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Discovery of markers predictive for 5-Fluorouracil (5-FU)-based adjuvant chemotherapy
(adjCTX) response in patients with locally advanced stage II and III colon cancer (CC) is
necessary for precise identification of potential therapy responders. PEA3 subfamily of ETS
transcription factors (ETV1, ETV4, and ETV5) are upregulated in multiple cancers including
colon cancers. However, the underlying epigenetic mechanism regulating their
overexpression as well as their role in predicting therapy response in colon cancer are
largely unexplored. In this study, using gene expression and methylation data from The
Cancer Genome Atlas (TCGA) project, we showed that promoter DNA methylation
negatively correlates with ETV4 expression (ρ � −0.17, p � 5.6 × 10–3) and positively
correlates with ETV5 expression (ρ � 0.22, p � 1.43 × 10–4) in colon cancer tissue. Further,
our analysis in 1,482 colon cancer patients from five different cohorts revealed that higher
ETV5 expression associates with shorter relapse-free survival (RFS) of adjCTX treated
colon cancer patients (Hazard ratio � 2.09–5.43, p � 0.004–0.01). The present study
suggests ETV5 expression as a strong predictive biomarker for 5-FU-based adjCTX
response in stage II/III CC patients.
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INTRODUCTION

Colon cancer (CC) is the fourth most commonly diagnosed cancer (2 million cases in 2018)
globally and kills nearly 1 million people annually (Arnold et al., 2017) mostly due to the spread of
tumor cells to other secondary organs (e.g., liver) in the later stage (stage IV) of the disease (Yu
et al., 2019). Therefore, successful treatment of the early-stage (stage I, II, and III) cancer is
necessary in order to prevent disease progression and improve the overall survival of the patients
(Argiles et al., 2020). Usually, the early-stage patients are cured by surgical removal of the tumor
only without the use of chemotherapy, however, systematic use of 5-fluorouracil (5-FU)-based-
adjCTX is recommended for stage II cases with high risk (e.g., with perineural invasion and poor
histological differentiation) of reoccurrence and stage III patients (Casadaban et al., 2016; Argiles
et al., 2020). The use of adjCTX cures only 20% of additional stage III patients over surgery alone
(cures 50% of cases) and improves the chance of 10-year overall survival only by 10–20% in stage II
patients (Casadaban et al., 2016). Further, it incurs considerable toxicity (e.g., myelosuppression,
diarrhea) and economic cost to the patients (Breugom et al., 2015; Auclin et al., 2017). The higher
toxicity and low efficacy of 5-FU-based adjCTX demand novel and reliable molecular markers that
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can predict the treatment response in early-stage (II and III)
patients and help to stratify patients with different responses
(Giri and Aittokallio, 2019; Giri et al., 2019).

Attempts to predict response for adjuvant chemotherapy have
identified molecular alterations (e.g., microsatellites status (Ribic
et al., 2003), TP53 mutations (Kandioler et al., 2015), genetic
polymorphism in MTHFR (Nahid et al., 2018) and DPYD
(Henricks et al., 2017; Hariprakash et al., 2018) as a predictive
marker for 5-FU-based adjCTX response. Further, recent studies
exploring gene expression signatures as predictive markers for
treatment response in colon cancer have identified ESR1 (Ye
et al., 2020), and CD8 (Allen et al., 2018) expression as predictors
for 5-FU-based adjCTX response in CRC. However, none of the
identified markers can successfully segregate the responders from
nonresponders suggesting a need for additional novel markers
predictive of adjCTX response (Oh and Joo, 2020).

ETV1, ETV4, and ETV5 are the members of the polyoma
enhancer activator 3 (PEA3) subfamily of E26 transformation-
specific (ETS) domain-containing transcription factors. They
promote cancer cell proliferation and survival in solid tumors
including gastric (Keld et al., 2011), ovarian (Llaurado et al., 2012),
and colon (Cheng et al., 2019) cancers and are being targeted for
therapy (Hsing et al., 2020). However, the role of epigenetic
mechanisms especially DNA methylation in regulating their
expression in colon cancer (Llaurado et al., 2012) is largely
unexplored. Further, the available evidence suggests that PEA3
subfamily members could be a potential biomarker for therapy
response against CC (Llaurado et al., 2012), and their role in
predicting adjCTX response has not been explored in any cancers
including CC. The current study explores the role of DNA
methylation in regulating PEA3 members gene expression using
The Cancer Genome Atlas (TCGA) colon adenocarcinoma cohort.
Further, we explored the PEA3 subfamily ETS transcription factors
as predictive biomarkers for adjCTX response in CC patients. Our
analysis identified and validated ETV5 expression as a predictive
marker for 5-FU-based adjCTX response in stage II and II colon
cancer patients.

