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FGF5 methylation is a sensitivity
marker of esophageal squamous
cell carcinoma to definitive
chemoradiotherapy
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Definitive chemoradiotherapy (dCRT) is the major treatment for esophageal squamous cell carcinoma
(ESCC), and prediction of the response to dCRT is important so as not to miss an opportunity to cure
an ESCC. Nevertheless, few validated markers are available. Here, we aimed to identify a highly
reproducible marker using multi-layer omics analysis. 117 ESCC samples from 67 responders and 50
non-responders were divided into screening, validation, and re-validation sets. In the screening cohort
(n=41), somatic mutations in 114 genes showed no association with dCRT response. Genome-wide
DNA methylation analysis using Infinium HumanMethylation450 BeadChip array identified four genic
regions significantly associated with dCRT response. Among them, FGF5 methylation was validated

to be associated with dCRT response (n =34; P=0.001), and further re-validated (n =42; P=0.020) by
bisulfite-pyrosequencing. The sensitivity and specificity in the combined validation and re-validation
sets (n=76) were 45% and 90%, respectively, by using the cut-off value established in the screening
set, and FGF5 methylation had predictive power independent from clinicopathological parameters.

In ESCC cell lines, FGF5 promoter methylation repressed its expression. FGF5 expression was induced
by cisplatin (CDDP) treatment in three unmethylated cell lines, but not in two methylated cell lines.
Exogenous FGF5 overexpression in a cell line with its methylation conferred resistance to CDDP. In
non-cancerous esophageal tissues, FGF5 was not expressed, and its methylation was present in a small
fraction of cells. These results showed that FGF5 methylation is a validated marker for ESCC sensitivity
to dCRT.

Definitive chemoradiotherapy (dCRT) is a treatment strategy for patients with locally advanced esophageal squa-
mous cell carcinoma (ESCC) that is frequently adopted as an alternative to surgical resection?. In Japan, dCRT is
indicated for patients with resectable stage II/III ESCC who refuse surgery with tolerable complete response rates
of 15-37% while it is 62.6% by neoadjuvant chemotherapy followed by surgery>*. One major reason for the low
complete response rate of dCRT is the high proportion (40 to 60%) of patients who have resistance to dCRT>.
Patients who have a residual tumor after dCRT have to receive salvage surgery, and unfortunately, the mortality of
salvage surgery is very high (8-15%)%°. At the same time, patients who show complete response to dCRT do not
need to receive surgery or further chemotherapy. Therefore, there is a strong clinical need to predict the sensitivity
of ESCCs to dCRT.

To predict the response of an ESCC patient to dCRT, multiple exploratory studies using molecular mark-
ers have been conducted. Indeed, associations of the response with a genotype (GALNT14)'°, gene expression
(MDM2, LOC285194, and SIM2)"-'3, and gene methylation (ZNF695)'* have been reported. However, most of
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the reports, except for ZNF695, have not been validated in an independent cohort of patients, and their validity
in general is still unclear. In addition, the sensitivity and specificity to predict responders to dCRT are still unsat-
isfactory. For example, ZNF695 has a sensitivity of 39% and specificity of 90% to predict responders, and needs
further improvement.

In the present study, we conducted multi-layer omics analysis to isolate a novel biomarker that can predict
sensitivity of an ESCC to dCRT with high specificity, and validated and re-validated the marker in independent
sample sets. We also analyzed how methylation of the marker gene functions in the sensitivity to dCRT.

Methods

Clinical samples and patient profiles. 125 ESCC were collected from 125 ESCC patients from 2010 to
2016 at the National Cancer Center Hospital, Japan. ESCCs were histologically confirmed, and the patients were
at cStage Ib-IV according to the 7th edition of the TNM classification. The response to dCRT was determined
based on the endoscopic findings of the primary tumor after each course of chemotherapy using the modified
criteria of the 10th edition of the Japanese Society for Esophageal Diseases'®. A responder was defined as a patient
with disappearance of the primary tumor without pathological residual lesions in biopsy specimens.

