TTF, and PFS depending on primary tumor
location in the DDB and SDB groups.

Item Left-sided* Right-sided* HR (CI 95%) p-value

DDB
OS 46 (35–56) 27 (21–41) 0.57 (0.26–1.24) 0.15
TTF 31 (22–39) 21 (17–28) 0.60 (0.28–1.27) 0.18
PFS1 16 (14–27) 16 (11–20) 0.73 (0.36–1.49) 0.39
PFS2 9 (7–14) 5 (3–10) 0.48 (0.22–1.03) 0.06
SDB
OS 27 (24–35) 12 (13–32) 0.54 (0.33–0.88) 0.01
TTF 19 (16–23) 15 (11–23) 0.99 (0.41–1.08) 0.10
PFS1 12 (11–14) 10 (7–17) 0.84 (0.53–1.33) 0.45
PFS2 6 (5–8) 4 (3–6) 0.55 (0.33–0.9) 0.02

OS: overall survival, TTF: time to treatment failure, PFS1: progression-free survival during
first-line treatment, PFS2: progression-free survival during second-line treatment, DDB:
double dose bevacizumab, SDB: standard dose bevacizumab; p-values were calculated
with log-rank test; HR < 1 means better results in left -sided than in right-sided cases
*all values are displayed as medians (interquartile range) in months. Bold the significant
p value when we have multiple values.
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Timing of Bevacizumab Initiation
We investigated the time of initiation of bevacizumab treatment
in terms of months of delay of treatment to see whether it explains
the differences in OS, TTF, PFS1, and PFS2 between the DDB and
SDB groups; for instance, whether PFS1 could be statistically
linked to the initiation of bevacizumab. According to guidelines,
bevacizumab must be administrated from the first cycle of
systemic treatment, without any delays.

PFS1 and TTF were negatively and significantly correlated
with delayed bevacizumab initiation in both the DDB and SDB
groups of patients (p < 0.01). As shown in Table 7, this
correlation was moderate.

Bevacizumab dose Intensity
The analysis of bevacizumab dose intensity revealed significant
differences in both first and second-line therapy between the
DDB and SDB groups. These differences remained also
significant for the overall treatment (first and second-line)
(Table 8).

The Pearson correlation analysis between the total dose of
bevacizumab and survival rates is detailed in Table 9.

As seen in Table 9, both groups (DDB and SDB) had
significantly positive correlations between all the treatment

outcomes and the total dose of bevacizumab administered
(p < 0.001). TTF was positively and strongly correlated with
total bevacizumab dose, while OS, PFS1, and PFS2 were
moderately correlated with total bevacizumab dose, with a
tendency toward strong positive correlation in the case of
PFS1 in SDB group (Table 9).

Subgroup Analysis of Overall Survival
Male gender, age below 65 and an irinotecan-based
chemotherapy regimen in first-line were significantly linked to
survival advantage among mCRC patients (Table 10).

Was OS Influenced by PFS1 or PFS2?
As shown in Table 11, OS was significantly and positively
correlated with each of TTF, PFS1, and PFS2 among all

mCRC patients and each of DDB and SDB patient groups
(p < 0.001). These correlations were moderate to strong
according to the Pearson’s correlation analysis.

DISCUSSION

Primary Tumor Location
Primary tumor location (PTL) is one of the most important
prognostic factors for mCRC. Survival after recurrence was
significantly longer in left-sided compared with right-sided
colon cancer patients (Cutsem et al., 2016). In first-line
treatment with oxaliplatin, fluoropyrimidine and bevacizumab,
the laterality of the primary tumor was less important in the
maintenance phase of first-line therapy (Jordan et al., 2018).
However, PTL remains a significant prognostic factor for second
and further lines of treatment (Hegewisch-Becker et al., 2018).

Surprisingly, in our DDB group of patients, no statistically
significant differences in terms of OS, TTF, PFS1, and PFS2 in
relation with PTL were noted. These results suggest that doubling
the dose of bevacizumab overrides the prognostic differences in
mCRC according to tumor location. Increasing the dose of
bevacizumab could equalize the chance of response to

TABLE 6 | Median of OS, TTF, and PFS based on type of chemotherapy in the
SDB and DDB groups.