MATERIALS AND METHODS

Processing of Clinical and Expression Data
From Publicly Available Cohorts
The Cancer Genome Atlas (TCGA) Cohort
The expectation-maximization genes normalized RNA-Seq data for
328 colon adenocarcinomas patients’ samples (41 normal and 287
cancerous tissue) profiled in the TCGA project were downloaded
using the Firehose tool (http://gdac.broadinstitute.org/). The data
was further normalized using voom function in the limma package
(Ritchie et al., 2015), and Z-transformed before the differential and
correlation analyses. We also downloaded methylation data for
482,481 CpGs generated using Infinium HumanMethylation450
Beadchip for 38 normal and 297 cancerous tissue samples.
Methylation status at a CpG site was measured as beta value (β),
which is the ratio of the methylated probe intensity and the overall
intensity (sum of methylated and unmethylated probe intensities
designed for a particular CpG in 450K beadchip). β ranges from 0 to

1, indicating no methylation (β � 0) to complete methylation of the
CpGs (β � 1). In all the analyses, we performed appropriate quality
control of the published data before their downstream analysis as
described previously (Giri et al., 2017; Giri and Aittokallio, 2019).
Briefly, we removed all the CpGs with missing values and CpGs
assessed by probes that have a tendency of cross-hybridization, as
specified in the supplementary file of Chen et al., 2013. We used
BMIQ normalization (Teschendorff et al., 2013) to remove any
possible bias due to design differences in the type of probes (the type
I and type II probes) present in the Illumina 450K platform before
averaging of probes in the promoter region. The averagemethylation
of probes between 1,500 bases upstream of the transcription start site
(TSS) was defined as promoter methylation level for a gene.

The French National Cartes d’Identité des Tumeurs
Program Cohort
We downloaded the clinical and normalized gene expression
profile of 472 stage II and III colon cancer patients out of 585
samples collected under The Cartes d’Identité des Tumeurs (CIT)
program from the Gene Expression Omnibus (GEO) platform
(GSE39582, Marisa et al., 2013). These patients with primary
tumors have been treated with 5-Fluorouracil based adjuvant
chemotherapy after surgery and monitored for relapse (distant
and/or locoregional recurrence; median follow-up of
51.5 months) at the Institut Gustave Roussy (Villejuif), the
Hospital Saint Antoine (Paris), the Hospital Europe’en
Georges Pompidou (Paris), the Hospital de Hautepierre
(Strasbourg), the Hospital Purpan (Toulouse), and the Institut
Paoli-Calmettes (Marseille), and the Center Antoine Lacassagne
(Nice) between 1987 and 2007. Clinical and pathological data
were extracted from the medical records and centrally reviewed
for the purpose of this study. The recurrence-free survival (RFS)
for the patients has been calculated as the time from surgery to the
first recurrence. Patients have been staged according to the
American Joint Committee on cancer tumor node metastasis
(TNM) staging system (American Joint Committee on Cancer,
1997). The locations of the tumor have been noted as distal and
proximal based on their anatomical positions. The gene
expression data have been generated on Affymetrix U133 Plus
2.0 chips and normalized using the robust multi-array average
method implemented in the R package affy. Gene expression was
summarized as the average expression levels of all the probes of
the genes and was used for differential and survival analysis.

H. Lee Moffitt Cancer Center Cohort
We also downloaded gene expression and clinical data for 177
colon cancer patient’s data (GSE17536) treated with adjuvant
therapy at the H. Lee Moffitt Cancer Center (MCC; Tampa, FL).
Out of 177 patients, we used 56 stage III patients’ data for
downstream analysis (Smith et al., 2010). These patients have
been treated with adjuvant therapy and disease-free survival
(DFS), as well as disease-specific survival (DSS), have been
reported as clinical endpoints. In order to generate the gene
expression data, representative sections of fresh tissue specimens
were flash-frozen in liquid nitrogen and stored at −80°C until
RNA isolation. RNA was purified with the use of the RNeasy kit
(QIAGEN, Valencia, CA). Human RNA samples were hybridized
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to Affymetrix arrays (Human Genome U133 Plus 2.0 GeneChip
Expression Arrays).

Metastasis Cohort (GSE72970)
Furthermore, we downloaded expression data (GSE72970) for tumor
samples from 143 patients collected by Del Rio et al., 2017. We
selected 63 colon cancer patients treated with 5-FU based adjCTX
and 21 untreated patients for our analysis. The patients had
metastatic colon cancer and did not receive any chemotherapy
treatment before primary tumor resection. Tumor response was
evaluated according to RECIST 1.0 recommendations for the
assessment of cancer treatment in solid tumors as described
previously. Overall survival (OS) and progression-free survival
(PFS) have been reported as treatment responses. PFS was defined
as the time from the beginning of first-line metastatic treatment until
recurrence or death. Alive patients without progression were
censored at the date of the last contact. OS was calculated from
the beginning of first-line treatment until death. Gene expression data
have been generated using human genome U133 Plus 2.0 arrays
(Affymetrix Inc., Santa Clara, CA, United States). The details of the
study participants have been sown in Supplementary Table S1.

