
Edited by  

Carlos A. Vaccaro, Mev Dominguez-Valentin and 

Walter Hernán Pavicic

Published in  

Frontiers in Oncology

Advances in genetics 
and molecular diagnosis 
in colorectal, stomach, 
and pancreatic cancer.

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/research-topics/23778/advances-in-genetics-and-molecular-diagnosis-in-colorectal-stomach-and-pancreatic-cancer#articles
https://www.frontiersin.org/research-topics/23778/advances-in-genetics-and-molecular-diagnosis-in-colorectal-stomach-and-pancreatic-cancer#articles
https://www.frontiersin.org/research-topics/23778/advances-in-genetics-and-molecular-diagnosis-in-colorectal-stomach-and-pancreatic-cancer#articles
https://www.frontiersin.org/research-topics/23778/advances-in-genetics-and-molecular-diagnosis-in-colorectal-stomach-and-pancreatic-cancer#articles


January 2023

Frontiers in Oncology 1 frontiersin.org

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 978-2-83251-212-8 
DOI 10.3389/978-2-83251-212-8

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


January 2023

Frontiers in Oncology 2 frontiersin.org

Advances in genetics and 
molecular diagnosis in colorectal, 
stomach, and pancreatic cancer.

Topic editors

Carlos A. Vaccaro — Italian Hospital of Buenos Aires, Argentina

Mev Dominguez-Valentin — Oslo University Hospital, Norway

Walter Hernán Pavicic — National Scientific and Technical Research Council 

(CONICET), Argentina

Citation

Vaccaro, C. A., Dominguez-Valentin, M., Pavicic, W. H., eds. (2023). Advances in 

genetics and molecular diagnosis in colorectal, stomach, and pancreatic cancer. 

Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-212-8

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-212-8


January 2023

Frontiers in Oncology 3 frontiersin.org

05 Editorial: Advances in genetics and molecular diagnosis in 
colorectal, stomach, and pancreatic cancer
Carlos Alberto Vaccaro, Julieta Soarez, Mev Dominguez-Valentin and 
Walter Hernán Pavicic

08 Comprehensive Analysis of the Expression and Prognosis for 
MMPs in Human Colorectal Cancer
Jing Yu, Zhen He, Xiaowen He, Zhanhao Luo, Lei Lian, Baixing Wu, 
Ping Lan and Haitao Chen

21 The Prognosis of Leptin rs2167270 G > A (G19A) 
Polymorphism in the Risk of Cancer: A Meta-Analysis
Aiqiao Zhang, Shangren Wang, Fujun Zhang, Wei Li, Qian Li and 
Xiaoqiang Liu

30 Identification of Recessively Inherited Genetic Variants 
Potentially Linked to Pancreatic Cancer Risk
Ye Lu, Manuel Gentiluomo, Angelica Macauda, Domenica Gioffreda, 
Maria Gazouli, Maria C. Petrone, Dezső Kelemen, Laura Ginocchi, 
Luca Morelli, Konstantinos Papiris, William Greenhalf, Jakob R. Izbicki, 
Vytautas Kiudelis, Beatrice Mohelníková-Duchoňová, 
Bas Bueno-de-Mesquita, Pavel Vodicka, Hermann Brenner, 
Markus K. Diener, Raffaele Pezzilli, Audrius Ivanauskas, Roberto Salvia, 
Andrea Szentesi, Mateus Nóbrega Aoki, Balázs C. Németh, 
Cosimo Sperti, Krzysztof Jamroziak, Roger Chammas, 
Martin Oliverius, Livia Archibugi, Stefano Ermini, János Novák, 
Juozas Kupcinskas, Ondřej Strouhal, Pavel Souček, 
Giulia M. Cavestro, Anna C. Milanetto, Giuseppe Vanella, 
John P. Neoptolemos, George E. Theodoropoulos, 
Hanneke W. M. van Laarhoven, Andrea Mambrini, Stefania Moz, 
Zdenek Kala, Martin Loveček, Daniela Basso, Faik G. Uzunoglu, 
Thilo Hackert, Sabrina G. G. Testoni, Viktor Hlaváč, Angelo Andriulli, 
Maurizio Lucchesi, Francesca Tavano, Silvia Carrara, Péter Hegyi, 
Paolo G. Arcidiacono, Olivier R. Busch, Rita T. Lawlor, Marta Puzzono, 
Ugo Boggi, Feng Guo, Ewa Małecka-Panas, Gabriele Capurso, 
Stefano Landi, Renata Talar-Wojnarowska, Oliver Strobel, Xin Gao, 
Yogesh Vashist, Daniele Campa and Federico Canzian

40 The Association of MEG3 Gene rs7158663 Polymorphism 
With Cancer Susceptibility
Xueren Gao, Xianyang Li, Shulong Zhang and Xiaoting Wang

48 Systematic Analysis of an Invasion-Related 3-Gene Signature 
and Its Validation as a Prognostic Model for Pancreatic 
Cancer
Dafeng Xu, Yu Wang, Yuliang Zhang, Zhehao Liu, Yonghai Chen and 
Jinfang Zheng

63 Orphan Medicinal Products for the Treatment of Pancreatic 
Cancer: Lessons Learned From Two Decades of Orphan 
Designation
Jorn Mulder, Tobias van Rossum, Segundo Mariz, Armando Magrelli, 
Anthonius de Boer, Anna M. G. Pasmooij and 
Violeta Stoyanova-Beninska

Table of
contents

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


January 2023

Frontiers in Oncology 4 frontiersin.org

70 Case Report Series: Aggressive HR Deficient Colorectal 
Cancers Related to BRCA1 Pathogenic Germline Variants
Maria Valeria Freire, Marie Martin, Romain Thissen, 
Cédric Van Marcke, Karin Segers, Edith Sépulchre, Natacha Leroi, 
Céline Lété, Corinne Fasquelle, Jean Radermacher, Yeter Gokburun, 
Joelle Collignon, Anne Sacré, Claire Josse, Leonor Palmeira and 
Vincent Bours

76 Proof-of-Concept Pilot Study on Comprehensive 
Spatiotemporal Intra-Patient Heterogeneity for Colorectal 
Cancer With Liver Metastasis
Ioannis D. Kyrochristos, Georgios K. Glantzounis, Anna Goussia, 
Alexia Eliades, Achilleas Achilleos, Kyriakos Tsangaras, 
Irene Hadjidemetriou, Marilena Elpidorou, Marios Ioannides, 
George Koumbaris, Michail Mitsis, Philippos C. Patsalis and 
Dimitrios Roukos

86 New Studies of the Aberrant Alterations in Fibrillin-1 
Methylation During Colorectal Cancer Development
Ling Lv, Jianzhong Ma, Lina Wu, Chao Zhang, Yueping Wang and 
Guang Wang

94 Mono- and biallelic germline variants of DNA glycosylase 
genes in colon adenomatous polyposis families from two 
continents
Alisa Petriina Olkinuora, Andrea Constanza Mayordomo, 
Anni Katariina Kauppinen, María Belén Cerliani, Mariana Coraglio, 
Ávila Karina Collia, Alejandro Gutiérrez, Karin Alvarez, 
Alessandra Cassana, Francisco Lopéz-Köstner, Federico Jauk, 
Hernán García-Rivello, Ari Ristimäki, Laura Koskenvuo, Anna Lepistö, 
Taina Tuulikki Nieminen, Carlos Alberto Vaccaro, 
Walter Hernán Pavicic and Päivi Peltomäki

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


Frontiers in Oncology

OPEN ACCESS

EDITED AND REVIEWED BY

Heather Cunliffe,
University of Otago,
New Zealand

*CORRESPONDENCE

Walter Hernán Pavicic

walter.pavicic@

hospitalitaliano.org.ar

SPECIALTY SECTION

This article was submitted to
Cancer Genetics,
a section of the journal
Frontiers in Oncology

RECEIVED 21 November 2022
ACCEPTED 30 November 2022

PUBLISHED 19 December 2022

CITATION

Vaccaro CA, Soarez J,
Dominguez-Valentin M and
Pavicic WH (2022) Editorial:
Advances in genetics and molecular
diagnosis in colorectal, stomach, and
pancreatic cancer.
Front. Oncol. 12:1104671.
doi: 10.3389/fonc.2022.1104671

COPYRIGHT

© 2022 Vaccaro, Soarez,
Dominguez-Valentin and Pavicic. 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.

TYPE Editorial
PUBLISHED 19 December 2022

DOI 10.3389/fonc.2022.1104671
Editorial: Advances in genetics
and molecular diagnosis
in colorectal, stomach,
and pancreatic cancer

Carlos Alberto Vaccaro1,2, Julieta Soarez1,2,
Mev Dominguez-Valentin3 and Walter Hernán Pavicic1,2*

1Instituto de Medicina Traslacional e Ingenierı́a Biomédica (IMTIB) Hospital Italiano de Buenos Aires,
Instituto Universitario Hospital Italiano de Buenos Aires, Consejo Nacional de Investigaciones
Científicas y Técnicas (HIBA-IUHI-CONICET), Ciudad Autónoma de Buenos Aires (CABA), Argentina,
2Programa de Cáncer Hereditario (Pro.Can.He.), Hospital Italiano de Buenos Aires (HIBA), Ciudad
Autónoma de Buenos Aires (CABA), Argentina, 3Department of Tumor Biology, Institute of Cancer
Research, The Norwegian Radium Hospital, Oslo, Norway

KEYWORDS

gastrointestinal cancer, colorectal cancer, pancreatic cancer, genetic predisposition,
hereditary syndrome
Editorial on the Research Topic

Advances in genetics and molecular diagnosis in colorectal, stomach,
and pancreatic cancer
Gastrointestinal (GI) cancer accounts for over one-quarter (26%) of all cancer cases

and over one-third (35%) of cancer deaths globally (1). According to worldwide

incidence and mortality rates, the most common cancers include colorectal, stomach,

liver, esophageal, and pancreatic cancers (1). Although their incidence has decreased, this

group of malignancies continues to pose major challenges to public health. Driven by

population growth and aging worldwide, it is estimated that the number of new cases and

deaths will increase by 58% and 73%, respectively, by 2040 (1).

Cancer is a complex, heterogeneous, and multifactorial disease, in which both genetic

and non-genetic factors are involved. A complete identification of the risk factors, and an

understanding of their role at different stages of tumor development, is essential for

achieving high-quality comprehensive cancer care. In recent years, the overwhelming

revolution in omics technologies, from genomics to transcriptomics, has expanded our

understanding of the molecular pathogenesis of GI cancers (2). Despite the advances

made in this field, extensive work is still needed to fully understand the molecular and

genetic nature that leads to the development of such cancers.

This Research Topic focuses attention on advances in genetic predisposition and

novel biomarkers linked to GI cancers, seeking to bring some light to this research field.

Colorectal cancer (CRC) is the most frequently diagnosed GI malignancy, and it is

estimated that up to ~35% of all cases are associated with an inherited form attributable
frontiersin.org01
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to moderate and high penetrance germline genetic alterations (2,

3). Lynch syndrome and familial adenomatous polyposis (FAP)

syndrome are the two most common disorders, accounting for

2-4% and 1% of all CRCs, respectively (4). Although new

predisposition genes for FAP have been identified recently, to

date, up to 20% of patients with a clear FAP phenotype and as

much as 80% with the attenuated form remain genetically

unexplained (Olkinuora et al.). Olkinuora et al. confirmed the

importance of extending the coverage of genomic studies by

NGS to different populations to achieve the goal of identifying

new genes that predispose to hereditary CRC. A recurrent

variant in the DNA glycosylase gene NEIL1 was observed in

two non-related families from Finland and Argentina,

suggesting that pathogenic germline variants in this gene can

explain polyposis in FAP cases without APC pathogenic

alterations. To date, for certain genes, such as BRCA1, the

existing data to prove their role in CRC development are

contradictory. In that regard, the article by Freire et al.

reported three non-related CRC cases (families) carrying a

heterozygous pathogenic germline variant in the BRCA1 gene,

with a clear family history of cancer. These new data provide

more insight to support the role of BRCA1 in CRC development.

Despite pancreatic cancer ranking fifth among five major GI

cancers, its mortality and incidence rates are almost equal, making

it an extremely deadly malignancy. Heritability is estimated to

account for 21.5% of pancreatic cancer cases, thus it is important

to identify the genetic and molecular background behind this

population at risk. By performing a GWAS analysis and a

recessive genetic model, Lu et al. identified a set of SNPs

showing an association with pancreatic cancer risk (specific

recessive effect; OR, 0.75-1.42, p<10-5). This study also

emphasized the importance of choosing the right bioinformatic

tool to improve the definition of polygenic risk scores.

For the treatment of most cancers, in particular for GI

malignancies such as CRC, a combination of surgery with

adjuvant therapy is widely used. However, the prognostic and risk

factors for these patients have not yet been clarified. Furthermore,

owing to a lack of effective markers, it is also not possible to infer

their prognosis by only having data on genetic alterations in primary

tumor tissue. To solve these problems, Yu et al. investigated the

expression and protein levels of matrix metalloproteinase (MMP)

gene family members. They found that a subgroup of MMP genes

could have the potential to work as a target for precision therapies in

CRC patients.More precisely, modifying their expression levels could

significantly improve both progression-free survival and relapse-free

time. In the same line of prognostic research, but for pancreatic

adenocarcinomas (PAAD), Xu et al. investigated invasive-related

genes with the aim of identifying different molecular subtypes of

PAAD. Based on a molecular signatures analysis, a three-gene model

was constructed and validated as a marker for assessing the

prognostic risk of such patients.

Latest epidemiological data support the notion that at least

90% of cancer deaths from solid tumors are caused by metastases
Frontiers in Oncology 02
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(5). Cancer metastases to the liver over a course of CRC occur in

more than 50% of patients (6). To date, only a small number of

cases have been candidates for a multimodal treatment, for

which high drug resistance and relapse rates have been

observed (7). As the mechanisms linked to those events are

poorly understood, Kyrochristos et al. conducted a pilot study to

assess the potential translational implications of intrapatient

heterogeneity as a tool for defining appropriate matched drug

therapy. Although it was a proof-of-concept approach, they

provided strong evidence to support further evaluation, even

in future clinical trials.

To fully understand GI cancer carcinogenesis, uncovering

molecular data at each stage is essential. Several authors

approached this topic by submitting review and original

articles. Lv et al. described that, in CRC, Fibrillin-1 gene

methylation can serve as a biomarker for disease development,

as its transcriptional inactivation might start from normal

colonic epithelium and increase through adenoma to CRC.

Using a meta-analysis, Zhang et al. revealed that the Leptin

G19A polymorphism may decrease the risk for CRC and

esophageal GI cancers, as well as urinary tract cancer.

Furthermore, Gao et al. demonstrated that a polymorphism

(rs7158663) in the maternally expressed three-lncRNAs can be

used as a genetic marker for predicting the risk of GI (CRC and

gastric) and breast cancers. Finally, Mulder et al., in their

submitted article, underlined that the development of orphan

medicinal products for PAAD treatment should be closely

monitored to increase the success rate of drugs reaching

the market.

All of the collected articles support the notion that a

deepened understanding of the molecular and genetic factors

linked to the development of GI cancers could help to improve

the translation of basic scientific research into clinical services

and practices, pointing towards personalized medicine, and thus,

more effective treatment of GI malignancies.
Author contributions

All of the listed authors equally, substantially, and

intellectually contributed to this Editorial and approved it

for publication.
Funding

The authors acknowledge funding from the Agencia

Nacional de Promoción Cientı ́fica y Tecnológica (grant

number PICT_2017 -3210 to CV and -3197 to WP). The

Agencia Nacional de Promoción Cientıfíca y Tecnológica
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Background: Previous study implicated that genes of matrix metalloproteinase (MMP)
family play an important role in tumor invasion, neoangiogenesis, and metastasis.
However, the diverse expression patterns and prognostic values of 24 MMPs in
colorectal cancer are yet to be analyzed.

Methods: In this study, by integrating public database and our data, we first investigated
the expression levels and protein levels of MMPs in patients with colorectal cancer. Then,
by using TCGA and GEO datasets, we evaluated the association of MMPs with
clinicopathological parameters and prognosis of colorectal cancer. Finally, by using the
cBioPortal online tool, we analyzed the alterations of MMPs and did the network and
pathway analyses for MMPs and their nearby genes.

Results: We found that, MMP1, MMP3, MMP7, MMP9–MMP12, and MMP14 were
consistently upregulated in public dataset and our samples. Whereas, MMP28 was
consistently downregulated in public dataset and our samples. In the clinicopathological
analyses, upregulated MMP11, MMP14, MMP16, MMP17, MMP19, and MMP23B were
significantly associated with a higher tumor stage. In the survival analyses, upregulated
MMP11, MMP14, MMP17, and MMP19 were significantly associated with a shorter
progression-free survival (PFS) time and a shorter relapse-free (RFS) time.

Discussion: This study implied that MMP11, MMP14, MMP17, and MMP19 are potential
targets of precision therapy for patients with colorectal cancer.

Keywords: colorectal cancer, MMPs, prognosis, expression, tumor stage
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INTRODUCTION

Colorectal cancer (CRC) is the second leading cause of worldwide
cancermortality. It accounts for 9.2% of all cancer deaths according
to theGlobalCancerStatistics 2020 (1). In theUSA, according to the
SEER database, those with CRC have an overall 5-year survival rate
of ~64%, primarily dependent on pathological stage at diagnosis.
CRC patients diagnosed with disease limited to the colon have
greater than90%5-year survival rate. Five-year survival decreases to
~70%with regional spread, and for patients diagnosed with distant
metastases, the 5-year survival rate drops to 12.5% (2). Despite the
significant advances in screening and diagnosis, there are limited
therapeutic options for patients with advanced disease, which
highlight the need for additional tumor molecular markers and
prognostic predictors (3).

The human matrix metalloproteinases (MMPs) family
belongs to the metzincin superfamily. The main function of
MMPs is catalyzing the proteolytic activities and aiding
breakdown of the extracellular matrix (ECM) (4). By degrading
connective tissue between cells and in the lining of blood vessels,
they enable tumor cells to escape from their original location and
seed metastases (5). A large body of experimental and clinical
evidence has implicated MMPs in tumor invasion,
neoangiogenesis, and metastasis (6). Also, from the 1990s to
early 2000s, inhibitors of MMPs (MMPI) were studied in various
cancer types. However, despite strongly promising preclinical
data, all trials failed due to lack of efficacy and severe side effects
(7–9). One important reason to explain the failure is that some
MMPs have antitumor effects, while the broad-spectrum MMPIs
used in the initial trials might block these MMPs and result in
tumor progression (10). Recently, with growing knowledge of
MMPs in tumor invasion and metastasis and broader roles in
cancer biology, narrow-spectrum MMPIs which were safer and
more selective were currently being developed (11).

MMPs play complex and distinct roles in CRC. To date, 24
MMPs (MMP1, MMP2, MMP3, MMP4, MMP7, MMP8, MMP9,
MMP10, MMP11, MMP12, MMP13, MMP14, MMP15,
MMP16, MMP17, MMP19, MMP20, MMP21, MMP23a/
MMP23b, MMP24, MMP25, MMP26, MMP27, and MMP28)
were identified. For MMP1, Sunami et al. found that the
expression of MMP1 was significantly correlated with
hematogenous metastasis of colorectal cancer, which were
further supported by research made by Shiozawa et al. and
Bendardaf et al. (12–14) MMP2 and MMP9 comprise the
gelatinase subfamily of MMPs. Marcus et al. found that the
concentrations of MMP2 protein expression in tumor tissue were
significantly higher than that in tumor-free tissue. In addition,
the lymph node status was correlated with the expression of
MMP2 in plasma, that is, the expression of MMP2 was
significantly increased in patients with lymph node metastasis
compared with those without (15). MMP7, also known as
matrilysin, is frequently overexpressed in human cancer
tissues. Adachi et al. found that the expression of MMP7
correlated significantly with the presence of nodal or distant
metastases (16, 17). Another member of the gelatinase subfamily,
MMP9, was expressed at significantly higher ratios in the sera of
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persons with CRC compared with normal controls.
Overexpression of p38 gamma MAPK was shown to increase
MMP9 transcription, enhancing cell invasion (18). Whereas,
TGF-b receptor kinase inhibitors can reduce expression of
MMP9 and block CRC metastasis to the liver (19, 20).
However, for colitis-associated colon cancer, MMP9 has a
protective role and acts as a tumor suppressor (21). MMP12,
also called metalloelastase, was reported to be associated with
both reduced tumor growth and increased overall survival (22).
MMP13, sharing structural homology with MMP1, was reported
to be associated with advanced cancer stage, and its
overexpression can increase the risk of postoperative relapse
(23). In addition to the MMPs mentioned above, MMP3,
MMP11, and MMP14 were also found to be highly expressed
in malignant tumors as compared with normal tissue (24–26).

As previously described, the relationship between MMPs and
the prognosis of human CRC was only partly reported. By
integrating state-of-art databases, we conducted a systematical
analysis for all 24 human MMPs. Differential expression analyses
were implemented in public database and our samples. Prognosis
analyses were evaluated in The Cancer Genome Atlas (TCGA)
and Gene Expression Omnibus (GEO) datasets. Pathway and
network analyses were further used to investigate the
mechanisms underlying them. To the best of our knowledge,
this is among the first bioinformatic analyses to comprehensively
evaluate all 24 MMPs in CRC.
METHODS

Ethics Statement
This study was approved by the Academic Committee of Sun
Yat-Sen University, and it was conducted according to the
principles expressed in the Declaration of Helsinki.

Differential Expression Analyses
by Oncomine
Oncomine is an online cancer microarray database (https://www.
oncomine.org/resource/login.html). Gene expression array
datasets from Oncomine were used to analyze the transcription
levels of MMPs in different cancers. Differential gene expression
analyses of all MMPs were implemented between cancer samples
and normal controls. p-value was calculated using Student’s t-
test. Cutoffs of p-value and fold change were 0.01 and
1.5, respectively.

Differential Expression Analyses by GEPIA
Gene Expression Profiling Interactive Analysis (GEPIA) is an
interactive web server which was developed by Tang et al. (27) By
using a standard processing pipeline, they analyzed the RNA
sequencing expression data of 9,736 tumors and 8,587 normal
samples. GEPIA provides customizable tumor/normal
differential expression analysis, profiling according to cancer
types. Cutoff of p-value and fold change used in GEPIA were
0.01 and 2, respectively.
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Validation by Quantitative Real-Time
Polymerase Chain Reaction
All fresh frozen tissues were archived from The Sixth Affiliated
Hospital of Sun Yat-Sen University. The related protocol of
human sample usage and the informed consent was approved
by the Ethical Review Board of the The Sixth Affiliated Hospital
of Sun Yat-Sen University.

Total RNA was extracted from the tumor and normal tissues
of 12 patients using Total RNA Kit (Vazyme, China) according
to the manufacturer’s instruction. Detailed information of these
12 patients can be found in Supplementary Table S1. For cDNA
synthesis, 1 mg total RNA was reverse-transcribed into cDNA by
Hiscript@ III RT Super Mix with gDNA wiper (Vazyme,
Nanjing, China). Quantitative PCR reaction was then
performed using 2×SYBR mix (Vazyme, China) and the
reaction was run on Applied Biosystems 7500 Real-time PCR
system. The Ct values obtained from different samples were
compared using the 2-DDCt method. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) served as internal
reference genes. Sequence information of all used primers is
listed in Supplementary Table S2.
Protein Levels in UALCAN
UALCAN is a comprehensive, user-friendly, and interactive web
resource for analyzing cancer OMICS data. It is built on PERL-
CGI with high-quality graphics using JavaScript and CSS (http://
ualcan.path.uab.edu/index.html) (28). Using UALCAN, we
evaluated the protein level of MMPs in cancer tissue and
normal tissue of colorectal cancer patients.
Protein Level of MMPs in Our Samples
For preparation of protein extracts, 12 pairs of cancer and
adjacent normal tissues were crushed with a mortar under ice
cold conditions and lysed with RIPA lysis buffer together with
protease inhibitors. Cells were collected and lysed with RIPA
lysis buffer together with protease inhibitors. After centrifugation
at 12,000 rpm at 4°C for 20 min, supernatants were collected and
protein concentration was determined using the Pierce™ BCA
protein assay (Thermo, Waltham, MA, USA). Proteins were
separated by electrophoresis on a 10% SDS-polyacrylamide gel,
electroblotted onto a PVDF membrane, and blocked by 5%
nonfat dry milk for 1 h. Membranes were then washed in
TBST three times for 5 min and then incubated with anti-
MMP1 (Abcam, Cambridge, MA, USA), anti-MMP2 (Abcam),
anti-MMP3 (Abcam, USA), anti-MMP7 (Abcam, USA), anti-
MMP8 (Abcam, USA), anti-MMP9 (Invitrogen, Waltham, MA,
USA), anti-MMP11 (Bioss, Beijing, China), anti-MMP12
(Abcam, USA), anti-MMP14 (Abcam, USA), anti-MMP17
(Abcam, USA), anti-MMP19 (Bioss, China), anti-MMP28 (Abcam,
USA), anti-Collagen (Abcam), anti-TIMP2 (Bioss, China), or
anti-GAPDH (Abcam). Subsequently, the membranes were
washed with PBST and incubated for 1 h with goat anti-rabbit
IgG (Abcam). Finally, membranes were washed three times and
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immunoreactivity was determined by using a Chemi DOC™ XRS
+ system (BioRad Laboratories, Hercules, CA, USA).
Clinicopathological and Survival Analyses
By integrating TCGA dataset and standardized survival
endpoints defined by Liu et al. recently, we performed
clinicopathological and survival analyses (29). Nonparametric
Kruskal-Wallis test was used to evaluate the association of
American Joint Committee on Cancer (AJCC) stage of
colorectal cancer (stage I, stage II, stage III, and stage IV) with
the expression of MMPs. Four kinds of survival analyses were
implemented, including overall survival (OS), disease-specific
survival (DSS), disease-free survival (DFS) also called disease-
free interval (DFI), and progression-free survival (PFS) also
called progression-free interval (PFI). Disease-free survival is a
concept used to describe the period after a successful treatment
during which there are no signs and symptoms of the disease that
was treated. In addition, by using the GEO dataset GSE39582, we
did a relapse-free survival (RFS) analyses (30). As MMP4,
MMP23A/MMP23B were not included in the GSE39582
dataset, only 22 MMPs were analyzed in the RFS analyses.
Samples were split into two groups by median expression (high
vs. low expression), and Kaplan-Meier plot were depicted
(denoted with log rank p-value). Hazard ratio (HR) and 85%
confidence intervals (CIs) were calculated by multivariate Cox
regression adjusting the effect of age at diagnosis and sex.
TCGA Data and cBioPortal
TCGA collected many types of data for each of over 20,000
tumor and normal samples (31). The colorectal cancer dataset,
including data from 640 cases with pathology reports, was
selected for further analyses of MMPs using cBioPortal (http://
www.cbioportal.org/). The genomic profiles included mutations,
putative copy number alterations (CNAs) from genomic
identification of significant targets in cancer (GISTIC), mRNA
expression Z scores (RNA-seq v.2 RSEM), and protein
expression Z scores (reversed-phase protein array (RPPA)).
Coexpression and network were calculated according to the
cBioPortal’s online instructions. By using the expression data
in TCGA, we also calculated the correlation of MMPs with each
other and several cancer-associated genes, including MYC, TP53,
cyclin-D, as well as CDK4/6. The correlation coefficient was
calculated using Spearman’s method.
siRNA Transfection
HCT116 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, USA), penicillin (100 U/ml), and
streptomycin (100 mg/ml) at 37°C in a humidified CO2 (5%)
atmosphere. MMP11, MMP14, MMP17, MMP19, small
interfering RNA (siRNA), and nontargeting siRNA (si-control)
were purchased from Ribobio (Guangzhou, China) and used at
20 mM. Opti-MEM transfection media and Lipo3000
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(Invitrogen) were used to transfect the cells once they reached
50% confluency. Knockdown was assessed by Western blotting
after 48 h of transfection. Sequence information of all used
primers is listed in Supplementary Table S3.
RESULTS

Transcriptional Levels of MMPs in Patients
With Colorectal Cancer
By using the Oncomine database, we did a Pan-cancer
differential gene expression analyses for all MMPs. As shown
in Figure 1, MMP1–MMP4, MMP7–MMP14, and MMP24 were
significantly upregulated in colorectal cancer samples, while
MMP15, MMP17, MMP19, and MMP24–MMP28 were
significantly downregulated in colorectal cancer samples.
Detailed performance of each MMP in Oncomine database can
be found in Supplementary Tables S4, S5.

We then used GEPIA to compare the expression level of all
MMPs between colorectal tumor tissue and normal tissue. As
shown in Figure 2, we found that MMP1, MMP3, MMP7,
MMP9–MMP12, and MMP14 were significantly upregulated in
tumor tissue, while MMP28 was significantly downregulated in
tumor tissue.

We further validated the expression level of MMPs in 12
colorectal cancer patients which were recruited from our
hospital (including seven patients with colon cancer and five
patients with rectal cancer, detailed information can be found in
Supplementary Table S1) andmeasured the expression level of 24
MMPs in their tumor tissue and adjacent normal tissue by
quantitative real-time polymerase chain reaction (qRT-PCR). As
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shown in Figure 3, we found that MMP1, MMP3, MMP7,
MMP9-MMP12, and MMP14 were significantly upregulated in
tumor tissue, while MMP15–MMP17, MMP19–MMP21,
MMP23A, MMP23B, and MMP25–MMP28 were significantly
downregulated in tumor tissue.

In summary, MMP1, MMP3, MMP7, MMP9–MMP12, and
MMP14 were consistently upregulated in Oncomine, GEPIA,
and our samples. Thus, MMP28 was consistently downregulated
in Oncomine, GEPIA, and our samples.
Protein Levels of MMPs in Patients With
Colorectal Cancer
By using the UALCAN database, we further evaluated the
protein levels of MMPs in patients with colorectal cancer. As
some proteins were not included in UALCAN, we can only do
the analyses for MMP1, MMP2, MMP3, MMP7, MMP8, MMP9,
MMP12, MMP14, and MMP28. As shown in Figure 4A, the
protein level of MMP1, MMP2, MMP3, MMP7, MMP8, MMP9,
MMP12, and MMP14 in colorectal tumor tissue were
significantly higher than that in normal tissue, while the
protein level of MMP28 in tumor was significantly lower than
that in normal tissue.

We also evaluated the protein level of MMPs in our patients
and measured the expression level of MMP1–MMP3, MMP7–
MMP9, MMP11, MMP12, MMP14, MMP17, MMP19, and
MMP28 in their tumor tissue and adjacent normal tissue by
Western blot. As shown in Figure 4B, we found that the protein
level of MMP2, MMP7, MMP9, MMP12, and MMP14 in the
tumor tissue were basically higher than that in the
normal tissue.
FIGURE 1 | The transcription levels of MMPs in different types of cancers (Oncomine). Upregulated records are highlighted in red, while downregulated records are
highlighted in blue. The number in each block means the number of unique analyses, which were fully described in Supplementary Tables S4, S5.
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Relationship Between the mRNA Levels
of MMPs and the Clinicopathological
Parameters of Patients With
Colorectal Cancer
By using the TCGA dataset, we analyzed the association of MMP
expression with the AJCC stage of colorectal cancer. As shown in
Figure 5, MMP11, MMP14, MMP16, MMP17, MMP19, and
Frontiers in Oncology | www.frontiersin.org 512
MMP23b were positively correlated with the tumor stage, that is,
the mRNA levels of MMPs in patients with higher tumor stage
were always high. Detailed information can be seen in
Supplementary Table S6. Take MMP14 as an example, the
mean expression level (log2(normalized count of MMP14)) were
8.43, 8.56, 8.74, and 8.72 for stage I, stage II, stage III, and stage
IV patients, respectively (p = 0.007).
FIGURE 2 | The transcription levels of MMPs in colorectal cancer tissue and normal tissue (GEPIA). Significant records are denoted by the red asterisk on top of the
boxplot. The titles of upregulated records are highlighted in red, while the titles of downregulated records are highlighted in blue.
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Association of the mRNA Expression of
MMPs With the Prognosis of Patients With
Colorectal Cancer
By integrating the TCGA data and four standardized survival
endpoints defined by Liu et al. in 2018, we further performed the
OS, DSS, DFS, and PFS analyses for all MMPs (Supplementary
Figures S1–S4; Table 1). In the OS analyses, upregulated MMP11,
MMP16, MMP17, MMP19, and MMP23B were significantly
associated with a shorter overall survival time (Table 1;
Frontiers in Oncology | www.frontiersin.org 613
Supplementary Figure S1); in the DSS analyses, upregulated
MMP14, MMP16, MMP17, MMP19, and MMP23B were
significantly associated with a shorter disease-specific survival
time (Table 1; Supplementary Figure S2); in the PFS analyses,
upregulated MMP11, MMP14, MMP16, MMP17, MMP19, and
MMP23B were significantly associated with a shorter progression-
free time (Table 1; Supplementary Figure S3); and in the DFS
analyses, downregulated MMP1, MMP3, MMP9, and MMP12
were significantly associated with a shorter disease-free period
FIGURE 3 | Transcription levels of MMPs in colorectal cancer tissue and adjacent normal tissue (12 colorectal cancer patients in our hospital). Significant records
are denoted by the red asterisk on top of the plot (nsp > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001). Upregulated records are highlighted in red,
while downregulated records are highlighted in blue.
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(Table 1; Supplementary Figure S4). By using the GEO dataset,
we further performed the RFS analyses. As shown in
Supplementary Figure S5 and Table 1, upregulated MMP2,
MMP11, MMP14, MMP17, MMP19, MMP24, and MMP28
were significantly associated with a shorter relapse-free time,
while the downregulated MMP8, MMP13, MMP16, MMP20,
and MMP27 was significantly associated with a shorter relapse-
free survival time.
Prediction Function and Pathways of the
Changes in MMPs and Their Frequently
Altered Neighbor Genes in Patients With
Colorectal Cancer
We analyzed the MMP alterations and networks by using the
cBioPortal online tool for colorectal cancer. As shown in
Figure 6, of these 220 colorectal cancer patients, MMPs were
altered in more than 30% of them (Figure 6A). The top 5 altered
genes were MMP24 (10%), MMP9 (9%), and MMP16 (5%)
(Figure 6B). As shown in Supplementary Figure S6, we also
Frontiers in Oncology | www.frontiersin.org 714
calculated the correlation of MMPs with each other and several
cancer-associated genes, including MYC, TP53, cyclin-D, as well
as CDK4/6. We found that multiple MMPs including MMP1,
MMP3, MMP4, MMP7, MMP8, and MMP10–MMP14 were
positively correlated with the expression of MYC, CCND1, and
CDK4/6. We then constructed the network for MMPs and the
80 most frequently altered neighbor genes (Figure 6C). The
results showed that collagen-related genes (for example,
COL1A1) and metalloproteinase inhibitor-related genes (for
example, TIMP2) were closely associated with MMP
alterations. The functions of MMPs and the genes significantly
associated with MMP alterations were predicted by Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) in the Database for Annotation,
Visualization and Integrated Discovery (DAVID) (https://
david.ncifcrf.gov/summary.jsp).