The samples were stored in RNAlater (Life Technologies, Carlsbad, CA, USA) at —80 °C until extraction of
DNA. Eight ESCC specimens were excluded from the analysis because the cancer cell fraction measured by a
DNA methylation marker was less than 20%'S. As a result, 117 ESCC samples were used for this study. Fifteen
samples analyzed by HumanMethylation450 in our previous study'* were assigned to the screening set. The other
102 samples were randomly assigned to either the screening set (26 samples), validation set (34 samples), or
re-validation set (42 samples). The patient profiles are shown in Supplementary Table S1, and the sample overlap
with our previous studies is shown in Supplementary Table S2 41718,

Twelve normal esophageal mucosa samples were collected endoscopically from adults who underwent cancer
screening at the National Taiwan University Hospital from September 2008 to April 2013. The 12 samples were
classified into three risk groups based on the exposure to lifestyle risk factors (alcohol drinking, betel quid chew-
ing, and cigarette smoking) and healthy/cancer statuses as previously described®.

Cell lines and their treatment. Human ESCC cell lines, KYSE-30, 50, 140, 170, 180, 220, 270, 410, 450,
510, and 520 were obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank (Ibaragi,
Osaka, Japan)®. TE-15 was obtained from Riken Cell Bank (Tsukuba, Ibaraki, Japan)*!. KYSE cell lines and TE-15
were cultured in 50%/50% mixture of RPMI1640/Ham’s F12 medium containing 2% (v/v) FBS and RPMI1640
medium containing 10% (v/v) FBS, respectively.

For 5-aza-2'-deoxycytidine (5-aza-dC) treatment, KYSE-170 and KYSE-180 were seeded at a density 1 x 10°
cells per 10-cm plate on day 0, and were treated on days 1 and 3. The concentration of 5-aza-dC for KYSE-170
and KYSE-180 was adjusted to 0, 0.1, 0.3, 1, and 3uM, and 0, 1, 3, 10 and 30 uM, respectively, and the cells were
collected on day 5. KYSE-170, 180, 270, 410, and 450 were seeded at a density 1.5 x 10%, 1.5 x 10%, 3 x 104, 4 x 10,
and 5 x 10%, respectively, per 24 well plate on day 0. These cell lines were treated with cisplatin on day 1. The cells
were collected on days 1, 2 and 4. To analyze the effect of FGF5 overexpression, KYSE-180 was seeded at a density
of 5 x 10° per well in a 96-well plate on day 0, and was transiently transfected with pBApo-CMV empty or FGF5
(long variant) by a Lipofectamine 3000 Transfection Kit (Invitrogen, Eugene, OR, USA) on day 1. These cell lines
were treated with CDDP on day 2. Cells were collected on day 5.

Extraction of DNA and RNA. Genomic DNA was extracted by the phenol/chloroform method and quan-
tified using a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Eugene, OR, USA). Total RNA was extracted by
ISOGEN (Nippon Gene, Tokyo, Japan).

Mutation analysis. Target sequencing was performed using three panels of genes (CP1, repair, and SWI/
SNF panel). The CP1 panel contained 55 genes in 226 fragments as described previously?’. The repair panel
contained 46 genes in 1,335 fragments (Supplementary Table S3). The SWI/SNF panel contained 18 genes in 672
fragments as described previously®. A total of 114 genes were analyzed because five genes were duplicated in two
panels. A DNA library was prepared for each panel by multiplex polymerase chain reaction (PCR), and the library
was sequenced using an Ion Proton Sequencer.

Genome-wide DNA methylation analysis. A genome-wide screening of differentially methylated CpG
sites was conducted using an Infinium HumanMethylation450 BeadChip array that interrogates 485,512 meth-
ylation sites (Illumina, San Diego, CA, USA). We analyzed the 470,870 CpG sites on autosomes after excluding
probes on the sex chromosomes and non-CpG probes. The methylation level of each CpG site was obtained as a
3-value, which ranged from 0 (completely unmethylated) to 1 (completely methylated). A corrected (3-value was
calculated using a measured (3-value and the fraction of cancer cells in a sample [A corrected 3-value =measured
B-value x 100/(the fraction of cancer cells in a sample) (%)]'. Unsupervised hierarchical clustering analysis was
performed using R 3.51 with the Heatplus package from Bioconductor®*. The analysis was conducted for all CpG
sites, all CpG islands, regions near transcription start sites (TSS200), and enhancers.