GSE14333 Cohort
Additionally, we also downloaded the clinical and normalized gene
expression data (GSE14333) for 290 colorectal patients published
by Jorissen et al. (2009). The gene expression data have been
collected from specimens derived from primary carcinomas tissue-
sections snap-frozen in liquid nitrogen immediately after surgery.
RNA has been isolated and hybridized on human genome U133
Plus 2.0 arrays. The patients have received standard adjCTX (either
single-agent 5-fluorouracil/capecitabine or 5-fluorouracil and
oxaliplatin, Jorissen et al., 2009). Disease-free survival (DFS) has
been calculated as the duration from surgical operation to cancer
recurrence, second cancer, or death from any cause. The grading
for tumor stages has been determined using AJCC cancer staging
manual and the position of the tumor has been noted as left, right,
colon, and rectum (American Joint Committee on Cancer, 1997).
We removed the rectal cancer patients and also cases who received
postoperative chemoradiotherapy (50.4 Gy in 28 fractions)
concurrent with 5-fluorouracil from our analysis. Finally, we
analyzed the effect of ETV5 expression over DFS in 61 adjCTX
treated patients with Duke stage B or C.

Survival Analysis
The effect of ETV5 expression over RFS or DFS was determined
using the Cox regression analysis. The hazard ratio has been
calculated as the exponential of the regression coefficient
obtained from the fitted regression model. The significance of
the model was tested using the log-rank test.

Enrichment Analysis
The biological pathway enrichment for 22 genes against the
human genome as the background was performed using
Genecodis 4. 0 (Tabas-Madrid et al., 2012) and False
Discovery Rate adjusted hypergeometric p-values were used to
identified enriched pathways.

Statistical Analysis
All the statistical analysis has been performed using R version
3.5.3. The Non-parametric Wilcoxon rank test has been used to
compare the expression profiles between two groups. The survival
analysis has been performed using Cox-proportional regression
as implemented in the “survival” package and the survival plots
have been drawn using “ggplot” and “GGally” package in R.

Calculation of oncotype DX recurrence score (RS): In order to
compare the prediction ability of ETV5, we correlated the ETV5
expression in the treated patients with the oncotype DX recurrent
score (RS) across different datasets. Oncotype DX recurrent score
(RS) was calculated using the normalized gene expression of
seven genes from three gene groups as described below (Clark-
Langone et al., 2010)

(1) cell proliferation group-MK167, MYBL2, and MYC,
(2) stroma activation group-BGN, INHBA, and FAP, and
(3) genotoxic stress pathway-GADD45B.

The unscaled recurrence score (RS) was calculated as
RS � 0.1263 × Stromal Group Score − 0.3158 × Cell Cycle

Group Score + 0.3406 × GADD45B
where
Stromal Group Score � (BGN+FAP+INHBA)/3 and Cell

Cycle Group Score � (MYBL2+Ki-67+MYC)/3
The unscaled RS (recurrence score) were then rescaled be

between 0 and 100 as given below
The RS score is
0 if 44.16* (RS+ 0.30) < 0 OR
44.16 *(RS +0.30) if 0> 44.16 (RS +0.30) <100 OR
100 if 44.16 (RS +0.30) > 100

RESULTS

Cancer Tissue Has Higher Expression of
ETV4 and ETV5 Genes That Correlate With
Promoter Methylation in Colon Cancer
Patients
First, we compared the expression level of ETV1, ETV4, and
ETV5 between the normal and cancerous tissue in TCGA data
and observed higher expression of only ETV4 (Wilcox test p �
4.90 × 10–25) and ETV5 (Wilcox test p � 5.17 × 10–9) in tumor
suggesting their possible role in tumor biology (Figures 1A,B)
Further, our analysis revealed that promoter methylation
negatively correlates with ETV4 expression (ρ � -0.17, p � 5.6
× 10–3) whereas positively correlates with ETV5 expression (ρ �
0.22, p � 1.43 × 10–4) in cancer tissue suggesting that DNA
methylation play a strong role in regulating ETV5 and ETV4
expression in colon cancer tissue (Figures 1C-F).

ETV5 Correlates With Disease Free Survival Of Stage
II/III Patients Treated With Adjuvant Chemotherapy.
After observing that ETV4 and ETV5 are overexpressed in colon
cancerous tissue from TCGA cohort, we studied their role in
predicting adjCTX response in colon cancer using three publicly
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available datasets. We used cox-regression with relapse/
progression-free survival as treatment outcomes and observed
that higher ETV5 expression is a strong and selective predictor for
poor RFS (HR� 2.29, p � 0.00178) in treated patients in the CIT
program cohort (Table 1). We did not observe a significant
association of ETV4 with RFS of patients in the cohort.