GO enrichment analyses predicted the functional roles of target
host genes on the basis of three aspects, including biological
processes, cellular components, and molecular functions. For
biological processes, the top 3 pathways were collagen catabolic
A

B

FIGURE 4 | The protein levels of MMPs in colorectal cancer tissue and normal tissue. (A) The protein levels of MMPs in UALCAN database; significant records are
denoted by the red asterisk on top of the boxplot (***p < 0.001). (B) The protein levels of MMPs in our 12 samples, which were measured by Western blotting (WB).
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process, extracellular matrix disassembly, and proteolysis,
respectively. For cellular components, the top 3 pathways were
extracellular matrix, proteinaceous extracellular matrix, and
extracellular region, respectively, and for the molecular functions,
the top 3 pathwaysweremetalloendopeptidase activity, calcium ion
binding, and serine-type endopeptidase activity, respectively
(Figure 6D). In the KEGG enrichment analyses, the top 3
Frontiers in Oncology | www.frontiersin.org 815
pathways were ECM-receptor interaction pathway, protein
digestion and absorption pathway, and focal adhesion pathway,
respectively (Figure 6E). Finally, by knocking down the expression
of MMP11, MMP14, MMP17, and MMP19, we found that the
expressionofTIMP2were significantlydownregulated (Figure 6F).
Similar trends were found for collagen-I (COL1A1) but not so
obvious as TIMP2.
FIGURE 5 | Association of the mRNA levels of MMPs with tumor stage of patients with colorectal cancer. The titles of upregulated records are highlighted in red,
while the titles of downregulated records are highlighted in blue.
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DISCUSSION

MMPs were reported to be associated with the progression of
colorectal cancer; however, a comprehensive bioinformatic
analysis for all MMPs has yet to be performed. In this study,
we systematically explored the mRNA expression level of all 24
MMPs and their prognosis value in colorectal cancer. We found
that, the transcriptional level of MMP1, MMP3, MMP7, MMP9–
MMP12, and MMP14 in tumor were significantly upregulated,
both in public database and in our samples. Also, in the
clinicopathological and prognosis analyses, upregulated
MMP11, MMP14, MMP17, and MMP19 were significantly
associated with a higher tumor stage and a worse prognosis.

In this study, five survival endpoints were used in the survival
analyses. OS is an important endpoint and is easy to define (the
patient is either alive or dead). However, using OS as an endpoint
may weaken a clinical study as deaths because of noncancer
causes that do not necessarily reflect tumor biology. DSS can
overcome the shortage of OS as DSS only considers the people
who have not died from a specific disease in a defined period of
time. However, both OS and DSS demand longer follow-up
times; thus, in many clinical trials, DFS or PFS are preferred. PFS
is defined as the time to disease progression or death from any
cause. Whereas, DFS is used to describe the period after a
successful treatment during which there are no signs and
Frontiers in Oncology | www.frontiersin.org 916
symptoms of the disease that was treated. The above four
endpoints of TCGA dataset were standardized by Liu et al. in
2018 (29). Another survival endpoint, RFS which was used by the
GEO database (GSE39582), was defined as the time from surgery
to the first relapse and was censored at 5 years (30).

MMP11 also named stromelysin-3 is a member of the
stromelysin subgroup belonging to the MMP superfamily. In
this study, MMP11 was significantly upregulated in tumor, both
in public database (Oncomine and GEPIA) and in our samples.
The protein levels of MMP11 in our 12 pair samples were
upregulated in tumor tissue for patients 2, 3, 6, 9, and 10 but
not for other patients. Also, in the clinicopathological and
survival analyses, upregulated MMP11 was significantly
associated with a higher tumor stage (p = 0.003), a shorter OS
(HR = 1.23, p = 3.71 × 10−2), a shorter PFS time (HR = 1.33,
p = 2.15 × 10−3), and a shorter RFS time (HR = 1.24,
p = 1.71 × 10−3). In the DSS and DFS analyses, although the
association did not reach a significant level, a similar trend was
found (HR >1). In a previous study, Li et al. measured the serum
levels of MMP11 in 92 colon cancer patients and 92 healthy
individuals using ELISA. They found that the serum levels of
MMP11 were substantially higher in colon cancer patients than
in healthy controls and was an independent predictor of the OS
and DFS of colon cancer (32). MMP11 also played an important
role in the tumorigenesis, proliferation, and invasion process of
TABLE 1 | Association of the mRNA expression of MMPs with the prognosis of patients with colorectal cancer.

MMPs TCGA GEO

Overall survival (OS) Disease-specific survival
(DSS)

Progression-free survival
(PFS)

Disease-free survival (DFS) Relapse-free survival
(RFS)

HR (95% CI) pa HR (95% CI) pa HR (95% CI) pa HR (95% CI) pa HR (95% CI) pa

MMP1 0.93 (0.83–1.05) 2.73E−01 0.93 (0.77–1.11) 4.15E−01 0.94 (0.84–1.05) 2.74E−01 0.69 (0.51–0.92) 1.35E−02 1.03 (0.98–1.09) 2.29E−01
MMP2 1.12 (0.92–1.36) 2.46E−01 1.24 (0.92–1.65) 1.53E−01 1.14 (0.95–1.37) 1.56E−01 0.86 (0.57–1.31) 4.90E−01 1.17 (1.06–1.29) 1.38E−03
MMP3 0.95 (0.85–1.06) 3.74E−01 0.96 (0.82–1.13) 6.44E−01 0.95 (0.85–1.05) 2.76E−01 0.72 (0.56–0.93) 1.30E−02 1 (0.94–1.06) 9.62E−01
MMP4 0.94 (0.35–2.49) 8.99E−01 0.87 (0.23–3.22) 8.30E−01 0.63 (0.27–1.49) 2.95E−01 1.07 (0.18–6.43) 9.39E−01 – –

MMP7 1.11 (0.98–1.27) 9.83E−02 1.17 (0.97–1.41) 1.10E−01 1.06 (0.94–1.18) 3.63E−01 0.97 (0.75–1.25) 8.16E−01 1.09 (1–1.18) 5.36E−02
MMP8 1.13 (0.98–1.31) 1.04E−01 1.09 (0.89–1.33) 4.07E−01 1.12 (0.99–1.27) 7.52E−02 0.97 (0.71–1.33) 8.55E−01 0.77 (0.64–0.92) 4.84E−03
MMP9 1.05 (0.89–1.24) 5.66E−01 1.05 (0.82–1.33) 7.11E−01 0.97 (0.84–1.14) 7.42E−01 0.58 (0.37–0.91) 1.71E−02 1.03 (0.93–1.14) 5.35E−01
MMP10 0.91 (0.8–1.03) 1.43E−01 0.86 (0.72–1.04) 1.30E−01 0.93 (0.83–1.05) 2.21E−01 0.9 (0.69–1.17) 4.28E−01 1.02 (0.91–1.14) 7.44E−01
MMP11 1.23 (1.01–1.49) 3.71E−02 1.27 (0.96–1.69) 9.37E−02 1.33 (1.11–1.59) 2.15E−03 1.27 (0.83–1.94) 2.63E−01 1.24 (1.09–1.42) 1.71E−03
MMP12 0.96 (0.83–1.11) 5.72E−01 0.91 (0.74–1.13) 3.97E−01 0.94 (0.82–1.07) 3.59E−01 0.67 (0.48–0.94) 2.08E−02 1.05 (0.99–1.1) 9.10E−02
MMP13 1.04 (0.92–1.17) 5.72E−01 1.08 (0.91–1.28) 3.79E−01 1.03 (0.92–1.15) 6.25E−01 0.76 (0.57–1.01) 5.43E−02 0.84 (0.73–0.97) 1.40E−02
MMP14 1.36 (0.99–1.86) 5.43E−02 1.73 (1.11–2.68) 1.44E−02 1.38 (1.04–1.82) 2.47E−02 1.01 (0.54–1.9) 9.69E−01 1.47 (1.15–1.89) 2.48E−03
MMP15 0.89 (0.53–1.49) 6.53E−01 0.92 (0.44–1.9) 8.14E−01 1.04 (0.66–1.66) 8.56E−01 1.63 (0.59–4.55) 3.49E−01 0.99 (0.85–1.16) 8.95E−01
MMP16 1.28 (1.02–1.62) 3.66E−02 1.49 (1.06–2.1) 2.08E−02 1.25 (1.01–1.56) 4.03E−02 1 (0.59–1.69) 9.94E−01 0.88 (0.81–0.95) 1.97E−03
MMP17 1.24 (1.04–1.49) 1.97E−02 1.41 (1.06–1.87) 1.84E−02 1.19 (1.01–1.41) 3.91E−02 1.36 (0.9–2.06) 1.49E−01 1.48 (1.14–1.92) 3.01E−03
MMP19 1.92 (1.28–2.88) 1.51E−03 1.9 (1.08–3.32) 2.51E−02 1.48 (1.03–2.13) 3.47E−02 1.15 (0.56–2.38) 6.97E−01 1.31 (1.16–1.49) 2.35E−05
MMP20 1 (0.74–1.37) 9.83E−01 0.87 (0.55–1.38) 5.61E−01 0.94 (0.72–1.23) 6.47E−01 0.65 (0.34–1.23) 1.83E−01 0.67 (0.51–0.9) 6.96E−03
MMP21 1.44 (0.8–2.58) 2.25E−01 1.19 (0.45–3.12) 7.29E−01 0.9 (0.49–1.66) 7.47E−01 1.37 (0.4–4.71) 6.17E−01 0.54 (0.26–1.12) 9.95E−02
MMP23a 1.12 (0.75–1.69) 5.76E−01 0.86 (0.48–1.56) 6.23E−01 1.01 (0.69–1.48) 9.71E−01 1.59 (0.62–4.07) 3.29E−01 – −

MMP23b 1.72 (1.26–2.35) 6.96E−04 1.64 (1.03–2.59) 3.52E−02 1.4 (1.06–1.86) 1.91E−02 1.12 (0.59–2.12) 7.24E−01 – −

MMP24 1.11 (0.72–1.69) 6.43E−01 0.57 (0.31–1.05) 7.28E−02 0.85 (0.58–1.25) 4.19E−01 1.24 (0.46–3.34) 6.75E−01 1.67 (1.24–2.25) 8.48E−04
MMP25 0.87 (0.68–1.12) 2.91E−01 0.95 (0.66–1.39) 8.08E−01 0.82 (0.65–1.03) 8.39E−02 0.61 (0.34–1.09) 9.51E−02 1.25 (0.98–1.59) 6.65E−02
MMP26 1.4 (0.54–3.67) 4.91E−01 1176.9 (0–0) 1.00E+00 0.61 (0.17–2.14) 4.40E−01 0.02 (0–17787.09) 5.71E−01 1.25 (0.77–2.02) 3.73E−01
MMP27 0.65 (0.2–2.18) 4.89E−01 0.6 (0.08–4.71) 6.29E−01 1.19 (0.71–2) 5.00E−01 0.02 (0–42.44) 3.28E−01 0.48 (0.3–0.77) 2.43E−03
MMP28 0.97 (0.81–1.16) 7.65E−01 1.05 (0.8–1.37) 7.24E−01 1.09 (0.92–1.28) 3.30E−01 0.94 (0.65–1.37) 7.62E−01 1.57 (1.19–2.07) 1.52E−03
November 2021
 | Volume 11 | Artic
aAge at diagnosis and sex were adjusted by using multivariate Cox regression. Records with a p<0.05 were bolded. MMP11, MMP14, MMP17 and MMP19 were bolded because they
were positively associated with CRC prognosis both in the PFS and in the RFS analyses.
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other cancers (33, 34). The mechanism behind it, may by
inhibiting apoptosis as well as enhancing migration and
invasion of cancer cells (35).

MMP14 plays an important role in extracellular matrix
remodeling during aging. It has been reported to interact with
TIMP2 (36). In our network analyses (Figure 6C), TIMP2 was
Frontiers in Oncology | www.frontiersin.org 1017
indeed the closest gene of MMP14. Thus, by knocking down
MMP14, the expression of TIMP2 was significantly
downregulated (Figure 6F). In the transcriptional level,
MMP14 was significantly upregulated in tumor tissue both in
the public database and our own subjects. In the protein level,
MMP14 was significantly upregulated in tumor tissue both in the
A

C

E

F

B

D

FIGURE 6 | Prediction function and pathways of the changes in MMPs and their frequently altered neighbor genes in patients with colorectal cancer. (A) Overview
of mutation and copy number validation of MMPs in different types of colorectal cancer, (B) detailed alteration proportion and types of each MMP gene, (C) network
analyses for MMPs and their 50 most frequently altered neighbor genes. (D) GO pathway analyses for MMPs and the genes significantly associated with MMP
alterations. (E) KEGG pathway analyses for MMPs and the genes significantly associated with MMP alterations. (F) the expression levels of collagen-I (COL1A1) and
TIMP2 after knocking down of MMP11, MMP14, MMP17, and MMP19 in HCT116 cell line by using siRNAs.
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UALCAN database and in patients 2, 3, 7, 9, 10, 11, and 12 of our
own subjects. Furthermore, in the clinicopathological and
prognosis analyses, upregulated MMP14 was significantly
associated with a higher tumor stage (p = 0.007), a shorter DSS
survival time (HR = 1.73, p = 0.01), a shorter PFS time
(HR = 1.38, p = 0.02), and a significantly shorter RFS time
(HR = 1.47, p = 2.48 × 10−3). The association of MMP14 with the
prognosis of colorectal cancer was also reported by Cui et al. in
2019. In addition, Cui et al. found that patient with upregulated
MMP14 was significantly associated with a lower 5-year DFS and
OS (37). Recently, Ragusa and coworkers found that upregulated
MMP14 levels correlated with blood vessel dysfunction and a
lack of cytotoxic T cells (38).

MMP17 and MMP19 were another two MMPs. In this study,
we found that upregulated MMP17 and MMP19 were
significantly associated with a higher tumor stage (p = 4 × 10−4

and p = 2 × 10−3 for MMP17 and MMP19, respectively), a
shorter OS time (HR = 1.24, p = 0.02 for MMP17 and HR = 1.92,
p = 1.51 × 10−3 for MMP19), a shorter DSS time (HR = 1.41,
p = 0.02 for MMP17 and HR = 1.9, p = 0.03 for MMP19), a
shorter PFS (HR = 1.19, p = 0.04 for MMP17 and HR = 1.48,
p = 0.03 for MMP19), and a shorter RFS (HR = 1.48,
p = 3.01 × 10−3 for MMP17 and HR = 1.31, p = 2.35 × 10−5

for MMP19). However, in the transcriptional analyses, MMP17
and MMP19 were significantly upregulated in Oncomine and
our 12 samples but not in the GEPIA. In the protein analyses of
our samples, MMP17 was upregulated in tumor tissue for
patients 4, 6, and 10. Recently, by detecting MMP19 mRNA
expression in 198 CRC cancer tissues and paired normal
controls, Chen et al. found that MMP19 expression was
significantly upregulated in cancer tissues than in normal
controls. In addition, by using immunohistochemistry to detect
the expression of MMP19 protein in 42 patients, they further
found that MMP19 mRNA expression is highly correlated with
their protein levels. In their prognosis analyses, significant
association between upregulated MMP19 expression and worse
prognosis was also found (39). The transcriptional level of
MMP17 and MMP19 in colorectal cancer tissue and normal
tissue may need to be further confirmed.

Recently, a Pan-cancer analysis for MMPs in TCGA was
implemented by Emily et al. (40) Different from our study, they
focus on the overall performance of MMPs in several cancers.
In their study, they only used the colon cancer patients (COPD)
of TCGA (without rectal cancer) and there is no validation
dataset. In addition, the only survival endpoint used in their
analyses was OS. As we described above, due to shorter follow-
up time in TCGA, the accuracy of OS may not be as good as
PFS. Finally, without adjusting the effect of age at diagnosis and
sex, the log-rank test used in their study may bias the
final result.

In summary, our study was among the first study to
systematically evaluate the performance of MMPs in colorectal
cancer. This study will deepen our understanding of the
prognosis mechanism of colorectal cancer. Also, MMP11,
MMP14, MMP17, and MMP19 are potential targets of
precision therapy for patients with colorectal cancer.
Frontiers in Oncology | www.frontiersin.org 1118
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Background: Although the effect of the LEP G19A (rs2167270) polymorphism on
cancers is assumed, the results of its influence have been contradictory. A meta-
analysis was conducted to precisely verify the relationships between LEP G19A and the
development of digestion-related cancers.

Methods: Investigators systematically searched the literature in PubMed, Embase, and
Web of Science and used STATA software 14.0 for the meta−analysis. The odds ratios
(ORs) and 95% confidence intervals (CIs) were calculated to evaluate the associations.
Subgroup analyses stratified by ethnicity, cancer type, and cancer system were further
conducted to assess the relationship between the LEP G19A polymorphism and
digestion-related cancers.

Results: In the overall population, we found a significant relationship with overall cancer
(allele comparison: OR = 0.921, p = 0.000; dominant comparison: OR = 0.923, p = 0.004;
recessive comparison: OR = 0.842, p = 0.000; homozygote model: OR = 0.0843, p =
0.001). In a subgroup analysis conducted by ethnicity, we obtained significant results in
Asians (Asian allele comparison: OR = 0.885, p = 0.000; dominant comparison: OR =
0.862, p = 0.000; homozygote model: OR = 0.824, p = 0.039; and heterozygote
comparison: OR = 0.868, p = 0.000) but not in Caucasians. In a subgroup analysis
conducted by cancer type and cancer system, we obtained significant results that the LEP
G19A polymorphism may decrease the risk of colorectal cancer, esophageal cancer,
digestive system cancer, and urinary system cancer.

Conclusions: This meta-analysis revealed that the LEP G19A polymorphism may
decrease the risk of cancer.

Keywords: leptin (LEP), cancer, polymorphism, A19G, rs2167270
INTRODUCTION

It is well known that cancer is one of major causes of death with over 6.1 million projected to die each
year, and morbidity rates have increased gradually over the past decade (1, 2), so it has been a public
health burden worldwide. The reason for cancer is complicated and the etiology and mechanism of
carcinogenesis are not clearly elucidated to date. It was widely accepted that the interplay between
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environmental factors, genetics, and lifestyle plays an important
role in the carcinogenesis according to epidemiology. There is
mounting evidence indicating that many metabolic diseases such
as obesity and diabetes may significantly increase the risk of cancer
(3–5). The polymorphism of obesity and diabetes gene may be
associated with genetic susceptibility of cancer.

Leptin (LEP), a 16-kDa hormone of energy expenditure, is a
balancing mediator of homeostasis by regulating acquisition and
consumption of energy, which was a basic pathophysiological
process in normal cells and cancer cells. Many epidemiological
studies have revealed the link between LEP and the development
of many kinds of cancers (6–8). Among the pathophysiological
mechanisms of cancer, LEP seems relevant to the proliferation of
cancer stem cells (9). Some studies also revealed that LEP
through its signal pathways regulating energy intake and
expenditure [MAPK, PI3K, mTOR, and JAK/STAT (10, 11)]
produced an effect in angiogenesis processes that were critical in
the genesis and development of cancer (12). Pathophysiological
mechanisms of cancer such as inflammation, invasion, and
metastasis are also favored by LEP (13–15). So, LEP may be
involved in various pathological processes of carcinogenesis.

Single-nucleotide polymorphism can change the functions of
genes and the expression of protein. LEP G19A polymorphism,
positioning at the 5′-untranslated region of gene, may impact
mRNA translation and change the serum level of LEP. With the
development of molecular epidemiology, various studies have
demonstrated that LEP G19A polymorphism is related to cancer
risk (16–19). However, results between G19A polymorphism
with cancers have been inconsistent or inconclusive. Therefore,
we performed a metaanalysis to verify the correlation between
the G19A mutation of the LEP gene and susceptibility to cancers.

In this study,we conducted ameta-analysis to verifywhether the
G19A polymorphism of the LEP gene affects the risk of cancer.
METHODS

Literature Search
A comprehensive literature search of PubMed, Embase, andWeb
of Science was performed to search all potential studies that
involved the relevance between the G19A polymorphism and
cancers prior to June 2021. Our study contained the following
terms: (“leptin” OR “LEP” OR “G19A” OR “rs2167270”) AND
(“polymorphism” OR “variant” OR “mutation”) AND
(“malignancy” OR “cancer” OR “carcinoma” OR “neoplasm”).

Inclusion and Exclusion Criteria
The inclusion criteria were as follows: (1) investigate the
association between the LEP G19A (rs2167270) mutation and
cancers; (2) meet cohort design or case–control design; (3)
abundant data should behave to estimate an odds ratio (OR)
and 95% confidence interval; (4) results were reported in English;
and (5) include human subjects. We adopted the following
exclusion criteria: (1) duplicated studies; (2) studies in which
subjects were not human; and (3) studies in which we could not
obtain sufficient raw data.
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Data Extraction
Investigators extracted genotype data independently, and every
data point reached a consensus. The extracted data contained the
(1) name of the first author; (2) year of publication; (3) ethnicity
of cases and controls; (4) cancer type of studies; and (5)
frequency of LEP G19A in genes.

Statistical Analysis
We computed ORs and their 95% CIs to estimate the association
between the LEP G19A (rs2167270) mutation and cancers. The
pooled ORs and their 95% CIs were computed for genes using the
following fivemodels: dominantmodel (AA+AG vs. GG), recessive
model (AAvs. GG+AG), allelemodel (A vs.G), homozygousmodel
(AA vs. GG), and heterozygote model (AG vs. GG).

The Q test was used to estimate heterogeneity between
different studies, and p < 0.05 was considered significant for
heterogeneity. In addition, inconsistency was quantified by the I2

statistic. Twenty-five percent and 50% of the I2 values indicated
low and high levels of heterogeneity, respectively. An I2 < 50%
suggested that no heterogeneity existed. When heterogeneity
existed, the fixed effects model (FEM) was utilized; otherwise,
the random-effects model (REM) was utilized for calculation.

To evaluate the specific effects of ethnicity, cancer type, and
cancer system, investigators performed subgroup analyses by
ethnicity, cancer type, and cancer system.

Sensitivity analyses were performed to evaluate the stability of
the results. A funnel plot of Egger’s or Begg’s test was conducted
to reveal possible publication bias. We used the Newcastle-
Ottawa Scale to assess the including literature quality. All
meta-analyses were performed using STATA software (Version
12.0, College Station, TX).
RESULTS

Study Characteristics
Depending on the search strategy, 633 articles were retrieved
(Figure 1). Among them, 103 articles were eligible after
excluding repeated publications. By reviewing the titles and
study abstracts, 58 articles were excluded. Of the remaining 45
studies, 26 articles were excluded, including 11 studies that were
not focused on the LEP G19A genetic mutation. Five studies
were meta-analyses. Eight studies were on other disorders that
were not cancer. Two articles did not provide raw data. Finally,
19 studies conformed to our meta-analyses, and Tables 1 and 2
summarize the extracted data (16–34).

Effect of the LEP G19A Polymorphism
on Cancers
We investigated the effect of the LEP G19A mutation on cancer
susceptibility in five genetic models. In all models, if the
heterogeneity was less than 50%, the authors applied fixed
models, whereas if the heterogeneity was greater than 50%,
random models were used.

In the overall population, we found a significant relationship
with cancer in four models (allele comparison: OR = 0.921, p =
November 2021 | Volume 11 | Article 754162

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


Zhang et al. Leptin Polymorphism and Cancer
0.000; dominant comparison: OR = 0.923, p = 0.004; recessive
comparison: OR = 0.842, p = 0.000; homozygote model: OR =
0.0843, p = 0.001), and no relevance was observed in the
heterozygote model (OR = 0.944, p = 0.05) (Table 3 and Figure 2).

In a subgroup analysis conducted by ethnicity, we obtained
significant results in Asians in four models (allele comparison:
OR = 0.885, p = 0.000; dominant comparison: OR = 0.862, p =
0.000; homozygote model: OR = 0.824, p = 0.039; and
heterozygote comparison: OR = 0.868, p = 0.000); we also
obtained significant results in the mixed recessive model: OR =
0.785, p = 0.1006. We obtained no significant results in the
Caucasian population in five models (Table 3 and Figure 2).
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In a subgroup analysis conducted by cancer type, we obtained
significant results that the LEP G19A polymorphism decreased the
risk of colorectal cancer in onemodel (recessivemodel: OR= 0.816,
p = 0.010); decreased the risk of esophageal cancer in two models
(allele model: OR = 0.888, p = 0.014; dominant comparison: OR =
0.874, p = 0.022); and decreased the risk of other types of cancer in
three models (allele comparison: OR = 0.866, p = 0.010; dominant
comparison:OR=0.842, p=0.010; heterozygote comparison:OR=
0.849, p = 0.018) (Table 3 and Figure 2).

In a subgroup analysis conducted by cancer system, we
obtained significant results that the LEP G19A polymorphism
decreased the risk of digestive system cancer in three models
(allele comparison: OR = 0.937, p = 0.016; recessive comparison:
OR = 0.838, p = 0.005; homozygote comparison: OR = 0.863, p =
0.028); we also obtained significant results that the LEP G19A
polymorphism decreased the risk of urinary system cancer in
three models (allele comparison: OR = 0.881, p = 0.022;
dominant comparison: OR = 0.842, p = 0.019; heterozygote
comparison: OR = 0.855, p = 0.043) (Table 3 and Figure 2).

Sensitivity Analysis and Publication Bias
We used Begg’s and Egger’s tests to evaluate publication bias in all
models. All results of Begg’s and Egger’s tests were >0.05 in all
models and funnel plots, revealing that publication bias may not
exist amongour studies (Table 2,Figures 3 and 4).We conducted a
sensitivity analysis, andpooledORs and the corresponding95%CIs
were computed. The results did not show a significant change even
though one study was deleted each time, which suggested that the
results were statistically stable (Figure 5).
DISCUSSION

It has been confirmed that the occurrence of cancer is a complex,
multistep, and multifactorial event that contains various genetic,
TABLE 1 | The characters of included studies in the meta-analysis.

Author Year Country Ethnicity Cancer type Cancer system Genotype

Case Control

Skibola et al. (16) 2004 USA Caucasians Non-Hodgkin lymphoma Hematopoietic malignancy 373 805
Willett et al. (17) 2005 UK Caucasians Non-Hodgkin lymphoma Hematopoietic malignancy 590 754
Slattery et al. (18) 2008 USA Mixed Colorectal cancer Digestive system cancer 1,567 1,965
Doecke et al. (20) 2008 Australia Caucasians Esophageal cancer Digestive system cancer 774 1,352
Tsilidis et al. (19) 2009 USA Mixed Colorectal cancer Digestive system cancer 204 362
Wang et al. (21) 2009 USA Caucasians Prostate cancer Urinary system cancer 253 257
Moore et al. (22) 2009 Finland Caucasians Prostate cancer Urinary system cancer 945 840
Partida-Perez et al. (23) 2010 Mexico Caucasians Colorectal cancer Digestive system cancer 68 102
Kim et al. (24) 2012 Korea Asian Breast cancer Others 400 452
Zhang et al. (25) 2012 China Asian Non-Hodgkin lymphoma Hematopoietic malignancy 514 557
Qiu et al. (26) 2017 China Asian Esophageal cancer Digestive system cancer 502 1,496
Zhang et al. (27) 2018 China Asian Hepatocellular carcinoma Digestive system cancer 584 923
Huang et al. (28) 2018 USA Mixed Colorectal cancer Digestive system cancer 134 259
Yang et al. (29) 2019 China Asian Esophageal cancer Digestive system cancer 1,063 1,677
Lin et al. (30) 2020 China Asian Colorectal cancer Digestive system cancer 1,003 1,303
Ma (31) 2020 China Asian Gastric cancer Digestive system cancer 379 463
Al-Khatib et al. (32) 2020 Jordan Caucasians Large B-Cell lymphoma Hematopoietic malignancy 118 228
Mao et al. (33) 2020 China Asian Bladder cancer Urinary system cancer 353 433
Mhaidat et al. (34) 2021 Jordan Caucasians Colorectal cancer Digestive system cancer 54 23
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FIGURE 1 | Flowchart of literature selection.
754162

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


TABLE 2 | Distribution of LEP G19A polymorphism genotype and allele.

HWE

A G

573 1,037 0.009
601 907 0.734
1,475 2,455 0.009
974 1,704 0.633
292 432 0.940
195 319 0.789
601 1,079 0.644
103 101 0.691
183 715 0.851
248 866 0.733
662 2,316 0.764
393 1,449 0.448
177 341 0.089
749 2,599 0.109
592 2,008 0.832
230 696 0.883
140 316 0.307
220 646 0.473
19 27 0.414

AG vs. GG

I2 pa OR (95% CI) I2

3) 43.30% 0.050 0.944 (0.890–1.000) 29.30%
0.382
0.907

6) 46.70% 0.674 0.977 (0.876–1.089) 0.00%
4) 0.00% 0.069 1.126 (0.991–1.280) 12.20%
0) 60.40% 0.000 0.868 (0.802–0.939) 0.00%

) 66.90% 0.579 0.962 (0.837–1.104) 0.00%
8) 0.00% 0.306 1.055 (0.952–1.168) 8.20%
3) 52.50% 0.060 0.892 (0.791–1.005) 61.90%
3) 0.00% 0.221 0.896 (0.752–1.068) 38.20%
3) 76.40% 0.018 0.849 (0.742–0.973) 24.40%

) 66.90% 0.579 0.962 (0.837–1.104) 0.00%

4) 41.40% 0.407 0.907 (0.904–1.042) 44.70%
) 61.20% 0.043 0.855 (0.735–0.995) 25.00%
9) – 0.121 0.79 (0.586–1.064) –

Zhang
et

al.
Leptin

P
olym

orphism
and

C
ancer

Frontiers
in

O
ncology

|
w
w
w
.frontiersin.org

N
ovem

ber
2021

|
Volum

e
11

|
A
rticle

754162
4

GG

168
235
611
94
80
92
428
17
269
322
318
343
50
678
589
245
49
228
21

s. GG

CI)

–0.975
0
2

–1.054
–1.188
–0.931

–1.062
–1.118
–0.980
–1.060
–0.959

–1.062

–1.015
–0.973
–1.040

hageal

s; cP v
Author Year Genotype distribution

Case

AA AG

Skibola et al. (16) 2004 36 169
Willett et al. (17) 2005 79 276
Slattery et al. (18) 2008 190 766
Doecke et al. (20) 2008 34 130
Tsilidis et al. (19) 2009 33 91
Wang et al. (21) 2009 39 122
Moore et al. (22) 2009 113 404
Partida-Perez et al. (23) 2010 7 44
Kim et al. (24) 2012 12 110
Zhang et al. (25) 2012 26 166
Qiu et al. (26) 2017 19 165
Zhang et al. (27) 2018 34 198
Huang et al. (28) 2018 13 71
Yang et al. (29) 2019 29 334
Lin et al. (30) 2020 51 340
Ma (31) 2020 14 120
Al-Khatib et al. (32) 2020 19 50
Mao et al. (33) 2020 11 114
Mhaidat et al. (34) 2021 10 23

HWE, Hardy–Weinberg equilibrium.

TABLE 3 | The association between LEP G19A and cancer susceptibility.

G19A No A vs. G AA+AG v

pa OR (95% CI) I2 pa OR (95%

Overall 19 0.000 0.921 (0.883–0.961) 43.60% 0.004 0.923 (0.874
Begg’s testb 19 0.649 0.60
Egger’s testc 19 0.963 0.80
Ethnicity
Caucasians 8 0.106 0.941 (0.873–1.013) 36.00% 0.337 0.951 (0.858
Mixed 3 0.423 0.965 (0.885–1.053) 0.00% 0.411 1.052 (0.932
Asians 8 0.000 0.885 (0.830–0.944) 59.80% 0.000 0.862 (0.799
Cancer type
NHL 4 0.103 0.921 (0.835–1.017) 48.70% 0.299 0.932 (0.817
CRC 6 0.312 0.963 (0.896–1.036) 0.00% 0.771 1.015 (0.921
EC 3 0.014 0.888 (0.808–0.976) 68.00% 0.022 0.874 (0.779
PC 2 0.275 0.935 (0.828–1.055) 29.70% 0.204 0.898 (0.760
Others 4 0.010 0.866 (0.777–0.966) 76.40% 0.010 0.842 (0.739
System of cancer
Hematopoietic
malignancy

4 0.103 0.921 (0.835–1.017) 48.70% 0.290 0.932 (0.817

Digestive system 11 0.016 0.937 (0.889–0.988) 44.90% 0.127 0.948 (0.886
Urinary system 3 0.022 0.881 (0.791–0.982) 65.50% 0.019 0.842 (0.729
Others 1 0.090 0.808 (0.631–1.034) – 0.091 0.781 (0.586

NO, number of study; NHL, non-Hodgkin lymphoma; CRC, colorectal cancer; EC, esop
The meaning of bold values is statistically significant (P<0.05).
aP value of Q test for heterogeneity test; bP value of Begg rank for testing publication bia
Control

A G AA AG GG

241 505 119 335 351
434 746 122 357 275
1,146 1,988 304 867 794
198 318 176 622 541
157 251 61 170 131
200 306 38 119 100
630 1,260 107 387 346
58 78 25 53 24
134 648 18 147 284
218 810 29 190 338
203 801 67 528 894
266 884 36 321 564
97 171 29 119 111
392 1,690 73 603 998
442 1,518 59 474 767
148 610 30 170 263
88 148 19 102 107
136 570 29 162 242
43 65 4 11 8

AA vs. AG+GG AA vs. GG

I2 pa OR (95% CI) I2 pa OR(95% CI)

) 33.70% 0.000 0.842 (0.765–0.927) 44.10% 0.001 0.843 (0.762–0.93
0.972 0.916
0.460 0.587

) 0.00% 0.066 0.869 (0.749–1.009) 53.30% 0.078 0.866 (0.737–1.01
) 0.00% 0.006 0.785 (0.660–0.934) 0.00% 0.056 0.833 (0.690–1.00
) 36.00% 0.119 0.866 (0.722–1.038) 54.10% 0.039 0.824 (0.686–0.99

) 0.00% 0.082 0.832 (0.676–1.024) 69.40% 0.079 0.82 (0.658–1.02
) 0.00% 0.010 0.816 (0.700–0.952) 35.00% 0.081 0.863 (0.732–1.01
) 67.30% 0.113 0.813 (0.630–1.050) 17.80% 0.100 0.801 (0.615–1.04
) 43.90% 0.740 0.959 (0.752–1.225) 0.00% 0.485 0.911 (0.702–1.18
) 62.50% 0.247 0.837 (0.619–1.132) 72.40% 0.132 0.791 (0.583–1.07

) 0.00% 0.082 0.832 (0.676–1.024) 69.40% 0.079 0.82 (0.658–1.02

) 43.20% 0.005 0.838 (0.740–0.949) 44.50% 0.028 0.863 (0.757–0.98
) 50.70% 0.262 0.877 (0.698–1.103) 51.80% 0.109 0.82 (0.643–1.04
) – 0.465 0.758 (0.361–1.594) – 0.358 0.704 (0.333–1.48

cancer; HWE, Hardy–Weinberg equilibrium; _, no available.

alue of Egger rank for testing publication bias.
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environmental, and lifestyle factors, such as smoking, drinking,
obesity, and genetic factor. Multiple studies have revealed that
metabolic-related factors are associated with the risk of cancer
(35–37). The LEP, metabolic-related factors regulating balancing
by regulating acquisition and energy consumption, was
confirmed relevant to cancer (38–40). The LEP G19A
Frontiers in Oncology | www.frontiersin.org 525
polymorphism may alter the transcription of mRNA and the
level of LEP was confirmed to be associated with any kind of
cancer (21, 22, 24–26). However, the conclusions of those studies
were inconsistent. Two meta-analyses were researched by Liu
et al. (41), including 10 studies, and Yang et al. (29), including 13
studies, generating conflicting results in subgroup analysis and
A B

DC

FIGURE 2 | Forest plot of subgroup analysis of LEP G19A and cancer risk in the allele model (A vs. G) (A) LEP G19A polymorphism and overall cancer risk; (B) LEP
G19A polymorphism and cancer risk on ethnicity; (C) LEP G19A polymorphism and risk of cancer type; (D) LEP G19A polymorphism and the risk of cancer system).
FIGURE 3 | Funnel plot of publication bias on the relationship between LEP G19A polymorphism and the risk of digestion-related cancer in allele model (A vs. G).
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lacking subgroup analysis of the cancer system. Meanwhile, an
expanding body of literature on the relationship between LEP
G19A polymorphism and cancer risk has been published.
Therefore, we conducted this meta-analysis to address this
relevance between the LEP G19A polymorphism and cancer risk.