Gene-specific DNA methylation analysis. One ug genomic DNA was treated with sodium bisulfite, and
eluted into 50 ul elution buffer using an innuCONVERT Bisulfite Basic Kit (Analytik Jena AG, Jena, Germany).
Bisulfite pyrosequencing was performed using PyroMark (Qiagen). The measured methylation level was cor-
rected using the fraction of cancer cells in a sample'®. Deep bisulfite sequencing was performed using Ion PGM
(Thermo Fisher Scientific) with bisulfite-modified DNA and primers used for the bisulfite-pyrosequencing. The
PCR primers for bisulfite-pyrosequencing and measurement of cancer cell fraction are listed in Supplementary
Table S4.
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Figure 1. Mutation analysis of the 41 ESCCs and 11 ESCC cell lines. In the 20 responders and 21 non-
responders, mutations of 55 cancer-related, 46 repair-related, and 18 SWI/SNF-related genes were analyzed.
There was no difference in the incidence of mutations between the two groups. When a sample had two or more
mutations in one gene, the box is colored in black. When a sample had one mutation in one gene, the box is
colored in gray.

Quantitative RT-PCR. cDNA was synthesized from total RNA using SuperScript IV Reverse Transcriptase
(Invitrogen, Eugene, OR, USA). Real-time PCR was performed using cDNA samples, specific primers
(Supplementary Table S4), EvaGreen (Biotium, Fremont, CA, USA), and CFX Connect Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA). The copy number of a target gene in a sample was measured by comparing
its amplification to those of the control samples with known copy numbers. The measured copy number of a tar-
get gene was normalized to that of GAPDH. All of the analyses were performed in triplicate.

Statistical analysis. Fisher’s exact test and the Mann-Whitney U test were used to evaluate the difference
in characteristics between responders and non-responders to dCRT. Differences in the corrected methylation
levels were evaluated by the Mann-Whitney U test. The one-way analysis of variance test was used to evaluate the
distribution of methylation levels among cohorts. The Jonckheere-Terpstra trend test was used to test an increas-
ing trend of DNA methylation levels according to cancer risk levels. The odds ratios (ORs) and 95% confidence
interval (95% CI) were calculated in a univariate analysis. The factors affecting the response to dCRT were tested
by a multivariate logistic regression analysis. All statistical analysis was conducted by PASW statistics version
18.0.0 (IBM, Armonk, NY, USA).

Ethics approval and consent to participate. The study was performed according to ethics approval and
consent. The study was approved by the Institutional Review Boards of National Cancer Center, Japan (Reference
No. 2010-094) and National Taiwan University Hospital (Reference No. 200806039R). The study was performed
in accordance with the Declaration of Helsinki.

Consent for publication. Informed consent for publication was obtained from all participants.

Results

No association between dCRT response and somatic mutations. As the first layer of multi-omics
analysis, we performed target sequencing of 55 cancer-related genes, 46 DNA repair genes, and 18 chromatin
remodeler genes using (1) 20 ESCC samples from responders, (2) 21 ESCC samples from non-responders, and
(3) 11 ESCC cell lines. A total of 93 somatic mutations were identified in the 41 ESCC samples (Supplementary
Table S5). TP53 mutation was detected in 25 of the 41 patients, being in the reported range of its mutation inci-
dence. However, the incidence was not different between the responders and non-responders (Fig. 1). The other
genes had a low frequency of mutations, and there were no significant differences between the responders and
non-responders.

Isolation of methylation marker genes in the screening set. As the second layer of multi-omics
analysis, a genome-wide DNA methylation analysis was performed using an Infinium HumanMethylation450
BeadChip array. To the above 41 ESCC samples analyzed for the mutations, we added three samples of peripheral
leukocytes and 12 samples of normal esophageal mucosae. First, from the 470,870 CpG sites on autosomes, we
selected 126,963 CpG sites unmethylated (3 value < 0.2) in normal esophageal mucosae. Using the 126,963 CpG
sites, we explored whether responders and non-responders fell into specific clusters obtained by unsupervised
hierarchical clustering analysis. However, there was no significant association between any cluster and respond-
ers/non-responders using all CpG sites, those in CpG islands, those in transcription start sites (TSS200) in CpG
islands, and those in enhancers (Supplementary Fig. S1).