Further, we validated the findings in colon cancer patients treated
with adjuvant therapy in MCC, metastatic, and GSE14333 cohorts
indicating that ETV5 is a strong predictor of disease-free survival.
ETV5 expression also significantly associates with the overall

survival of 5-FU treated patients in both CIT and metastatic
cohorts (Table 1). We did not observe a significant effect of
ETV5 over survival response of untreated patients (Table 1)
suggesting that ETV5 does not predict a worse prognosis in
colon cancer but predicts for poor adJCTX treatment response.
We also observed a significant effect of ETV5 expression over the
survival response of adjCTX-treated stage III patients
(Supplementary Figure S1) suggesting that ETV5 is a useful
response marker for therapy response on patients where it is
widely used and impactful. Further, we also correlated ETV5

FIGURE 1 | DNA methylation regulates ETV4 and ETV5 expression in colon cancer. ETV4 (A) and ETV5 (B) are overexpressed in cancerous tissue compared to
healthy tissue in TCGA samples. Violin plot showing promoter methylation difference between cancer and normal tissue for ETV4 (C) and ETV5 (D) genes. The p-value
has been calculated using the Wilcoxon nonparametric test. Scatterplot showing spearman’s correlation between promoter methylation and expression levels of
ETV4 (E) and ETV5 (F) in the cancerous tissue of the CC patients from TCGA data. The Spearman correlation coefficient and respective p-values have been shown
in the figure.
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expression with clinically approved oncotype DX RS score to assess
the clinical utility of ETV5 as a marker. ETV5 expression
significantly correlates with oncotype DX recurrence score in all
the datasets suggesting a clinical level prediction potential of ETV5
expression (Supplementary Table S2).

ETV5 Expression Differs in Colon Cancer
Patients With Proximal and Distal Tumors
After observing that ETV5 expression predicts the treatment
response in colon cancer, we checked the expression level of
ETV5 in stage II/III CC patients (both treated and untreated)
with proximal and distal tumors as the gene expression can vary
with the location of the tumor (Stintzing et al., 2017). We
observed a significant difference in ETV5 expression in CIT
program cohort (Wilcox test p � 8.05 × 10–5), metastasic
cohort (GSE72970, Wilcox test p � 0.003) and GSE14333
cohort (Wilcox test p � 0.02, Figure 2). The result suggests a
tumor-side specific role of ETV5 in colon cancer that can affect
the underlying response to chemotherapy (Stintzing et al., 2017).

We also checked the correlation between ETV5 and colon cancer
cell proliferating markers (MK167, MYC,MYBL2) in order to assess
the effect of ETV5 over cell proliferation. We observed that ETV5
corelates with cell proliferation markers in adjCTX treated patients

in most of the datasets (Supplementary Table S3) suggesting a
significant role of ETV5 in cancer cell proliferation as observed in the
colorectal cancer cells (Bazzocco et al., 2015) and other cancer cells
(Puli et al., 2018; Mus et al., 2020).

DISCUSSION

5-FU-based adjCTX after surgery is the primary choice of
treatment in early-stage colon cancer due to survival
advantage over surgery alone (Wilkinson et al., 2010; Argiles
et al., 2020). However, higher toxicity and inability to segregate
responders from nonresponders using available markers is a
notable challenge to the clinical success of therapy. Therefore,
there is an urgent need to identify additional predictive markers
for the 5FU-based-adjCTX response in colon cancer. To address
the need, we investigated the expression regulation of members of
the PEA3 subfamily of ETS transcription factors by DNA
methylation and the potential of their expression as a
predictive marker for chemotherapy response in stage II and
III colon cancer patients using five publicly available independent
colon cancer datasets.

Our analysis revealed higher expression of ETV4 and ETV5
genes in colon cancer tissue compared to normal tissue in TCGA

TABLE 1 | Summary table of the Cox proportional hazard model assessing the effect of ETV5 expression over adjCTX-treatment response in colon cancer patients.

AdjCTX treated AdjCTX untreated

Dataset Stage Outcome
variables

N HR (C.I) LRT
(p-value)

N HR (C.I) LRT
(p-value)

GSE39582 II/III RFS 210 2.09 (1.29–3.40) 0.004019 262 1.38 (0.84–2.27) 0.21
GSE17536 III DFS 56 6.05 (1.13–32.24) 0.03 — — —

GSE72970 IV PFS 64 2.27 (1.18–4.4) 0.01 21 1.77 (0.21–1.48) 0.33
GSE39582 II/III OS 210 2.22 (1.27–3.39) 0.007 267 1.11 (0.72–1.71) 0.6
GSE72970 IV OS 63 2.14 (1.01–4.5) 0.05 21 1.78 (0.65–4.88) 0.30
GSE14333 II/III DFS 61 2.27 (1.08–4.75) 0.03 86 1.21(0.47–1.46) 0.52

CI, confidence interval; DFS, disease-free survival; DSS, disease specific survival; HR, hazard ratio; LRT, log-likelihood ratio test (p-value); N, the numbers of cases; PFS, progression-free
survival; RFS, relapse free-survival; The p-values have been calculated using cox-proportional hazard analysis.