Irinotecan-based* Oxaliplatin-based* p-value

DDB OS 43.5 (30–35) 27 (18–44) 0.06
SDB 25 (22–36) 25 (23–30) 0.50
DDB TTF 25 (21–36) 24 (17–35) 0.60
SDB 21 (16–30) 16 (15–22) 0.30
DDB PFS1 16 (14–28) 14 (9–19) 0.07
SDB 13 (12–18) 12 (9–13) 0.30
DDB PFS2 9 (5–19) 8 (6–12) 0.30
SDB 5 (4–6) 6 (4–9) 0.70

OS: overall survival, TTF: time to treatment failure, PFS1: progression-free survival during
first-line treatment, PFS2: progression-free survival during second-line treatment, DDB:
double dose bevacizumab, SDB: standard dose bevacizumab; p-values were calculated
with log-rank test
*data are median (interquartile range) in months.

TABLE 7 | Correlation between treatment outcomes and delayed initiation of bevacizumab in first-line treatment in DDB and SDB groups.

Delayed bevacizumabinitiation–in months

r p-value

OS DDB −0.31 0.052
TTF −0.51 <0.01
PFS1 −0.43 <0.01
PFS2 −0.39 0.01
OS SDB −0.19 0.04
TTF −0.41 <0.01
PFS1 −0.42 <0.01
PFS2 −0.17 0.07

OS: overall survival, TTF: time to tratment failure, PFS1: progression-free survival during first-line treatment, PFS2: progression-free survival during second-line treatment, DDB: double
dose bevacizumab, SDB: standard dose bevacizumab; p-value <0.05 indicate statistical significance of Pearson’s correlation coefficients (r). Bold the significant p value when we have
multiple values.
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systemic treatment and control of the disease for left-sided and
right-sided mCRC patients. However, considering the PTL role in
CRC prognosis, Boeckx et al. showed that patients with RAS wild-
type left-sided mCRC had a better OS than right-sided disease,
regardless of treatment received (Boeckx et al., 2018). In line with
this, in a study including 754 patients with first-line therapy of
bevacizumab and oxaliplatin backbone regimen, Hegewisch-
Becker et al. found significantly better survival in left-sided

CRC patients (median survival 24.8 months) compared with
right-sided patients (18.4 months), with PTL being the most
powerful prognostic factor in multivariate analysis (Hegewisch
Becker et al., 2018).

First and Second-line Chemotherapy
Backbone Associated With Bevacizumab
The ESMO guidelines recommend the combination of a standard
chemotherapy regimen (irinotecan or oxaliplatin-based) with
either anti-VEGF or anti–EGFR therapy in the first and
second-line treatment in mCRC patients (Schmoll et al., 2012).
The NCCN guidelines recommend bevacizumab in first-line
therapy in associations with classical chemotherapy regimens
but with modest effect on OS, especially when added to
oxaliplatin (Messersmith, 2019).

In our study, both chemotherapy regimens–oxaliplatin or
irinotecan backbone were equally effective in combination with
bevacizumab, as no significant differences were seen between the
DDB and SDB groups. The first-line chemotherapy regimen with
oxaliplatin backbone was more frequently used in the SDB group
compared with DDB in first-line (p < 0.001) while irinotecan was
more frequently used in the first-line for DDB patients (p � 0.014).
Similar with our data, two previous studies conducted by Bendell
et al. in ARIES study, on 1,550 patients, and Yamazaki et al. on 395
patients, treated in the first-line with FOLFIRI or FOLFOX
combined with bevacizumab, retrieved equivalent OS, PFS or
rate of response between arms (Bendell et al., 2012; Yamazaki
et al., 2014). Moreover, van Cutsem et al. showed similar efficacy of
FOLFOX, FOLFIRI or XELOX combined with bevacizumab in the

TABLE 8 | Mean bevacizumab dose intensity in the DDB and SDB patient groups.

First-line Bev-DI (mg/kg/week) Second-line Bev-DI (mg/kg/week) Total Bev-DI (mg/kg/week)

DDB 1.84 ± 0.56 (0.47–3.22) 4.49 ± 2.31 (0.66–12.08) 2.68 ± 1.18 (1.23–7.26)
SDB 1.50 ± 0.64 (0.23–3.06) 2.47 ± 1.05 (0.36–7.74) 1.74 ± 0.52 (0.59–2.97)
p value 0.004 <0.001 <0.001

Bev-DI: bevacizumab dose intensity; DDB: double dose bevacizumab, SDB: standard dose bevacizumab; p-values were calculated with t-test; data are mean ± SD (range). p value
statistical significant.