Our current meta-analysis contained 19 studies of cancers
containing 9,878 patients, and 14,251 controls were pooled,
which contained more participants and cancer types than the
previous meta-analysis. Overall, we found a significant
correlation between the LEP G19A mutation and susceptibility
to cancers under four models (allele model, dominant model,
recessive model, and homozygote model), which means that this
mutation may decrease the risk of overall cancer. This result was
confirmed in a meta-analysis conducted by Liu et al. (41) and
Yang et al. (29). Studies (42, 43) confirmed that the LEP G19A
mutation might reduce mRNA translation with a lower serum
Frontiers in Oncology | www.frontiersin.org 626
level of LEP, which may attenuate the cancer risk as a
protective factor.

Obesity was defined as an imbalance between caloric
consumption and energy expenditure. Meanwhile, the LEP is a
metabolic-related factor regulating balancing by regulating
acquisition and consumption of energy. So it seems that
obesity has a positive correlation with LEP polymorphism.
However, some studies showed that there was no association
between LEP polymorphism and obesity (44, 45). Mizuta et al.
(46) study showed that LEP G19A was not associated with
obesity. The study by Nesrine et al. (47) even showed that
different polymorphisms of the LEP gene have distinct
correlations with obesity. Our study showed that LEP G19A
polymorphism decreases cancer risk, but the exact mechanism is
unknown and mounting evidence indicates that obesity may
greatly increase the risk of cancer (3–5). This provides us with a
FIGURE 4 | Begg’s funnel plot of meta–analysis in the allele model (A vs. G).
FIGURE 5 | Sensitivity analysis of the influence of A vs. G comparison.
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hint that LEP G19A polymorphism may not lead to cancer by
gaining weight. Further studies are needed to elucidate the
mechanism of action of LEP G19A polymorphism and cancer.

When stratified by ethnicity, we found a significant
correlation between this mutation and Asians and no
significant in Caucasians, which means that this mutation may
decrease the risk of Asian people not Caucasians. This difference
might be caused by a discrepancy in the interplay between genes
and the environment. Moreover, the frequency of the A allele in
Caucasians (68%) and Asians (44%) might be the reason for
contributing to the discrepancy in the non-significant results in
Caucasians. When stratified by cancer type and cancer system, it
was first to describe the association between LEP G19A mutation
and the cancer system. We found a significant correlation
between this mutation and colorectal cancer, esophageal
cancer, digestive system cancer, and urinary system cancer,
which means that this mutation may decrease the risk of
colorectal cancer, esophageal cancer, digestive system cancer,
and urinary system cancer, but we found no correlation between
this mutation and the other cancer system; the reason for this
difference in risk with different tumors is as yet unknown,
possibly due to LEP and its receptors playing various roles in
the mediation of physiological reactions and carcinogenesis in
different pathological types of cancer.

Heterogeneity may exist in our meta-analysis of cancer in the
overall analysis. Stratified analyses indicated that heterogeneity
was significant in some subgroups (e.g., Asians, esophageal
cancer, and urinary system cancer). These factors may cause
heterogeneity in our study. We checked the stability of our
pooled results by sensitivity analyses. The trend of relevance
was not significantly changed in the sensitivity analyses, which
meant that the pooled results in our meta-analysis were
statistically stable. We used Begg’s and Egger’s tests to evaluate
publication bias. Begg’s and Egger’s tests’ p-values > 0.05 in all
models, so that publication bias may exist in this meta-analysis.

The following limitations should be mentioned: (1) The
number of studies focused on the relationship between LEP
G19A and cancer was relatively small, so little information about
stratified analyses of ethnicity, cancer type, and cancer system
was available; therefore, further studies are required to determine
Frontiers in Oncology | www.frontiersin.org 727
the actual relationship in all populations. (2) Our study had no
access to other potential factors influencing the results, such as
other lifestyles, environments, and ages.

CONCLUSION

In conclusion, this meta-analysis suggests that the LEP G19A
mutation may decrease the risk of overall cancer, colorectal
cancer, esophageal cancer, digestive system cancer, and urinary
system cancer. In the future, more comprehensive objects
containing genetic environmental interaction are warranted to
discover the correlation between LEP G19A mutation and the
risk of cancer.
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Although 21 pancreatic cancer susceptibility loci have been identified in individuals of
European ancestry through genome-wide association studies (GWASs), much of the
heritability of pancreatic cancer risk remains unidentified. A recessive genetic model could
be a powerful tool for identifying additional risk variants. To discover recessively inherited
pancreatic cancer risk loci, we performed a re-analysis of the largest pancreatic cancer
GWAS, the Pancreatic Cancer Cohort Consortium (PanScan) and the Pancreatic Cancer
Case-Control Consortium (PanC4), including 8,769 cases and 7,055 controls of
European ancestry. Six single nucleotide polymorphisms (SNPs) showed associations
with pancreatic cancer risk according to a recessive model of inheritance. We replicated
these variants in 3,212 cases and 3,470 controls collected from the PANcreatic Disease
ReseArch (PANDoRA) consortium. The results of the meta-analyses confirmed that
rs4626538 (7q32.2), rs7008921 (8p23.2) and rs147904962 (17q21.31) showed
specific recessive effects (p<10−5) compared with the additive effects (p>10−3),
although none of the six SNPs reached the conventional threshold for genome-wide
significance (p < 5×10−8). Additional bioinformatic analysis explored the functional
annotations of the SNPs and indicated a possible relationship between rs36018702
and expression of the BCL2L11 and BUB1 genes, which are known to be involved in
pancreatic biology. Our findings, while not conclusive, indicate the importance of
considering non-additive genetic models when performing GWAS analysis. The SNPs
associated with pancreatic cancer in this study could be used for further meta-analysis for
recessive association of SNPs and pancreatic cancer risk and might be a useful addiction
to improve the performance of polygenic risk scores.
Keywords: pancreatic cancer, susceptibility, genome-wide association study, recessive model,
genetic polymorphisms
INTRODUCTION

Pancreatic cancer ranks fourth for cancer-related deaths in
western countries and is projected to become the second by
2030 (1, 2). It is a very deadly disease with the mortality rate
231
closely approaching to the incidence rate. The median survival is
less than 18 months, and the 5-year survival rate remains as low
as 3 ~ 15% (3–5). The poor prognosis is mainly due to the late
onset of symptoms, diagnosis at an advanced stage and
subsequent rapid progression. A comprehensive identification
December 2021 | Volume 11 | Article 771312

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


Lu et al. Recessive Susceptibility in Pancreatic Cancer
of the risk factors can be instrumental to a better understanding
of the disease etiology and to the development of methods for
risk stratification, that in turn could facilitate early detection,
which at the moment remains elusive.

Genetic factors play an important role in the etiology of
pancreatic cancer (6). Genome-wide association studies (GWAS)
have identified various frequent genetic variants associated
with pancreatic cancer risk. The two largest pancreatic cancer
GWAS done in European populations are the Pancreatic Cancer
Cohort Consortium (PanScan) and the Pancreatic Cancer Case-
Control Consortium (PanC4), and a total of 21 susceptibility
loci associated at genome-wide significance level have been
discovered, and studied individually and in combination
(7–15). However, the identified SNPs explain only 4.1% of the
total phenotypic variance of pancreatic cancer, which do not
fully account for the overall 21.2% estimated genetic heritability
(16). This can be explained by the relatively small effect sizes of
the individual risk loci, and by the strict multiple testing
correction required for GWAS (typically p < 5x10-8), which is
likely to result in a large number of false negatives.

Over the past decade, GWAS have achieved substantial
success in discovering many common variants underlying the
genetic architecture of complex diseases (17), including
pancreatic cancer. Standard models for implying specific
relationships between genotypes and phenotypes include
additive, recessive and dominant models (18). The association
of biallelic single nucleotide polymorphisms (SNPs) having
alleles A/a with a given endpoint (e.g. disease risk) is typically
analyzed with a logistic regression model logit(P) = a + b (X),
where in an additive model X = 0, 1 or 2 depending on
the genotype (homozygotes A/A, heterozygotes A/a and
homozygotes a/a, respectively), thus the risk of disease is
increased exp(b)-fold for subjects with genotype A/a and exp
(2b)-fold for subjects with genotype a/a. A recessive model
compares rare homozygotes a/a (who will have X=1) versus
the rest (combining heterozygotes A/a and common
homozygotes A/A, who will have X=0); a dominant model
compares A/A (X=0) versus A/a + a/a (X=1). As most GWAS
studies assume that allelic effects are additive, most of the
associations reported in GWAS consider only the additive
model of inheritance. But for variants which do not follow an
intermediate model of inheritance, the recessive or the dominant
genetic model can have more power to detect associations.
Reanalysis of GWAS data with the recessive model of
inheritance, considering homozygotes for the minor allele as
the only “exposed” category could help to identify additional risk
loci for non-negligible subsets of SNPs (19).

To discover novel recessively inherited pancreatic cancer risk
loci, we performed a secondary analysis using genotyping data
from all published pancreatic cancer GWAS conducted in
subjects of European origin, and then replicated the most
promising variants in cases and controls collected from the
PANcreatic Disease ReseArch (PANDoRA) consortium. Better
understanding the genetic background of the disease could be an
invaluable tool to stratify the population by individual risk and
increase our chances of early detection.
Frontiers in Oncology | www.frontiersin.org 332
MATERIALS AND METHODS

Study Populations
The following publicly available GWAS datasets on pancreatic
cancer risk were used for this study: the Pancreatic Cancer
Cohort Consortium (PanScan, comprising of PanScan I,
PanScan II, and PanScan III) and the Pancreatic Cancer Case
Control Consortium (PanC4). We obtained the genotype
data from the NCBI database of genotypes and phenotypes
(dbGaP) (study accession numbers phs000206.v5.p3 and
phs000648.v1.p1; project reference #12644). We performed
standard quality control and genotype imputation for the four
datasets separately, using the Michigan Imputation Server
(https://imputationserver.sph.umich.edu) (20) and the
Haplotype Reference Consortium (HRC, V.r1.1) reference
panel (21). Before imputation, we implemented individual- and
SNP-level quality control steps as follows: individual and SNP
missingness (call rate<0.9); sex discrepancy; heterozygosity (>3
SD from the mean); relatedness (PI_HAT>0.2, i.e., subjects
related up to the second degree); ethnic outliers (population
structure was captured by principal component analysis to
remove non-European ancestry individuals); minor allele
frequency (MAF) <0.005; and Hardy-Weinberg equilibrium
(HWE) (p<1×10−6). After imputation, we removed SNPs with
low imputation quality (INFO score r2<0.7, MAF<0.05 or call
rate<0.9). Then, we merged the four imputed datasets and
rechecked for the relatedness in the pooled dataset. At the end,
a total of 5,056,279 SNPs in 8,769 cases and 7,055 controls (8,600
males and 7,224 females) remained for further analysis.

Additional samples belonging to the PANDoRA consortium,
mostly from European populations, were selected for
genotyping. Cases were diagnosed with pancreatic ductal
adenocarcinoma (PDAC) and were all collected from the
PANDoRA consortium (22). Controls were from the same
geographical regions as the cases. A subset of the German
controls (N=932) derived from ESTHER, a prospective cohort
with 9,953 participants recruited in the Saarland region of
Germany during a general health check-up in the period of
July 2000 and December 2002. British and Dutch controls were
collected from the European Prospective Investigation on Cancer
(EPIC, http://epic.iarc.fr/), a prospective cohort study consisting
of general population healthy volunteers from ten European
countries (23). All subjects provided written informed consent.
Approval for the PANDoRA study protocol (including for
controls from ESTHER and EPIC cohorts) was received from
the Ethics Commission of the Medical Faculty of the University
of Heidelberg.

SNP Selection
We performed the association analysis on the pooled imputed
PanScan+PanC4 GWAS data using both additive and recessive
models. Association statistics (odds ratios (OR) and 95%
confidence intervals (CI)) on PDAC risk were obtained with
logistic regression adjusting for age, sex and the top ten principal
components using PLINK version 1.9 (24). There were 268
SNPs that showed an association with p-value lower than 10-5,
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according to a recessive model (Supplementary Table 1). Most
of them overlapped with previously reported pancreatic cancer
risk loci (1q32.1, 2p14, 3q28, 5p15.33, 7p14.1, 7q32.3, 9q34,
13q12.2 and 16q23.1) from additive analyses. Among remaining
SNPs which were over 1 Mb away from the closest known
locus and showed no linkage disequilibrium (LD) with known
loci (r2 < 0.01), ten SNPs at six loci, showed large differences in p-
values using the two models (p < 10-5 using the recessive model,
and p > 10-3 using the additive model). After filtering SNPs in LD
(r2>0.8, N=3) and removing SNPs that showed p≥0.05 for
association with PDAC risk in either PanScan or PanC4
(N=1), the top six promising SNPs were moved forward
to genotyping.

Genotyping
DNA of PANDoRA samples was isolated from whole blood
using QIAamp DNA extraction kit (Qiagen) and distributed in
384-well plates for genotyping. For quality control, 8% of the
samples was randomly duplicated throughout the plates and no
template controls (NTC) were used in each genotyping plate.
Genotyping was performed using TaqMan (ABI, Applied
Biosystems, Foster City, CA, USA) and KASP (KBioscence,
Hoddesdon, UK) probes on the Real-Time PCR system. Since
the genotyping assay for rs147904962 failed to work, rs12943205
was genotyped as a proxy SNP, in high LD (r2 = 0.99). Detection
was done with a Viia7 instrument and Viia7 software (Applied
Biosystems, Foster City, CA). After calling all the genotypes,
samples with a call rate < 83.3% (i.e., missing more than one
genotype) were removed. Duplicated samples with low
concordance rate (>1 discordant genotype) were excluded.
Discordance from HWE distribution was checked in controls,
in the overall population and by country, and all the genotyped
SNPs were in HWE (p>10-3). Dutch and British controls were
genotyped in the context of a GWAS using the Human 660W-
Quad BeadChip array (Illumina, San Diego, CA). Quality control
steps were performed after TaqMan genotyping. Finally, 3,212
PDAC cases and 3,470 controls were included for further
analysis. The characteristics of the study population are
summarized in Table 1.
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Statistical Analysis
To investigate the effect of the genotyped SNPs (rare allele
vs. common allele; rare homozygous genotype vs. heterozygous
plus common homozygous genotypes) in PANDoRA samples
on the PDAC risk, we performed unconditional logistic
regression adjusting for sex, age and country. Then we
performed meta-analyses using R package “meta” by fixed-
effects model (or random-effects model when p < 0.05 in the
heterogeneity test) between phase one (reanalysis of the
pancreatic cancer GWASs, PanScan and PanC4) and phase
two (replication in samples collected from PANDoRA),
with a final sample size of 11,981 PDAC cases and 10,525
controls. For the analysis with the genotyped SNPs in
phase two, age, sex and genotypes had missing rates between
1% to 5%. Considering that missing data can have a significant
effect on the conclusion, we applied multiple imputation which is
a missing data method that provides valid statistical inferences
under the missing at random condition (25). The R package
“mice”, which imputes incomplete multivariate data by chained
equations (26), was used to impute five times the variables
involved in analysis, to analyze each of the imputed datasets
separately based on the logistic regression model, then to
automatically combine all the results together. Since the
Brazilian population is known to be ethnically admixed, we
performed additional statistical analyses with the PANDoRA
Brazilian cases and controls. Meta-analyses were performed
after multiple imputation as well. Analyses were carried out
with R V3.6.

In addition, we performed gene-based analysis using
MAGMA v1.08 to test the associations between all coding
genes and PDAC risk based on the p-values under additive
and recessive models respectively (27).
Bioinformatic Tools
We used the following tools/databases to explore the possible
function of candidate SNPs: the Genotype-Tissue Expression
(GTEx, 8th version) project portal (https://www.gtexportal.org,
accessed on 30 June 2020), HaploReg v4.1 (https://pubs.
broadinstitute.org/mammals/haploreg/haploreg.php) and
RegulomedB (https://www.regulomedb.org/regulome-search/)
(28–30). The Gene Expression Profiling Interactive Analysis
(GEPIA2) database (http://gepia2.cancer-pku.cn) was applied
to verify the expression levels and evaluate the prognostic
value of genes of interest in pancreas tumor and normal tissues
(31). Three-Dimensional-genome Interaction Viewer (3DIV,
http://3div.kr), which collected all publicly available high-
throughput chromatin conformation capture (Hi-C) data from
human cell/tissue types, was used to explore the locus regulatory
effects of the 3D genome (32). SNPnexus (https://www.snp-
nexus.org/) and OpenTargets Genetics (https://genetics.
opentargets.org) summarize the results of many different
functional annotations (33, 34). The Functional Mapping and
Annotation of Genome-Wide Association Studies platform
(FUMA, https://fuma.ctglab.nl) was used to annotate the
results of the recessive model GWAS (35).
TABLE 1 | Characteristics of genotyped samples from PANDoRA after quality
control.

Cases Controls

Male, % 55.0 51.6
Median age, (25th-75th percentile) 66 (58-73) 60 (51-68)
Country, N
Czech Republic 430 173
Germany 683 1018
Greece 109 16
Hungary 290 413
Italy 1298 1280
Lithuania 102 179
Poland 90 195
Netherlands 117 62
United Kingdom 93 134
Total 3212 3470
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RESULTS

In the first phase, which was conducted at a genome-wide
scale, we re-analyzed the data from the PanScan+PanC4
GWAS dataset according to a recessive model of inheritance,
and we observed six SNPs that showed specific recessive
associations with PDAC risk with p<10-5 while p>10-3 using
the additive model (Figure 1, Supplementary Table 2). The
correlated SNPs in these regions (r2>0.8 in LD) did not show
evidence of stronger association under an additive model
(Supplementary Table 3, Supplementary Figure 1). The
associations of the genotyped SNPs with PDAC risk under
the additive and recessive genetic models are shown in
Figure 1 (Supplementary Table 2). In the validation phase
in PANDoRA, no statistically significant associations (p<0.05)
were observed, using the recessive model, except for rs2066357.
However, this SNP showed high heterogeneity, with an opposite
effect compared to the discovery phase under the recessive
genetic model.

In meta-analyses, none of the six SNPs reached the
conventional genome-wide significance threshold (p<5×10−8).
However, MIR96 rs4626538 (OR=0.93; p=4.42×10−6), RP5-
991O23.1 rs7008921 (OR=1.42; p=9.68×10−6) and ARHGAP27
rs147904962 (OR=0.75; p=4.08×10−6) maintained a specific
recessive effect compared to the additively inherited effects
(p=1.06×10−3, p=0.05 and p=3.97×10−3, respectively), and the
p-values of rs4626538 and rs147904962 in the meta-analysis were
slightly lower in comparison with those observed in the first phase.
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The results after multiple imputation were generally consistent
with those without multiple imputation (Supplementary Table 2).
Results did not change when we added the PANDoRA cases and
controls from Brazil, who are ethnically admixed (Supplementary
Tables 4, 5).

We used data from the GTEx consortium to investigate
associations between genetic variants and RNA expression. We
observed that the rs147904962-A allele was associated with
increased LRRC37A4P RNA expression in adipose tissue
(p=8.1×10−6). An expanded list of linked SNPs (in LD with
our six candidate SNPs, r2>0.6) was also considered for the GTEx
analysis; we found that the T allele of rs590097 (in LD with the A
allele of rs36018702, r2 = 0.74, D’=1) was associated with higher
expression of BCL2L11 in pancreas (p=5.64×10−6). No
expression quantitative trait loci (eQTL) associations in
pancreas were found for the other SNPs. Haploreg and
RegulomeDB did not show evidence for functional effect for
these variants.

Using a threshold of >2 for distance-normalized chromatin
interaction frequency, 3DIV predicted C1orf21 andAPOBEC4 to be
interaction genes for rs1339571, BUB1 for rs36018702,MIR4423 for
rs2066357, SPPL2C, SLC4A1, RUNDC3A, LOC100133991, TEX34,
ITGA2B, and C17orf57 for rs147904962, respectively.

Additional analyses with SNPnexus and OpenTargets
Genetics did not suggest any clear functional link between our
candidate SNPs and pancreatic physiology or pathology.
Likewise, when we reanalyzed with FUMA the results of the
GWAS analysis according to the recessive model, we did not
FIGURE 1 | Forest plot of the associations of the 6 SNPs with PDAC risk under recessive and additive genetic models. A forest plot for the 6 SNPs and risk of
PDAC is shown by two genetic models using data from discovery and replication analyses combined. Population specific odds ratios (OR) and 95% confidence
intervals (CI) are denoted by green boxes and black lines. The combined OR estimates are represented by purple diamonds, where diamond width corresponds to
95% CI bounds. The position information (hg38) and minor allele frequency (MAF) for each SNP are shown on the left.
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observe any noteworthy signal in the regions of the six
candidate SNPs.

The gene-based analysis using MAGMA based on the p-
values of the recessive model revealed that 14 genes were
associated with PDAC risk at p < 0.001 (Supplementary
Table 6). Two of these genes showed evidence for association
at p < 0.001 under the recessive model (CTSG 14q12, p =
2.53x10-4; LEPROTL1 8p12, p = 4.34x10-4), but not with the
additive one (p = 0.20 and p = 0.10, respectively). Then we
verified the expression level of the two genes in pancreatic cancer
patients using GEPIA2. We found that LEPROTL1 has increased
expression in pancreatic cancer tissues compared to adjacent
normal pancreatic tissues of the same patients (Figure 2).
DISCUSSION

GWAS data are usually analyzed according to an additive genetic
model, which is generally considered to be a good surrogate for
other genetic models, except for the recessive one (19).
Researchers have reported risk variants that showed specifically
stronger evidence under a recessive model than an additive
model, for type 2 diabetes (36), schizophrenia (37), high
triglycerides (38), and other traits (39, 40), but not for PDAC
yet. To identify recessive susceptibility loci for PDAC risk, we
performed a secondary analysis with the largest currently
available pancreatic cancer GWAS datasets (PanScan and
PanC4) of European ancestry and attempted the replication of
the six most promising variants in additional samples collected
from the PANDoRA consortium, with a combined sample size of
11,981 PDAC cases and 10,525 controls. In this study, none of
Frontiers in Oncology | www.frontiersin.org 635
our results reached genome-wide statistical significance
(p<5x10−8) in either phase, or in the meta-analyses, therefore
our results are not conclusive. However, for five of the six
selected SNPs the results of the meta-analysis do not exclude
the possible recessive association with pancreatic cancer risk. In
particular, rs4626538 (7q32.2), rs7008921 (8p23.2) and
rs147904962 (17q21.31) maintained a large difference in
significance between recessive effects compared with the
additively inherited effects.

None of the previous studies indicated a link between these
loci and pancreatic cancer risk. No variants in high LD (r2>0.8)
have been previously associated with any trait or disease in
GWAS, although variants in low to moderate LD (r2 = 0.14~0.60,
D’=0.88~1 in Europeans) with rs147904962 have been reported
to be associated with waist-to-hip ratio and with risk of
developing allergic diseases. The minor G allele of rs7214661
(r2 = 0.19, D’=0.98) was associated with higher risk of allergic
disease (41) while the corresponding A allele of rs147904962 was
associated with lower risk of pancreatic cancer in our study. It is
consistent with the protective effect of allergy for pancreatic
cancer in epidemiologic studies (42).

Additionally, GTEx showed that rs590097 regulates BCL2L11
expression in pancreas tissue. BCL2L11 is a member of the BCL2
family and plays a role in neuronal and lymphocyte apoptosis.
There is evidence shown that BCL2L11 is one of the major genes
contributing to apoptosis, known to be important for pancreatic
biology (http://www.genome.jp/kegg/pathway.html) (43).
Moreover, the observed association that rs36018702-A
(correlated with rs590097-T) showed increased risk of PDAC
is consistent with the higher expression of BCL2L11 in pancreatic
cancer tissues than in normal pancreas tissues found
through GEPIA2.
A B

FIGURE 2 | The expression level of CTSG and LEPROTL1 in PAAD patients. GEPIA2 generates box plot for comparing gene expression in pancreatic cancer and
paired normal tissues (TCGA tumor versus TCGA normal + GTEx normal). (A, B) differential expression analysis. Peach and grey clusters represent tumor and normal
samples; * genes with higher |log2FC| values (>1) and lower Q-values (<0.01) were considered differentially expressed genes.
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BUB1 is the interaction gene of rs36018702 predicted by 3DIV.
There is evidence that BUB1 is overexpressed in PDAC tissues,
suggesting a role of BUB1 in PDAC progression, and therefore
corroborating the association of rs36018702 and PDAC risk (44).

The lowest p-value we observed in the meta-analysis is
4.08x10-6 for the association of rs147904962 (17q21.31) with
the risk of PDAC. rs147904962 is situated 17kb at the 3’ end of
Rho GTPase Activating Protein 27 (ARHGAP27). This gene
encodes a member of a large family of proteins that activate
Rho-type guanosine triphosphate (GTP) metabolizing enzymes
and are involved in cancer through the dysregulation of this
mechanism. As ARHGAP27 mRNA is expressed in pancreatic
cancer, we speculate that rs147904962 mediates regulation of
cancer-associated ARHGAP27, promoting carcinogenesis
through dysregulation of Rho/Rac/Cdc42-like GTPases (45).
However, it has to be acknowledged that this SNP is not
known to be located in a regulatory region of ARHGAP27.

Gene-based analyses based on the PanScan and PanC4 datasets
(we were not able to replicate these analyses in PANDoRA, which
does not have GWAS data) showed that SNPs in LEPROTL1 and
CTSG were associated with PDAC risk according to the recessive,
but not to the additive model. The bioinformatic analysis identified
that LEPROTL1 was highly expressed in pancreatic cancer
compared to matched normal pancreatic tissue of the same
patients, suggesting a potential involvement in the etiopathology
of PDAC. The leptin receptor overlapping transcript-like 1 gene
(LEPROTL1) encodes a membrane protein, and may play a role in
liver resistance by suppressing the growth hormone activity (46,
47), while the pancreatic cancer-related functions of LEPROTL1
remain unknown. The cathepsin G gene (CTSG) encodes a
neutrophil serine protease of the chymotrypsin family, which
was shown to affect neutrophil infiltration into the pancreas in a
mouse model of pancreatitis (48). Based on this circumstantial
evidence it is tempting to speculate a role for this gene and its
polymorphisms in modulation of inflammation in the pancreas,
which plays a role in the etiology of PDAC. However, to the best of
our knowledge, a role for CTSG in pancreatic cancer has not been
reported in the literature.

The lack of direct functional evidence for the SNPs of interest
from bioinformatic analyses may at least in part reflect the fact that
also bioinformatic tools/databases have not been designed to address
effects of real recessive alleles. Ad hoc tools are needed to better
understand the genetic architecture of complex genetic diseases.

It is hard to reach sufficient statistical power to detect variants
with recessive effects, unless they are very frequent or have very
large effects. Given the effective combined sample size of 11,981
PDAC cases and 10,525 controls, disease prevalence of 1.6%, and
a significance cut-off of p<5×10−8, we had at least 80% power to
detect a association with ORs equal to those observed in the
discovery phase for the rare homozygote genotype for SNPs
rs7008921 and rs147904962, whereas for the other SNPs power
ranged between 54% to 69%. Thus, our study, in spite of the large
sample size, lacked statistical power to confirm the risk with
recessive model for some of the SNPs. It is worth noting that
between PanScan, PanC4 and PANDoRA we have used the
largest available resources for genetics of pancreatic cancer in
populations of European origin. Our hypothesis that some
Frontiers in Oncology | www.frontiersin.org 736
variants may be associated with pancreatic cancer risk with a
recessive model of inheritance was not disproved, but to prove it
convincingly will require even larger datasets that will become
available as more GWAS on pancreatic cancer risk are performed.

Identifying high-risk groups could contribute to focus
surveillance and invasive screening measures, thereby
improving the chance of early detection. Polygenic risk scores
(PRS) approaches which could combine modest effect from each
risk SNPs have demonstrated accuracies between 59% and 63%
for predicting the risk of PDAC when including both non-
genetic and genetic factors (14, 49–51). The accuracy of the
existing PRS is not ready yet to be used in the clinical practice. It
is necessary to expand the PRS with additional risk factors to
improve its predictive power. For example, PRS including more
SNPs that are not genome-wide significant but having
noteworthy effects such as the ones we highlighted in this work
may provide an additive contribution to the overall performance.
CONCLUSIONS

In conclusion, we propose some candidate SNPs as recessively
inherited genetic variants for pancreatic cancer risk in European
populations, which should be further confirmed by better
powered investigations and/or meta-analysis of our results with
those of other studies. Although none of the SNPs reached the
genome-wide statistical significance, it is still worth to include
these relevant SNPs into the PRS approach for risk stratification.
A risk stratification approach with high predictive power could
be used to identify subgroups at particularly increased risk of
pancreatic cancer, either in the general population or in groups
that are already known to have an elevated risk, such as diabetics.
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Although the association of MEG3 gene rs7158663 polymorphism with cancer
susceptibility has been investigated, the findings are inconsistent. The aim of this study
was to analyze the association between the rs7158663 polymorphism and cancer
susceptibility through a case-control study and meta-analysis. In a case-control study
with 430 colorectal cancer (CRC) cases and 445 healthy controls, the rs7158663
polymorphism was genotyped by direct sequencing. STATA software was used to
calculate the pooled odds ratio and 95% confidence interval in a meta-analysis
including 4,649 cancer cases and 5,590 controls. Both the case-control study and
meta-analysis showed that the rs7158663 polymorphism was associated with increased
susceptibility to CRC. Individuals carrying the AA or GA genotype were more likely to
develop CRC than those carrying the rs7158663 GG genotype. Interestingly, MEG3
expression was significantly lower in colorectal tissues of the AA or GA genotype
compared to those of the rs7158663 GG genotype. In addition, the meta-analysis
suggested that the rs7158663 polymorphism was also associated with increased
susceptibility to breast cancer and gastric cancer. Bioinformatics analysis showed that
the rs7158663 A allele contributed to the binding of hsa-miR-4307 and hsa-miR-1265 to
MEG3. In conclusion, the current findings suggest that the MEG3 gene rs7158663
polymorphism may serve as a genetic marker for predicting the risk of cancers, such as
breast cancer, gastric cancer and CRC. However, the sample size of the current study is
still insufficient, especially in the subgroup analysis. Therefore large and well-designed
studies are needed to validate our findings.
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INTRODUCTION

Cancer is one of the most serious public health issues in the
world, with approximately 18.1 million new cancer diagnoses
and 9.6 million cancer deaths in 2018 (1). Although the precise
processes of cancer development and progression are still largely
unclear, a growing body of research suggests that genetic
predisposition has a substantial influence on the likelihood of
individual cancer development (2, 3).

Long non-coding RNA (lncRNA) is a form of RNA transcript
that is longer than 200 nucleotides but does not transcribe into
protein in cells. LncRNAs play a role in a variety of cell activities,
such as cell proliferation, migration, invasion, and angiogenesis,
and their dysregulation has been linked to a variety of cancers
(4–7). Maternally expressed 3 (MEG3) is one of the most well-
studied lncRNAs and is expressed in multiple organs, such as the
liver, brain, pancreas, stomach and ovary. However, MEG3
expression is typically suppressed in a variety of cancer tissues
(8). Functional studies showed that this lncRNA could regulate
the expression of various tumor suppressor genes and oncogenes
(9–12). Zhu et al. found that ectopic expression of MEG3 could
significantly inhibit proliferation and induce apoptosis in
hepatoma cells. MEG3 could function as a tumor suppressor in
hepatoma cells through interacting with p53 protein to activate
p53-mediated transcriptional activity and influence the
expression of partial p53 target genes (9). Dong et al. found
that downregulation of MEG3 expression could promote
proliferation, migration, and invasion of hepatocellular
carcinoma cells by upregulating TGF-b1 expression (10). Zuo
et al. demonstrated that MEG3 activated by vitamin D could
inhibit glycolysis in colorectal cancer (CRC) via promoting c-
Myc degradation (11). Xu et al. found that MEG3 could mediate
the miR-149-3p/FOXP3 axis by reducing p53 ubiquitination to
exert a suppressive effect on regulatory T cell differentiation and
immune escape in esophageal cancer (12). In addition, certain
polymorphisms (rs3087918 T>G, rs11160608 A>C, rs4081134
G>A, rs7158663 A>G) within the MEG3 gene are implicated in
cancer susceptibility (13–16). For example, MEG3 gene
rs3087918 was associated with a decreased risk of breast cancer
in a Chinese population (14).MEG3 gene rs11160608 was related
to an increased risk of oral squamous cell carcinoma in a Chinese
Han population (15). MEG3 gene rs4081134 was significantly
associated with a decreased risk of lung cancer in a Northeast
Chinese population (16). MEG3 gene rs7158663 is the most
interesting polymorphic locus located on the MEG3 transcript.
Bioinformatic analysis showed that the rs7158663 polymorphism
had the potential to change the local RNA folding structure and
affect miRNA-lncRNA interactions, which in turn affected the
expression level of miRNA and/or MEG3 (17, 18). Several studies
have explored the relationship between this potentially
functional polymorphism and cancer susceptibility, but the
results are inconsistent and need to be further clarified.

In the current study, we first explored the relationship
between the rs7158663 polymorphism and CRC susceptibility
using a case-control study, and then analyzed its effect on MEG3
expression in colorectal tissues. In addition, a meta-analysis was
conducted to systematically evaluated the relationship between
Frontiers in Oncology | www.frontiersin.org 241
this polymorphism and cancer susceptibility, which would help
us to better understand the role of the rs7158663 polymorphism
in cancer susceptibility.
MATERIALS AND METHODS

Sample Collection
Peripheral blood of 430 CRC patients and 445 healthy controls
were collected from Shanghai Xuhui District Central Hospital.
All participants were genetically unrelated Han Chinese.
Diagnosis of CRC patients was histopathologically confirmed.
Healthy controls were cancer-free individuals living in the same
residential area and seeking routine physical exams.
Furthermore, colorectal tissues were obtained from 40 CRC
surgery patients who had not received radiochemotherapy
before surgery. Written informed consent was obtained from
all participants. The experimental protocol was established,
according to the ethical guidelines of the Helsinki Declaration
and was approved by the Human Ethics Committee of Shanghai
Xuhui District Central Hospital.
Genotyping
TIANamp genomic DNA Kit (Tiangen) was used to isolate
genomic DNA from peripheral blood according to the
manufacturer’s instructions. Genomic DNA concentration was
detected using a NanoDrop spectrophotometer. Direct
sequencing was used to detect the genotype of the rs7158663
locus in each individual.
Real-Time Quantitative PCR
Total RNA was isolated from colorectal tissues using the
RNAsimple total RNA kit (Tiangen) according to the
manufacturer’s instructions. ReverTra Ace qPCR RT Kit
(TOYOBO) was used to synthesize cDNA. FastStart Universal
SYBR Green Master (Roche) was used to conduct real-time
quantitative PCR. MEG3 expression was normalized to the
internal control GAPDH. The specific primer sequences are
presented in Table S1.
Bioinformatic Analysis
The lncRNASNP online tool (http://bioinfo.life.hust.edu.cn/
lncRNASNP) was used to analyze whether the rs7158663
polymorphism affects miRNA binding (19).
Statistical Analysis
Hardy-Weinberg equilibrium (HWE) for the control group was
tested by a goodness-of-fit c2 test. The association ofMEG3 gene
rs7158663 polymorphism with CRC susceptibility was evaluated
using adjusted odds ratios (ORs) with their 95% confidence
intervals (CIs). Student’s t-test was used to check the differences
for age variable between CRC cases and controls. c2 test was used
to assess the differences in gender variable between CRC cases
and controls. The normalized expression levels of MEG3 among
December 2021 | Volume 11 | Article 796774
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different genotypes were compared using one-way ANOVA. All
statistical analyses were performed by SAS 9.4 (SAS Institute,
Cary, USA). P < 0.05 was defined as the level of significance.