A B C

FIGURE 2 |Comparison of ETV5 (A–C) expression in distal and proximal tumors of combined stage II and III colon cancer patients from CIT (GSE39582 left panel),
metastatic (GSE72970 middle panel) and GSE14333 (right panel) cohorts. The p-value has been calculated using the Wilcoxon test.
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samples (Figures 1A,B). Further, ETV4 expression showed a
negative correlation with promoter methylation (Figure 1E)
suggesting that DNA methylation mediates expression by
hindering transcription factor binding (Esteller, 2007).
Additionally, we observed a paradoxical positive correlation
between ETV5 promoter hypermethylation (Figure 1F) and
higher expression in cancer tissue (Figure 1B) suggesting that
hypermethylation may facilitate gene expression either by the
opening of chromatin (Smith et al., 2020) or mechanical
inhibition of transcriptional repressor binding (Nabilsi et al.,
2009) or allowing transcription from an alternative promoter
(Renaud et al., 2007). To our knowledge, there has been no study
exploring the methylation-expression relation of PEA3 member
proteins in colon cancers, and the results need to be validated in
independent colon cancer cohorts. Further, a detailed
mechanistic study in higher experimental model systems is
needed on how the promoter hypermethylation increases the
gene expression.

Additionally, we explored the role of ETV4 and ETV5 in 5-
FU-based-adjCTX response prediction utilizing three publicly
available colon cancer patient cohorts. Survival analysis revealed
that higher ETV5 expression significantly associated with shorter
RFS/DFS/PFS in colon cancer in stage II and III patients
(Table 1). ETV5 expression significantly but moderately
correlated with oncotype DX recurrence score (Supplementary
Table S2) suggesting that prediction based on ETV5 expression
will be in line with the standard response prediction tools like
oncotype Dx score. It further confirms that use of ETV5 along
with other known predictors for adjCTX response can improve
the prediction accuracy.

Further, we observed higher expression of ETV5 in the
proximal tumor as compared to the distal tumor (Figures
2A,B) in all three (CIT, GSE14333 and GSE72970 cohorts)
which is in accordance with more aggressive and high-grade
histology of proximal tumors compared to distal tumors
(Stintzing et al., 2017). We also observed significant
correlation between ETV5 expression and cell proliferating
marker gene expression (Supplementary Table S3) similar to
the earlier observation as higher ETV5 expression has been
associated with faster cell proliferation and aggressive
phenotypes (Bazzocco et al., 2015). ETV5 overexpression
stimulates CRC angiogenesis through activation of VGFR by
PDGFR-β/Src/STAT3 signaling (Llaurado et al., 2012) and
increases bevacizumab resistance through AKT, ERK, and

p38 signaling decreasing overall survival of the patients
(Llaurado et al., 2012). However, studies in larger human
cohort and animal model systems can fully explain the
detailed mechanism for the ETV5 role in 5-FU-based
adjCTX resistance. Further, the association of ETV5
expression with drug response in patients with different
clinical (e.g., number of nodes, location of metastasis) and
molecular features (e.g., mutations types) also need to
evaluated using appropriate cohorts.

The current study identified ETV5 as a biomarker of 5-FU-
based adjCTX response in colon cancer patients with evidence II
level as defined by Simon et al. (2009), and revealed that higher
ETV5 is associated with poor response in patients. These results
suggest that ETV5 could be useful for the identification of
responders before administration 5-FU-based adjCTX when
included along with other already established
clinicopathological markers.

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

The author confirms being the sole contributor of this work and
has approved it for publication.

ACKNOWLEDGMENTS

The author is very much thankful to Tero Aittokallio and
Aleksandr Ianevski for their valuable suggestions during the
analysis and editing of the manuscript.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2020.620811/
full#supplementary-material.

REFERENCES

Allen, W. L., Dunne, P. D., Mcdade, S., Scanlon, E., Loughrey, M., Coleman, H., et al.
(2018). Transcriptional subtyping and CD8 immunohistochemistry identifies
poor prognosis stage II/III colorectal cancer patients who benefit from adjuvant
chemotherapy. JCO Precis. Oncol. 2, PO.17.00241. doi:10.1200/PO.17.00241

American Joint Committee on Cancer (1997). AJCC cancer staging manual. 5th
Edn. Philadelphia, PA: Lippincott-Raven.

Argiles, G., Tabernero, J., Labianca, R., Hochhauser, D., Salazar, R., Iveson, T., et al.
(2020). Localised colon cancer: ESMO clinical practice guidelines for diagnosis,
treatment and follow-up. Ann. Oncol. 31 (10), 1291–1305. doi:10.1016/j.
annonc.2020.06.022

Arnold, M., Sierra, M. S., Laversanne, M., Soerjomataram, I., Jemal, A., and Bray, F.
(2017). Global patterns and trends in colorectal cancer incidence and mortality.
Gut 66, 683–691. doi:10.1136/gutjnl-2015-310912

Auclin, E., Zaanan, A., Vernerey, D., Douard, R., Gallois, C., Laurent-Puig, P., et al.
(2017). Subgroups and prognostication in stage III colon cancer: future
perspectives for adjuvant therapy. Ann. Oncol. 28, 958–968. doi:10.1093/
annonc/mdx030

Bazzocco, S., Dopeso, H., Carton-Garcia, F., Macaya, I., Andretta, E., Chionh, F.,
et al. (2015). Highly expressed genes in rapidly proliferating tumor cells as new
targets for colorectal cancer treatment. Clin. Cancer Res. 21, 3695–3704. doi:10.
1158/1078-0432.CCR-14-2457