Then, we searched for individual CpG sites differentially methylated between responders and non-responders.
From the 126,963 CpG sites, we isolated CpG sites hypermethylated (corrected 3-value > 0.5) in responders (73
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Figure 2. Isolation of three candidate genes in the screening set. (A) Workflow of the screening. Details are
explained in the text. (B) Six genomic regions identified by the genome-wide methylation analysis. Since a
genomic region had multiple probes, the ID and location of a probe in the center are shown. (C) Methylation
levels of the three genomic regions measured by pyrosequencing. FGF5 and ZNF585A showed significantly
different methylation levels between the responders and non-responders.
calculated using the cancer cell fraction in a sample. A horizontal dotted line shows a cut-off value for sensitivity
and specificity obtained in this screening set. Whiskers show maximum and minimum methylation levels.

sites) with a sensitivity >0.2 and a specificity >0.9 (Fig. 2A). On the other hand, no CpG sites were hypermeth-
ylated in non-responders under these criteria. Considering the future use of the marker to select patients who
probability, we placed emphasis on its
had three or more consecutive probes,

will be assigned to dCRT and thus should respond to dCRT with a high
specificity, rather than sensitivity. By searching for genomic regions that

A corrected methylation level was

four genomic regions were isolated as hypermethylated in responders (Fig. 2B; Supplementary Fig. S2).

We attempted to design primers for pyrosequencing for the four genomic regions, and successfully designed
primers for three regions (FGF5, ZNF585A and ZNF585B) (Fig. 2A, and Supplementary Table S4). Analysis of the
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Figure 3. Validation and re-validation of the candidate genes. (A) Corrected methylation levels of FGF5 and
ZNF585A in the validation set. Differential methylation of only FGF5 was validated in the 21 responders and

13 non-responders. A horizontal dotted line shows a cut-off value for sensitivity and specificity obtained in the
screening set, and whiskers show maximum and minimum methylation levels. (B) Corrected methylation levels
of FGF5 in the re-validation set. Differential methylation of FGF5 was re-validated in the 26 responders and 16
non-responders. A horizontal dotted line shows a cut-off value for sensitivity and specificity obtained in the
screening set, and whiskers show maximum and minimum methylation levels.

methylation levels of the genomic regions showed that FGF5 and ZNF585A had significant difference between
responders and non-responders in the screening set (P=10.019 and 0.037) (Fig. 2C). We established cut-off val-
ues of 0.10 (FGF5) and 0.21 (ZNF585A) based on the maximum Youden index (sensitivity + specificity — 1)
(Supplementary Fig. S3).

Validation and re-validation of the methylation markers. To validate the association between the
FGF5 and ZNF585A methylation levels and response to dCRT in an independent set of samples, we used the vali-
dation set (responder, n = 21; non-responder, n = 13). In this set, only FGF5 methylation levels showed significant
difference between the responders and non-responders (P=0.001) (Fig. 3A). A cut-off value of the methylation
level established in the screening set achieved a sensitivity of 28% and specificity of 100%.

Since two genes were analyzed in the validation set, the association was further confirmed in an additional
independent sample set (re-validation set) (responder, n = 26; non-responder, n = 16). FGF5 methylation levels
showed significant difference between the two groups once again (P=0.020) (Fig. 3B). The response to dCRT was
predicted with a sensitivity of 58% and specificity of 81% using the cut-off value established in the screening set.
These results in the screening, validation, and re-validation sets demonstrated that FGF5 methylation was associ-
ated with the response to dCRT with a high specificity. The distribution of the methylation levels appeared to be
different among the three cohorts, but did not show any statistical difference (P=0.06).

Independence of FGF5 methylation from the other clinicopathological parameters. The pre-
dictive power of FGF5 methylation in all the sample sets was compared with other clinical factors. Univariate
analyses showed that gender, clinical T stage, clinical N stage, clinical M stage, and FGF5 methylation were sig-
nificantly associated with the response to dCRT (Table 1). A multivariate logistic regression analysis involving
gender, clinical T stage, clinical N stage, clinical M stage, and FGF5 methylation showed that FGF5 methylation
was an independent predictive factor for the response to dCRT (OR 6.17, 95% CI 2.06-18.34, P=0.001).

Functional consequence of FGF5 promoter methylation. We further investigated the mechanisms
of how FGF5 methylation was involved in the sensitivity of dCRT. First, we analyzed the influence of FGF5 meth-
ylation in its promoter CpG island on its expression. Since FGF5 had two splice variants*, we designed primers
to distinguish the two variants (Supplementary Fig. S4A and Table S4). Among the 12 ESCC cell lines, three cell
lines (KYSE 30, 170, and 180) had high levels of methylation, which was confirmed by deep bisulfite sequencing
(Supplementary Fig. S4B). The three cell lines with high methylation did not have FGF5 expression while two
of nine cell lines with low methylation had high expression (Fig. 4A). Also, treatment of KYSE-170 and KYSE-
180 cells that had high methylation levels with a DNA demethylating agent, 5-aza-2’-deoxycytidine (5-aza-dC),
induced FGF5 expression, especially its long variant, in a dose-dependent manner (Fig. 4B). These showed that
FGF5 promoter methylation repressed its expression, as is observed for methylation of promoter CpG islands of
many genes®.