Meta-Analysis
PubMed, CNKI and EMBASE databases were searched based on
the following keywords: “Maternally expressed 3 or MEG3”,
“polymorphism or variant” and “cancer or carcinoma or
malignancy”. The last literature search was conducted on
October 7, 2021. The primary inclusion criterion for previous
studies was to have sufficient genotype data. If numerous studies
had overlapping or duplicate data, only studies with complete
data were included. Data from the included studies were
extracted independently by two investigators. Disagreements
were settled by conversation. The pooled ORs and their 95%
CIs were applied to determine the relationship of the rs7158663
polymorphism with cancer susceptibility. The between-study
heterogeneity was assessed using Chi-square-based statistic I2

test and Cochran’s Q-test. When I2 > 50% or PH < 0.1, we used
the random-effects model to estimate the pooled OR. Otherwise,
the fixed-effects model was applied. To assess the quality and
consistency of the results, sensitivity analysis was undertaken by
removing each study in turn. Begg’s and Egger’s tests were used
to assess potential publication bias. Trial sequential analysis
(TSA) was conducted in a selected genetic model to assess the
statistical reliability of the meta-analysis. TSA was conducted
with a 5% risk of type I error and a 20% risk of type II error (20).
The statistical analyses were performed by STATA 12.0 (Stata
Corporation, College Station, TX, USA).
RESULTS

The results of the case-control study are shown in Table 1. There
was no statistical difference in the age and gender distribution
Frontiers in Oncology | www.frontiersin.org 342
between the case and control groups (P>0.05). The genotype
frequency distribution of the control group was consistent with
HWE (PHWE=0.43). There was a significant association between
MEG3 gene rs7158663 polymorphism and CRC susceptibility
[GA vs. GG: OR=1.48, 95%CI= 1.11-1.96, P=0.007; AA vs. GG:
OR=1.83, 95%CI=1.11-3.03, P=0.018; (GA+AA) vs. GG:
OR=1.53, 95%CI=1.17-2.00, P=0.002; A vs. G: OR=1.41, 95%
CI=1.14-1.74, P=0.001].

Genotype-tissue expression results showed that the rs7158663
polymorphism was significantly associated with the expression of
MEG3 in colorectal tissues. MEG3 expression was significantly
lower in colorectal tissues of the AA or GA genotype compared
to those of the rs7158663 GG genotype (Figure 1). The results of
bioinformatics analysis showed that the rs7158663 A allele
contributed to the binding of hsa-miR-4307 and hsa-miR-1265
to MEG3 (Figure 2).

Based on database searches, a total of 11 case-control studies
exploring the association of the rs7158663 polymorphism with
cancer susceptibility were included in the current meta-analysis
(Figure S1). The relevant studies were published between 2016
and 2021. The current meta-analysis combined our results
included 4,649 cancer cases and 5,590 controls (Table 2). The
overall combined analysis showed that the rs7158663
polymorphism was not associated with cancer susceptibility
(Table 3). However, the country-based stratified analysis
showed that the rs7158663 polymorphism was associated with
cancer susceptibility in the Chinese population under (AA+AG)
vs. GG, AA vs. (AG+GG), AA vs. GG, AG vs. GG, and A vs. G
models, and in the Egyptians under (AA+AG) vs. GG model.
The stratified analysis based on cancer type showed that the
rs7158663 polymorphism was associated with susceptibility to
breast cancer under (AA+AG) vs. GG and AG vs. GG models,
and gastric cancer under (AA+AG) vs. GG, AA vs. (AG+GG),
AA vs. GG, AG vs. GG, and A vs. G models, and colorectal
cancer under (AA+AG) vs. GG, AA vs. (AG+GG), AA vs. GG,
AG vs. GG, and A vs. G models.
TABLE 1 | Characteristics of age, gender and rs7158663 polymorphism in cases and controls.

Variables Case (%) (N = 430) Controls (%) (N = 445) aOR (95% CI) aP value

Age, mean ± SD 57.7 ± 5.9 57.7 ± 6.1 0.86
Gender
Male 251 (58.4) 249 (56.0) 0.47
Female 179 (41.6) 196 (44.0)
Genotype
GG 202 (47.0) 256 (57.5) Reference
GA 185 (43.0) 159 (35.7) 1.48 (1.11-1.96) 0.007
AA 43 (10.0) 30 (6.7) 1.83 (1.11-3.03) 0.018

Ptrend 0.002
PHWE 0.43
GG 202 (47.0) 256 (57.5) Reference
GA+AA 228 (53.0) 189 (42.5) 1.53 (1.17-2.00) 0.002
GG+GA 387 (90.0) 415 (93.3) Reference

AA 43 (10.0) 30 (6.7) 1.55 (0.95-2.52) 0.08
Allele
G 589 (68.5) 671 (75.4) Reference
A 271 (31.5) 219 (24.6) 1.41 (1.14-1.74) 0.001
D
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FIGURE 2 | lncRNASNP-based analysis of the effect of rs7158663 polymorphism on miRNA binding.
A B

FIGURE 1 | Relationship between rs7158663 genotype and MEG3 expression in CRC tissues (A) and normal paracancerous tissues (B). ***p < 0.001.
TABLE 2 | Main characteristics of the case-control studies in the current meta-analysis.

Authors Year of
publication

Country Cancer type Genotyping method Number of cases Number of controls PHWE

GG GA AA Total GG GA AA Total

Gao et al.* 2021 China Colorectal cancer TaqMan 202 185 43 430 256 159 30 445 0.43
Shaker et al. (21) 2021 Egypt Breast cancer TaqMan 63 117 180 93 57 150 –

Kong et al. (22) 2020 China Gastric cancer TaqMan 215 198 61 474 290 203 50 543 0.1
Xu et al. (23) 2020 China Prostate cancer TaqMan 98 54 13 165 111 78 11 200 0.57
Zheng et al. (14) 2020 China Breast cancer MassArray 224 170 33 427 403 250 47 700 0.33
Ali et al. (24) 2020 Egypt Breast cancer TaqMan 57 63 30 150 84 63 7 154 0.26
Mazraeh et al. (25) 2020 Iran Acute myeloid leukemia PCR-based restriction fragment length

polymorphism
43 36 21 100 16 48 36 100 1

Wei (26) 2019 China Liver cancer Taqman 717 349 51 1117 795 391 62 1248 0.13
Yang et al. (16) 2018 China Lung cancer Taqman 268 219 39 526 289 204 33 526 0.71
Zhuo et al. (27) 2018 China Neuroblastoma TaqMan 233 141 18 392 433 296 54 783 0.72
Zhang et al. (28) 2018 China Gastric cancer TaqMan 83 74 15 172 138 76 10 224 0.91
Cao et al. (29) 2016 China Colorectal cancer TaqMan 264 200 52 516 298 188 31 517 0.85
Frontiers in Oncolog
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The sensitivity analysis showed that after Mazraeh’s study was
removed, the overall combined results were significantly altered
under all comparison models (Figure S2). After Zhuo’s study was
removed, the overall combined results were significantly altered
under (AA+AG) vs. GG, and AA vs. (AG+GG) models. After Xu’s
study was removed, the overall combined results were significantly
altered under (AA+AG) vs. GG model. Begg’s and Egger’s tests
showed no publication bias in the current meta-analysis (Table 4).
TSA was conducted in the (AA+AG) vs. GG model. The result
showed that the cumulative Z-curve (blue line) has crossed the
required information sizes (n=8,329) (Figure 3), which indicated
that the cumulative evidence was adequate in the overall analysis.
DISCUSSION

Recent studies have shown that certain genetic variants on
lncRNA genes may be associated with cancer risk (30–32).
Frontiers in Oncology | www.frontiersin.org 544
These genetic variants contain the rs7158663 polymorphism
on the MEG3 gene. For instance, Cao et al. found that
rs7158663 AA genotype had significantly higher CRC risk than
GG genotype, which was consistent with our results. The further
stratified analysis revealed that the elevated risk was strongly
associated with people with age ≤ 60 and a family history of
cancer. However, there was no link found between the rs7158663
polymorphism and CRC site or stage (29). Both Zhang et al. and
Kong et al. found that individuals carrying the rs7158663
AG+AA genotype or A allele had a significantly increased risk
of gastric cancer (22, 28). However, some studies suggested that
the rs7158663 polymorphism was not associated with cancer
risk. For instance, Wei found that the rs7158663 polymorphism
was not associated with hepatocarcinogenesis (26). Yang et al.
found that the rs7158663 polymorphism was not associated with
susceptibility to lung cancer (16). Zhuo et al. found that the
rs7158663 polymorphism was not linked with neuroblastoma
susceptibility, regardless of whether it was corrected for age and
gender (27). These inconsistent results forced us to clarify the
relationship between the rs7158663 polymorphism and cancer
susceptibility by meta-analysis. By combining two and more
studies for analysis, we found that the rs7158663 polymorphism
was not associated with overall cancer susceptibility. However,
the country-based stratified analysis showed that the rs7158663
polymorphism was associated with cancer susceptibility in the
Chinese population under (AA+AG) vs. GG, AA vs. (AG+GG),
AA vs. GG, AG vs. GG, and A vs. G models, and in the Egyptians
under (AA+AG) vs. GG model. The stratified analysis based on
TABLE 3 | Meta-analysis of the association between the rs7158663 polymorphism and cancer risk.

Comparison *Subgroup Heterogeneity Effect model OR[95%CI] P

PH I2

(AA+AG) vs. GG Overall <0.00001 83% Random 1.22[0.99,1.49] 0.06
China 0.003 65% Random 1.18[1.02,1.37] 0.03
Egypt 0.18 44% Fixed 2.44[1.77,3.37] <0.00001

Breast cancer 0.001 85% Random 1.89[1.08,3.30] 0.02
Gastric cancer 0.36 0% Fixed 1.47[1.19,1.81] 0.0004

Colorectal cancer 0.38 0% Fixed 1.40[1.17,1.68] 0.0003
AA vs. (AG+GG) Overall 0.0003 70% Random 1.27[0.95,1.70] 0.11

China 0.11 39% Fixed 1.23[1.05,1.44] 0.01
Breast cancer 0.002 89% Random 2.36[0.54,10.42] 0.26
Gastric cancer 0.47 0% Fixed 1.55[1.09,2.22] 0.02

Colorectal cancer 0.7 0% Fixed 1.65[1.18,2.31] 0.003
AA vs. GG Overall <0.00001 80% Random 1.31[0.90,1.90] 0.16

China 0.02 55% Random 1.33[1.03,1.73] 0.03
Breast cancer 0.002 90% Random 2.70[0.55,13.13] 0.22
Gastric cancer 0.39 0% Fixed 1.78[1.23,2.58] 0.002

Colorectal cancer 0.91 0% Fixed 1.86[1.32,2.62] 0.0004
AG vs. GG Overall 0.0004 69% Random 1.11[0.94,1.31] 0.21

China 0.04 51% Random 1.15[1.01,1.31] 0.04
Breast cancer 0.51 0% Fixed 1.27[1.02,1.60] 0.04
Gastric cancer 0.41 0% Fixed 1.39[1.12,1.74] 0.003

Colorectal cancer 0.29 10% Fixed 1.32[1.09,1.60] 0.004
A vs. G Overall <0.00001 84% Random 1.14[0.96,1.34] 0.14

China 0.0007 70% Random 1.16[1.02,1.32] 0.02
Breast cancer 0.004 88% Random 1.53[0.87,2.69] 0.14
Gastric cancer 0.32 0% Fixed 1.38[1.17,1.63] 0.0001

Colorectal cancer 0.61 0% Fixed 1.36[1.17,1.56] <0.0001
Decem
ber 2021 | Volume 11 | Artic
*Two and more studies were combined for analysis.
TABLE 4 | Publication bias analysis of included studies.

Comparison P value

Begg’s test Egger’s test

(AA+AG) vs. GG 1 0.58
AA vs. (AG+GG) 0.53 0.57
AA vs. GG 0.64 0.39
AG vs. GG 0.76 0.60
A vs. G 0.64 0.39
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cancer type showed that the rs7158663 polymorphism was
associated with susceptibility to breast cancer under (AA+AG)
vs. GG and AG vs. GG models, and gastric cancer under
(AA+AG) vs. GG, AA vs. (AG+GG), AA vs. GG, AG vs. GG,
and A vs. G models, and colorectal cancer under (AA+AG) vs.
GG, AA vs. (AG+GG), AA vs. GG, AG vs. GG, and A vs. G
models. There was no publication bias in the current meta-
analysis, and TSA suggested that the sample size in the overall
combined analysis was adequate. However, the sensitivity
analysis results suggested that the current meta-analysis results
were not sufficiently stable. Therefore we needed more studies to
confirm the current findings.

MEG3 could inhibit the malignant phenotype of many
cancers including gastric, breast and colorectal cancers
(33–35). The current study found that the rs7158663
polymorphism could affect MEG3 expression in colorectal
tissues. MEG3 expression was significantly lower in colorectal
tissues of the AA or GA genotype compared to those of the
rs7158663 GG genotype. Bioinformatics analysis showed that the
rs7158663 A allele contributed to the binding of hsa-miR-4307
and hsa-miR-1265 to MEG3. Therefore, we speculated that the
Frontiers in Oncology | www.frontiersin.org 645
rs7158663 polymorphism may affect an individual ’s
susceptibility to CRC by influencing the regulation of MEG3
expression by miRNAs.

Although the current study has yielded some meaningful
results, some shortcomings needed to be pointed out. Due to the
insufficient sample size of the current case-control study and the
unavailability of some clinical data, we did not further analyze
the relationship between the rs7158663 polymorphism and the
clinicopathological features. In addition, we did not consider the
effect of the rs7158663 polymorphism interaction with
environmental factors on cancer susceptibility.
CONCLUSIONS

The current study results suggest that theMEG3 gene rs7158663
polymorphism is associated with susceptibility to a variety of
cancers, such as breast cancer, gastric cancer and CRC. However,
large and well-designed studies are still needed to validate
our findings.
FIGURE 3 | Trial sequential analysis of the current meta-analysis under the (AA+AG) vs. GG model.
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Background: Pancreatic adenocarcinoma (PAAD) is a malignant tumor of the digestive
system that is associated with a poor prognosis in patients owing to its rapid progression
and high invasiveness.

Methods: Ninety-seven invasive-related genes obtained from the CancerSEA database
were clustered to obtain the molecular subtype of pancreatic cancer based on the RNA-
sequencing (RNA-seq) data of The Cancer Genome Atlas (TCGA). The differentially
expressed genes (DEGs) between subtypes were obtained using the limma package in
R, and the multi-gene risk model based on DEGs was constructed by Lasso regression
analysis. Independent datasets GSE57495 and GSE62452 were used to validate the
prognostic value of the risk model. To further explore the expression of the hub genes,
immunohistochemistry was performed on PAAD tissues obtained from a large cohort.

Results: The TCGA-PAAD samples were divided into two subtypes based on the
expression of the invasion-related genes: C1 and C2. Most genes were overexpressed
in the C1 subtype. The C1 subtype was mainly enriched in tumor-related signaling
pathways, and the prognosis of patients with the C1 subtype was significantly worse than
those with the C2 subtype. A 3-gene signature consisting of LY6D, BCAT1, and ITGB6
based on 538 DEGs between both subtypes serves as a stable prognostic marker in
patients with pancreatic cancer across multiple cohorts. LY6D, BCAT1, and ITGB6 were
over-expressed in 120 PAAD samples compared to normal samples.

Conclusions: The constructed 3-gene signature can be used as a molecular marker to
assess the prognostic risk in patients with PAAD.

Keywords: Pancreatic adenocarcinoma (PAAD), invasive-related genes, LY6D, BCAT1, ITGB6, prognosis
Abbreviations: PAAD, Pancreatic adenocarcinoma; DEGs, Differentially expressed genes; TCGA, The Cancer Genome Atlas;
GEO, Gene Expression Omnibus; GSEA, Gene Set Enrichment Analysis; FDR, False discovery rate; AIC, Akaike Information
Criterion;KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology; BP, Biological Process; CC, Cellular
Component; MF, Molecular Function; OS, Overall survival; CDF, Cumulative distribution function; ROC, Receiver
operating characteristic.
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BACKGROUND

Pancreatic adenocarcinoma (PAAD) is a malignant tumor of the
digestive tract and is the fourth leading cause of cancer-related
deaths worldwide (1). Since the early symptoms of PAAD are not
obvious, its diagnosis is often difficult, and the primary tumor
exhibits vascular invasion. Approximately 80-85% of patients
with pancreatic cancer present with distant metastases at the
time of diagnosis, thus making radical resection ineffective (2).
Therefore, the search for more accurate and effective diagnostic
and prognostic markers is of great significance for the
stratification and individualization of patients with pancreatic
cancer in the clinical setting.

At present, the prognostic prediction of patients with
pancreatic cancer is mainly based on clinicopathologic features.
However, the prognosis of patients with the same clinical stage
and grade differs because of the high heterogeneity of pancreatic
cancer. Moreover, the malignant progression of pancreatic
cancer is accompanied by genetic changes. Therefore, the study
of the molecular mechanisms underlying pancreatic cancer
progression is key to prolonging the overall survival of patients
with pancreatic cancer (3). However, the effect of a single gene in
predicting the prognosis of a pancreatic tumor is often
unsatisfactory and presents with some limitations; the
combined detection of multiple genes is expected to facilitate
the prognostic prediction of patients with pancreatic cancer.
With the rapid development of bioinformatics and sequencing
technology, an increasing number of studies have provided
potential prognostic assessments for patients with pancreatic
cancer. Li et al. (4) constructed a 9-gene signature using
macrophage phenotypic switch-related genes in patients with
pancreatic cancer. Wang et al. (5) constructed a 9-gene signature
for predicting PAAD based on the expression of immune-related
genes. However, most prognostic models include a large number
of genes, which greatly increases the cost of medical treatment in
clinical practice. Moreover, most studies are based on a
comprehensive analysis of public databases and lack
experimental data to verify and explore the role of the
identified genes in the development of pancreatic cancer.

In this study, a molecular subtype of pancreatic cancer was
constructed based on invasion-related genes using gene
expression data from The Cancer Genome Atlas (TCGA),
Gene Omnibus Expression (GEO), and other public databases.
The relation between molecular subtypes, prognosis, and clinical
features was further analyzed. A 3-gene prognostic model,
composed of LY6D, BCAT1, and ITGB6, constructed with
differentially expressed genes (DEGs) between the PAAD
subtypes, could be used to evaluate the prognosis of patients
with PAAD.
MATERIALS AND METHODS

Data Source and Preprocessing
RNA-sequencing (RNA-seq) data and clinical follow-up
information data from TCGA-PAAD samples were
Frontiers in Oncology | www.frontiersin.org 249
downloaded from the TCGA database. The expression data
and clinical information from the GSE57495, GSE62452 and
GSE28735 datasets were downloaded from the GEO database. A
total of 97 invasion-related genes were collected from the
CancerSEA website (Supplement Table 1).

The RNA-seq data from the TCGA-PAAD dataset was
processed through the following steps: 1) Samples with no
clinical follow-up information were removed; 2) The
ENSEMBL gene IDs were converted to the Gene Symbol
format; 3) The median value was calculated with multiple
Gene Symbol expressions.

The following steps were used to process the GEO dataset: 1)
Samples without clinical follow-up information were removed;
2) The probe IDs were converted to the Gene Symbol format; 3)
Probes that corresponded to multiple genes were removed. 4)
When multiple probes correspond to one gene, take the average
value as the gene expression.

After preprocessing, we enrolled 176 samples from TCGA-
PAAD, 63 samples from GSE57495 data set, 66 samples from
GSE62452 data set, and 42 samples from GSE28735 dataset. The
clinical characteristics of the patient samples are listed in Table 1.

Consistency Clustering Algorithm and
Gene Set Enrichment Analysis (GSEA)
The expression profiles of 97 invasion-related genes were
extracted from the TCGA-PAAD dataset, and univariate Cox
regression analysis was performed to select significant prognostic
genes using coxph function in R (p < 0.05). Next, the genes with
significant results from the univariate Cox analysis were
clustered using ConsensusClusterPlus (V1.48.0; parameters:
reps = 100, pitem = 0.8, pfeature = 1, and distance =
“Canberra”). The Pam and Canberra distances were used as a
clustering algorithm and distance measure, respectively.

The gene set c2.cp.kegg.v7.0.symbols.gmt was selected, and
significantly enriched pathways between different molecular
subtypes were analyzed by GSEA. PAAD samples were divided
into either a C1 or C2 subtype based on gene expression data
from the TCGA-PAAD dataset in the GSEA input file. The
thresholds for pathway enrichment analysis were p < 0.05 and
false discovery rate (FDR) < 0.25.

Identification of DEGs
DEGs between C1 and C2 subtypes were calculated using the
limma package (6), and the filtering thresholds were FDR < 0.05
and | log 2 fold-change (FC) | > 1. The identified DEGs were
subjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis and Gene Ontology (GO)
enrichment analysis using the WebGestaltR (v0.4.2) package in
R software.

Construction of a Risk Model Based on
Invasion-Related Genes
Random Grouping of Training Set Samples
The 176 samples in the TCGA-PAAD dataset were divided into a
training set and validation set. To avoid the effect of random
assignment bias on the stability of subsequent modeling, 200
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samples were assigned to random groups. The samples were
grouped according to a training set: validation set ratio of 3:2.
After dividing the samples, there were 106 samples in the
training set and 70 samples in the validation set.

Lasso Regression Analysis and Stepwise
Regression Analysis of Training Set Data
Univariate Cox regression analysis was performed for each DEG
(538 in total) using the coxph function in R to identify prognostic
genes, and p < 0.05 was selected as the threshold for filtering.
Lasso regression analysis was performed to further reduce the
number of genes in the risk model using the glmnet package in R
(7). In stepwise regression analysis, the selection of the model
starts with the most complex model from which one variable is
Frontiers in Oncology | www.frontiersin.org 350
removed at a time to reduce the number of parameters according
to the Akaike Information Criterion (AIC). The smaller the p-
value of the regression model, the more superior the model. This
indicates that the regression model fits the data well with fewer
parameters. The prognostic model is made fit for clinical
applications by performing stepwise regression to further
reduce the number of genes.

The prognostic model was constructed based on the following
equation:

risk score =on
i=1bi� exp (Gi)

where n refers to the number of genes identified for the
multivariate Cox regression model; exp(Gi) is the expression
value of gene i; and bi is the coefficient for gene i.

Immunohistochemistry
To verify the expression of the candidate three genes, tissue
microarrays (TMA) comprised of 120 PAAD tissues and 30
normal samples were obtained from Shanghai Outdo Biotech
Co., Ltd. (Shanghai, China). The clinicopathological details of
120 PAAD tissues were shown in Table 2. The studies were
conducted in accordance with the International Ethical
Guidelines for Biomedical Research Involving Human Subjects
(CIOMS), and the research protocols were approved by the
TABLE 1 | Clinical characteristics of patient samples.

Clinical Features TCGA-PAAD GSE57495 GSE62452 GSE28735

OS
0 84 21 16 13
1 92 42 50 29
T Stage
T1 7
T2 24
T3 140
T4 3
TX 2
N Stage
N0 49
N1 122
NX 5
M Stage
M0 79
M1 4
MX 93
Stage
I 21
II 145
III 3
IV 4
X 3
Grade
G1 30
G2 94
G3 48
G4 2
GX 2
Gender
Male 96
Female 80
Age
≤65 93
>65 83
Alcohol
YES 100
NO 64
Unknown 12
Chemotherapy
YES 116
NO 60
Radiation therapy
YES 32
NO 101
Unknown 43
TABLE 2 | The clinicopathological details of 120 PAAD tissues.

Clinical Features PAAD-IHC

T Stage
T1 4
T2 30
T3 61
T4 1
TX 24
N Stage
N0 54
N1 63
NX 3
M Stage
M0 112
M1 8
MX 0
Stage
I 21
II 90
III 1
IV 8
X 0
Grade
G1 1
G2 76
G3 38
G4 0
GX 5
Gender
Male 66
Female 54
Age
≤65 77
>65 43
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Ethics Committee of Hainan General Hospital, Hainan Affiliated
Hospital of Hainan Medical University.

The TMA slides were dried overnight at 37°C, dewaxed in
xylene, and dehydrated in a gradient ethanol series. Antigens
retrieval was performed by heating the tissue sections in a
microwave oven inside a vessel filled with EDTA antigen
retrieval buffer (pH 9.0). Subsequently, the tissue sections were
immersed in 3% hydrogen peroxide for 25 min to block the
activity of endogenous peroxides. Next, the TMA tissues were
coated with 3% bovine serum albumin (BSA) and sealed at room
temperature for 30 min to reduce non-specific staining. Then,
the TMA slides were incubated with anti-LY6D (1: 200 dilution;
Novus Biologicals, NBP1-84029), anti-BCAT1 (1:50 dilution;
Abcam, ab197941), and anti-ITGB6 (1:10 dilution; Abcam,
ab197672) overnight at 4°C.

The tissues were rinsed with 0.01 mol/L phosphate buffer
saline (PBS; pH = 7.4) for 5 min each. The tissues were incubated
at room temperature for 50 min with horseradish peroxidase
(HRP)-labeled goat anti-rabbit secondary antibody (1:200
dilution, ServiceBio, GB23303). Then, the tissues were washed
in PBS and stained with 3,3-diaminobenzidine (DAB). Finally,
the TMA sections were counterstained with Mayer’s
hematoxylin, dehydrated, and fixed. To evaluate IHC staining,
semi-quantitative scoring criteria were used.

The stained sections were scored by three pathologists who
were blinded to the patients’ clinical characteristics. The scoring
system was based on the proportion of positively stained cells in all
tissues and the staining intensity of these positively stained cells.
The staining intensity was classified as follows: 0 (negative), 1
(weak), 2 (moderate), or 3 (strong). The staining ratio of positive
cells was classified as follows: 0 (<5%), 1 (5%-25%), 2 (26%-50%),
3 (51%-75%), or 4 (> 75%). According to the staining intensity and
the proportion of positively stained cells, the tissues were graded as
follows: 0-1 grade, negative (-); > 1-4, weakly positive (+); > 4-8,
moderately positive (++), and > 8- 12, strongly positive (+++).
RESULTS

Identification of Molecular Subtypes
Based on Invasion-Related Genes
Thirty-five genes were found to be significantly associated with
the prognosis of pancreatic cancer using univariate Cox analysis
(Supplement Table 2). Consistent cluster analysis showed that
the samples could be clustered together at k=2 (Figures 1A, B).
The expression levels of the invasion-related genes were
significantly different between the C1 and C2 subtypes, and
most genes were overexpressed in the C1 subtype (Figure 1C).
The relationship between the subtypes and prognosis was further
analyzed, and results showed that there were significant
differences in survival times between the C1 and C2 subtypes
(Figures 1D, E, log-rank p < 0.05).

The results of the GSEA analysis showed the activation of
more tumor-related pathways in the C1 subtype, such as
pathways in cancer, notch signaling pathway, focal adhesion,
extracellular matrix (ECM)-receptor interaction, and TGF-b
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signaling pathway (Figure 1F), suggesting that the C1 subtype
is more closely related to cancer than the C2 subtype.

Analysis of DEGs Between Subtypes
According to the thresholds mentioned in the methods section,
538 DEGs were obtained, of which 531 genes were upregulated
and 7 genes were downregulated (Supplement Table 3). The
results demonstrated that the C1 subtype contains more
upregulated genes than the C2 subtype. The volcano map of
upregulated and downregulated DEGs between the two subtypes
is shown in Supplementary Figure 1A. The expression patterns
of the top 50 upregulated DEGs and all the downregulated DEGs
were shown in a heatmap (Supplementary Figure 1B). The
results of the GO enrichment analysis of DEGs showed that 548
Biological Process (BP) terms were significantly different
between the two subtypes (FDR < 0.05). The first 15 BP terms
were plotted (FDR < 0.05), as shown in Supplementary
Figure 1C. The first 15 Cellular Component (CC) terms were
plotted, as shown in Supplementary Figure 1D. Fifty-two
Molecular Function (MF) terms were significantly different
between the two subtypes (FDR < 0.05). The results of the first
15 MF terms are shown in Supplementary Figure 1E. The
KEGG pathway analysis of DEGs showed 27 significantly
enriched pathways (FDR < 0.05). Further visualization of the
top 10 enriched pathways showed that genes were significantly
enriched in tumor-related pathways such as the ECM-receptor
interaction pathway, focal adhesion, and the PI3K-Akt signaling
pathway (Supplementary Figure 1F).

Comparison of Immune Score Between
Molecular Subtypes
To identify the relationship between molecular subtypes and
immune scores in the TCGA-PADD dataset, the ESTIMATE
package was used to evaluate the three immune scores: stromal,
immune, and estimate scores. MCPcounter was used to evaluate
10 types of immune cells, and the single-sample GSEA (ssGSEA)
method in the GSCA package was used to evaluate 28 types of
immune cells (8). Meanwhile, the difference in immune scores
between the two molecular subtypes was compared. The results
showed that the immune scores of the C1 subtype were higher
than those of the C2 subtype (Figures 2A–C). The heatmap of
the immune scores of the two subtypes is shown in Figure 2D.

Risk Model of Pancreatic Cancer Based
on Invasion-Related Genes
By performing univariate Cox analysis of the DEGs between the C1
and C2 subtypes, 18 prognostic genes were identified. Lasso
regression analysis was performed to further reduce the number
of prognostic genes. The locus of each independent variable is
shown in Supplementary Figure 2A. As the value of lambda (l)
increased, the number of independent variables tending to zero also
increased. A 10-fold cross-validation was performed to construct
the model, and the confidence interval under each l is shown in
Supplementary Figure 2B. The model was found to be optimal
when l = 0.05667557, so a l of 0.0567557 was chosen for further
analysis of the prognostic genes. Six genes, namely LY6D, DKK1,
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BICC1, BCAT1, ITGB6, and PTGESwere identified as the hub genes
when l = 0.0567557. The number of model genes was further
reduced by stepwise regression, and finally, three genes were
obtained: LY6D, BCAT1, and ITGB6. The risk score based on the
final 3-gene prognostic model was calculated as follows: Risk score =
0.1627483 * LY6D + 0.2210480 * BCAT1 + 0.2005339 * ITGB6.

Risk scores of each sample were calculated based on the
expression level of LY6D, BCAT1, and ITGB6, and a risk score
distribution was plotted for each sample, as shown in Figure 3A.
The results showed that a higher risk score was associated with
worse outcomes, and high expression levels of LY6D, BCAT1,
and ITGB6 were associated with a higher risk score. The
timeROC package was used to analyze the receiver operating
characteristic (ROC) curve of risk score; the 1-, 2-, and 3-year
predictive classification efficiencies were 0.76, 0.78, and 0.75,
respectively, as shown in Figure 3B. The samples were divided
into a high-risk group and a low-risk group based on the risk
scores. Finally, 50 and 56 samples were placed into the high- and
low-risk groups, respectively. The KM curve showed a significant
difference in the expression of DEGs between the high- and low-
risk groups (p < 0.01) (Figure 3C).

Verification of Robustness of the 3-Gene
Prognostic Model Using Internal and
External Datasets
Verification of the Robustness of the 3-Gene
Prognostic Model Using Internal Datasets
To determine the robustness of the model, the risk score
distribution of the TCGA validation set and all dataset samples
was calculated using the same coefficients as those of the
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training set. The risk score distribution of the TCGA validation
set suggested that samples with a high risk score are associated
with a worse prognosis, as shown in Figure 4A. The 1-, 2-, and
3-year predictive classification efficiencies of the risk scores
were 0.67, 0.76, and 0.87, respectively (Figure 4B). These
results demonstrated that the prognosis of the high-risk
group was significantly worse than that of the low-risk
group (Figure 4C).

The risk score distribution trend of all TCGA datasets was
consistent with those of the training set (Figure 5A). The
predictive classification efficiencies of the 1-, 2-, and 3-year
ROCs were 0.73, 0.77, and 0.81, respectively (Figure 5B).
According to the above classification, 89 and 87 samples were
categorized into the high- and low-risk groups, respectively, in all
TGGA datasets. The prognosis of the high-risk group was
significantly worse than that of the low-risk group (Figure 5C).

Validation of the Robustness of the 3-Gene
Prognostic Model Using Three Independent Cohorts
The robustness of the model was further verified with three
independent validation cohorts GSE57495, GSE62452 and
GSE28735. The 1-, 3-, and 5-year ROCs in the GSE57495
dataset were 0.63, 0.74, and 0.78, respectively (Figure 6A). The
1-, 3-, and 5-year ROCs in the GSE62452 were 0.56, 0.71, and
0.84, respectively (Figure 6C). The 1-, 3-, and 5-year ROCs in the
GSE28735 were 0.61, 0.72, and 0.68, respectively (Figure 6E).
Therefore, the predictive performance of the model was stable in
different cohorts. Finally, the samples with a risk score greater
than zero after zscore method were classified into the high-risk
group and those with a risk score less than 0 were classified into
A B
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C

FIGURE 1 | (A) Cumulative distribution function (CDF); (B) Consistent clustering heatmap when k = 2; (C) Cluster heatmap of 35 prognostic genes; (D) Overall
survival (OS) curve based on molecular subtypes in all samples of The Cancer Genome Atlas-pancreatic adenocarcinoma (TCGA-PAAD) dataset; (E) Progression-
free survival (PFS) curve based on molecular subtypes in all TCGA-PAAD samples; (F) Involvement of tumor-related pathways between molecular subtypes of the
TCGA dataset.
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the low-risk group. In the GSE57495 cohort, 30 and 33 samples
were categorized into the high- and low-risk groups, respectively,
with significant prognostic differences between the two groups
(Figure 6B). In the GSE62452 cohort, 33 samples each were
categorized into the high and low-risk groups, respectively, with
significant prognostic differences between the two groups
(Figure 6D). In the GSE28735 cohort, 21 samples each were
categorized into the high and low-risk groups, respectively, with
significant prognostic differences between the two
groups (Figure 6F).
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Risk Model and Prognostic Analysis of
Clinical Features
Further analysis of the relationship between the risk score and
clinical features showed that the 3-gene prognostic model could
significantly distinguish between age, sex, TNM stage, clinical
stage, tumor grade, alcohol consumption, chemotherapy, and
radiation therapy between the high- and low-risk groups
(Figures 7A–P, p < 0.05). This suggests that the model also
has good predictive power in distinguishing different
clinical features.
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FIGURE 2 | (A) Comparison of single-sample gene set enrichment analysis (ssGSEA) immune scores between molecular subtypes in all samples of The Cancer
Genome Atlas-pancreatic adenocarcinoma (TCGA-PAAD) dataset; (B) Comparison of MCPcounter immune scores between molecular subtypes of the TCGA
dataset; (C) Comparison of estimated immune scores between molecular subtypes of the TCGA dataset; (D) Heat map comparing three software immune scores
among molecular subtypes of the TCGA dataset. *P < 0.05; **P < 0.01; ***P < 0.001.
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A B
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FIGURE 3 | (A) The risk score, survival time and state, and expression of the 3-gene signature were studied in The Cancer Genome Atlas (TCGA) training set.
(B) Receiver operating characteristic (ROC) curve and area under the curve (AUC) of the 3-gene signature; (C) The Kaplan-Meier (KM) survival curve distribution of
the 3-gene signature in the training set.
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FIGURE 4 | (A) Risk score, survival time, survival status, and 3-gene signature expression in The Cancer Genome Atlas (TCGA) training set; (B) ROC curve and area
under the curve (AUC) of the 3-gene signature; (C) Distribution of the Kaplan-Meier (KM) survival curve of the 3-gene signature in the TCGA validation set.
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FIGURE 5 | (A) Risk score, survival time, and 3-gene signature expression in all The Cancer Genome Atlas (TCGA) datasets; (B) Receiver operating characteristic (ROC)
curve and area under the curve (AUC) of the 3-gene signature; (C) Distribution of the Kaplan-Meier (KM) survival curve of 3-gene signature in all TCGA datasets.
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FIGURE 6 | (A) Receiver operating characteristic (ROC) curve and area under the curve (AUC) of the 3-gene signature; (B) Distribution of the Kaplan-Meier (KM)
survival curve of the 3-gene signature in the GSE57495 dataset; (C) Receiver operating characteristic (ROC) curve and area under the curve (AUC) of the 3-gene
signature; (D) Distribution of the Kaplan-Meier (KM) survival curve of the 3-gene signature in the GSE62452 independent validation set; (E) Receiver operating
characteristic (ROC) curve and area under the curve (AUC) of the 3-gene signature; (F) Distribution of the Kaplan-Meier (KM) survival curve of the 3-gene signature in
the GSE28735 independent validation set.
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The distribution of the risk score among the clinical features of
the two groups was further compared. The results demonstrated
that the risk score is significantly different between the N-stage and
tumor grade (p < 0.05). The higher the tumor grade, the higher the
risk score (Figure 7Q). The risk score of N1 was significantly
higher than that of N0 (Figure 7R). The risk score of the C1
subtype with a poor prognosis was significantly higher than that of
the C2 subtype with a good prognosis (Figure 7T). Moreover, the
risk score was significantly different among existing immune
molecular subtypes (Figure 7S).