Breugom, A. J., Swets, M., Bosset, J. F., Collette, L., Sainato, A., Cionini, L., et al.
(2015). Adjuvant chemotherapy after preoperative (chemo)radiotherapy and surgery

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 11 | Article 6208116

Giri ETV5 Predicts adjCTX Response

https://www.frontiersin.org/articles/10.3389/fphar.2020.620811/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2020.620811/full#supplementary-material
https://doi.org/10.1200/PO.17.00241
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.1016/j.annonc.2020.06.022
https://doi.org/10.1136/gutjnl-2015-310912
https://doi.org/10.1093/annonc/mdx030
https://doi.org/10.1093/annonc/mdx030
https://doi.org/10.1158/1078-0432.CCR-14-2457
https://doi.org/10.1158/1078-0432.CCR-14-2457
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


for patients with rectal cancer: a systematic review and meta-analysis of individual
patient data. Lancet Oncol. 16, 200–207. doi:10.1016/S1470-2045(14)71199-4

Casadaban, L., Rauscher, G., Aklilu, M., Villenes, D., Freels, S., and Maker, A. V.
(2016). Adjuvant chemotherapy is associated with improved survival in patients
with stage II colon cancer. Cancer 122, 3277–3287. doi:10.1002/cncr.30181

Chen, Y. A., Lemire, M., Choufani, S., Butcher, D. T., Grafodatskaya, D., Zanke, B.
W., et al. (2013). Discovery of cross-reactive probes and polymorphic CpGs in
the Illumina Infinium HumanMethylation450 microarray. Epigenetics 8,
203–209. doi:10.4161/epi.23470

Cheng, X., Jin, Z., Ji, X., Shen, X., Feng, H., Morgenlander, W., et al. (2019). ETS
variant 5 promotes colorectal cancer angiogenesis by targeting platelet-derived
growth factor BB. Int. J. Cancer 145, 179–191. doi:10.1002/ijc.32071

Clark-Langone, K. M., Sangli, C., Krishnakumar, J., and Watson, D. (2010).
Translating tumor biology into personalized treatment planning: analytical
performance characteristics of the oncotype DX—colon cancer assay. BMC
Cancer 10, 691. doi:10.1186/1471-2407-10-691

Del Rio, M., Mollevi, C., Bibeau, F., Vie, N., Selves, J., Emile, J. F., et al. (2017).
Molecular subtypes of metastatic colorectal cancer are associated with patient
response to irinotecan-based therapies. Eur. J. Cancer 76, 68–75. doi:10.1016/j.
ejca.2017.02.003

Esteller, M. (2007). Epigenetic gene silencing in cancer: the DNA hypermethylome.
Hum. Mol. Genet. 16 Spec No 1 (1), R50–R59. doi:10.1093/hmg/ddm018

Giri, A. K., and Aittokallio, T. (2019). DNMT inhibitors increase methylation in the
cancer genome. Front. Pharmacol. 10, 385. doi:10.3389/fphar.2019.00385

Giri, A. K., Bharadwaj, S., Banerjee, P., Chakraborty, S., Parekatt, V., Rajashekar,
D., et al. (2017). DNAmethylation profiling reveals the presence of population-
specific signatures correlating with phenotypic characteristics. Mol. Genet.
Genomics 292, 655–662. doi:10.1007/s00438-017-1298-0

Giri, A. K., Ianevski, A., and Aittokallio, T. (2019). Genome-wide off-targets of
drugs: risks and opportunities. Cell Biol. Toxicol. 35, 485–487. doi:10.1007/
s10565-019-09491-7

Hariprakash, J. M., Vellarikkal, S. K., Keechilat, P., Verma, A., Jayarajan, R., Dixit,
V., et al. (2018). Pharmacogenetic landscape of DPYD variants in South Asian
populations by integration of genome-scale data. Pharmacogenomics 19,
227–241. doi:10.2217/pgs-2017-0101

Henricks, L. M., Opdam, F. L., Beijnen, J. H., Cats, A., and Schellens, J. H. M.
(2017). DPYD genotype-guided dose individualization to improve patient
safety of fluoropyrimidine therapy: call for a drug label update. Ann. Oncol.
28, 2915–2922. doi:10.1093/annonc/mdx411

Hsing, M., Wang, Y., Rennie, P. S., Cox, M. E., and Cherkasov, A. (2020). ETS
transcription factors as emerging drug targets in cancer. Med. Res. Rev. 40,
413–430. doi:10.1002/med.21575

Jorissen, R. N., Gibbs, P., Christie, M., Prakash, S., Lipton, L., Desai, J., et al. (2009).
Metastasis-associated gene expression changes predict poor outcomes in
patients with dukes stage B and C colorectal cancer. Clin. Cancer Res. 15,
7642–7651. doi:10.1158/1078-0432.CCR-09-1431