TABLE 9 |Correlation between treatment outcomes and total bevacizumab dose.

Outcome variable Bevacizumab total dose

r p-value

OS DDB 0.67 <0.001
TTF 0.77 <0.001
PFS1 0.61 <0.001
PFS2 0.64 <0.001
OS SDB 0.60 <0.001
TTF 0.80 <0.001
PFS1 0.75 <0.001
PFS2 0.47 <0.001
OS All 0.59 <0.001
TTF 0.77 <0.001
PFS1 0.68 <0.001
PFS2 0.54 <0.001

OS: overall survival, TTF: time to treatment failure, PFS1: progression-free survival during
first-line therapy, PFS2: progression-free survival during second-line therapy, DDB:
double dose bevacizumab, SDB: standard dose bevacizumab
*all corresponding p-value are lower than 0.001.

TABLE 10 | Subgroup analysis of overall survival hazard ratios.

N HR 95% CI p-value

All 151 0.62 0.42–0.91 0.02
Gender

Male 86 0.53 0.31–0.90 0.02
Female 65 0.65 0.35–1.18 0.16

Age (years)
<65 123 0.60 0.39–0.91 0.02
≥65 28 0.66 0.22–1.97 0.45

First-line chemotherapy
Oxaliplatin-based 89 0.87 0.40–1.90 0.73
Irinotecan-based 56 0.49 0.27–0.88 0.02
PFS1(months)

≤12 76 0.58 0.31–1.08 0.09

PFS1: progression-free survival after first-line therapy, HR: hazard ratio; CI: confidence
interval; p-values were calculated with log-rank test; A hazard ratio< 1 indicate better
treatment in double dose bevacizumab group vs. standard dose bevacizumab group.
Bold the significant p value when we have multiple values.

TABLE 11 | Correlation between OS and each of PFS and TTF in SDB and DDB
groups.

Outcome variable Overall survival (OS)

r p-value

PFS1 DDB 0.60 <0.001
PFS2 0.47 <0.001
TTF 0.69 <0.001
PFS1 SDB 0.65 <0.001
PFS2 0.56 <0.001
TTF 0.75 <0.001
PFS1 All 0.65 <0.001
PFS2 0.55 <0.001
TTF 0.75 <0.001

OS: overall survival, TTF: time to treatment failure, PFS1: progression-free survival during
first-line therapy, PFS2: progression-free survival during second-line therapy, SDB:
standard dose bevacizumab, DDB: double dose bevacizumab.
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first-line in the BEAT study on 1914 patients (Van Cutsem et al.,
2009). Premature discontinuation of oxaliplatin-based treatment as
defined by protocol design altered HR of PFS from 0.63 to 0.83 (Ilic
et al., 2016). The main concerns with oxaliplatin-based
chemotherapy are its cumulative and slowly reversible
neurotoxicity as well as the allergic reactions associated with
this regimen (Cetean et al., 2015).

When regimens were compared, the irinotecan-based one
seemed to be slightly superior. Ilic et al. and Baraniskin et al.
confirmed the advantage of using bevacizumab with
chemotherapy (Ilic et al., 2016; Baraniskin et al., 2019).