Construction of the Nomogram
In the TCGA-PAAD dataset, the univariate Cox regression
analysis showed a significant correlation between the risk type
and survival, while the multivariate Cox regression analysis
showed a significant correlation between the risk score (Hazard
ratio [HR] = 1.94, 95% confidence interval [CI] = 1.25–3.01, and
p = 0.003) and survival. These results demonstrate the good
predictive performance of the identified 3-gene prognostic model
in clinical applications. Furthermore, the N stage (HR = 4.17,
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95% 1.16–14.93, and p = 0.028) and grade (HR = 3.06, 95% CI =
1.3–7.21, and p = 0.011) were identified as independent
prognostic risk factors for patients with pancreatic cancer.
Chemotherapy (HR = 0.13, 5% CI = 0.05–0.36, and p < 0.001)
was identified as an independent prognostic protective factor
(Figures 8A, B).

The nomogram, which displays the results of the risk model
directly and effectively, can be conveniently applied to the
prediction of an outcome. The nomogram uses the length of
the line to indicate the degree of influence that different variables
have on the result and the influence of different values of
variables on the result. According to the results of the
univariate and multivariate analyses, the nomogram was
constructed with the following clinical features: N stage, tumor
grade, chemotherapy, and risk score (Figure 8C). The results
showed that the risk score has the greatest effect on survival
prediction, indicating that the risk model based on the 3-gene
signature can accurately predict the prognosis of patients with
pancreatic cancer. A calibration diagram was used to visualize
the nomogram. The results showed that the nomogram
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FIGURE 7 | (A–P) Performance of the risk model in distinguishing different clinical characteristics of patients; (Q) Comparison of the risk score between the samples
grouped according to the tumor grade; (R) Comparison of the risk score comparison between the samples grouped according to the N-Stage; (S) Comparison of
the risk score in existing immune molecular subtypes between grouped samples; (T) Comparison of the risk score between samples of the molecular subtypes
identified in this study.
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performed well in determining the prognostic risk of patients
with pancreatic cancer (Figure 8D).

Comparison of Risk Model With
Other Models
Four prognostic risk models, including 15-gene signature (Chen)
(9), 7-gene signature (Cheng) (10), and 6-gene signature
(Stratford) (11) models, were compared with the identified 3-
gene prognostic model. To facilitate comparison among the
models, the risk score of each TCGA-PAAD sample was
calculated using the same method, and the risk score was
Frontiers in Oncology | www.frontiersin.org 1057
zscored according to the corresponding gene in all three models.
Genes with a risk score greater than zero were categorized into a
high-risk group and those with a risk score less than zero were
categorized into a low-risk group. The prognosis difference
between the two groups was further analyzed. There were
significant differences in outcomes between the high-risk and
low-risk groups in all three risk models (Figures 9B, D, F, log-
rank p < 0.05), the area under the curve (AUC)s at 1-, 2-, and 3-
year of Cheng and Stratford models were lower than that of our
model (Figures 9C, E). Although our 1-year AUC is smaller than
the Chen model (0.73 vs 0.74), the AUC at 2 and 3 years is larger
A
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C

FIGURE 8 | (A) Results of univariate analysis of clinical characteristics and risk scores; (B) Results of multivariate analysis clinical characteristics and risk scores; (C)
Nomogram based on clinical characteristics and risk scores; (D) Nomogram for predicting survival rate of patients with pancreatic cancer along with correction factors.
*P < 0.05; ***P < 0.001.
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than his (0.77 vs 0.76, 0.81 vs 0.78, respectively) (Figure 9A)
(Supplement Table 4). Therefore, the 3-gene signature identified
in this study represents a more reasonable and efficient model to
determine the prognostic risk of patients with pancreatic cancer
with the use of fewer genes.

Expression of LY6D, BCAT1, and ITGB6 in
Pancreatic Cancer
The differences in the expression of the LY6D, BCAT1, and
ITGB6 genes in PAAD and adjacent tissues were investigated.
The expressions of LY6D, BCAT1, and ITGB6 in 120 cases of
pancreatic cancer and 30 cases of para-carcinoma were detected
by immunohistochemistry. The results showed that BCAT1,
LY6D, and ITGB6 were significantly overexpressed in cancer
tissues (Figures 10A–C). Many cases in the TMA cohort were
not effectively followed up. Therefore, to compensate for this
limitation, the Kaplan-Meier plotter database was used to obtain
177 samples with overall survival data and 69 cases with
recurrence-free survival data. The results showed that patients
with high expression of LY6D, BCAT1, and ITGB6 genes have a
significantly worse prognosis than those with a low expression
both in terms of overall survival and recurrence-free survival
(Figures 10D–I). Our immunohistochemical results
demonstrated that LY6D, BCAT1, and ITGB6 proteins were all
overexpressed in PAAD samples compared to normal samples.
Therefore, it can be speculated that these genes act as oncogenes
in pancreatic cancer, and the upregulation of these genes is
associated with a significantly worse prognosis in patients with
pancreatic cancer.
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Flow Chart of Research Methodology
A flowchart has been drawn to allow readers to better understand
the research process of this study (Figure 11).
DISCUSSION

Pancreatic cancer is a highly aggressive malignancy that is
associated with a high mortality rate and poor prognosis. The
5-year survival rate for patients with pancreatic cancer is less
than 10% (12). In 2021, 60,430 new pancreatic cancer cases and
48,220 pancreatic cancer-related deaths are expected in the
United States (12). By 2030, pancreatic cancer is estimated to
be the second most common cause of cancer-related deaths in
the United States (13). The malignant progression of pancreatic
cancer is often accompanied by changes in the expression of
multiple genes, and the abnormal expression of specific genes
may affect the prognosis of patients with pancreatic cancer.
These genes may also serve as effective targets for personalized
cancer therapy (14, 15). In recent years, with the rapid
development of sequencing technology, high-throughput
genomics has allowed for the exploration of key genes involved
in cancer tumorigenesis and development. Moreover, high-
throughput genomics allows for further analysis of the
mechanisms related to tumorigenesis and development.

In this study, 176 TCGA-PAAD samples were genotyped
based on 97 invasion-related genes, and two subtypes (C1 and
C2) were obtained. The C1 subtype with a poor prognosis was
more associated with the involvement of tumor-related pathways
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FIGURE 9 | (A, B) Receiver operating characteristic (ROC) curve of the 15-gene signature (Chen) risk model and KM curve of High/Low-risk samples; (C, D) ROC
of the 7-gene signature (Cheng) risk model and the Kaplan-Meier (KM) curve of samples from high- and low-risk groups; (E, F) ROC of 6-gene signature (Stratford)
risk model and the KM curve of samples from high- and low-risk groups.
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such as the Notch signaling pathway and ECM-receptor
interaction. The Notch signaling pathway plays an important
role in the maintenance of pancreatic tumor phenotypes (16),
and the downregulation of the Notch receptor is associated with
decreased proliferation, increased apoptosis, anchor-dependent
growth, and decreased invasiveness of pancreatic cancer cells
(17). However, matrix proteins derived from tumor cells may
promote the development and metastasis of ductal
adenocarcinoma of the pancreas (18). Five hundred and thirty-
eight DEGs between the C1 and C2 subtypes were identified
using the limma package, of which 531 genes were upregulated,
and 7 genes were downregulated. We constructed a 3-gene
signature using the LY6D, BCAT1, and ITGB6 genes out of the
538 identified DEGs.

Lymphocyte 6 (Ly6) complex is a group of alloantigens, and
LY6D is an important member of the Ly6 family. LY6D plays an
important role in the maintenance of phenotypic and
transcriptome heterogeneity of progenitor cells and the
proliferation and differentiation of lymphocyte B during the
early stages of lymphogenesis (19, 20). LY6D also plays an
important role in cancer; it serves as a prognostic marker for
advanced prostate cancer (21) and stage I non-small cell lung
carcinoma (NSCLC) (22), drug resistance-associated marker for
laryngeal squamous cell carcinoma (23), long-range metastasis
marker for patients with ESR1-positive breast cancer (24), and a
marker of urothelial and squamous cell differentiation (25).
Apart from its involvement in cell adhesion, LY6D also
regulates important interactions between endothelial cells and
head and neck squamous cell carcinoma cells (26). In addition to
glucose and fatty acid metabolism, amino acid metabolism plays
an important role in tumor metabolic reprogramming.
Frontiers in Oncology | www.frontiersin.org 1259
The study has shown that the metabolism of Branched-
chain amino acids (BCAA) is potentially linked with
development of pancreatic ductal adenocarcinoma (27), and
BCAT1, an enzyme involved in the degradation of branched-
chain amino acids, is responsible for initiating the catabolism of
such amino acids (28).
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FIGURE 10 | Association of the expression of invasion-related genes with prognosis of pancreatic cancer. Expression of (A) BCAT1, (B) LY6D, and (C) ITGB6
genes in pancreatic cancer and normal tissues. The relationship between the expressions of (D) BCAT1, (E) LY6D, and (F) ITGB6 genes with overall survival. The
relationship between the expressions of (G) BCAT1, (H) LY6D, and (I) ITGB6 genes with recurrence-free survival. ***p < 0.001, *p < 0.05.
FIGURE 11 | Flow chart of research methodology.
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It has been reported that pancreatic ductal adenocarcinoma
cells reprogram fibroblasts to upregulate the expression of
BCAT1, to meet the cancer cells’ demand for branched-chain
a-ketoacid (BCKAs) under BCAA deprivation (29).

The expression of BCAT1 is also upregulated in
hepatocellular carcinoma (HCC) (30), breast cancer (31), and
NSCLC (32), and indicates a poor prognosis. In HCC, BCAT1
plays a pathogenic role by promoting cell proliferation and
chemoresistance (33). BCAT1 regulates mTOR-mediated
autophagy via branched-chain amino acid metabolism, thus
reducing the sensitivity of cancer cells to cisplatin (34).

As a member of the integrin b (ITGB) superfamily, the
overexpression of ITGB6 is associated with the upregulation of the
Notch signaling pathway in pancreatic cancer and is associated with
immunosuppression in pancreatic cancer (35). Nine genetic
markers, including ITGB6, can be used to predict the overall
survival of patients with pancreatic cancer (36). ITGB6, which is
highly expressed in colorectal cancer, is associated with a poor
prognosis (37). ITGB6 can also be used as a tumor-specific surface
antigen (TSA) to identify cell surface targets of CAR-T cell therapy
and antibody-drug conjugates in breast cancer (38). Studies have
shown that ITGB6 was a liver-metastasis-related gene for PAAD
patients (39) and the overexpression of ITGB6 was significantly
associated with advanced AJCC stage and histologic grade, and
wor s e prognos i s i n panc r e a t i c c ance r ( 40 ) . Our
immunohistochemical results showed that LY6D, BCAT1, and
ITGB6 were all overexpressed in pancreatic cancer, which was
consistent with the previous results.

Although there are many multi-gene prognostic models for
PAAD, there is no model based on invasion-related gene
signature to predict the prognosis of pancreatic cancer.
Invasion genes play an important role in metastasis as well as
the development of cancer. Moreover, some prognostic
signatures contain multiple genes (15-gene signature, 7-gene
signature, and 6-gene signature), indicating that it is necessary
to assess the expression profile of more genes in a patient-specific
manner, which adds extra cost to medical care. Our 3-gene
prognostic model has a higher ROC than the above models in
terms of prediction of 1-, 2-, and 3-year survival rates of patients
with pancreatic cancer, while having fewer genes. Therefore, our
model has certain advantages in PAAD.

However, our model also presents certain limitations. First,
information in the TCGA database is primarily limited to
Caucasian and African populations; therefore, and data from the
Asian population are missing from this study. Additionally, our
study was a retrospective study of patients with pancreatic cancer,
and prospective studies should be conducted to validate the
prognostic characteristic and confirm the stable performance of
the 3-gene prognostic model. Finally, the molecular mechanisms
by which LY6D, BCAT1, and ITGB6 drive the malignant
progression of pancreatic cancer require further verification.
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CONCLUSIONS

In this study, we divided the TCGA-PAAD samples into two
subtypes based on the differential expression of the invasion-
related genes and constructed a prognostic molecular signature
consisting of three genes, including LY6D, BCAT1, and ITGB6,
based on the DEGs between the two subtypes. The LY6D,
BCAT1, and ITGB6 genes were upregulated in pancreatic
cancer samples. The 3-gene prognostic model also exhibited a
good AUC in both the training and validation sets. Therefore,
this 3-gene prognostic model, based on the expression of three
invasion-related genes, may be used to assess the prognosis of
patients with pancreatic cancer. This will help in the stratification
of patients for personalized cancer therapy.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
AUTHOR CONTRIBUTIONS

DX and YW designed the study, performed data analysis, and
wrote the manuscript. YZ, ZL, and YC performed data collection.
JZ supervised the manuscript. All authors contributed to the
article and approved the submitted version.
FUNDING

This research was supported by Natural Science Foundation of
Hainan Province (820MS130); Construction Project of Hainan
Provincial Clinical Medical Research Center for malignant
tumors of Digestive tract system.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.759586/
full#supplementary-material

Supplementary Figure 1 | The volcano map of upregulated and downregulated
DEGs between the two subtypes.

Supplementary Figure 2 | (A) For each independent variable, the horizontal axis
represents the log value of the independent variable lambda, and the vertical axis
represents the coefficient of the independent variable. (B) Confidence interval under
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Pancreatic cancer has a dismal prognosis and only a few treatment options are available.
In the European Union, pancreatic cancer classifies as a rare disease, allowing drug
developers to apply for orphan medicinal product (OMP) designation. The aim of this study
was to provide more detail on OMPs for pancreatic cancer. All applications for OMP
designation submitted to the EMA between 2000 and 2019 were identified. For each
medicinal product that received an OMP designation, the mode of drug action, use of
protocol assistance, and current life cycle status was determined. Fifty-two medicinal
products received an OMP designation. At the time of submission, eighteen OMPs were
at the non-clinical and 34 OMPs were at the clinical stage of development. At least
fourteen kinds of mode of action were explored in the condition. For eighteen out of 52
OMPs protocol assistance was sought. At the time of data analysis, one OMP received
marketing authorisation and 24 OMPs were ongoing in development. Many medicinal
products for pancreatic cancer received an OMP designation and the majority of these
products was already in the clinical stage of development. Nonetheless, the success rate
of OMPs for pancreatic cancer that reach the market is low, and increasing this rate is
something to aspire. Fortunately, development is still ongoing for a part of the OMPs, and
a few developers are planning to submit a marketing authorisation application in the near
future. This however does not guarantee success, as pancreatic cancer remains a difficult
disease to treat. Developers are advised to make optimal use of incentives such as
protocol assistance, establishing (early) dialogue between regulators and drug developers
and to agree on important topics such as clinical trial design.

Keywords: orphan designation, rare disease, pancreatic cancer, european medicines agency, drug development,
committee for orphan medicinal products
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INTRODUCTION

Pancreatic cancer has a poor prognosis and is currently the
seventh leading cause of cancer-related deaths worldwide (1).
The most common type of pancreatic cancer is pancreatic ductal
adenocarcinoma (2), and many patients are diagnosed when the
cancer is already in the advanced stage of the disease (3). A
reason for late diagnosis is that patients often do not experience
any symptoms in the earlier stages of the disease (4, 5).

A few treatment options exist for patients with pancreatic
cancer. Curative treatment is only optional in those that have a
resectable tumour at the time of diagnosis; the minority of
patients. Palliative treatment can be considered for patients with
advanced or metastatic disease. Dependent on the performance
status (PS) of the patient, FOLFIRINOX (PS 0 or 1), albumin-
bound paclitaxel in combination with gemcitabine (PS 0 or 1) or
gemcitabine monotherapy (PS 2 and/or bilirubin higher than 1.5
x upper limit normal) can be considered as a first-line treatment
option, according to clinical practice guidelines (6). The only
recommended second-line treatment option is liposomal
irinotecan in combination with 5-fluoruracil (7). The median
overall survival for first-line therapy varies between 6 and 11
months, dependent on the therapy that is administered (8).
Despite available therapies, overall survival is generally poor, as
reflected by the median OS being less than 1 year in patients with
advanced pancreatic cancer. Hence, there is a clear unmet
medical need.

According to the European Union Orphan Regulation,
pancreatic cancer is classified as a rare disease (9), allowing
drug developers to submit an application for orphan medicinal
product (OMP) designation to the European Medicines Agency
(EMA). Drug developers can submit an application for OMP
designation if their product meets a couple of criteria. These
criteria concern the seriousness of the disease, the prevalence of
the disease, and the existence of a satisfactory method of
diagnosis, prevention or treatment of the condition. Once an
application is submitted to the EMA, the Committee for Orphan
Medicinal Products (COMP) – one of the committees of the
EMA – will examine the application. The final COMP opinion
on OMP designation will be send to the European Commission
(EC), and the EC decides whether the OMP designation will be
granted (10). A range of incentives is offered by the EC through
the Orphan Regulation. These incentives include protocol
assistance (PA), fee reductions for regulatory procedures and
market exclusivity (11). Protocol assistance is a kind of scientific
advice specifically for OMPs (12). The aim of the Orphan
Regulation is to stimulate research and development of
medicinal products for rare diseases and ensure that effective
medicinal products are authorised for diseases with a high unmet
medical need.

To date, the COMP has approximately 20 years of experience
with applications for OMP designation for pancreatic cancer.
Through the years, many applications have been submitted to
the EMA, and we are of the opinion that this orphan condition
deserves further attention. The aim of this study was to provide a
detailed overview on OMPs for pancreatic cancer, which can be
of value for various stakeholders, including regulators and drug
Frontiers in Oncology | www.frontiersin.org 264
developers. Of special interest were the use of PA incentive and
the current life cycle status.
METHODS

Data Sources
Internal and publicly available documents from the EMA were
used in this study. Internal data was derived from EMA/COMP
summary reports on applications for OMP designation, PA
letters, and annual reports on designated OMPs. Publicly
available data was retrieved from public summaries of positive
opinion for orphan designation and European public assessment
reports (EPARs); both available at www.ema.europa.eu.

Data Collection
All applications for OMP designation for medicinal products for
the treatment of pancreatic cancer submitted to the COMP
between 17 April 2000 and 31 December 2019 were included
in this study.

From the summary reports the following information was
obtained: date of submission, final COMP opinion, MoA, and
stage of development at time of submission. In addition to the
summary reports, information on MoAs was also obtained from
public summaries. If the MoA was not clearly described in the
summary report and/or public summary, literature describing
the MoA was sought via PubMed.

PA letters were used to determine howmany developers made
use of this incentive and if advice on clinical development
was sought.

From the annual reports the (development) status and the
planned submission date was subtracted.

EPARs provided insight in the number of marketing
authorisation applications (MAAs) submitted to the EMA. The
time from OMP designation to Committee for Medicinal
Products for Human Use (CHMP) opinion or withdrawal was
determined by calculating the days between the date of the OMP
designation and the date offinal CHMP opinion or withdrawal of
the MAA. Public summaries enabled the identification of OMPs
that were withdrawn from the Community Register of
designated Orphan Medicinal Products (access date: 12
March 2021).

Statistics
Descriptive statistics were used.
RESULTS

Applications for OMP Designation
Between 2000 and 2019, a total of 80 applications for OMP
designation for pancreatic cancer were evaluated by the COMP.
Of the 80 applications, 52 received a positive opinion on OMP
designation, two received a negative opinion on OMP designation
and 26 were withdrawn by the applicant prior to final COMP
opinion. Seven applications were resubmitted to the agency after
December 2021 | Volume 11 | Article 809035
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the first application was withdrawn; six applications were
resubmitted once and one application was resubmitted twice. Of
these, six were granted positive opinion on OMP designation;
these positive opinions were already included in the total number
of positive opinions mentioned above. The other application
resulted in a second withdrawal and eventually a negative
opinion; this negative opinion was already included in the total
number of negative opinions mentioned above. All medicinal
products that received positive opinion by the COMP were
granted OMP designation by the EC (Supplementary Table 1).

Simplified Mode of Action
Table 1 shows the simplified MoAs of the OMPs for pancreatic
cancer. The OMPs either ‘stimulate an immune response’; ‘block
signalling pathway(s)’; ‘inhibit DNA synthesis’; ‘infiltrate tumour
cells and replicate therein’; ‘improve the effectiveness of existing
medicinal products’; ‘induce DNA lesions’; ‘counter migration of
tumour cells’; ‘induce cell cycle arrest’; ‘deplete hyaluronan in
tumour stroma’; ‘deplete an essential amino acid required for cell
growth’; ‘deliver radiation specifically to tumour cells’; ‘collapse
mitochondrial metabolism’; ‘trigger apoptosis’; or ‘induces
oxidative stress’. The remaining OMPs had multiple MoAs.
Additional information on the MoA can be found in
Supplementary Table 1.

Stage of Drug Development at Time of
Orphan Designation
To determine which data was considered sufficient to grant OMP
designation, the stage of development was identified for the 52
OMPs. At the time of submission, 18 medicinal products were at
the non-clinical and 34 medicinal products were at the clinical
stage of development. For the medicinal products in the non-
clinical stage of development, one was investigated in an in vitro
study and 17 were investigated in one or more in vivo ± in vitro
studies (Figure 1A). For the medicinal products in the clinical
stage of development, phase I, II and III clinical trials were
ongoing/completed for 7, 25 and 2 medicinal products,
respectively (Figure 1B).
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Use of Incentives
For 18 OMPs PA on the development of the product was sought.
In total, PA was requested 23 times, including two follow-up
advices and three additional advices for products for which PA
was already requested previously. Nineteen of the PA requests
contained questions concerning the clinical development of the
OMP. Of these, twelve contained questions concerning a planned
phase III trial. For four OMPs a question on a conditional
marketing authorisation was included in the PA. For six OMPs
a question on significant benefit was included in the PA.

Current Status of the Orphan
Medicinal Products
At the time of analysis, 36 medicinal products still had an OMP
designation and 16 medicinal products were withdrawn from the
EC Community Register. Of the medicinal products that still had
an OMP designation, 1 was authorised in the EU for the
treatment of pancreatic cancer, namely Onyvide (Figure 2).
For two OMPs, Masiviera and Orathecin, a MAA was
submitted to the EMA, but these applications did not result in
a marketing authorisation. For Onyvide, Masiviera and
Orathecin, the time from OMP designation to final CHMP
opinion or withdrawal of the MAA was 1687, 1669, and 955
days, respectively. The development status was determined for
the remaining 33 OMPs. Development was ongoing for 24
OMPs, stopped for 2 OMPs and could not be determined for 7
OMPs. Development was stopped due to financial or strategic
reasons. Development status was undetermined due to the
absence of an annual report, while still being included in the
community register.

Ongoing OMPS and Planned Submissions
A planned submission date for a MAA was included in the latest
annual report for 14 out of 24 OMPs that were ongoing in
development. Of the fourteen annual reports that included a
planned submission date, six developers planned to submit a
MAA before 2021 and eight developers planned to submit a MAA
in 2021 or thereafter (Figure 3). The remaining sponsors did not
specify a planned submission date.
DISCUSSION

To date, the COMP has two decades of experience with OMPs
for pancreatic cancer, which prompted our interest in these
products and their life cycle status. Through the years, a total
of 52 medical products for pancreatic cancer were granted OMP
designation. The major findings regarding these OMPs will be
discussed in detail below.

Many of the medicinal products (65%) were already in the
clinical stage of development when the developers applied for an
OMP designation. This finding is however not solely confined to
OMPs for the treatment of pancreatic cancer. Pauwels and
colleagues revealed that the majority of anti-cancer medicinal
products were in the clinical stage of development at the time of
submission for OMP designation (13). Additionally, Mariz and
TABLE 1 | Mode of drug action of OMPs for the treatment of pancreatic cancer.

Mode of drug action (simplified) Number of OMPs

Stimulates an immune response 12
Blocks signalling pathway(s) 8
Inhibits DNA synthesis 5
Infects tumor cells and replicates therein 5
Improves the effectiveness of existing medicinal products 4
Multiple mechanisms 4
Induces DNA lesions 3
Counters migration of tumor cells 2
Induces cell cycle arrest 2
Delivers radiation specifically to tumour cells 2
Depletes hyaluronan in tumour stroma 1
Depletes an essential amino acid required for cell growth 1
Collapses mitochondrial metabolism 1
Triggers apoptosis 1
Induces oxidative stress 1
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colleagues showed that 68% of the applications for OMP
designation were supported by preliminary clinical data (14). It
may appear promising that many of the OMPs are already in the
clinical stage of development, but it should be noted that the later
stages of clinical development are often the most challenging.
Hence, success cannot be guaranteed, in spite of encouraging
non-clinical and preliminary clinical data. This is particularly the
case for pancreatic cancer, as it is a notoriously difficult disease to
treat with a high failure rate in drug development (15).

Our results show that OMPs for pancreatic cancer had
distinct MoAs. The most commonly investigated OMPs
included those that stimulate an immune response, block
signalling pathways, infect tumour cells and replicate therein,
and inhibit DNA synthesis. These OMPs can be classified as
immunotherapy, targeted therapy, oncolytic virus therapy and
chemotherapy, respectively. Chemotherapy continues to play an
important role in the treatment of pancreatic cancer. However,
other types of therapy have unfortunately not yet demonstrated
definitive efficacy in pancreatic cancer, which concerns both
Frontiers in Oncology | www.frontiersin.org 466
OMPs as well as medicinal products without an OMP
designation. Targeted therapy could be considered an
exception, as a phase III clinical trial showed a statistically
significant improvement in overall survival for erlotinib plus
gemcitabine compared to gemcitabine monotherapy (16).
However, the clinical relevance of this outcome is questioned,
as the gain in median overall survival is approximately 2 weeks
(6). There are several reasons why pancreatic cancer is such a
difficult disease to treat. For instance, it is reported that a
considerable part of the tumour mass is made up of a highly
fibrotic stroma and this is associated with poor survival outcome
(17). Furthermore, within the stroma, macrophages and
inflammatory cells construct an immunosuppressive
microenvironment, preventing an anti-tumour immune
response (18, 19). Developing effective medicinal products
remains challenging, despite the attempts to overcome these
hurdles, as also seen by the MoAs of the OMPs included in this
study. Therefore, a better understanding of the disease remains
of importance.
FIGURE 2 | Lifecycle status of medicinal products that received an OMP designation for pancreatic cancer. When a recent annual report was absent the
development lifecycle status was labelled as undetermined.
A B

FIGURE 1 | Stage of development at time of designation. (A) Study(ies) conducted in the non-clinical stage of development. (B) Latest study ongoing or completed
in the clinical stage of development.
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To stimulate the development of medicinal products for rare
diseases, incentives have been implemented in the EU Orphan
Drug legislation (20). We found that PA, one of these incentives,
was sought only for the minority of OMPs (35%). Moreover,
almost all of the PAs requests included questions on the clinical
development, including questions on the design of phase III
clinical trials. Hence, it appears that developers are more likely to
seek PA when their product is transitioning to the late stage of
clinical development. This is not surprising, as agreement
between regulators and developers on the design of phase III
trials – the confirmatory trial – is of importance when
considering potential future MAAs. There might be several
reasons why not all of the developers have requested PA,
including no advancement in development, financial
limitations, or lack of efficacy in previously ongoing clinical
trials. Besides, developers might not be aware of the benefit of PA
and hence do not make use of this incentive. An analysis
performed by Hofer and colleagues showed that compliance
with PA was associated with a higher probability for MA. They
advised that drug developers should make use of the incentive, as
the development plan could be discussed and amended. This
may prevent major outstanding issues during the evaluation of a
MAA (21). Therefore, it remains important that developers
continue to seek PA, considering the benefit of this incentive.

Even though the majority of medicinal products was already
in the clinical stage of development when the developers applied
for OMP designation, to date, only one OMP for pancreatic
cancer received MA, namely irinotecan hydrochloride trihydrate
(22). Irrespective of orphan condition, the success rate of medical
products that reach the market as OMPs is estimated to be 8% (23),
Frontiers in Oncology | www.frontiersin.org 567
which is four times higher than our finding. These data highlight
that – despite the efforts of developers – not many OMPs
eventually will reach the market, especially not those for
pancreatic cancer. Nonetheless, the lower success rate is of
course related to the difficulties in treating the condition. This
is further highlighted by the fact that the CHMP was of the
opinion that the benefit-risk balance was not considered positive
for two out of three OMP for pancreatic cancer considered for
MA, namely rubitecan and masitinib (24, 25). This resulted in a
withdrawal of MA application and a refusal on MA, respectively.

A positive finding in our results is that development is still
ongoing for almost half of the OMPs (46%), and a couple of
developers are even planning to submit an application for MA in
the near future. Of all these, a few developers indicated their plans
to submit a MAA in previous years, but this did not happen so far.
The reasons for this might be delayed of failed development. For
the remaining OMPs it could not be determined whether
development is still ongoing, as the annual reports were absent
or OMPs were withdrawn from the Community Register. It
remains difficult to speculate on the reasons behind this, but
plausible reasons could be either failure in development or
financial considerations. At least for those products that have
received an OMP designation a while ago.

This study has a few limitations, one of which is the lack of
correction for time. For example, some medicinal products have
received an OMP designation recently, while others have received
OMP designation years ago. Therefore, products that have
recently been granted OMP designation might still face potential
developmental challenges in the future. Another limitation is the
incompleteness of our overview on status of drug development,
FIGURE 3 | Planned submission date for an application for MA for OMPs ongoing in development.
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which is due to the lack of (recent) annual reports for a part of the
OMPs. Determining whether the OMP is still in the drug pipeline
of the developer would provide a more definitive answer on the life
cycle status than is currently provided in our study.
CONCLUSION

The success rate of medical products for pancreatic cancer that
reach the market as OMPs is lower than for OMPs in general and
increasing this success rate is something to aspire. Despite that
pancreatic cancer is such a difficult disease to treat, a substantial
number of applications has been submitted to the EMA for this
condition, which indicates interest among drug developers.
Development is still ongoing for a part of the OMPs, and for a
few of these OMPs a submission for MAA in planned in the near
future. It should be reminded that an OMP designation is
supported by promising non-clinical and/or preliminary clinical
data, but efficacy and safety still needs to be determined and the
late stages of development are often the most challenging.
Therefore an OMP designation is not a guarantee for a
successful MA. In this respect, developers are advised to make
optimal use of incentives inherent with an OMP designation, such
as PA, establishing (early) dialogue between regulators and drug
developers to agree on important topics such as clinical trial
design. In addition, developers are strongly encouraged to
provide yearly updates on advancements in development. Close
monitoring of the drug development through the annual reports
and transparency regarding the reason(s) for stopping
development are crucial for saving human and financial
resources and redirecting efforts in promising concepts.
Frontiers in Oncology | www.frontiersin.org 668
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Objective: The link between BRCA1 and homologous recombination deficiency (HRD) in
cancer has gained importance with the emergence of new targeted cancer treatments,
while the available data on the role of the gene in colorectal cancer (CRC) remain
contradictory. The aim of this case series was to elucidate the role of known
pathogenic BRCA1 variants in the development of early-onset CRC.

Design: Patients were evaluated using targeted next generation sequencing, exome
sequencing and chromosomal microarray analysis of the paired germline and tumor
samples. These results were used to calculate the HRD score and the frequency of
mutational signatures in the tumors.

Results: Three patients with metastatic CRC were heterozygous for a previously known
BRCA1 nonsense variant. All tumors showed remarkably high HRD scores, and the HRD-
related signature 3 had the second highest contribution to the somatic pattern of variant
accumulation in the samples (23% in 1 and 2, and 13% in sample 3).

Conclusions: A BRCA1 germline pathogenic variant can be involved in CRC
development through HRD. Thus, BRCA1 testing should be considered in young
patients with a personal history of microsatellite stable CRC as this could further allow a
personalized treatment approach.

Keywords: colorectal (colon) cancer, BRCA1, homologous recombination deficiency (HRD), exome sequencing
(ES), case report
February 2022 | Volume 12 | Article 835581170

https://www.frontiersin.org/articles/10.3389/fonc.2022.835581/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.835581/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.835581/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.835581/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:vbours@uliege.be
https://doi.org/10.3389/fonc.2022.835581
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.835581
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.835581&domain=pdf&date_stamp=2022-02-24


Freire et al. Colorectal Cancers BRCA1
INTRODUCTION

BRCA1 is a tumor suppressor gene encoding a large protein that
coordinates several cellular pathways including DNA repair,
transcriptional regulation, cell-cycle control, centrosome
duplication, and apoptosis (1). Pathogenic germline variants in
BRCA1 gene have been associated with familial risk of breast and
ovarian cancers (OMIM: 604370) (2, 3). As early as in 1994, it
was observed that women with a history of breast, endometrial,
or ovarian cancer presented a statistically significant although
small risk for subsequent colorectal cancer (CRC), suggesting the
existence of common etiologic factors for the development of
these tumors (4).

Data concerning young patients with BRCA1 variants that
develop CRC have been scarce. Germline pathogenic variants in
BRCA1 gene have not been causally linked to an increased risk of
familial colorectal cancer, but the reports on the subject are
contradictory (5–9). Indeed, patients carrying a germline BRCA1
Frontiers in Oncology | www.frontiersin.org 271
variant can develop a sporadic tumor, independently of BRCA1
loss of function, highlighting the need to demonstrate the causal
role of the variant in the cancer development (10).

The aim of this case series was to gain insight into the role of
known pathogenic BRCA1 variants in the development of early-
onset CRC.
CASE DESCRIPTION

Three patients were diagnosed in 2020 and 2021 with aggressive
early-onset CRC. The demographic, familial, clinical,
histopathological, and molecular characteristics, as well as the
treatment regimens of these patients are presented in Table 1.

The first case was referred to oncogenetic consultation due to
the young age of presentation of an aggressive disease without
evidence of Lynch syndrome (no mismatch repair deficiency or
microsatellite instability) and history of a BRCA1 pathogenic
TABLE 1 | Patient characteristics.