Kandioler, D., Mittlböck, M., Kappel, S., Puhalla, H., Herbst, F., Langner, C., et al.
2015). TP53 mutational status and prediction of benefit from adjuvant 5-
fluorouracil in stage III colon cancer patients. EBioMedicine 2, 825–830. doi:10.
1016/j.ebiom.2015.06.003

Keld, R., Guo, B., Downey, P., Cummins, R., Gulmann, C., Ang, Y. S., et al. (2011).
PEA3/ETV4-related transcription factors coupled with active ERK signalling
are associated with poor prognosis in gastric adenocarcinoma. Br. J. Cancer 105,
124–130. doi:10.1038/bjc.2011.187

Llauradó, M., Abal, M., Castellví, J., Cabrera, S., Gil-Moreno, A., Pérez-Benavente,
A., et al. (2012). ETV5 transcription factor is overexpressed in ovarian cancer
and regulates cell adhesion in ovarian cancer cells. Int. J. Cancer 130,
1532–1543. doi:10.1002/ijc.26148

Marisa, L., de Reyniès, A., Duval, A., Selves, J., Gaub, M. P., Vescovo, L., et al.
(2013). Gene expression classification of colon cancer into molecular subtypes:
characterization, validation, and prognostic value. PLoS Med. 10, e1001453.
doi:10.1371/journal.pmed.1001453

Mus, L. M., Lambertz, I., Claeys, S., Kumps, C., Van Loocke, W., Van Neste, C.,
et al. (2020). The ETS transcription factor ETV5 is a target of activated ALK in
neuroblastoma contributing to increased tumour aggressiveness. Sci. Rep. 10,
218. doi:10.1038/s41598-019-57076-5

Nabilsi, N. H., Broaddus, R. R., and Loose, D. S. (2009). DNAmethylation inhibits p53-
mediated survivin repression. Oncogene 28, 2046–2050. doi:10.1038/onc.2009.62

Nahid, N. A., Apu, M. N. H., Islam, M. R., Shabnaz, S., Chowdhury, S. M., Ahmed,
M. U., et al. 2018). DPYD*2A and MTHFR C677T predict toxicity and efficacy,
respectively, in patients on chemotherapy with 5-fluorouracil for colorectal cancer.
Cancer Chemother. Pharmacol. 81, 119–129. doi:10.1007/s00280-017-3478-3

Oh, H. H., and Joo, Y. E. (2020). Novel biomarkers for the diagnosis and prognosis
of colorectal cancer. Intest. Res. 18, 168–183. doi:10.5217/ir.2019.00080

Puli, O. R., Danysh, B. P., Mcbeath, E., Sinha, D. K., Hoang, N. M., Powell, R. T.,
et al. (2018). The transcription factor ETV5 mediates BRAFV600E-induced
proliferation and TWIST1 expression in papillary thyroid cancer cells.
Neoplasia 20, 1121–1134. doi:10.1016/j.neo.2018.09.003

Renaud, S., Pugacheva, E. M., Delgado, M. D., Braunschweig, R., Abdullaev, Z.,
Loukinov, D., et al. (2007). Expression of the CTCF-paralogous cancer-testis gene,
brother of the regulator of imprinted sites (BORIS), is regulated by three
alternative promoters modulated by CpG methylation and by CTCF and p53
transcription factors. Nucleic Acids Res. 35, 7372–7388. doi:10.1093/nar/gkm896

Ribic, C. M., Sargent, D. J., Moore, M. J., Thibodeau, S. N., French, A. J., Goldberg,
R. M., et al. 2003). Tumor microsatellite-instability status as a predictor of
benefit from fluorouracil-based adjuvant chemotherapy for colon cancer. N.
Engl. J. Med. 349, 247–257. doi:10.1056/NEJMoa022289

Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W., et al. (2015). limma
powers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 43, e47. doi:10.1093/nar/gkv007

Simon, R. M., Paik, S., and Hayes, D. F. (2009). Use of archived specimens in
evaluation of prognostic and predictive biomarkers. J. Natl. Cancer Inst. 101,
1446–1452. doi:10.1093/jnci/djp335

Smith, J., Sen, S., Weeks, R. J., Eccles, M. R., and Chatterjee, A. (2020). Promoter
DNA hypermethylation and paradoxical gene activation. Trends Cancer 6,
392–406. doi:10.1016/j.trecan.2020.02.007

Smith, J. J., Deane, N. G., Wu, F., Merchant, N. B., Zhang, B., Jiang, A., et al. (2010).
Experimentally derived metastasis gene expression profile predicts recurrence
and death in patients with colon cancer. Gastroenterology 138, 958–968. doi:10.
1053/j.gastro.2009.11.005

Stintzing, S., Tejpar, S., Gibbs, P., Thiebach, L., and Lenz, H. J. (2017). Understanding
the role of primary tumour localisation in colorectal cancer treatment and
outcomes. Eur. J. Cancer 84, 69–80. doi:10.1016/j.ejca.2017.07.016