Bevacizumab dose Intensity and its use
Beyond Progression
In clinical practice, according to the European guideline (ESMO) as
well as NCCN guideline, a complete genetic characterization of the
tumor (all RAS type) and imaging evaluation are required before
choosing a systemic regimen for a particular patient (Cutsem et al.,
2016; Messersmith, 2019; Veld et al., 2019). The NCCN guidelines
draw attention to the existence of preclinical data suggesting a
possible rebound effect after bevacizumab cessation (Veld et al.,
2019). Our data revealed lower bevacizumab dose intensity in the
first but not in the second-line for SDB. The same effect was also
recorded for DDB, with an explicable doubling of the intensity in
the second-line. The explanation of these facts resides in the
administrative constraints existing in our country. In Romania,
for more than a decade the national insurance reimbursed the cost
of bevacizumab only after a centralized approval. This fact was
responsible for widespread and sometimes prolonged delays in
optimal bevacizumab administration in the first-line, which were
less encountered in second-line administration. We found no
significant difference in first-line delays between the SDB and
DDB groups. However, our analysis did show significantly negative
correlations between PFS1, TTF, and delayed bevacizumab
initiation in both the SDB and DDB groups (p < 0.01). In DDB
group, PFS2 was moderately and negatively correlated with time of
bevacizumab delay, while OS was weakly, yet significantly and
negatively correlated with delayed bevacizumab administration in
the SDB group. Contrary to first-line administration of
bevacizumab in our patients, in the second-line we did not
observe significant delays in bevacizumab start of
administration. Moreover, the dose of bevacizumab was doubled
after disease progression in the DDB group with practical aim to
overcome tumor resistance which was translated into a prolonged
PFS2 for DDB patients compared to SDB. Whether first-line delay
of bevacizumab administration could influence PFS2–it must be
interpreted with caution, due to the retrospective nature of our
analysis with possible bias in patient recruitment and inclusion
process. Differences in dose intensity in the first-line treatment
may raise questions regarding an excess of bevacizumab or classic
chemotherapy partner toxicity in the first-line for the SDB group.

One of the first clinical trials to address the question whether
bevacizumab should be continued after disease progression was the
ML 18147 phase III trial (Bennouna et al., 2013). The trial was
positive in terms of OS, considering the same dose of bevacizumab
as in the first-line (2.5 mg/kg body/week). Moreover, in the BRiTE

study, Grothey et al. defined “bevacizumab beyond progression”
(BYP) differently referring to patients who continued treatment
after disease progression within two months at maximum. Median
OS and survival after progression were better in patients who
received bevacizumab after first progression (19.2 vs. 9.5 months)
(Grothey et al., 2014). In the ARIES study on 1,550 patients,
Bendell et al. reported that a cumulative dose of bevacizumab
represented a significant prognostic factor for survival after first
progression (Bendell et al., 2012). The same results were retrieved
by Cartwright et al. on 573 patients as determined by improved OS
(27.9 vs. 14.6 months) and post-progression survival (21.4 vs.
10.1 months) (Cartwright et al., 2012).

In the same context, in a phase III trial on 185 patients treated
with second-line bevacizumab with or without FOLFIRI or
FOLFOX (depending on the first-line treatment already
administered), Masi et al. found a statistically significant PFS
and OS advantage for bevacizumab continuation or
reintroduction in the second-line over chemotherapy alone in
all the analyzed subgroups (Masi et al., 2015).

Toxicity of Bevacizumab in mCRC Patients
Bevacizumab has some specific adverse effects like hypertension,
proteinuria, gastro-intestinal perforation, thrombosis, pulmonary
thromboembolism and hemorrhage (Feliu et al., 2015; Dionísio
de Sousa et al., 2016).

In our analysis, no statistically significant differences were
found in the number of hypertensive cases between the SDB and
DDB groups, but in the DDB group grade 3 hypertension was
twice as frequent as in the SDB group (p � 0.04). Hypertension
(grade 3 and 4) is a common adverse event to bevacizumab
treatment with an incidence of 0.4 and 17.9% (Dionísio de Sousa
et al., 2016). In a small retrospective analysis of 79 patients,
grade 2 and 3 of hypertension during bevacizumab
administration was predictive of PFS but not OS
improvement (Feliu et al., 2015). Our data also revealed that
proteinuria was more frequent in the DDB than in the SDB
group, reaching statistical significance. Proteinuria was reported
in 0.7–54.7% of patients (Feliu et al., 2015). Proteinuria was not
correlated with OS or PFS advantage in a phase II trial (Lee et al.,
2019). Both hypertension and proteinuria were statistically
correlated with the duration of bevacizumab administration,
higher doses of bevacizumab may increase the risk, due to a
cumulative effect (Loupakis et al., 2018). As for the other
bevacizumab adverse events, no significant differences in
bleeding, perforation, cardiomyopathy, thrombosis and
emboli were found between groups. Treatment was not
delayed in the DDB group despite the higher dose in the
second-line since no untreatable toxicity occurred. However,
perforations were reported in 0.2–1% of patients, bleeding in
10–20% and thrombosis and thromboembolism events in
2.8–17.3% of patients (Feliu et al., 2015).