Parameter Case 1 Case 2 Case 3

Age (year) 31 56 35
Sex Female Female Male
Medical history None Breast cancer at 36 y/o,

contralateral breast cancer at
41 y/o

Ulcerative colitis

Family history Maternal side: aunt breast cancer,
grandmother CRC, great-grandmother uterine
cancer

Paternal side: aunt CRC,
grandmother ovary cancer,
grandmother’s sister breast
cancer

Maternal side: five aunts breast cancer,
grandmother ovary cancer.
Paternal side: grandmother CRC

CRC localization and type Right colon moderately differentiated
adenocarcinoma

Well to moderately differentiated
rectum adenocarcinoma

Mucinous appendix adenocarcinoma

TNM tumor staging pT4aN2aM1a cT3N1M1b pT4bN0M0 at diagnosis, peritoneal relapse at
month 5

IHC and molecular tests on the tumor
MSI-H No No No
MLH1, MSH2, MSH6 and PMS2
protein expression

Normal Normal Normal

Identified variants
Somatic pathogenic variants
(heterozygous)

KRAS c.35G>A (p. Gly12Asp) KRAS c.35G>A (p. Gly12Asp) –

TP53 c.524G>A (p.Arg175His)
Germline pathogenic variants
(heterozygous)

BRCA1 c.1016dup (p.Val340Glyfs*6) BRCA1 c.3756_3759del
(p.Ser1253Argfs*10)

BRCA1 c.3841C>T (p.Gln1281*)

Somatic CMA array results Partial gains and losses on Chr 1-3, 5- 9, 12,
13, 15-20 and X

Entire and partial gains and
losses on Chr 1, 7, 8, 12, 13
and 18-20

Normal

HRD evaluation
HRD score 59 61.15 66
Proportions of mutational signatures with a proposed etiology
SBS1 24% 28% 14%
SBS3 23% 22% 13%
SBS5 0% 0% 20%
Treatment
Surgical Right colectomy with lymph node dissection,

ileocolonic anastomosis and metastasectomy
of liver segments

Anterior rectum resection and
hepatic surgery

Ileocolectomy with a lymph node dissection firstly
and a posterior debulking surgery with IPCH after
discovery of a peritoneal carcinomatosis

Chemotherapy Pseudo-adjuvant chemotherapy with
capecitabine-oxaliplatin followed by 7 cycles
of chemotherapy with FOLFOX-bevacizumab

6 cycles of FOLFOXIRI Adjuvant chemotherapy with capecitabine-
oxaliplatin regimen (Xelox)
CMA, chromosomal microarray analysis; FOLFOX, folinic acid; fluorouracil and oxaliplatin; FOLFOXIRI, fluorouracil; folinic acid; oxaliplatin; and irinotecan; HRD, homologous recombination
deficiency; IHC, Immunohistochemistry; IPCH, Intraperitoneal chemohyperthermia; MMR, mismatch repair; MSI, microsatellite instability; SBS, Single Base Substitution; TNM, TNM
Classification of Malignant Tumors; y/o, years old. Reference transcripts: BRCA1 NM_007294.3; KRAS NM_004985.5; TP53 NM_000546.6.
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variant in the family. Given the age at the diagnosis of CRC,
genes associated with familial polyposis (NTHL1, RNF43,
SMAD4, BMPR1A), CRC (POLE, POLD1) and Li-Fraumeni
syndrome (TP53) were analyzed. However, the patient only
carried the heterozygous BRCA1 pathogenic variant
NM_007294.3(BRCA1_v001):c.1016dup (p.Val340Glyfs*6)
identified in her maternal aunt.

To further evaluate the disease, targeted next-generation
sequencing (NGS) and a high-resolution (180K) chromosomal
microarray analysis (CMA) were performed on the DNA
extracted from the tumor (estimated proportion of tumor cells
in the sample - 50%). After sequencing, the familial pathogenic
variant BRCA1 c.1016dup was identified at an allele frequency
(AF) of 70%, suggesting a loss of heterozygosity at the BRCA1
locus. Further analysis revealed a somatic variant of TP53
NM_000546.6(TP53):c.524G>A (p.Arg175His) at an AF of
40%. The CMA showed multiple rearrangements indicating
genomic instability (chromosomal partial gains and losses on
chromosomes 1-3, 5- 9, 12, 13, 15-20 and X).

The personal and family history of cancer in case 2 already led
in 2011 to the identification of the pathogenic BRCA1 germline
variant NM_007294.3(BRCA1_v001):c .3756_3759del
(p.Ser1253Argfs*10). Taking this information into account, a
CMA and NGS of the tumor DNA (estimated tumor infiltration
– 30%) were performed, identifying the known germline BRCA1
variant with an AF of 35% and an additional NM_004985.5
(KRAS_v001):c.35G>A variant with an AF of 23%. The CMA
results were monosomies 18 and 19, trisomies 1q, 7, 8, 12, 13 and
20, partial chromosomal losses in the 1p region and partial
chromosomal gains in the 1p region.

In case 3, CRC was diagnosed from a surgical specimen
obtained after an appendectomy with the subsequent
identification of a tumor-like lesion with low-grade dysplasia at
the base of the cecum. Considering that the patient’s mother
carried a BRCA1 germline variant, the patient DNA was tested,
confirming the presence of the heterozygous BRCA1 pathogenic
variant NM_007294.3(BRCA1_v001):c.3841C>T (p.Gln1281*).
Subsequently, BRCA1 sequencing and CMA array on tumor
DNA (sample estimated tumor infiltration – 20%) showed the
BRCA1 c.3841C>T family variant with an AF of 43%, while the
CMA was normal.

The three variants are predicted to cause truncation of the
translation in exon 10 (out of a total of 23) which will result in a
severely shortened or absent protein due to nonsense-mediated
decay of the mRNA. BRCA1 protein truncations downstream of
this position have been described as pathogenic (11, 12). BRCA1
c.1016dup and BRCA1 c.3841C>T variants were absent in
251174 control chromosomes in gnomAD, whereas BRCA1
c.3756_3759del was present at an AF of 1.267e-05. BRCA1
c.1016dupA has been reported in the literature as a founder
variant in Norway and Canada (13, 14) and also in multiple
individuals affected with hereditary breast and ovarian cancer
syndrome in other populations (15–18). Case 2 four-nucleotide
deletion was widely reported in the literature in Polish and
French-Canadian gynecological cancer patients (19, 20). The
BRCA1 variant present in case 3 has been reported as a France,
Frontiers in Oncology | www.frontiersin.org 372
Belgium, and Holland founder variant (21). ClinVar submitters
including an expert panel (ENIGMA) cite the three variants as
pathogenic. These data indicate that the three variants are
highly likely to be associated with high breast and ovarian
cancer risk.

Homologous recombination deficiency (HRD) evaluation can
be performed using HRD score, an aggregate score of loss of
heterozygosity (LOH), telomeric-allelic imbalance (TAI) and
large-scale state transitions (LST). To confirm the HRD score
in the CRC samples we used an alternative method of HRD
detect ion by investigat ing single base subst i tution
(SBS) signatures.

To assess homologous recombination deficiency (HRD) in
CRC samples, a paired germline and tumoral DNA exome
sequencing using Twist Comprehensive Exome Panel and
Twist Human RefSeq Panel (according to the manufacturer’s
instructions) from all three patients was performed. We used
Sequenza (22) to detect and quantify copy number variation
and estimate tumor cellularity and ploidy. These results were
used as an input to calculate the HRD score with a threshold of
positivity ≥33 (23). Mutational signatures in the samples were
analyzed Using MutationalPatterns R package (24) and
COSMIC v2 signatures (25), taking only the somatic variants
into account.

Through Sequenza, the estimated tumor cellularity was of
95% in the case 3 sample, while this value was lower for cases 1
and 2 – 22% and 27%, respectively. All three samples showed
remarkably high HRD scores (59, 61.15 and 66, respectively),
while no somatic copy number alteration was identified in
PALB2, BRCA1 and BRCA2.

The threemost frequent SBS signatureswith a proposedetiology
in the sampleswere SBS1, 3 and5 (seeFigure1). Signature 3was the
second most frequent signature with a contribution to 23% of the
somatic pattern of variant accumulation in samples 1 and 2, and
13% in sample 3. While signature 1 and 5 reflect clock-like
accumulation of somatic variants, signature 3 has been directly
related to HRD (25).
DISCUSSION

The existing data linking germline pathogenic variants in the
BRCA1 gene to an increased risk of CRC are scarce. Two large
studies reported that BRCA1 variants conferred approximatively
a fivefold increased risk for CRC, especially in young patients
from high-risk families (6, 26). Out of three recent meta-
analyses, one of them found an increased risk of colorectal
cancer associated with BRCA1 variants (odds ratio = 1.49, 95%
CI = 1.19 to 1.85, P < 0.001) (8), while the other two did not
identify any increase in CRC risk among patients carrying a
BRCA1 variant (7, 9). A study evaluating a cohort of BRCA1 or
BRCA2 pathogenic variant carriers mostly of Ashkenazy ancestry
concluded that they may be prone to developing anal carcinoma
and left-sided mucinous histology CRC (27). One single
publication reported a young male patient with a BRCA1
germinal variant who presented with rectal adenocarcinoma
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and showed an excellent response to oxaliplatin-containing
neoadjuvant therapy (28). These data thus remain
contradictory and do not allow to recommend to screen for
CRC in BRCA1 variants heterozygotes, or to consider BRCA1
pathogenic variants as a factor predisposing to familial CRC.

Given the frequency of CRC and of BRCA1 variant
heterozygotes in European populations (29), co-occurrence
may be incidental rather than indicative of a causal
relationship, as suggested previously (30). However, a few lines
of evidence indicate that co-occurrence might be relevant.

Recently, a large report investigated the frequencies of various
cancers, including CRCs, in 6902 men with BRCA variants (31).
The probability for developing a CRC was, according to this
report, two times lower in men with BRCA2 variants than in
BRCA1 variant heterozygotes. As it seems unlikely that BRCA2
variants had a protective role against CRCs, these data could
indicate a slightly but significantly increased risk of these cancers
in men with BRCA1 variants.

In our samples, we did not evaluate BRCA1 protein
expression. Although we describe patients with aggressive
metastatic cancer, the presence of low levels of BRCA1 protein
had a worse prognosis even in early-stage CRC (32).

In our study, we not only confirmed that the BRCA1 germline
variants were still present in the tumor (with evidence of positive
selection in case 1), but we also demonstrate scars of HRD in the
three tumors. Indeed, the presence of germline variants in HRD-
associated genes alone is not sufficient to predict clinically
relevant HRD. We highlighted the presence of specific
mutational signatures (COSMIC signature 3) (33) and genomic
instability characteristics (LOH, TAI and LST) (34–36),
reflecting significant HRD, comparable with that observed in
ovarian cancers with a BRCA1 or BRCA2 pathogenic variants.
Interestingly, the initial somatic NGS analysis of cases 2 and 3
was not conclusive, possibly because of low tumor infiltration,
but it could also be indicative of an epigenetic event leading to
loss of BRCA1 function and demonstrates the role of HRD
testing even in cases where the mechanism driving HRD is not
fully elucidated. Taken together, these observations indicate that
Frontiers in Oncology | www.frontiersin.org 473
germline BRCA1 variants may, in a small proportion of variant
carriers, play a driver role in CRC development or progression
and that these patients might thus benefit from a treatment with
poly (ADP-ribose) polymerase-inhibitors (PARPi). Indeed,
clinical trials clearly demonstrated the efficacy of platinum-
based chemotherapy and PARPi to treat BRCA mutated and/or
HRD positive cancers inside the spectrum of BRCA-related
cancers (37). Further evidence demonstrating that some CRC
could be linked to BRCA deficiencies could open new
perspectives for treatment with PARPi of these rare
aggressive tumors.

The small number of patients and the bias in recruitment are
the main limitations of our study, precluding to justify any
specific surveillance or screening program in the absence of a
personal or family history.

In conclusion, our data indicate that a BRCA1 germline
pathogenic variant can be involved in CRC development
through HRD. Thus, BRCA1 testing should be considered in
young patients with a personal history of microsatellite stable
CRC. This could further allow a personalized treatment
approach with a PARPi.
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Introduction: The mechanisms underlying high drug resistance and relapse rates after
multi-modal treatment in patients with colorectal cancer (CRC) and liver metastasis (LM)
remain poorly understood.

Objective: We evaluate the potential translational implications of intra-patient
heterogeneity (IPH) comprising primary and matched metastatic intratumor
heterogeneity (ITH) coupled with circulating tumor DNA (ctDNA) variability.

Methods: A total of 122 multi-regional tumor and perioperative liquid biopsies from 18
patients were analyzed via targeted next-generation sequencing (NGS).

Results: The proportion of patients with ITH were 53% and 56% in primary CRC and LM
respectively, while 35% of patients harbored de novo mutations in LM indicating
spatiotemporal tumor evolution and the necessity of multiregional analysis. Among the
56% of patients with alterations in liquid biopsies, de novo mutations in cfDNA were
identified in 25% of patients, which were undetectable in both CRC and LM. All 17 patients
with driver alterations harbored mutations targetable by molecularly targeted drugs, either
approved or currently under evaluation.

Conclusion: Our proof-of-concept prospective study provides initial evidence on
potential clinical superiority of IPH and warrants the conduction of precision oncology
trials to evaluate the clinical utility of I PH-driven matched therapy.

Keywords: actionable mutations, circulating variability, comprehensive intra-patient heterogeneity, intratumor
heterogeneity, next-generation sequencing, precision cancer medicine
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INTRODUCTION

Dynamic evolution of genomic clones underlying cancer cell
subpopulations and intratumor heterogeneity (ITH), as well as
metastasis originating from tumor cells shed in the circulation
and therapeutic resistance, represent the major causes of relapse
and cancer-related death (1, 2). The capacity of next generation
sequencing (NGS) studies to identify multi-regional ITH and
serial circulating cell-free DNA (cfDNA) or circulating tumor
DNA (ctDNA) mutations responsible for intrinsic and acquired
drug resistance has transformed cancer biology and translational
research (3, 4). We have developed and proposed a
spatiotemporal concept of comprehensive intra-patient
heterogeneity (IPH) with potential translation into Precision
Oncology (5). In this pilot study we evaluate the translational
efficacy of our IPH-based protocol to characterize and compare,
for the first time, the ITH of primary colorectal cancer (CRC)
and matched liver metastases (LM), in conjunction with the
ctDNA mutational landscape in the perioperative setting. This
holistic approach enables the detection of dynamic evolution of
cancer genomes in time and space enabling the identification and
potential targeting of all actionable mutations at different time
points over the disease course.

Despite the widespread establishment of primary prevention,
CRC remains the second leading cause of cancer-related death in
industrialized western countries (6). In more than 50% of
patients with CRC, the cancer metastasizes to the liver over the
disease course, with half of the metastases being synchronous
and half metachronous (7). To this day, liver resection remains
the cornerstone of potentially curative treatment. However, only
15-20% of these patients are candidates for surgery aiming to
complete tumor resection at diagnosis (8). Overall, treatment of
colon cancer with resectable LM consists of surgery, upfront or
after neoadjuvant chemotherapy, and adjuvant chemotherapy,
whi le for rectal cancer , surgery after neoadjuvant
chemoradiotherapy is the standard of care (9). A new addition
to the guidelines is the option for neoadjuvant immunotherapy
with nivolumab/ipilimumab or pembrolizumab in patients with
high microsatellite instability (MSI), albeit based on limited data
(9). For resectable metachronous metastases, treatment consists
of resection and adjuvant chemotherapy with or without
neoadjuvant chemotherapy (9). Notably, no molecularly
targeted agent has been approved for use in resectable disease.
Nevertheless, recurrence- free survival for patients with
resectable CRC-LM at 5 years remains only 30%, even after
multimodal treatment (8).

Over the past decade, an explosion in genome sequencing
studies has provided accumulating data suggesting that a shift
from single tumor biopsy to multi-regional tumor and liquid
biopsy analysis could enable accurate genetic diagnosis to
improve therapeutic decisions towards Precision Oncology
(10, 11). Established dynamic evolution of cancer genomes in
time and space before and after treatment is reflected in cancer
phenotypes, subclonal ITH and circulating plasma mutational
variability (3, 12, 13). Indeed, this rapid progress is being
translated into multiple underway clinical trials testing the
efficacy of intratumor heterogeneity analysis and serial liquid
Frontiers in Oncology | www.frontiersin.org 277
biopsies to guide more effective individualized treatment (14).
Considering the discovery of thousands of drug targets via NGS
and genome editing technologies (15, 16), IPH-matched therapy
could maximize clinical benefit (5, 17). Based on intra-lesion and
serial ctDNA variability, comprehensive patient-specific tumor
and ctDNA analysis could empower the optimization of
decision-making on the selection of targeted drugs (13).

To assess ITH and serial ctDNA mutational heterogeneity in
the perioperative setting, we designed a prospective protocol
encompassing multiple intra-lesional and matched plasma
samples for each individual patient. We enrolled patients with
CRC and LM who underwent resection of the primary and
metastatic tumors with curative intent, after neo-adjuvant
treatment. The comparisons between primary, metastatic and
plasma mutational variability can dissect the dynamic evolution
of genomic clones in time and space, orchestrating individual
cancer phenotypes and drug resistance. Therefore, the concept of
IPH proposed in our pilot study could enable the shift from single
tumor to multiple tumor and liquid biopsy sampling, potentially
improving diagnostic guidelines, and providing translational
implications for personalized novel drug combinations.
MATERIALS AND METHODS

A total of 28 patients diagnosed with metastatic colorectal
adenocarcinoma were treated in our surgical department in the
University Hospital of Ioannina between January 2017 and
December 2019 and were enrolled in this study. All patients
signed a consent form for analysis of biomaterials provided by
our institution’s ethics committee. After initial histopathological
quality control for adequacy of both primary and metastatic
tumor tissue 10 patients were excluded due to inadequate tissue
availability from the primary, metastatic or both sites. Thus, 18
patients were included in our final analysis, 10 women and 8
men, with an average age of 63.8 years (range 41 to 84 years). For
anonymization purposes, a unique code was assigned to each
patient (AA to AR). In our cohort, 13 patients had synchronous
and the remaining 5 metachronous liver metastases (LM). All
patients were previously subjected to neo-adjuvant
chemotherapy, according to the recommendations of our
institution’s Multidisciplinary Tumor Board. For patients who
were subjected to primary tumor resection before the initiation
of the study, multi-regional primary tumor (PT) samples were
retrospectively collected in our Department of Pathology. In
total, 94 FFPE samples were collected from both PTs and LMs.
Eighty-six out of 94 FFPE samples passed quality control (QC)
requirements (DNA yield, DNA quality) to be further subjected
to downstream analysis. For 16 out of 18 patients, plasma was
collected at multiple time points during treatment, before and
after surgery, to assess the molecular dynamics of the disease
using liquid biopsies. A total of 38 plasma samples were collected
out of which 36 samples passed QC requirements. Overall, out of
132 samples in total, data were collected and analyzed for 122
samples (92.4% QC success). A flowchart summarizing our
study population and sample analysis is delineated in Figure 1.
March 2022 | Volume 12 | Article 855463
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All samples were subjected to targeted next- generation sequencing
(tNGS) using a custom 77-cancer gene panel (Table 1).

DNA Preparation
DNA was extracted from FFPE tissue sections using the
GeneRead DNA FFPE Kit (Qiagen) fo l lowing the
manufacturer’s instructions. DNA was quantified with a
fluorometric based assay for FFPE tissue-derived DNA (Qubit
flex fluorometer, Qubit dsDNA high sensitivity assay, Thermo
Scientific). ctDNA was extracted from 4ml plasma using the
QIAamp Circulating Nucleic Acid Kit (Qiagen) following the
manufacturer’s instructions.

Library Preparation, Enrichment,
and Sequencing
DNA libraries from FFPE and plasma samples were prepared
using established protocols. For FFPE samples a commercially
available kit was used for library preparation (Integrated DNA
Technologies) according to manufacturer’s instructions. Briefly,
60-250ng of DNA were subjected to enzymatic fragmentation, at
32oC for 7 minutes followed by adaptor ligation at 20oC for 20
Frontiers in Oncology | www.frontiersin.org 378
minutes and clean up using magnetic beads. Next, samples were
further subjected to indexing PCR and final beads-based clean
up. DNA libraries from plasma were prepared using NEB
reagents for dA-tailing, adaptor ligation and indexing PCR
(New England Biolabs). Briefly, all the amount of extracted
cfDNA (typically around 20-30 ng per 4ml plasma) is
subjected to dA-tailing followed by adaptor ligation using a
pool of unique adaptors for 15 minutes at 20oC. Following
magnetic beads-based clean up, the samples were further
subjected to indexing PCR and a final clean up step.
Evaluation of library samples was performed using the 4150
Agilent Tapestation system (D1000 ScreenTape, Agilent). DNA
enrichment for the genomic regions of interest was carried out
using an in solution-hybridization based method using TACS
(TArget Capture Sequences) specifically designed to capture
selected loci in the genes of interest. TACS were then
immobilized on streptavidin-coated magnetic beads for
subsequent hybridization with the DNA libraries (18). A
custom NIPD Genetics tumor profile gene assay was used for
the identification of single nucleotide variants (SNVs), small
insertions and deletions (indels), copy number alterations
FIGURE 1 | Description of patient samples. Twenty-eight patients diagnosed with colorectal cancer and liver metastasis were enrolled in the study. After initial
histopathologic quality control for adequacy of tumor tissue 18 patients were subjected to further analysis. For 16 patients both FFPE tissue as well as blood
samples were collected at different time points from diagnosis, before and after surgery and during treatment and monitoring. For two patients FFPE samples were
available from different sites of the primary and metastatic site. A total of 122 samples passed QC requirements (92.4%) for NGS analysis.
TABLE 1 | Custom 77-gene panel for targeted next-generation sequencing analysis.

Single Nucleotide Variants (SNVs) / Insertions andDeletions (Indels) (67 genes) Copy-Number Alterations
(17 genes)

Translocations (10 genes)

AKT1, ALK, APC, AR, ARAF, ATM, ATRX, BARD1, BRAF, BRCA1,BRCA2, BRIP1, CDH1,
CDKN2A, CHEK2, CIC, CTNNB1,DDR2, DICER1, EGFR, ERBB2, ERBB3, ERBB4, ESR1,
FBXW7, FOXA1, FOXL2, FUBP1, GATA3,GNA11, GNAQ, GNAS, H3F3A, IDH1, IDH2, JAK2,
KEAP1, KIT, KRAS, MAP2K1, MAP3K1, MET, MLH1, MRE11A, MSH2, MSH6, MTOR, NBN,
NF1, NRAS, NTRK1, PALB2, PIK3CA, PIK3CB, PMS2, POLE, PTEN, RAD51C, RAD51D,
RAF1, RET, RUNX1, SMAD4, SPOP, STK11, TERT, TP53

AR, CDKN2A, EGFR,
ERBB2, ESR1, FGFR1,
FGFR2,
FGFR3, KIT, KRAS,
MET, MYC, MYCN, PIK3CA,
PTEN, RB1, TP53

ALK, BRAF, FGFR3, NF1, NTRK1,
NTRK2, NTRK3, RET, ROS1,
TMPRSS2
Ma
*Includes MSI assessment.
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(CNAs) and rearrangements and microsatellite instability (MSI)
detection (Table 1). Eluted samples were amplified using outer-
bound adaptor primers. Enriched DNA libraries were then
normalized and subjected to sequencing on an Illumina
sequencing platform.

Bioinformatics Analysis
Tissue Biopsy Analysis Pipeline
Sequencing data were de-multiplexed with bcl2fastq (v.2.16.0) and
paired-end DNA sequencing reads were processed to remove
adapter sequences and poor-quality reads. The remaining
sequences were aligned to the human reference genome build
(hg19) using the Burrows-Wheeler alignment algorithm (19).
Duplicate read entries were removed (20) and aligned reads files
were converted to a binary (BAM) format. For FFPE samples, the
average unique read depth was approximately 950x. Variant calling
was performed using a versatile somatic variant caller (21).
Annotation of variants is performed using VEP (22). Variants
with total base read depth less than 20X or variant count less than 4
are removed. All detected variants were filtered, annotated and
classified based on well known, publicly available, disease databases
[COSMIC(v92) and ClinVar(20201020)]. Benign or likely benign
variants were filtered out. Only variants with strong or potential
clinical significance according to AMP/ASCO/CAP guidelines
(TierI/TierII) were reported for each tested sample. Gene- level
Copy Number Variants (CNVs) were detected using an in-house
bioinformatics pipeline that implements a circular binary
segmentation method (23). Translocation calling is performed by
utilizing discordant pair and split- read alignments following local
assembly, realignment and an in-house filtering pipeline to refine
the set of candidate events (24–27).

cfDNA Analysis Pipeline
Sequencing data were de-multiplexed with bcl2fastq (v.2.16.0)
and paired-end DNA sequencing reads were processed to remove
Frontiers in Oncology | www.frontiersin.org 479
adapter sequences and poor-quality reads. The remaining
sequences were aligned to the human reference genome build
(hg19) using the Burrows-Wheeler alignment algorithm.
Duplicate reads were identified, grouped by their families and
processed to produce consensus reads per family (fgbio). The
average unique read depth of plasma samples was approximately
4000X. Allelic count information for all targeted loci was used to
calculate the variant allele frequency for each substitution and
short insertion/deletion. A statistical error-correction model (at a
base-pair resolution) was subsequently applied to refine the set of
positive variant calls. The threshold for variant calling was set to
0.1%VAF. Variant annotation and classification was performed as
described in the tissue biopsy analysis pipeline. Translocation
calling was performed by utilizing discordant pair and split-read
alignments following local assembly, realignment and a filtering
pipeline to refine the set of candidate events. Transformed read
depth information on pre-defined genomic windows spanning
the regions of interest were normalized utilizing a, multistep
statistical method (applying a within- and between-samples
normalization approach). Normalized read depth data were
processed to detect copy number changes. Our Bioinformatics
analysis pipeline is delineated in Figure 2.
RESULTS

Based on our analysis, mutations were detected in 17/18 (94.4%)
of patients in our cohort, and the number of variants per patient
ranged from 0 to 18. Overall, mutations in 28 genes were
identified, adding up to an average 4.7 variants per patient. In
agreement with published literature, the most frequently
mutated genes were APC and TP53, followed by PIK3CA and
KRAS, while 3 or fewer variants were identified for all other
genes. Importantly, the majority of identified variants (19/28,
69%) were rare and detected in only one patient. Moreover,
FIGURE 2 | Bioinformatics analysis pipeline.
March 2022 | Volume 12 | Article 855463
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a significant proportion of variants was identified in potentially
clinically relevant genes not routinely tested in day-to-day
practice. The majority (60%) of alterations regarded missense
mutations, while other alteration types included frameshift
(14.1%) and nonsense (11.8%) mutations, amplifications
(8.2%) and others. Figure 3 summarizes our findings on the
frequency of mutated genes, mutation types and patient variants.

Intra-Tumor Heterogeneity
Initially, we aimed to detect and characterize the extent of ITH
within matched primary and metastatic lesions. Concerning
primary tumor analysis, we analyzed 2-4 multiregional PT
samples from 15 patients, while regarding liver metastases, we
analyzed 2-5 multiregional LM samples in each of 16 patients.
For one patient (AG), we analyzed two distinct liver metastases,
one synchronous and one metachronous. Due to quality control
exclusion, three patients had single PT and/or LM samples.
There was no PT sample available for one patient. In our
cohort, increased number of multiregional samples did not
correlate with the frequency of observed ITH as compared to
dual samples in primary or metastatic tumors, although our
relatively small cohort sample warrants further large-scale
investigation. Quite notably, 53% (8/15) of patients with multi-
regional primary biopsies featured ITH between spatially distinct
geographical regions of the PT at variable degrees, with
homogeneity of observed variants between regions ranging
from 83% to under 15%. Similarly, variable multi-regional ITH
of the LMs was observed in 56% (9/16) of patients between
different regions of the same metastasis. These results indicate
that analysis of multiple spatially distinct samples is meaningful
in more than half of lmCRC patients, with potentially significant
clinical implications as discussed below.
Frontiers in Oncology | www.frontiersin.org 580
Circulating Tumor DNA Variability
Based on the highly compelling potential for a non-invasive
blood-based patient monitoring strategy, we additionally
analyzed 36 serially collected plasma samples before and after
therapy from 16 of 18 patients utilizing NIPD Genetics custom
gene assay, to explore the temporal dynamics of ctDNA
variability. Plasma ctDNA analysis identified mutations in 60%
(9/15) of patients with both pre- and post-operative plasma
samples. Tumor mutations were detected in the ctDNA analysis
in 8 and 2 of 16 patients pre- and post- operatively respectively.
There was a clear tendency for pre-operative tumor mutations in
plasma to be undetectable in ctDNA after complete tumor
resection (R0 surgery) with curative intention, indicating the
well-established association of plasma mutation detection and
tumor burden. Persistence of ctDNAmutations post-operatively,
as for example in patient AA for whom a staged hepatectomy was
planned but not performed, and thus was not subjected to R0
resection, correlated with early relapse (<1 year) and adverse
oncological outcome.

Comprehensive Intra-Patient Heterogeneity
The first most ambitious aim of our project was to dissect the
comprehensive spatiotemporal genetic IPH for each individual
patient, comprising the ITH of primary and metastatic lesions,
as well as temporal ctDNA mutational heterogeneity. Most
importantly, genetic differences between matched PT and LMs,
meaning the presence of mutations in either the primary or
metastatic tissue but not in both, were detected in 53% (9/17)
of cases with both PT and matched metastatic tumor (MT)
samples, with 35% (6/17) of patients harboring de novo
mutations present only in LMs, indicating dynamic clonal
evolution (Figure 4). More specifically, 5 of these patients
A B

D

C

FIGURE 3 | Summary of the distribution of genetic alterations among all tissue and liquid biopsy samples from our cohort of 18 patients with metastatic colorectal
adenocarcinoma. (A) Oncoplot shows the patients in a horizontal orientation and the gene and corresponding driver mutations in the vertical orientation. (B) Frequency of
mutations observed per gene: The frequency of mutations is estimated based on the cumulative list of variants per patient. The number of variants identified in all patients is
shown. (C) Distribution of different types of genetic alterations identified in the study. (D) Overall detection of potentially actionable mutations and their clonal status in our study:
71% of all patients with detectable actionable mutations harbored subclonal putative oncotargets, defined as being present in some but not all tumor samples.
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harbored several mutated genes only in the metastatic samples,
including genes such as KRAS, TP53, APC, PIK3CA, RB1. This
finding supports the need for multi-regional NGS analysis of
metastases to potentially improve therapeutic decisions. Overall,
41% of variants observed in solid tumor samples were
ubiquitously shared by all regions between primary and liver
lesions. These results suggest that multiple biopsies of both
primary and matched metastatic lesions are required to
delineate cancer genetic diversity with potentially crucial
implications for the clinic. Quite impressively, ctDNA analysis
effectively dissected the complete variability of PTs and matched
MTs in 25% (4/16) of cases, identifying all intra-tumorally
identified mutations in these patients, suggesting the potential
use of liquid biopsy for delineating ITH. Lastly, in 4 of 16 patients
(patients AA, AD, AG, AJ), ctDNA analysis uncovered
mutations, which were not detected in the primary or
metastatic tumors and could represent the result of dynamic
subclonal evolution, which needs further investigation. Notably,
putatively actionable mutations identified exclusively in liquid
biopsies, including KRAS, CHEK2, PIK3CA, TP53 and others,
could provide important translational therapeutic implications.
All of the above support our hypothesis that a holistic approach
to the oncological patient requires rigorous combinatorial
analysis of spatiotemporally collected primary tumoral,
metastatic and plasma samples to improve the accuracy in
characterizing the complete tumor genetic diversity.

Intra-Patient Mutational Heterogeneity-
Driven Targeted Therapy
The second major aim of our study was to identify potential
oncotargets and characterize their clonality within PT and
matched LMs, in order to clarify whether a single biopsy could
effectively guide therapeutic decision-making. In our cohort, all
Frontiers in Oncology | www.frontiersin.org 681
patients presented one or multiple therapeutic opportunities
specifically for targeted treatment. Of the 18 patients, 9 (50%)
were wild-type for KRAS/NRAS and could derive potential
benefit from EGFR inhibitors, such as cetuximab and
panitumumab. Two patients had BRAF mutations, presenting
an opportunity for treatment with BRAF-inhibitors, already
approved for use in non- resectable CRC (9). Moreover, 50%
(9/18) of participants had variant targets of drugs already
approved for other cancer types suggesting a potential benefit
through drug repurposing (9). Additionally, 72% (13/18) and
67% (12/18) of patients could be matched to targeted drugs
under clinical or pre-clinical evaluation respectively, in CRC
or other cancer types (Figure 4). It is worth noting that, out
of 19 detected rare variants, 10 were potentially actionable.
Collectively, 94% (17/18) of participants in our cohort featured
targets of not-yet-approved agents in the clinical or pre-clinical
stages of development (Figure 4). Selected examples of
known druggable targets are shown in 3D protein structure
representation in Supplementary Figure 1.

A notable example is patient AC, a patient with established
Lynch syndrome according to the Amsterdam criteria, as well as
microsatellite instability previously identified using a panel of
five markers (bat-25, BAT-26, D5S346, D17S250 & D2S123)
through PCR-based testing and confirmed by our assay. Our
analysis also confirmed a mutated MSH6 gene in all intratumor
samples as well as its presence in plasma. In this patient, more
than 10 putatively actionable variants were identified, with the
majority being subclonal, suggesting the potential for extensive
drug combinations, including immunotherapy, guided by
intratumor and circulating DNA heterogeneity.

A crucial parameter hindering the potential therapeutic
utilization of genetic findings is the putative spatial and
temporal subclonality of actionable mutations, which, if
A B

C

FIGURE 4 | Assessment of tumor heterogeneity (A) Total number of variants per patient in the cohort. (B) Molecular heterogeneity between primary (PM) and
metastatic (MT) lesions. (C) Clinical actionability of genetic findings. Based on the variants identified, patients were allocated in different clinical benefit groups: EGFR
monoclonal antibody (mAb), BRAF inhibitor, drugs approved in other indications, and drugs under clinical and pre-clinical investigation.
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validated, could not be addressed via a single tumor biopsy.
Indeed, our study identified an average of 3.2 potentially
actionable variants per patient, suggesting the capacity for
combinatorial targeted therapy, following large-scale validation.
However, based on comparative primary and metastatic tumor
analysis, 71% (12/17) of patients with detectable mutations
harbored subclonal putative oncotargets not identified in all
tumor samples, which could potentially be masked by single-
biopsy analysis (Figure 3) (28, 29). Analysis of ctDNA uncovered
potentially druggable variants in all nine patients with detectable
plasma mutations, indicating the potential role of ctDNA in
guiding therapeutic decisions following validation. Quite
notably, 33% and 22% of participants harbored putatively
actionable variants only in LM and plasma samples
respectively, which would not have been identified by PT
analysis alone, although our study is limited in discovering
plasma-exclusive variants, as described below. Caution should
be taken when interpreting low frequency variants identified
exclusively in plasma in genes previously shown to contribute to
clonal hematopoiesis of intermediate potential (CHIP). In the
absence of lymphocyte sample for testing we could not exclude
the possibility of low frequency CHIP-derived mutations in
genes such as KRAS, TP53 and PIK3CA. Overall, almost 65%
of all oncotargets detected in our cohort featured diverse degrees
of intratumor and circulating variability among samples from the
same patient. Therefore, our study strongly supports the
hypothesis that therapeutic decision-making should not be
limited to single PT samples and warrants further evaluation of
spatiotemporally collected samples from matched PTs, MTs and
plasma in large-scale studies to establish the clinical utility of
comprehensive IPH. A summary of our findings on genetic
spatiotemporal heterogeneity in tumor and liquid samples is
delineated in Figure 3. Moreover, an overview, as well as
definitions, on our most crucial findings can be found in Box 1.
Frontiers in Oncology | www.frontiersin.org 782
DISCUSSION

Our proof-of-concept pilot prospective study on comprehensive
intra-patient genetic heterogeneity in patients with resected CRC
and LM provides new diagnostic, predictive and therapeutic
implications. In the present cohort, 53% and 56% of patients
harbored ITH of the primary and metastatic tumors respectively,
while 53% had genetic differences between matched primary and
metastatic samples. Combining both primary and metastatic ITH
with matched plasma cfDNA, 25% of patients had aberrations in
plasma but not in tumor specimens which highlights the potential
benefit of ctDNA analysis in capturing dynamic tumor
heterogeneity which might be missed from analysis of only a
few FFPE sections that offer solely a snapshot of the tumor’s
molecular profile. Almost all patients had cancer targets for
approved drugs and/or agents under investigation in ongoing
clinical trials (14) or pre-clinical studies. Our data are consistent
with multiple genomic and transcriptomic studies on spatial and
temporal dynamic evolution of cancer genomes (29, 30),
underlying intratumor subclonal cell populations.

Multiple genomic studies have identified ITH as an integral
part of cancer evolution in solid tumors (28, 31). This multi-
regional variability has been strongly correlated with intrinsic
and acquired drug resistance and relapse (29, 32, 33). Indeed,
consistent with our work, several studies have uncovered
extensive ITH of primary CRC as a prognostic factor for
metastasis, as well as a predictor of drug resistance (34, 35).
With regards to ITH of the liver metastasis, our study is among
the very few published reports with a strict protocol, enabling the
exact identification of metastatic genetic ITH in 56% of patients.
Most available studies have evaluated the variability between
matched primary and metastatic lesions through either single or
multi-regional samples. Based on a single biopsy, data remain
controversial regarding the degree of heterogeneity between
BOX 1 | Summary of the most crucial findings in our prospective cohort.