Tabas-Madrid, D., Nogales-Cadenas, R., and Pascual-Montano, A. (2012).
GeneCodis3: a non-redundant and modular enrichment analysis tool for
functional genomics.Nucleic Acids Res. 40, W478–W483. doi:10.1093/nar/gks402

Teschendorff, A. E., Marabita, F., Lechner, M., Bartlett, T., Tegner, J., Gomez-
Cabrero, D., et al. (2013). A beta-mixture quantile normalization method for
correcting probe design bias in Illumina Infinium 450 k DNAmethylation data.
Bioinformatics 29, 189–196. doi:10.1093/bioinformatics/bts680

Wilkinson, N. W., Yothers, G., Lopa, S., Costantino, J. P., Petrelli, N. J., and
Wolmark, N. (2010). Long-term survival results of surgery alone versus surgery
plus 5-fluorouracil and leucovorin for stage II and stage III colon cancer: pooled
analysis of NSABP C-01 through C-05. a baseline from which to compare
modern adjuvant trials. Ann. Surg. Oncol. 17, 959–966. doi:10.1245/s10434-
009-0881-y

Ye, S. B., Cheng, Y. K., Deng, R., Deng, Y., Li, P., Zhang, L., et al. (2020). The
predictive value of estrogen receptor 1 on adjuvant chemotherapy in locally
advanced colorectal cancer: a retrospective analysis with independent
validation and its potential mechanism. Front. Oncol. 10, 214. doi:10.3389/
fonc.2020.00214

Yu, Y., Carey, M., Pollett, W., Green, J., Dicks, E., Parfrey, P., et al. (2019). The long-
term survival characteristics of a cohort of colorectal cancer patients and
baseline variables associated with survival outcomes with or without time-
varying effects. BMC Med. 17, 150. doi:10.1186/s12916-019-1379-5

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Giri. 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.

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 11 | Article 6208117

Giri ETV5 Predicts adjCTX Response

https://doi.org/10.1016/S1470-2045(14)71199-4
https://doi.org/10.1002/cncr.30181
https://doi.org/10.4161/epi.23470
https://doi.org/10.1002/ijc.32071
https://doi.org/10.1186/1471-2407-10-691
https://doi.org/10.1016/j.ejca.2017.02.003
https://doi.org/10.1016/j.ejca.2017.02.003
https://doi.org/10.1093/hmg/ddm018
https://doi.org/10.3389/fphar.2019.00385
https://doi.org/10.1007/s00438-017-1298-0
https://doi.org/10.1007/s10565-019-09491-7
https://doi.org/10.1007/s10565-019-09491-7
https://doi.org/10.2217/pgs-2017-0101
https://doi.org/10.1093/annonc/mdx411
https://doi.org/10.1002/med.21575
https://doi.org/10.1158/1078-0432.CCR-09-1431
https://doi.org/10.1016/j.ebiom.2015.06.003
https://doi.org/10.1016/j.ebiom.2015.06.003
https://doi.org/10.1038/bjc.2011.187
https://doi.org/10.1002/ijc.26148
https://doi.org/10.1371/journal.pmed.1001453
https://doi.org/10.1038/s41598-019-57076-5
https://doi.org/10.1038/onc.2009.62
https://doi.org/10.1007/s00280-017-3478-3
https://doi.org/10.5217/ir.2019.00080
https://doi.org/10.1016/j.neo.2018.09.003
https://doi.org/10.1093/nar/gkm896
https://doi.org/10.1056/NEJMoa022289
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/jnci/djp335
https://doi.org/10.1016/j.trecan.2020.02.007
https://doi.org/10.1053/j.gastro.2009.11.005
https://doi.org/10.1053/j.gastro.2009.11.005
https://doi.org/10.1016/j.ejca.2017.07.016
https://doi.org/10.1093/nar/gks402
https://doi.org/10.1093/bioinformatics/bts680
https://doi.org/10.1245/s10434-009-0881-y
https://doi.org/10.1245/s10434-009-0881-y
https://doi.org/10.3389/fonc.2020.00214
https://doi.org/10.3389/fonc.2020.00214
https://doi.org/10.1186/s12916-019-1379-5
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Higher ETV5 Expression Associates With Poor 5-Florouracil-Based Adjuvant Therapy Response in Colon Cancer
	Introduction
	Materials and Methods
	Processing of Clinical and Expression Data From Publicly Available Cohorts
	The Cancer Genome Atlas (TCGA) Cohort
	The French National Cartes d’Identité des Tumeurs Program Cohort
	H. Lee Moffitt Cancer Center Cohort
	Metastasis Cohort (GSE72970)
	GSE14333 Cohort

	Survival Analysis
	Enrichment Analysis
	Statistical Analysis

	Results
	Cancer Tissue Has Higher Expression of ETV4 and ETV5 Genes That Correlate With Promoter Methylation in Colon Cancer Patients
	ETV5 Correlates With Disease Free Survival Of Stage II/III Patients Treated With Adjuvant Chemotherapy.

	ETV5 Expression Differs in Colon Cancer Patients With Proximal and Distal Tumors

	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