Subgroup Analysis of Overall Survival
Older age could be a factor for under-treatment reported by Raab
et al. (Raab et al., 2019), despite the fact that bevacizumab could
improve OS and PFS for this category of patients, as showed by
Pinto et al. (Pinto et al., 2017).
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In our study, male gender, age below 65 and irinotecan-based
chemotherapy in the first-line were significantly linked to a
survival advantage. No PFS1 cut-off value was found to be
associated with better OS. In the same line, the results of
Loupakis et al. that retrospectively analyzed the results of NO
16966 and AVF2107g phase III trials, including patients with
mCRC treated in the first-line with bevacizumab and standard
chemotherapy showed no OS advantage in any subcategory
(Loupakis et al., 2018).

In a pooled analysis of 2,879 patients included inmajor published
trials (COIN, OPUS, AGITG, CRYSTAL, FOCUS 2, and COIN-B),
Salem et al. showed that left-sided colon cancer patients were mostly
elderly females (over the age of 70 years) (Salem et al., 2018).
However, considering the Rahman et al. data, gender was not
shown to be predictive for OS (Abdel-Rahman, 2019).

Is OS Influenced by PFS1 or PFS2?
Post-progression survival is a very important factor that may
characterize better clinical outcomes after first disease
progression. Petrelli et al. showed that in 16,408 patients
included in 34 phase III randomized clinical trials, a good
correlation between OS and post-progression survival (PFS2)
was observed (Petrelli and Barni, 2013).

In our study,PFS1, PFS2, TTF, and OS were all higher in the
group of mCRC patients treated with DDB after disease
progression (Table 3) (Bochis et al., 2020). In previously
published data PFS1 was shown to have a strong influence on
OS (Petrelli and Barni, 2013). However, in our study, a positive
moderate correlation between PFS1, PFS2, and OS with total
bevacizumab dose was found in both groups of patients. PFS1 in
SDB group showed a tendency to strong positive correlation. All
Pearson’s correlations examined were statistically significant (p <
0.001). PFS1 should not have been dependent on bevacizumab
dose intensity since the same first-line doses were administered in
both the DDB and SDB groups. The retrospective nature of our
study may explain this finding. An analysis of 22,736 patients
included in 50 clinical trials found a good correlation between
PFS and OS in chemotherapy regimens but less so for trials on
monoclonal antibodies (Petrelli and Barni, 2013). Within 20,438
patients, Sidhu et al. observed a weak correlation between the
response rate (RR) and OS, lower than the correlation coefficient
for PFS and OS (Sidhu et al., 2013).

The limitations of our study may reside in several factors such
as the lack of patient randomization at inclusion and variations in
the induction treatment and should be considered as a potential
source of bias. The unbalanced use of an oxaliplatin backbone
regimen in first and second-line therapy in both the SDB and
DDB groups may be a factor influencing the general results of our
study, due to well-known differences in terms of rate of response,
type, and intensity of toxicity compared with irinotecan. The
strength of our analysis resides in the data extracted from the
medical records of unselected patients with mCRC treated with
systemic treatment. The inclusion and exclusion criteria
established in this study were meant to create a real-life
situation that medical oncologists may be faced with. By
avoiding the over-selection of patients imposed by the
constraints of a clinical trial, we wished to have a better

chance of determining the advantage (if any) of doubling the
bevacizumab dose in mCRC patients after first disease
progression. In the EMA market-approval for bevacizumab in
mCRC, both treatment strategies–standard and double dose–are
mentioned, without any recommendation on when to use the
double dose. The scarce clinical data available need to be
completed with the experience of cancer centers, regional
databases, and randomized phase III trials to provide the best
proof of efficacy of one of the two strategies. No definitive
conclusion can be drawn according to the available data.

CONCLUSION

Our data demonstrated that doubling the dose of bevacizumab
after first progression may improve OS, PFS1, PFS2, and TTF.
Moreover, an increasing dose of bevacizumab may lead to better
outcomes in the DDB group. However, doubling the dose of
bevacizumab was not associated with increased toxicities except
for grade 3 hypertension, which was manageable, without negative
influence on treatment administration. Irinotecan-based
chemotherapy regimens in the first-line significantly could be a
preferential partner for bevacizumab in mCRC patients.
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