ITH of the primary
tumor

The proportion of patients harbouring variable levels of ITH of
the primary

8/15 patients with multi-regional samples from the primary tumor, 53%

ITH of the liver
metastasis

The proportion of patients harbouring variable levels of ITH of
the liver metastatic lesion

9/16 patients with multi-regional samples from liver metastases, 56%

Genetic heterogeneity
between primary and
matched metastatic

The proportion of patients harbouring mutations detected
either in the primary or the matched metastatic tumor but not
in both

9/17 patients with matched primary and metastatic tumor samples, 53%

De novo mutations in
liver metastases

The proportion of patients harboring de novo mutations in liver
metastases not found in the primary tumor, including
potentially actionable variants indicating dynamic clonal
evolution

6/17 patients with matched primary and metastatic tumor samples, 35%

Detection of cfDNA
mutations

Proportion of patients in which tumor mutations were detected
in cfDNA pre- operatively
Proportion of patients in which tumor mutations were detected
in cfDNA post- operatively

8/16 patients, 50%
2/16 patients, 12.5%

Potentially actionable
mutations

9/18 (50%) and 17/18 (94%) patients could benefit from
repurposing of already approved drugs and agents under
clinical or pre-clinical development respectively
Overall, an average of 3.2 actionable mutations per patient
were identified.

12/17 (71%) patients with detectable mutations harbored potentially
actionable alterations not ubiquitously shared by all tumor samples,
indicating the need for spatiotemporal sampling to increase therapeutic
accuracy
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primary and matched metastatic lesions (36, 37). Similarly, intra-
lesion sampling of both primary CRC and LM has provided
contradictory findings. For instance, Siraj et al. demonstrated
high genomic concordance between primary CRC and matched
LM via whole-exome sequencing of a total of 191 samples (38).
By contrast, Hu and colleagues, in a whole-exome sequencing
cohort consisting of 118 biopsies from 23 patients, uncovered
extensive inter- and intra-lesion heterogeneity (39), in
accordance with our prospective cohort. Whether a shift from
the current standard of single-tumor biopsies to multi-sampling
from matched primary and metastatic lesions can enable more
accurate diagnosis and decision-making on novel combinations
of molecularly targeted drugs remains at the present unclear. By
identifying putatively targetable mutations in nearly all patients,
of which approximately 65% featured variable intratumor and
ctDNA heterogeneity, our pilot study strongly supports the
prospective evaluation of this concept within Precision
Oncology trials. Indeed, the proportion of patients with
clinically actionable mutations in recent large-scale consortia
based on single- biopsy NGS, such as The Cancer Genome Atlas
and the Pan-Cancer Analysis of Whole Genomes, ranged
between 57% and over 75% (15, 40), highlighting that multi-
sampling could substantially increase the discovery rates of
cancer targets.

Targeted NGS, whole-exome sequencing and whole-genome
sequencing of cfDNA or ctDNA, as well as analysis of circulating
tumor cells, are receiving tremendous attention towards
implementation into the clinical setting for early diagnosis,
individualized prediction of drug response, patient monitoring
to readily detect relapse and drug development (30, 41). Indeed,
beyond large innovative projects (42), several comprehensive
pan-cancer multi-gene panels, including for CRC, have already
been developed and approved by federal regulatory institutions
as companion diagnostics for tumor profiling within modern
guidelines, highlighting the introduction of Precision Oncology
into clinical practice (30). On this basis, the promising findings
provided via our custom 77-gene panel could be incorporated
into the clinical setting, following large- scale validation.
Additionally, completed early-phase clinical trials, such as the
TARGET (43) and the I-PREDICT (44) studies have
demonstrated potential clinical benefit from liquid biopsy-
guided drug target detection and molecularly matched therapy.

Based on our recent published work on the comprehensive
model of IPH (5), in the present study, we have explored the
potential translational implications of IPH, comprised by the
ITH of primary and metastatic lesions in combination with
plasma DNA mutational landscapes. This integrated
framework has highlighted the necessity for multiple sample
analysis from both tumor and ctDNA in the perioperative
setting. This approach could potentially transform decision-
making on neoadjuvant or adjuvant treatment following
complete tumor resection to overcome the unmet clinical
challenge of substantial therapeutic resistance and relapse rates
among patients with resectable colorectal cancer with liver
metastasis. In fact, 35% of patients in our cohort harbored
de novo mutations in the metastases, potentially unraveling the
capacity to improve therapeutic decisions. Moreover, de novo
Frontiers in Oncology | www.frontiersin.org 883
mutations were quite impressively identified in the ctDNA from
25% of patients but not in the multi-regional analysis of primary
and metastatic tumors. However, this finding requires further
evaluation via DNA analysis of white blood cells to differentiate
cancer from germline mutations or potential clonal
hematopoiesis (45). Additionally, on the basis of WGS on over
2,500 cancer samples, the PCAWG initiative identified
actionable mutations in 60% of tumors (31), while in our
integrated analysis of both multi-regional tumor and serial
liquid biopsies, all patients with detectable mutations harbored
actionable events, supporting the translational framework of
detailed tumor and plasma analysis. Nevertheless, as
demonstrated by our results, isolated analysis of primary CRC,
metastatic tissue or ctDNA is unable to uncover the complete
mutational landscape for each individual patient, highlighting
the translational importance or our work.

Despite intriguing findings, our study is presented with several
limitations. First, the number of enrolled patients and total samples
analyzed is relatively small to extract definitive conclusions.
Second, our plasma analysis is lacking in serial postoperative
samples over the course of disease to evaluate the potential for
early relapse detection and potential therapeutic targeting. And
third, our analysis focuses on the detection of actionable mutations
and matched targeted drugs, while not exploring putative
immunotherapeutic implications. It should however be noted
that our analysis was a pilot study, which was designed to
explore the feasibility and potential clinical applications of the
IPH concept, therefore, encouraging further extensive work and
large-scale prospective studies and precision clinical trials.

Currently, ongoing projects and underway clinical trials
are evaluating the clinical utility of cancer type- specific
ITH and plasma DNA mutational heterogeneity, as well as
tumor-infiltrating immune and stromal cells of the tumor
microenvironment, to establish Precision Oncology and
Immunology in the clinical setting (10, 14, 46, 47). Expanding
our holistic IPH approach to include intratumor interactions
between cancer and environmental immune cells, pioneering
single-cell genome sequencing, editing and machine learning
technologies, as well as liquid biopsies of peripheral blood for
cfDNA, circulating tumor and immune cell analysis raise novel
expectations to realize patient-specific optimal precision
immuno-oncological treatment (17, 30, 48–51).
CONCLUSIONS

Our IPH-based concept with a pilot-level tNGS analysis of 122
multi-regional tumor and liquid biopsies with a custom 77-gene
assay has provided initial evidence on the necessity of multiple
spatiotemporal sampling in patients with resectable CRC with
LM. This region-to-region NGS analysis of primary and matched
metastatic lesions, as well as perioperative plasma samples, has
enabled the dissection of primary and metastatic ITH and ctDNA
variability. Indeed, there was substantial heterogeneity between
primary, metastatic and circulating mutational landscapes,
unraveling the dynamic evolution of cancer genomes,
underlying tumor progression, metastasis, drug resistance and
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relapse. Our data uncover the significance of ITH and cfDNA as
predictors of response to molecularly targeted drugs. Moreover,
the identification of clinically actionable mutations by ctDNA
analysis highlights the importance of evaluating tumor dynamics
and heterogeneity using liquid biopsy to guide therapy selection
and better stratification of patients for clinical trial enrollment
and treatment-response evaluation. The holistic approach in our
work detected in average 3.2 actionable events per patient,
warranting the conduction of precision clinical trials to assess
the clinical utility of novel targeted drug combinations in the
adjuvant or neo-adjuvant setting. In summary, comprehensive
IPH-based translational research and clinical trials are
expected to transform current treatment guidelines towards the
implementation of Cancer Precision Medicine in the clinical
setting, to overcome the unmet challenges of high drug
resistance and relapse rates.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.
ETHICS STATEMENT

Ethical review and approval were not required for the study on
human participants in accordance with the local legislation and
Frontiers in Oncology | www.frontiersin.org 984
institutional requirements. The patients/participants provided
their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS

IK: conceptualization, formal analysis, investigation,
methodology, project administration, validation, writing -
original draft, and writing - review and editing. GG:
methodology and resources. AG: data curation, investigation,
and resources. AE: data curation, formal analysis, investigation,
visualization, and writing- original draft. AA: software and
validation. KT: funding acquisition and methodology. IH:
investigation, methodology, and visualization. ME: data
curation, methodology, and resources. MI: funding acquisition,
resources, and software. GK: validation and visualization. MM:
project administration, resources, and supervision. PP: funding
acquisition, methodology, resources, software, and validation.
DR: conceptualization, methodology, project administration,
supervision, validation, writing- original draft, and writing -
review and editing. All authors contributed to the article and
approved the submitted version.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2022.855463/
full#supplementary-material
REFERENCES
1. Klein CA. Selection and Adaptation During Metastatic Cancer Progression.

Nature (2013) 501:365–72. doi: 10.1038/nature12628
2. Eirew P, Steif A, Khattra J, Ha G, Yap D, Farahani H, et al. Dynamics of

Genomic Clones in Breast Cancer Patient Xenografts at Single-Cell
Resolution. Nature (2015) 518:422–6. doi: 10.1038/nature13952

3. Murtaza M, Dawson SJ, Tsui DW, Gale D, Forshew T, Piskorz AM, et al.
Non-Invasive Analysis of Acquired Resistance to Cancer Therapy by
Sequencing of Plasma DNA. Nature (2013) 497:108–12. doi: 10.1038/
nature12065

4. Gerlinger M, Horswell S, Larkin J, Rowan AJ, Salm MP, Varela I, et al.
Genomic Architecture and Evolution of Clear Cell Renal Cell Carcinomas
Defined by Multiregion Sequencing. Nat Genet (2014) 46:225–33.
doi: 10.1038/ng.2891

5. Roukos DH. Spatiotemporal Diversification of Intrapatient Genomic Clones
and Early Drug Development Concepts Realize the Roadmap of Precision
Cancer Medicine. Drug Discovery Today (2017) 22:1148–64. doi: 10.1016/
j.drudis.2017.03.014

6. Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC,
et al. Colorectal Cancer Statistic. CA Cancer J Clin (2020) 70:145–64. doi:
10.3322/caac.21601

7. Zarour LR, Anand S, Billingsley KG, Bisson WH, Cercek A, Clarke MF, et al.
Colorectal Cancer Liver Metastasis: Evolving Paradigms and Future
Directions. Cell Mol Gastroenterol Hepatol (2017) 3:163–73. doi: 10.1016/
j.jcmgh.2017.01.006

8. Nordlinger B, Sorbye H, Glimelius B, Poston GJ, Schlag PM, Rougier P, et al.
Perioperative FOLFOX4 Chemotherapy and Surgery Versus Surgery Alone
for Resectable Liver Metastases From Colorectal Cancer (EORTC 40983):
Long-Term Results of a Randomised, Controlled, Phase 3 Trial. Lancet Oncol
(2013) 14:1208–15. doi: 10.1016/S1470-2045(13)70447-9
9. National Comprehensive Cancer Network, Inc. (2021). Available at: www.
nccn.org.

10. Dugger SA, Platt A, Goldstein DB. Drug Development in the Era of Precision
Medicine. Nat Rev Drug Discov (2018) 17:183–96. doi: 10.1038/nrd.2017.226

11. Chen HZ, Bonneville R, Roychowdhury S. Implementing Precision Cancer
Medicine in the Genomic Era. Semin Cancer Biol (2019) 55:16–27.
doi: 10.1016/j.semcancer.2018.05.009

12. Costanzo M, Kuzmin E, Van Leeuwen J, Mair B, Moffat J, Boone C, et al.
Global Genetic Networks and the Genotype-To-Phenotype Relationship. Cell
(2019) 177:85–100. doi: 10.1016/j.cell.2019.01.033

13. Chakravarty D, Solit DB. Clinical Cancer Genomic Profiling. Nat Rev Genet
(2021) 22:483–501. doi: 10.1038/s41576-021-00338-8

14. ClinicalTrials.Gov (2021). Available at: https://clinicaltrials.gov/.
15. Bailey MH, Tokheim C, Porta-Pardo E, Sengupta S, Bertrand D, Weerasinghe

A, et al. Comprehensive Characterization of Cancer Driver Genes and
Mutations. Cell (2018) 173:371–385 e318. doi: 10.1016/j.cell.2018.02.060

16. The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. Pan-
Cancer Analysis of Whole Genomes. Nature (2020) 578:82–93. doi: 10.1038/
s41586-020-1969-6

17. Kyrochristos ID, Roukos DH. Comprehensive Intra-Individual Genomic and
Transcriptional Heterogeneity: Evidence-Based Colorectal Cancer Precision
Medicine. Cancer Treat Rev (2019) 80:101894. doi: 10.1016/j.ctrv.2019.101894

18. Koumbaris G, Kypri E, Tsangaras K, Achilleos A, Mina P, Neofytou M, et al.
Cell-Free DNA Analysis of Targeted Genomic Regions in Maternal Plasma for
Non-Invasive Prenatal Testing of Trisomy 21, Trisomy 18, Trisomy 13, and
Fetal Sex. Clin Chem (2016) 62:848–85. doi: 10.1373/clinchem.2015.252502

19. Li H. Aligning Sequence Reads, Clone Sequences and Assembly Contigs With
BWA -MEM. arXiv: Genomics (2013).

20. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The
Sequence Alignment/Map Format and SAMtools. Bioinformatics (2009)
25:2078–9. doi: 10.1093/bioinformatics/btp352
March 2022 | Volume 12 | Article 855463

https://www.frontiersin.org/articles/10.3389/fonc.2022.855463/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.855463/full#supplementary-material
https://doi.org/10.1038/nature12628
https://doi.org/10.1038/nature13952
https://doi.org/10.1038/nature12065
https://doi.org/10.1038/nature12065
https://doi.org/10.1038/ng.2891
https://doi.org/10.1016/j.drudis.2017.03.014
https://doi.org/10.1016/j.drudis.2017.03.014
https://doi.org/10.3322/caac.21601
https://doi.org/10.1016/j.jcmgh.2017.01.006
https://doi.org/10.1016/j.jcmgh.2017.01.006
https://doi.org/10.1016/S1470-2045(13)70447-9
http://www.nccn.org
http://www.nccn.org
https://doi.org/10.1038/nrd.2017.226
https://doi.org/10.1016/j.semcancer.2018.05.009
https://doi.org/10.1016/j.cell.2019.01.033
https://doi.org/10.1038/s41576-021-00338-8
https://clinicaltrials.gov/
https://doi.org/10.1016/j.cell.2018.02.060
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1016/j.ctrv.2019.101894
https://doi.org/10.1373/
clinchem.2015.252502
https://doi.org/10.1093/bioinformatics/btp352
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Kyrochristos et al. Comprehensive Heterogeneity in Colorectal Cancer
21. Lai Z, Markovets A, Ahdesmaki M, Chapman B, Hofmann O, Mcewen R, et al.
VarDict: A Novel and Versatile Variant Caller for Next-Generation
Sequencing in Cancer Research. Nucleic Acids Res (2016) 44:e108.
doi: 10.1093/nar/gkw227

22. Mclaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, et al. The
Ensembl Variant Effect Predictor. Genome Biol (2016) 17:122. doi: 10.1186/
s13059-016-0974-4

23. Seshan VE, Adam O. DNAcopy: DNA Copy Number Data Analysis. R Package
Version 1.66.0. (2021).

24. Layer RM, Chiang C, Quinlan AR, Hall IM. LUMPY: A Probabilistic
Framework for Structural Variant Discovery. Genome Biol (2014) 15:R84.
doi: 10.1186/gb-2014-15-6-r84

25. Chen X, Schulz-Trieglaff O, Shaw R, Barnes B, Schlesinger F, Kallberg M, et al.
Manta: Rapid Detection of Structural Variants and Indels for Germline and
Cancer Sequencing Applications. Bioinformatics (2016) 32:1220–2. doi:
10.1093/bioinformatics/btv710

26. Cameron DL, Schroder J, Penington JS, Do H, Molania R, Dobrovic A, et al.
GRIDSS: Sensitive and Specific Genomic Rearrangement Detection Using
Positional De Bruijn Graph Assembly. Genome Res (2017) 27:2050–60.
doi: 10.1101/gr.222109.117
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Background: Fibrillin-1 (FBN1) methylation risk from control to colorectal cancer (CRC),
the variation regularities of FBN1 methylation, and DNA methyltransferase (DNMT)
catalyzed with FBN1 methylation had not been reported yet; these were all studied in
this paper.

Methods: FBN1 methylation roles were investigated with big data and meta-analysis.

Results: The 6 independent studies were searched including 702 tissue and 448 feces.
FBN1 methylation frequencies of CRC, adenoma or polyp, and control in tissue were
79.1%, 69.4%, and 2.7%, respectively; those in feces were 74.6%, 50.7%, and 10.8%,
respectively. FBN1 methylation of control samples was used as a standard reference; this
study showed that ORs (95% CI) of FBN1 methylation in CRC and control tissues were
124.79 (62.86–248.35); those in feces were detected to be 30.87 (16.48–57.85). FBN1
methylation risk in tissue was higher than that in feces; there was a quadratic equation
between the methylation rate of tissue and that of feces. There was another quadratic
curve in the variation process of FBN1 methylation; this curve reflected the overall
metabolism regularity of DNMT.

Conclusions: The transcriptional inactivation of FBN1 gene might start from normal
colonic epithelium; the quadratic curve of FBN1 methylation catalyzed by DNMT can
gradually produce powerful strength, accelerate expansion, and eventually lead to CRC.
The overall metabolism regularity of DNMT maintains the changing process of FBN1
methylation; it has the changing feature of the same quadratic curve. FBN1 methylation is
a promising biomarker. FBN1 methylation risk size in feces reflects that in tissue in non-
invasive detection.

Keywords: methylation variation, prevention and diagnosis, epigenetics, biomarker, DNA methyltransferase
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INTRODUCTION

Epigenetic alteration is common in cancer occurrence and
progression; DNA methylation is an important component of
epigenetics. The epigenetic pathway of CpG island methylator
phenotype (CIMP) had been used clinically in the diagnosis and
screening of colorectal cancer (CRC), but the molecular
pathological mechanism of CIMP is still not very clear. DNA
methylation affected the expression of genes by interacting with
the transcription factors or by changing the chromatin structure.
Epigenetic regulators of gene expression were mainly the
methylation of CpG islands, histone post-translational
modifications (PTMs), and microRNAs (miRNAs) (1).
Another reason was that aberrant DNA methylation at the 5-
position of cytosine was catalyzed and maintained by DNA
methyltransferase (DNMT), and it was associated with not
only various cancers by silencing of tumor suppressor genes
but also other diseases (2). The higher expression of DNMT was
demonstrated in a variety of human malignancies, and tumor
progression was facilitated by DNMT-mediated gene
inactivation (3). Therefore, it is very important for the aberrant
regulation of DNA methylation to be explored regarding gene
expression, mediation, DNMT, and tumor development process.
We all knew that the process of methylation changing was closely
linked to the process of DNMT. During cancer occurrence and
development, how did the overall changing process of DNA
methylation affect gene expression? How did the overall
changing process of DNMT catalyze and maintain DAN
methylation and synthesize or degrade physiological activity?
These problems were discussed with human methylation
experiment data in this paper.

CRC is a common malignancy in the digestive system; its
incidence and mortality rose worldwide (4), ranking third in
malignant tumors (5). In western developed countries, the CRC
mortality rate was 33%, and it is one of the most common causes
of malignant tumors. The lifetime risk of CRC is as high as 5% in
the American population (6). CRC had the characteristics of
hidden onset, long course, and good early diagnosis and
prognosis, which makes it suitable for screening. Numerous
studies had shown that early screening diagnosis had reduced
the incidence and mortality of CRC. The main aim of CRC
screening was to find early tumors that were treatable or
precancerous lesions that were highly likely to develop into
malignant tumors. Colonoscopy was an important way to
detect early CRC. However, as an invasive examination
requiring complete and thorough intestinal preparation and
other shortcomings, it is difficult to be widely accepted. The
fecal occult blood testing (FOBT) with the non-invasive method
was the current clinically recommended standard for early
screening of CRC. However, its sensitivity was poor, generally
less than 30%; it cannot meet the requirements of early diagnosis
of CRC. Recent studies had shown that DNA methylation
changes were closely related to the development of CRC (7)
and that they run through the whole CRC development process.
Second, the changes in abnormal DNA methylation often occur
in the early stage of CRC. Therefore, searching for larger samples
became a hot topic in order to find out reliable and good
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molecular biomarkers of CRC. Previous studies had identified
fibrillin-1 (FBN1) as a potential optimal biomarker for early
detection of CRC in relatively small population samples (8).
However, the role and mechanism changing laws of FBN1
methylation had not been reported using relatively large
sample data, for example, meta-analysis. In the present work,
our study aimed to find out both the variation regularities and
mechanisms changing the characteristics of FBN1 methylation
and the relationship between FBN1 methylation in tissue
colorectal cell and that in cell-free DNA feces during CRC
tumorigenesis and to investigate whether FBN1 methylation
acted as an early biomarker in screening of early CRC.
MATERIALS AND METHODS

The databases PubMed, Web of Science, CBA, BENDIPubmed,
EMBASE, CNKI, and BAICHAIN had been searched using the
systematic search method. The combination keywords were
composed of FBN1, fibrillin-1, hypermethylation, methylation,
adenoma, polyp, CRC, colorectal cancer, control, normal, tissue,
and feces. The systematic search ended on August 4, 2021. The
selected articles were also searched manually to identify other
relevant independent studies. All published literature was
collected in both English and Chinese languages. Based on our
discussion, the independent literature that was involved in FBN1
methylation of the case–control study was identified and gathered.

Independent literature that had been searched must satisfy
the following criteria: 1) the methods of FBN1 methylation
experiment were shown according to methylation-specific PCR
(MSP), bisulfite sequencing PCR (BSP), quantitative MSP
(qMSP), and other methylation experiment methods. 2) Every
literature must possess the study sample size and case–control
study in tissue or feces detections. 3) The literature identified had
different author names and independent samples. 4) The
literature included the first author, publication year, and
clinical outcomes. 5) If the data set is published in more than
one literature, then only that of the most reasonable literature is
included. According to the data extraction criteria above, the
disagreement problems were resolved after discussions. Stepwise
selection and elimination were run, and a total of 6 independent
studies were ultimately received. The data set of FBN1
methylation incidences is summarized in Table 1 (9–14). The
separate information about control persons, adenomas and
polyps, and carcinomas in both tissue and feces is provided
in Table 1.

Meta-analysis software package was used with ReviewManager
Version 4.2 (RMV4.2). The odds ratios (ORs) and 95% CIs were
calculated using the statistical analysis of RMV4.2. The
heterogeneity was insignificant if p > 0.05; the fixed-effects model
in RMV4.2 was adopted; otherwise, the random-effects model in
RMV4.2 was adopted. If OR > 1, and the upper and lower limits of
the interval 95%CIs were all greater than 1, there is a high risk. The
more the lower value of the interval including OR exceeded 1, the
riskier it was. Publication bias was assessed with forest plot in
RMV4.2. When all discrete points were within the 95% region of a
forest plot, and they were centralized symmetrically, there was no
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publication bias in RMV4.2. Otherwise, if there was bias, it was
evaluated according to the literature (15). All hypothesis tests
concluding the differences of incidence frequency were evaluated
with a 2-sided hypothesis test, and p < 0.01, based on statistical
theory, indicated a significant difference. The curve fitting method,
correlation study, and association study of the quadratic equation
were calculated with SPSS Statistics 17.0 software. According to the
mathematical statistical theory, the correct conclusions were given.
RESULTS

Based on the systematic search method above, we had identified
the 6 independent studies on FBN1 methylation in both CRC
control study and adenoma or polyp control study, including 702
tissue and 448 fecal samples in Table 1. Because our meta-
analysis can be satisfied independent of studies being performed
under the same conditions, we can analyze the DNAmethylation
of tissue colorectal cells and that of cell-free DNA in feces. In
tissue colorectal cells, total data including 363 CRCs and 339
controls in tissues in Table 1 were calculated with Meta-analysis
software. The calculating results are shown in Figures 1 and 2.
Because p = 0.83 in Figure 1, the fixed-effects model was
adopted. The analysis indicated that FBN1 methylation risk of
CRC was significantly higher than that of controls [OR (95% CI)
= 124.94 (62.86–248.35) and p < 0.00001; Figure 1]. Because
100% (5/5) of the scattered points fell within the 95% confidence
region of the funnel plot in Figure 2, and the scattered points
were symmetrical, there was no publication bias; therefore, the
methylation of FBN1 in tissue was associated with CRC. In cell-
free DNA in feces, according to the sample data including 236
samples with CRC and 212 samples with control in Table 1, the
sample data were calculated with Meta-analysis software; this
result had shown that because p = 0.70 in Figure 3, the fixed-
effects model was adopted, and that because 100% (4/4) of the
scattered points fell within the 95% confidence region of funnel
plot in Figure 4, the scattered points were relatively symmetrical;
the funnel plot in Figure 4 proved no publication bias. The result
had shown that there was a significantly high risk in CRC and
control feces studies [OR (95% CI) = 30.87 (16.48–57.85), and
p < 0.00001, in Figure 3].

Based on control feces as a standard reference in Table 1, the
incidence of control methylation was 23/212 = 10.8%,
Frontiers in Oncology | www.frontiersin.org 388
corresponding to the incidences of both adenoma or polyp and
CRCmethylation, which were 36/71 = 50.7% and 176/236 = 74.6%.
The incidences of 10.8%, 50.7%, and 74.6% of FBN1 methylation
from healthy control to CRC though adenoma or polyp in feces
were gradually increasing; this increasing risk size was closely
related to the histological process of CRC evolution. In the
samples of tissue colorectal cells, we used similar methods as
above; the incidence of FBN1 methylation in the corresponding
control, adenoma or polyp, and CRC was 2%, 69.4%, and 79.1%,
respectively. The fecal incidence was taken as a transverse
coordinate and represented by Feces M (Feces Methylation); the
tissue incidence was taken as an ordinate coordinate and
represented by Tissue M (Tissue Methylation). The curve fitting
andassociationstudywere adoptedbySPSSsoftware.Thequadratic
curve equation (Tissue M) = −1.984 × (Feces M)2 + 2.892 × (Feces
M) − 0.262 was obtained, where the correlation coefficient R was 1,
and the corresponding Sig was 0. This model had statistical
significance through correlation study. The graph of this
quadratic curve equation is shown in Figure 5. According to both
the quadratic curve equation and its graph, our discoveries
indicated that feces methylation was highly associated with tissue
methylation and might predict the incidence of methylation
in tissues.

Let us set the tumor tissue evolution process as the abscissa X,
where thenormal control tissue is zero, the benigndisease tissue is 1,
and the CRC tissue is 2. Let us set their correspondingmethylation
incidence of 23/212, 36/71, and 176/236 as the ordinate Y; the
optimal curve fitting equation calculated by SPSS 17.0 showed that
the quadratic equationY = 0.108 + 0.479X− 0.08X2 was significant.
Where the correlation coefficient R = 1, the residual error was zero,
anda smallprobability equals 0. Its correspondingfigure is shown in
Figure 6. The quadratic equation reflected the overall changing
regulation of FBN1 methylation incidence in CRC lesions site
during CRC development. Therefore, this overall changing
regulation was gradually enhanced, promoted the transcriptional
inactivation to gradually accelerate the expansion, and ultimately
led to the occurrence of CRC.
DISCUSSIONS

Methylation of FBN1 associated with CRC had previously been
reported (8). However, FBN1 methylation risk from control to
TABLE 1 | The main characteristics and data of some references.

Ref Author Nationality Year Total CRC AP control Resource Detection

(9) Guro E Norway 2011 446 142/179 77/111 3/156 Tissue qMSP
(10) Qi Guo China 2013 150 59/75 3/75# Tissue MSP
(10) Qi Guo China 2013 105 54/75 2/30 Feces MSP
(11) Zhonghua China 2015 20 7/10 0/10# Tissue qMSP
(12) Wen-han China 2015 178 69/89 3/92 Tissue MSP
(12) Wen-han China 2015 119 63/89 2/30 Feces MSP
(13) Chao China 2016 16 10/10 0/6 Tissue BSP
(13) Chao China 2016 16 10/10 0/6 Feces BSP
(14) Heiying China 2021 279 49/62 36/71 19/146 Feces qMSP
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CRC had not been reported through larger samples with meta-
analysis; the risk size of FBN1 methylation still remained unclear.
We firstly used meta-analysis to explore the risk size of FBN1
methylation. These results had proved that the OR of the
colorectal cell tissues was 124.94 and that the OR of the cell-
free DNA in feces was 30.87 in control and CRC studies. From a
large sample point of view, the risk size of FBN1 methylation in
tissues was up to 124.94; it was higher than the FBN1
methylation risk in previously published articles (8, 10–12). It
had clearly proved that FBN1 methylation in tissue is an
important and promising biomarker for identifying CRC. In
addition, from the perspective of prevention or for people with a
fear of colonoscopy, particular attention was paid to ensure no
damage during testing. In no-injury feces detection, FBN1
Frontiers in Oncology | www.frontiersin.org 489
methylation risk size was up to 30.87; this higher risk had
illustrated that FBN1 methylation is a no-injury fecal
biomarker in clinically early CRC diagnosis and screening.
These risk size of FBN1 methylation was closely associated
with the occurrence and biological development of CRC.

We had for the first time studied FBN1 methylation risk from
controls to CRC through adenoma or polyp. We had found that
FBN1 methylation incidence of control, adenoma or polyp
patients, and CRC in tissue was 2.7%, 69.4%, and 79.1%,
respectively, and that in feces it was 10.8%, 50.7%, and 74.6%,
respectively. The results had illustrated that FBN1 methylation
risk in tissue was significantly higher than that in feces. In
addition, on the basis of corresponding the incidence risk of
FBN1 methylation in feces to that in tissues, there was a
FIGURE 1 | Forest plot of colorectal cancer and control methylation in FBN1 tissue.
FIGURE 2 | Funnel plot of colorectal cancer and control methylation in tissue.
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quadratic curve equation (Tissue M) = −1.984 × (Feces M)2 +
2.892 × (Feces M) − 0.262. The discoveries indicated that feces
methylation was highly associated with tissue methylation, the
methylation of cell-free DNA in feces reflected that of colorectal
cells in tissues, and the risk sizes of FBN1 methylation from
normal control to CRC though adenoma or polyp were gradually
increased in colorectal tissues and feces detection. Through the
test results of the experimental methylation of human feces,
using the above equation, we can calculate the FBN1 methylation
risk size of the human mass; the accurate assessment of tumor
risk was achieved in no-injury detection.

Because FBN1 methylation incidence of individual normal
people was 2.7% in tissue and 10.8% in feces as seen in Table 1,
these FBN1 methylation abnormalities can show that the
Frontiers in Oncology | www.frontiersin.org 590
mechanism of CRC occurrence begins with normal colonic
epithelium under some certain environment. Because methylation
regulation was one of the important epigenetic regulators, and thus
the epigenetic regulation of methylation was closely related to the
transcriptional regulation of tumor-related genes (16, 17), the
transcriptional inactivation associated with FBN1 methylation
might start from the normal colonic epithelium.

CRC develops through an ordered series of events beginning
with the transformation of normal colonic epithelium to an
adenomatous intermediate and then ultimately adenocarcinoma
(18, 19). This variation of CIMP pathways should be followed
during tumor evolution progression. Our study revealed that the
incidence of FBN1 methylation from control to CRC though
adenoma or polyp can gradually produce powerful strength
FIGURE 3 | Forest plot of both adenomas or polyps and control methylation in FBN1 feces.
FIGURE 4 | Funnel plot of both adenomas or polyps and control methylation in FBN1 feces.
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according to the quadratic equation Y = 0.108 + 0.479X − 0.08X2;
the transcriptional inactivation associated with FBN1
methylation might start from normal colonic epithelium; the
FBN1 methylation incidence related with the quadratic equation
promoted the transcriptional inactivation to gradually accelerate
the expansion and ultimately lead to the occurrence of CRC.

Because DNA methylation was catalyzed and maintained by
DNMT, DNA methylation in tumor development embodied the
role of tumor-related DNMT (16, 17). Based on this quadratic curve
Frontiers in Oncology | www.frontiersin.org 691
equation, the metabolizing speed of the DNMT that can catalyze
FBN1 methylation might begin slowly, then gradually increase
during benign diseases (adenoma or polyp), and then rapidly
develop during CRC; this process of DNMT synthesizes or
degrades physiological activity and participates in the
transformation or progression of human cancers by mediating the
methylation of cancer suppressors. DNMT, which affected FBN1
methylation by DNMT, produced the silencing of tumor suppressor
miRNA-encoding genes and directly affected carcinogenesis.
FIGURE 5 | Quadratic graph of the incidence of methylation in tissue and feces.
FIGURE 6 | The quadratic graph of methylation incidence in the lesion tissue.
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The fecal detection incurs no damage; it will have a broad
application prospect, especially in clinical routine. The
methylation of many genes was shown to be associated with
CRC. The combination of several gene methylations will be the
current direction in detection. The study of CIMP had enhanced
the sensitivity for cancer recurrence monitoring; people are
looking for better indicators of CIMP to improve the accuracy
of early screening and diagnosis of CRC, which is also the
direction of future development (20, 21). However, to achieve
the clinical application, a large number of problems will be
solved, for example, class, gender, age, and ethnicity, fewer
samples, and the impact of tumor staging, and so on (22–24);
they all need to be further studied. Because the molecular
mechanism and the variation of many factors of CRC are very
complicated, and the clinical symptoms are very hard to detect
(24, 25), it will take a long time to solve some problems of
screening and early diagnosis of CRC.
CONCLUSIONS

The whole process of methylation pathogenesis during CRC
development is discovered that the transcriptional inactivation
associated with FBN1 methylation might start from the normal
colonic epithelium and can gradually enhance, accelerate the
expansion, and ultimately lead to the occurrence of CRC. The
overall process of DNMT changing also has the feature of
the quadratic curve of FBN1 methylation and plays a role in
Frontiers in Oncology | www.frontiersin.org 792
DNMT mechanism. FBN1 methylation is an important
biomarker based on the studies of large experimental data. The
risk size of fecal methylation can accurately predict that of tissue
methylation in non-invasive detection.
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Mono- and biallelic germline
variants of DNA glycosylase
genes in colon adenomatous
polyposis families from
two continents

Alisa Petriina Olkinuora1*, Andrea Constanza Mayordomo2,3,
Anni Katariina Kauppinen1, Marı́a Belén Cerliani3,
Mariana Coraglio4, Ávila Karina Collia4, Alejandro Gutiérrez4,
Karin Alvarez5, Alessandra Cassana6, Francisco Lopéz-Köstner5,
Federico Jauk7, Hernán Garcı́a-Rivello7, Ari Ristimäki8,9,
Laura Koskenvuo10, Anna Lepistö8,10, Taina Tuulikki Nieminen1,
Carlos Alberto Vaccaro2,11, Walter Hernán Pavicic2,11

and Päivi Peltomäki1

1Department of Medical and Clinical Genetics, Medicum, University of Helsinki, Helsinki, Finland,
2Programa de Cáncer Hereditario (Pro.Can.He.), Hospital Italiano de Buenos Aires, Ciudad
Autónoma de Buenos Aires, Argentina, 3Instituto Multidisciplinario de Biologı́a Celular (IMBICE),
Comisión de Investigaciones Científicas de la provincia de Buenos Aires (CICPBA)-Consejo
Nacional de Investigaciones Científicas y Técnicas (CONICET)-Universidad Nacional de La Plata
(UNLP), Buenos Aires, Argentina, 4Unidad de Proctologı́a, Hospital de Gastroenterologı́a “Dr. Carlos
Bonorino Udaondo”, Ciudad Autónoma de Buenos Aires, Argentina, 5Centro de cáncer, Clı́nica
Universidad de Los Andes, Santiago, Chile, 6Unidad de Coloproctologı́a, Clı́nica Las Condes,
Santiago de Chile, Chile, 7Servicio de Anatomı́a Patológica, Hospital Italiano de Buenos Aires,
Ciudad Autónoma de Buenos Aires, Argentina, 8Applied Tumor Genomics Research Program,
Research Programs Unit, University of Helsinki, Helsinki, Finland, 9Department of Pathology,
Helsingin ja Uudenmaan Sairaanhoitopiirin Laboratorio (HUSLAB), Helsinki University Hospital and
University of Helsinki, Helsinki, Finland, 10Department of Gastroenterological Surgery, Helsinki
University Hospital and University of Helsinki, Helsinki, Finland, 11Instituto de Medicina Traslacional e
Ingenierı́a Biomédica (IMTIB), Hospital Italiano de Buenos Aires (HIBA)-Instituto Universitario
Hospital Italiano de Buenos Aires (IUHI)-Consejo Nacional de Investigaciones Científicas y Técnicas
(CONICET), Ciudad Autónoma de Buenos Aires, Argentina
Recently, biallelic germline variants of the DNA glycosylase genes MUTYH and

NTHL1 were linked to polyposis susceptibility. Significant fractions remain

without a molecular explanation, warranting searches for underlying causes.

We used exome sequencing to investigate clinically well-defined adenomatous

polyposis cases and families from Finland (N=34), Chile (N=21), and Argentina

(N=12), all with known susceptibility genes excluded. Nine index cases (13%)

revealed germline variants with proven or possible pathogenicity in the DNA

glycosylase genes, involving NEIL1 (mono- or biallelic) in 3 cases, MUTYH

(monoallelic) in 3 cases, NTHL1 (biallelic) in 1 case, andOGG1 (monoallelic) in 2

cases. NTHL1 was affected with the well-established, pathogenic c.268C>T,

p.(Gln90Ter) variant. A recurrent heterozygous NEIL1 c.506G>A, p.(Gly169Asp)

variant was observed in two families. In a Finnish family, the variant occurred in

trans with a truncating NEIL1 variant (c.821delT). In an Argentine family, the
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variant co-occurred with a genomic deletion of exons 2 – 11 of PMS2.

Mutational signatures in tumor tissues complied with biological functions

reported for NEIL1. Our results suggest that germline variants in DNA

glycosylase genes may occur in a non-negligible proportion of unexplained

colon polyposis cases and may predispose to tumor development.
KEYWORDS

DNA glycosylase, NEIL1, OGG1, NTHL1, MUTYH, polyposis, germline variant,
exome sequencing
1 Introduction

Familial Adenomatous Polyposis (FAP; OMIM#175100) is

characterized by multiple adenomas in the colorectum and an

increased risk of colorectal cancer (CRC). In FAP, more than 100

adenomas are typically present, whereas an attenuated form

(AFAP) is characterized by 10 – 100 polyps and a generally

milder disease (1). Profuse or attenuated adenomatous polyposis

was first associated with germline APC (OMIM*611731) variants

in families exhibiting autosomal dominant inheritance, but has

since been linked to biallelic MUTYH variants (MAP for

MUTYH-associated polyposis; OMIM#608456) in families with

autosomal recessive inheritance (2). MUTYH encodes a DNA

glycosylase that acts on oxidative DNA damage by removing

adenine misincorporated opposite 8-oxoG (3).

Up to 11-25% of FAP cases arise de novo (4, 5), and a fifth of

de novo adenomatous polyposis cases are attributable to APC

mosaicism (6). As much as 20% of cases with clinical features of

FAP show no pathogenic variants in APC. Moreover, 80%

patients with attenuated polyposis are molecularly unexplained

(7–9). Recently, new predisposition genes for adenomatous

polyposis have been identified, including POLE and POLD1

(PPAP for polymerase proofreading associated polyposis;

OMIM# 615083 and # 612591, respectively) (10), AXIN2 (11),

and biallelic MSH3 (OMIM# 617100) (12) and MLH3 (13)

variants. Moreover, biallelic NTHL1 (OMIM# 616415) variants

have been associated with polyposis and multi-organ cancer

predisposition (14). Except for AXIN2, all these genes contribute

to DNA fidelity, through proofreading DNA after replication

(POLE and POLD1), mismatch repair (MSH3 and MLH3), or

base excision repair (NTHL1). Like MUTYH, NTHL1 targets

oxidative DNA damage; it encodes a DNA glycosylase that

repairs pyrimidine-derived oxidation products (3).

Inspired by recent findings of novel polyposis and cancer

predisposition genes, we embarked on a study to uncover new

molecular factors for unexplained polyposis cases across

multiple populations by exome-wide screening. Our efforts

revealed several families harboring potentially pathogenic
02
95
germline variants in DNA glycosylase genes, including mono-

and biallelic alterations of NEIL1 (OMIM *608844;

Endonuclease VIII-Like 1).
2 Materials and methods

2.1 Patient cohorts

This investigation was based on 67 index cases with

attenuated or profuse adenomatous polyposis (34 from

Finland, 21 from Chile, and 12 from Argentina) in which

known genetic causes of polyposis had been excluded (APC,

POLE, POLD1, PTEN and biallelicMUTYH; Figure 1). The cases

were ascertained through the national polyposis research

registries and local hospitals as described below. Most cases

(47/66, 71%) exhibited attenuated polyposis. Detailed clinical

data are available in Table S1. Patient DNA was extracted from

blood or EBV-transformed lymphoblasts as described by

Renkonen et al. (15) DNA from formalin-fixed paraffin-

embedded (FFPE) samples was extracted as described by Isola

et al. (16) Patient RNA was extracted from lymphoblastoid cells

using the NucleoSpin RNA extraction kit (Macherey-Nagel,

Düren, Germany).

2.1.1 Finnish cohort
Most polyposis cases were attenuated (22/33, 67%; one

family could not be classified) and sporadic (20/28, 71%; six

families could not be classified) (Table S1). An additional cohort

of 29 families representing molecularly unexplained cases with

familial colorectal type X (FCCTX) (17) and a series of sporadic

cases (56 individuals) with microsatellite-unstable (MSI) CRC

(N=13) or microsatellite-stable (MSS) CRC (N=44) or MSS

adenomas (N=15) (18) were available for comparison (Figure 1).

2.1.2 South American cohort
Thirty-three (21, Chile; 12, Argentina) unrelated families

and index cases without known pathogenic variants in
frontiersin.org
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established colon polyposis-associated genes were screened as

above. Most of the cases were attenuated (25/33, 76%) and had

an apparent dominant mode of inheritance (16/28, 57%; five

families could not be classified).

Written informed consent preceded study participation and

sample donation. This study was approved by the institutional

review board of the Helsinki University Central Hospital

(Helsinki, Finland; Valvira/Dnro 10741/06.01.03.01/2015,

14.1.2016) and by the ethics committees of the Hospital de

Gastroenterologıá “Dr. Carlos B. Udaondo” and Hospital

Italiano de Buenos Aires (both from CABA, Argentina), and

of the Clıńica Las Condes (Santiago de Chile, Chile). The

collection of archival specimens has been approved by the

National Supervisory Authority for Welfare and Health

(Valvira/Dnro 10741/06.01.03.01/2015, 14.1.2016).
2.2 Exome sequencing (ES) and germline
variant selection

ES was performed at the Institute for Molecular Medicine

Finland (FIMM, Helsinki, Finland) on Illumina HiSeq 2000

platform. The sequencing coverage and quality statistics for each

sample are summarized in Table S2. Reads were aligned to the

human reference genome hg19 using the Burrows-Wheeler

Aligner version 0.6.2. Quality control and primary and

secondary analysis were carried out as described by Sulonen

et al. (19) Tertiary analysis was carried out using VarSeq®
Frontiers in Oncology 03
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software (Golden Helix). Variants with allele frequency <0.003,

nonsynonymous (frameshift, stop gained/lost, missense,

disrupting donor/acceptor site variants) and predicted

pathogenic with at least five of six programs assessing protein

function in silico (for missense changes) were selected. All

variants in DNA glycosylase genes were confirmed by Sanger

sequencing with primers listed in Table S3.
2.3 Copy number variant (CNV) analysis

CNV analysis on ES data was carried out using the R package

ExomeDepth (v1.1.10) (20). The patient ES data was run against

appropriate patient samples with known pathogenic changes

using default settings and annotated using common CNV data

from the DECIPHER database (https://www.deciphergenomics.

org/). All samples had a correlation score >0.99. Only CNVs

with a BF score of 10 or above were considered as

candidate CNVs.
2.4 Characterization of NEIL1 variants on
DNA, RNA, and protein level

To confirm that the two coding variants detected in NEIL1 in

the index case of FAP104 affected different alleles (i.e., were in

trans), cDNAwas amplified with primers NEIL1_G83D_gcDNA_F

and NEIL1_G83D_cDNA_R2 (Table S3) and cloned using the
B

A

FIGURE 1

(A) Flowchart of the investigation including the Finnish and South American cohorts. Het denotes heterozygosity and hom homozygosity for the
variants. (B) Detailed information of germline variants discovered in DNA glycosylase genes.
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TOPO® TA Cloning® Kit for Subcloning (Thermo Fisher)

according to manufacturer’s instructions. Transformed E. coli

were then grown on selective plates (100 µg Ampicillin) overnight

and white colonies were grown in LB (100 µg Ampicillin) overnight.

Plasmids were extracted with GenElute™ Plasmid Miniprep Kit

(Sigma-Aldrich) according to manufacturer’s instructions and

Sanger sequenced using aforementioned primers as well as

primers from Sjöblom et al. (21).

To evaluate allele-specific mRNA expression (ASE) in the

lymphoblastoid cells from the index individual of FAP104, a

Single Nucleotide Primer Extension (SNuPE) reaction was

designed based on the heterozygous NEIL1 c.506G>A variant.

PCR products specific for cDNA (generated with primers

NEIL1_G83D_gcDNA_F + NEIL1_G83D_cDNA_R2, Table S3)

and gDNA (NEIL1_G83D_gcDNA_F + NEIL1_G83D_gDNA_R)

se rved as t empla t e s fo r pr imer ex t ens ions wi th

NEIL1_G83D_SNuPE_ext as the extension primer and ddA as

the stopping nucleotide. The expected extension products were 34

bp (wild-type allele) and 24 bp (variant allele). Allele peak area

ratios R<0.6 or R>1.67 indicated ASE (22).

NEIL1 mRNA expression in the lymphoblastoid cells from

the index individual of FAP104 and healthy controls was

evaluated by quantitative reverse transcription PCR (qRT-

PCR) with TaqMan® Gene Expression Assay (Applied

Biosystems) for NEIL1 (Hs00908563_m1) and with

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an

endogenous reference. The NEIL1 reaction targeted exons 5 –

6 and covered the two main isoforms. The reactions were

normalized against the NEIL1 expression of healthy controls

and the relative quantities were calculated using the

DDCT analysis.

To evaluate the stability of NEIL1 protein, lymphoblastoid

cells from the index of FAP104 and unrelated healthy controls

were treated with MG132 (Selleck Chemicals, Houston, Texas,

USA). MG132 is a cell-permeable, proteasome inhibitor which

reduces degradation of ubiquitin-conjugated proteins. Briefly,

0.5 x 106 cells were incubated on 6 well plates for 8 hours and

treated with 10, 30 or 50 µM MG132. Proteins from the cells

were extracted in LAEMMLI extraction buffer.

NEIL1 protein expression in the treated and untreated

lymphoblastoid cells from the index individual of FAP104 and

healthy controls was assessed by Western blotting with the

primary NEIL1 rabbit polyclonal antibody (12145-1-AP,

RRID:AB_2251228; Proteintech, Rosemont, IL) targeting the

NEIL1 short isoform (amino acids 1 – 390). The housekeeping

protein glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

was used as a loading control (ab128915, RRID:AB_11143050;

Abcam, Cambridge, UK). P53 (#9282 RRID:AB_331476; Cell

Signaling Technology, Danvers, Massachusetts, USA) was used

as a technical control for MG132 experiments.
Frontiers in Oncology 04
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2.5 NEIL1 promoter methylation

A custom assay utilizing Methylation-Specific Multiplex

Ligation-Dependent Probe Amplification (MS-MLPA) was

designed to evaluate NEIL1 promoter methylation in

constitutional and tumor tissues. The NEIL1 promoter region

was investigated with four MS-MLPA probe pairs (Table S3), of

which NEIL1_1 is located just upstream of the area found to be

the most informative for methylation by Chaisaingmongkol

et al. (23, 24).
2.6 Somatic variant profiling

VarScan2 variant detection algorithm version 2.3.2 was

applied to tumor-normal pairs to identify non-synonymous

somatic variants from ES data. Annotation of the variants was

done using SnpEff version 4.0 with the Ensembl v68 annotation

database (https://www.ensembl.org). Variants with a somatic p-

value less than 0.01 were selected for somatic mutational

signature analysis, which was carried out using the R package

MutationalPatterns (25). The signatures were mapped against

the 30 single-base substitution (SBS) and 18 insertion-and-

deletion (ID) signatures recognized by the COSMIC database

(v2 for SBS and v3.1 for ID, respectively, cancer.sanger.ac.uk).
2.7 Analyses for mismatch repair (MMR)
and MUTYH status

A colorectal tumor from ARG046 was investigated for MMR

protein expression by standard immunohistochemical procedures

(26). Primary antibodies used were as follows (Roche Ventana,

Indiana, USA): Anti-MLH1 (M1; 790-4535, RRID:AB_2336022),

anti-MSH6 (44; 790-4455, RRID:AB_2336020), anti-MSH2

(G219-1129; 760-4265, RRID:AB_2336002), and anti-PMS2

(EPR3947; 760-4531, RRID:AB_2336010). DNA from the same

tumor was evaluated for MLH1 promoter methylation by MS-

MLPA using the SALSA MLPA ME011-B3 probemix (MRC-

Holland, Amsterdam, the Netherlands).

Blood DNAs from the index individuals from our polyposis

cohorts were evaluated for large rearrangements in MMR genes

and MUTYH by multiplex ligation-dependent probe

amplification (MLPA) according to the manufacturer’s (MRC-

Holland, Amsterdam, the Netherlands) instructions. SALSA

MLPA P003-D1 and SALSA MLPA P072-D1 were used for

MLH1/MSH2 and MSH6/MUTYH, respectively, whereas PMS2

was investigated by SALSA MLPA P008-C1. The results from

fragment analysis were analyzed by Coffalyser™ (MRC-

Holland, Amsterdam, the Netherlands).
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2.8 Statistical analyses

Methylation ratios in sporadic tumors vs. matching normal

tissues obtained from MS-MLPA analyses (Table S4) were

compared using the Wilcoxon matched pairs test. IBM®

SPSS® software (IBM SPSS Statistics 27, Armonk, NY: IBM

Corp) was used for the analysis.
3 Results

We investigated the exomes of 67 index cases with

molecularly unexplained polyposis from two continents,

focusing on genes from the DNA glycosylase family.

Pathogenic and likely pathogenic germline variants as well as

VUSes whose pathogenicity is unknown but that have the

potential of being pathogenic are described in Figure 1 and

Table S5. All germline variants fulfilling our selection criteria

are listed for the DNA glycosylase-associated families in

Table S6.
3.1 Germline DNA glycosylase variants
found in the Finnish series

The European pathogenic founder variant NTHL1

c.268C>T, p.(Gln90Ter) (14) was detected in a homozygous

state in the index individual from FAP1015 (Figure 1). This

individual had attenuated polyposis and was the only member

with colorectal tumor manifestations in the family (Table S1).

The patient was additionally diagnosed with carcinomas of

multiple organs characteristic of the tumor spectrum of

NTHL1-associated polyposis (27).

NEIL1 variants were identified in FAP104 and FAP1021.

The index of FAP104 with profuse polyposis (>200 polyps at 54

years of age) had two NEIL1 variants (Figure 1, Figure S1); a rare

missense variant c.506G>A, p.(Gly169Asp), and a very rare

frameshift variant c.821delT, p.(Ile274Thrfs*23), absent in the

Finnish population. A subsequent cloning assay revealed that the

variants affected different alleles. All three individuals with the

NEIL1 c.506G>A variant had colorectal disease (cancer or

polyps) and the same applied to the two individuals with the

c.821delT variant (Figure 2).

Conflicting evidence exists regarding the pathogenic

significance of NEIL1 c.506G>A (Figure 1, Table S5). The

variant allele frequency in the (global) population (0.001228)

is higher than expected for a dominantly inherited disorder

when comparing against NEIL1 variants reported through

diagnostics. However, allele frequency of this variant in Finns

(0.0001368) is almost ten times lower. Furthermore, previous

functional studies conducted on NEIL1 c.506G>A consistently

suggest pathogenicity (see Discussion). NEIL1 c.821delT is
Frontiers in Oncology 05
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pathogenic according to the ACMG/AMP criteria (Figure 1,

Table S5). Suitable biological specimens were available from the

index of FAP104 to explore the consequences of the NEIL1

variants on RNA and protein level. We evaluated the relative

mRNA expression from the two NEIL1 alleles by SNuPE and

found that the frameshift variant containing transcripts were

approximately twice less abundant than the missense variant

containing transcripts in lymphoblastoid cells from the index

individual of FAP104 (Figure 3A). By qRT-PCR, the total NEIL1

mRNA expression was essentially lower than in healthy controls

studied for comparison (Figure 3B), suggesting that the ASE seen

by SNuPE was more likely to reflect decreased expression from

the frameshift allele than increased expression from the missense

allele. Interestingly, Western blot analysis revealed a markedly

elevated amount of normalized full-length NEIL1 protein

compared to healthy controls, and no truncated protein was

visible (Figure 3C). The abundant full-length protein likely

originated from the missense allele, and no stable protein was

apparently generated from the frameshift variant containing

allele. In the absence of increased NEIL1 mRNA expression

(Figure 3B), elevated NEIL1 protein in the Western blot was

more likely to reflect aberrant protein stabilization than

overexpression. The MG132 experiments (see Materials and

Methods) did not reveal increased NEIL1 staining after

treatment, indicating that regulation of NEIL1 protein

expression is not MG132 mediated.

The index of FAP1021 with attenuated polyposis (30 polyps at

72 years of age) had a splice donor variant c.692+2T>C (Figure 1,

Figure S1). In the literature, conflicting interpretations of

pathogenicity for this splice variant exist (e.g., Dallosso AR et al.

(28); Boldinova EO et al. (29)). In the absence of RNA, we were

unable to experimentally verify splicing consequences of the

variant. Based on available data, the ACMG/AMP classification

is likely benign or VUS (Table S5). Available in silico software

evaluated the splice donor variant highly likely to affect splicing

(0.9918, 0.6039, 0.96, and 0.99683 for ADA, RF, SpliceAI, and

SPiCE, respectively).
3.2 Germline DNA glycosylase variants
found in the South American series

A patient from the Argentine family ARG046 with

attenuated mixed polyposis and colorectal carcinoma at the

age of 60 years was found to be heterozygous for the

previously described NEIL1 c.506G>A variant (Figure 2). No

other possibly pathogenic variants in NEIL1 were observed in

the South American series.

Two families revealed likely deleterious OGG1 variants. The

index of family PAF29 with attenuated polyposis had a

heterozygous missense variant of OGG1 , c.137G>A,

p.(Arg46Gln). In the literature, the same variant was described
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in a patient with synchronous colorectal cancer at 36 years and

adenomas (30). It was shown that the G to A change which affects

the last nucleotide of exon 1 disrupts a splice donor sequence,

resulting in extinct expression from the variant allele in cDNA

from the patient (30). The authors classified the OGG1 c.137G>A

variant pathogenic. Considering all available information, the

ACMG/AMP criteria for likely pathogenic are fulfilled (Figure 1,

Table S5). A heterozygous c.364G>T, p.(Glu122Ter) nonsense

variant in the OGG1 gene, likely pathogenic by the ACMG/AMP

criteria (Figure 1, Table S5), was detected in family 91. The variant

was present in the index patient (ID 606) with attenuated

polyposis but absent in the index patient’s brother (ID 657)

with late-onset colorectal carcinoma (Table S1).

Three heterozygous MUTYH variants were observed in the

South American series (Figure 1, Figure S2). By ES, a frameshift

variant of MUTYH, c.1101dupC, p.(Arg368Glnfs*164), was

present in three individuals (ID 47, 534, and 535) out of four
Frontiers in Oncology
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with colorectal adenomas or carcinoma from the Chilean family

PAF20 and affected two generations. MUTYH c.1147delC,

p.(Ala385Profs*23) was observed in the index individual HI003

(no other affected members were known to exist in this family).

Both MUTYH variants described above are pathogenic by the

ACMG/AMP criteria (Table S5), with biallelic involvement linked

to MAP. A missense variant, MUTYH c.869G>A, p.(Cys290Tyr),

classified as likely pathogenic (Table S5), was found in the index

individual of family PAF43 (carrier statuses of the remaining

family members were unknown). This family showed features of

MAP (over 100 polyps in the index individual and an apparent

recessive transmission pattern, Figure S2), raising the possibility

that the MUTYH allele currently considered wildtype might

harbor a defect that had escaped detection. However, manual

IGV analysis of the gene and MLPA (with MSH6-MUTYH and

APC MLPA kits) for large genomic rearrangements provided no

support for biallelic MUTYH involvement.
B

A

FIGURE 2

(A) Pedigrees of the polyposis families with NEIL1 variants. Numbers below the symbols are patient identifiers. Arrow denotes the index person. Zygosity
of NEIL1 variants is shown (+/− heterozygous). Tumor manifestations and age at diagnosis (years) are given below the patient symbol. Mets refers to
metastasis. Nonessential pedigree features were removed or modified to protect confidentiality. (B) Locations of the variants relative to the main
functional domains of the DNA glycosylase genes. Zn denotes the metal binding sites in MUTYH as listed in the Uniprot database (www.uniprot.org;
Q9UIF7). The pedigrees were generated with Pedigree Chart Designer and the lollipop diagrams with MutationMapper.
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3.3 Mutational analyses on tumors from
individuals with NEIL1 variants

DNA was available from a colorectal tubular adenoma from

the index of FAP104 (compound heterozygous NEIL1;
Frontiers in Oncology 07
100
c.506G>A and c.821delT), two desmoid tumors from the

paternal aunt of the index of FAP104 (heterozygous NEIL1

c.506G>A), and a colorectal carcinoma from the index of

ARG046 (heterozygous NEIL1 c.506G>A) for somatic

mutational profiling. We first determined the total mutational
B

C

A

FIGURE 3

Expressional consequences of the NEIL1 c.506G>A, p.(Gly169Asp) variant. (A) ASE analysis based on the NEIL1 c.506G>A variant. Longer peak (G)
represents the wild type sequence. The control individual is homozygous for the wild-type allele. The index individual of FAP104 is
heterozygous: Allele A corresponds to the NEIL1 c.506A missense variant, whereas the G allele is known to have a frameshift variant (c.821delT)
in a downstream position. This individual displays ASE with the peak area ratio of 0.45 for G to A in cDNA relative to gDNA. The result indicates
that transcripts with G (arrowhead) having the frameshift variant are twice less abundant than transcripts containing the missense variant (A). (B)
Relative quantity (RQ) from the qRT-PCR experiment targeting the two main isoforms of NEIL1 using the housekeeping gene GAPDH as an
endogenous control. Whiskers indicate 95% confidence limits. The index of family FAP104 shows reduced NEIL1 RNA expression compared to
the controls. (C) Western blot of two healthy control individuals and the index of FAP104. GAPDH was used as a loading control. FAP104 index
displays elevated NEIL1 protein levels compared to the controls (arrowhead). No truncated NEIL1 protein is seen.
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loads, since elevated numbers of somatic variants may point to

defects in DNA replication or repair (10, 15). The total numbers

of somatic nonsynonymous variants were 281 (adenoma), 45

and 57 (desmoids), and 1146 (carcinoma) by VarScan2 analysis.

Based on the commonly used threshold of 10 variants/Mb, only

the carcinoma of ARG046 was hypermutated (35 somatic

variants/Mb).

All somatic variants meeting our selection criteria (VarScan2

p<0.01) are listed in Table S7. No somatic variant or loss of

heterozygosity of NEIL1 was observed in any sample. Thus, there

was no evidence of a somatic “second hit” to the remaining

wildtype allele in the monoallelic NEIL1 variant carriers. The

adenoma from the index of FAP104 showed a truncating APC

variant (c.4666dupA, p.Thr1556fs; variant allele frequency (VAF)

23%) and KRAS c. 35G>C, p.Gly12Ala (VAF 25%), both

representing alterations typical of colorectal tumorigenesis. The

two desmoid tumors revealed extensive sharing of somatic

variants, suggesting a common origin for the tumors.

As the patterns of somatic variants can offer insights to the

underlying biological processes, a mutational signature analysis

was conducted on the tumors (Figures 4A, B). VarScan2-based

somatic variants were included in this analysis. COSMIC (31) SBS

signature 3 (defective homologous recombination) was prominent

in all three tumors from FAP104 (Figure 4A). Desmoid tumors

from individual II.4 additionally revealed SBS7 (ultraviolet

radiation exposure) and a discernible SBS24 linked to aflatoxin-

associated mutagenesis (32). Interestingly, the hypermutable

colorectal carcinoma from ARG046 showed prominent MMR

deficiency-associated signatures SBS6 and SBS26, together with

SBS12 (unknown etiology). The ID signature 6 supported

defective homologous recombination in tumors from FAP104,

whereas ID7 was compatible with deficient MMR in the colorectal

carcinoma from ARG046 (Figure 4B).
3.4 PMS2 genomic deletion found in the
index case of ARG046

To resolve the MMR-deficient pattern of somatic alterations

in the colorectal carcinoma from ARG046, the tumor was tested

for MLH1 promoter methylation, but no hypermethylation was

present. However, immunohistochemical analysis revealed

selective absence of PMS2 protein (Figure 4C). Subsequent

MLPA analysis of blood DNA showed a heterozygous deletion

of PMS2 exons 2 - 11 (NM_000535.5:c.(23 + 1_24-1)-(2006 +

1_2007-1)del; Figure 4D). No additional cases with large

rearrangements of MMR genes were detected when our entire

polyposis series was evaluated by MLPA (and no small sequence

alterations with possible pathogenicity existed in MMR genes

by ES).
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3.5 Methylation status of NEIL1 in the
polyposis and control cohorts

As NEIL1 is commonly hypermethylated in cancer (23, 24),

we designed a MS-MLPA kit to determine constitutional and

somatic methylation status of our patient samples. Of the four

MS-MLPA probe pairs, NEIL1_1 interrogated a region

previously shown to be informative for methylation (23, 24)

and showed the best discrimination between normal and tumor

tissues (Table S4). Blood and normal colonic mucosae even from

reference individuals revealed considerable methylation, and

examination of blood DNAs from our polyposis cases (with or

without NEIL1 variants) raised no suspicion of constitutional

NEIL1 epimutation in any case. Compared to paired normal

tissues, tumors from individuals with NEIL1 variants

occasionally displayed higher methylation dosage ratios, but

no significant somatic hypermethylation of the promoter

region was evident. Comparing paired tumor and normal

tissues from sporadic cases with MSS or MSI carcinomas or

adenomas revealed no significant difference by Wilcoxon

matched pairs test (Z=-1.03, p=0.133 for MSI carcinomas vs

matching normal tissues, and Z=-0.217, p=0.828 for MSS

carcinomas vs matching normal tissues by NEIL1 I

probe, respectively).
4 Discussion

The DNA glycosylase family comprises eleven members, of

which some (e.g., MUTYH) are monofunctional (capable of

excising damaged or mispaired bases) and some (e.g., NTHL1,

OGG1 , and NEIL1) bifunctional (additionally having

endonuclease activity to incise the modified strand) (33). The

role of DNA glycosylases other than MUTYH and NTHL1 in

(colon) tumor susceptibility is unknown and/or associated with

conflicting evidence, which encouraged us to undertake the

present study. In our exomic screen of 67 index cases from

Finnish and South American cohorts, 9 (13%) revealed proven

or potentially pathogenic germline variants affecting NEIL1 (3

cases), MUTYH (3 cases), NTHL1 (1 case), and OGG1 (2 cases).

The findings suggest that germline variants in DNA glycosylase

genes may explain a nontrivial proportion of unexplained cases

of colorectal polyposis.

In our investigation, NTHL1 showed biallelic involvement,

consistent with the recessive NTHL1-associated polyposis

syndrome (14). Our OGG1 variants were monoallelic and

suggested dominant transmission with reduced penetrance,

which agrees with available literature (30), although a single

case with a biallelic truncating OGG1 variant was recently

reported in association with FCCTX (34). Biallelic germline
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variants of MUTYH underlying the well-defined recessive MAP

syndrome (2) were excluded from our series at the outset; the

significance of the observed monoallelicMUTYH variants will be

addressed below. Finally, the transmission pattern of NEIL1-
Frontiers in Oncology 09
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associated disease is unclear since no segregation studies for

NEIL1 variants have been reported before. We detected one

biallelic and two monoallelic NEIL1 cases that will be discussed

in more detail below.
B

C

D

A

FIGURE 4

Somatic mutational signature analysis of four NEIL1-associated tumors (A, B). (A) Heatmap indicating the relative contribution of SBS signatures
(COSMICv2) to the mutational landscape of each tumor. Black arrowheads indicate NEIL1-deficiency associated signatures prominent in tumors
from FAP104, whereas open arrowheads represent MSI-signatures present in a colorectal carcinoma from ARG046. (B) Heatmap of the relative
contributions of ID signatures (COSMICv3.1, GRCh37) to the mutational profiles of the tumors. Subsequent discovery of the PMS2 alteration in
the ARG046 case (C, D). (C) Immunohistochemical analysis of the MMR proteins reveals a selective loss of PMS2 in the tumor cells. Normal cells
retaining the PMS2 expression are indicated with arrowheads. Scale bar represents 50 mm. (D) PMS2-MLPA analysis of blood DNA of the
ARG046 case as well as a healthy control. Arrowheads indicate reduced emission peaks at exons 2-11. The average probe ratios of exons 2-11
(0.54 ± 0.03) are indicative of a heterozygous deletion.
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The NEIL1 missense variant c.506G>A, p.(Gly169Asp)

occurred in two polyposis families, Finnish and Argentine (2/67,

3%). This variant was previously referred to as G83D according to

annotation based on the short (390 amino acid) isoform. Forsbring

et al. (35) found this variant in two patients among 37 with primary

sclerosing cholangitis and cholangiocarcinoma (5%). Biochemical

studies have provided consistent evidence that the variant is

deleterious. Using 8-oxoG, thymine glycol, and 5-OHU as

substrates, the NEIL1 Gly169Asp protein was found to be devoid

of DNA glycosylase activity (35–38). Galick et al. (38) additionally

showed that the variant NEIL1 protein acted as a dominant negative

manner relative to the wild-type protein, being able to bind to

damaged DNA but unable to repair it. Roy et al. (37) concluded that

in individuals with the Gly169Asp variant, NEIL1 function is likely

to be 50% compared to normal levels unless compensatory

mechanisms exist. Our Western blot analysis on lymphoblastoid

cells from the index of FAP104 with the c.506G>A variant revealed

strikingly increased amount of NEIL1 protein, and we hypothesize

that the c.506G>A variant is mutagenic due to the accumulation of

functionally defective protein. Our result would comply with a

possible oncogenic role proposed for NEIL1 in some studies (39).

The index individual of FAP104 was compound heterozygous

for NEIL1 c.506G>A and c.821delT. We are not aware of the

possible existence of any previous reports of biallelic constitutional

NEIL1 involvement in association with human disease. Moreover,

in FAP104, all five members who were verified to have either one

of the NEIL1 variants (or both) had a colorectal tumor phenotype.

The age at onset of disease (polyposis or cancer) of our

heterozygous cases was relatively late with modest numbers of

polyps (Figure 2, Table S1), which may indicate reduced

penetrance. Apart from colon polyposis, profuse gastric fundic

gland polyposis was apparent in the index of FAP104 as well as his

daughter, both individuals with the NEIL1 frameshift variant

(Figure 2). Stomach tissue is particularly prone to oxidative

damage and some somatic NEIL1 variants and germline

polymorphisms have been found in gastric cancer patients (40)

indicating a possible role in stomach polyp formation.

SBS3 and ID6, which are associated with impaired homologous

recombination (41), stood out among mutational signatures

observed in our NEIL1-associated tumors (Figures 4A, B). This is

compatible with observations that NEIL1 may participate in the

repair of oxidized bases in D-loops (42) and R-loops (43) arising

during homologous recombination or transcription. SBS7 which is

connected to UV radiation was prominent in the desmoid tumors

from a case with the NEIL1 c.506G>A variant. This is consistent

with findings of Neil1-/- mice being sensitive to chronic UVB

exposure (44). Our desmoid tumors also exhibited SBS24, the so-

called aflatoxin signature. McCullough and Lloyd (32)

demonstrated that NEIL1 is a major contributing factor to the

repair of AFB1-N7-dG and AFB1-Fapy-dG adducts formed by

aflatoxin mutagenesis. All in all, mutational signatures observed in

tumors from our NEIL1 cases are well in agreement with the

reported biological consequences of defective NEIL1 function.
Frontiers in Oncology 10
103
Somatic hypermutability and MMR deficiency-associated

signatures in a colorectal tumor from an Argentine case with the

NEIL1 c.506G>A variant provided critical clues to discover a large

genomic deletion of PMS2 as a concomitant germline alteration in

this patient (Figures 4C, D). In analogy to DNA glycosylase genes,

incomplete penetrance characterizes many pathogenic variants of

PMS2 (45). Colonic polyposis commonly accompanies biallelic

PMS2 variants, whereas monoallelic PMS2 variants typically

manifest themselves as (late-onset) colorectal carcinoma (46).

The PMS2 exon 2 – 11 deletion found in our ARG046 case was

heterozygous (Figure 3D), and no other PMS2 sequence variants of

suspected pathogenic significance were identified (Table S6).

Modifying or additive effects of two or more defective genes may

be necessary to explain the observed phenotypes of DNA

glycosylase gene variants (30) and PMS2 variants (46), and base

excision repair andMMR defects can potentiate each other’s effects

(47). It is possible that the late-onset colorectal carcinoma in our

ARG046 case mainly reflected the PMS2 defect, in agreement with

available literature (see above), whereas NEIL1 c.506G>A might be

necessary for the patient’s polyposis phenotype.

While biallelic germline variants of MUTYH cause

predisposition to MAP (see Introduction), the clinical phenotype

of monoallelic MUTYH variants remains unsettled. In our

investigation, three families from the South American cohort

revealed monoallelic MUTYH variants classified as pathogenic

(two) and likely pathogenic (one). Among five individuals with

monoallelic MUTYH variants, four exhibited polyposis with the

polyp number ranging from below 20 (in three individuals) to over

100 (in one), and three had late-onset colorectal cancer (Table S1,

Figure S2). Our findings together with published reports indicate

that individuals with monoallelic MUTYH variants may be

predisposed to colorectal polyposis of a variable degree and have

amoderately increased risk of colorectal cancer (48, 49). The PAF43

index case manifested a phenotype akin to classical MAP, but no

second MUTYH variant of possible pathogenic significance was

identified. Since the ES runs included only about 300 bp flanking

sequence, our approach does not exclude possible variants in

regulatory regions (including deep intronic splice variants

and pseudoexons).

In summary, we describe proven or possibly pathogenic

germline variants of DNA glycosylase genes in 9/67 (13%) index

cases with colon polyposis. Our study suggests a link between

NEIL1 germline variants and colon polyposis. Because of the

relatively limited number of individuals with NEIL1 variants in

this investigation, our findings need to be confirmed in larger

multinational cohorts.
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