Then, influence of dCRT on FGF5 expression was analyzed by treating KYSE-270, 410, and 450 cells, which
had low FGF5 methylation but low expression, with CDDP. As expected, FGF5 expression was induced after
CDDP treatment in a time- and dose-dependent manner (Fig. 4C). In contrast, in KYSE-170 and 180 cells with
high FGF5 methylation, FGF5 expression was not induced, even after CDDP treatment (Fig. 4C). These results
showed that FGF5 expression can be induced by CDDP treatment in ESCCs with unmethylated FGF5. Further,
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No. of cases

Features Categories Total Responder Non-responder | OR 95% CI Pvalue
Univariate analysis

>60 93 56 37 1.79 0.72-4.42 0.207
Age

<60 24 11 13

Male 92 59 33 3.80 1.48-9.75 0.005
Gender

Female 25 8 17

Cervical, upper 33 19 14 1.02 0.45-2.30 0.966
Location

Middle, lower 84 48 36

60 57 32 25 1.09 0.53-2.28 0.811
Radiation dose (Gy)

50.4 60 35 25

T1b, T2 28 26 2 15.22 3.41-68.03 <0.0001
Clinical T stage

T3, T4 89 41 48

NO, N1 64 47 17 4.56 1.19-5.46 0.016
Clinical N stage

N2,N3 53 20 33

MO 86 55 31 2.81 1.21-6.55 0.017
Clinical M stage

M1 31 12 19

methylated 41 34 7 6.18 2.43-15.71 <0.0001
FGF5 Methylation

unmethylated 75 33 42
Multivariate logistic regression analysis
Gender (male/female) 92/25 6.72 1.96-23.07 0.002
Clinical T stage (T1b or T2/T3 or T4) 28/89 11.19 2.19-57.27 0.004
Clinical N stage (NO or N1/N2 or N3) 64/53 1.54 0.59-3.97 0.377
Clinical M stage (MO vs. M1) 86/31 3.36 1.13-10.00 0.030
FGF5 methylation (methylated/unmethylated) 41/75 6.14 2.06-18.34 0.001

Table 1. Predictive power of FGF5 methylation compared with other clinicopathological factors.

the impact of FGF5 expression on sensitivity to CDDP was analyzed by expressing FGF5 in KYSE-180 cells with
FGF5 promoter hypermethylation (Fig. 4D). When treated with CDDP, FGF5-expressing KYSE-180 cells showed
resistance to CDDP treatment (Fig. 4E). This suggested that FGF5 is induced by dCRT and confers resistance, but
that its methylation disables the induction and confers sensitivity.

FGF5 expression and methylation in normal esophageal mucosae. To explore the origin of the
FGF5 methylation, its presence was analyzed in normal esophageal mucosae of individuals with different risk
levels of ESCC. Normal mucosae of low-risk individuals (healthy people without past exposure to lifestyle risk
factors) had FGF5 methylation levels of 0.6-2.6%, those of intermediate-risk individuals (healthy people with the
lifestyle risk factors) had levels of 2.6-6.1%, and those of high-risk individuals (ESCC patients with past exposure
to lifestyle risk factors) had methylation levels of 4.2-9.4% (Fig. 5A,B).

The FGF5 methylation in normal esophageal mucosae, being 9.4% at the highest, suggested that the FGF5
methylation was the consequence of its low expression in normal esophageal mucosae. It is well established that
genes with low expression tend to be methylated?”-*®. Expression analysis confirmed that FGF5 expression was
very low in non-cancerous esophageal mucosa samples irrespective of their methylation levels (Fig. 5C).

Discussion

In the present study, we discovered that FGF5 methylation is a sensitivity marker of ESCC to dCRT. Importantly,
the initial finding by a genome-wide screening was validated and re-validated using independent sample sets.
The specificity and sensitivity in the combined validation and re-validation sets were 45% and 90%, respectively.
The cut-off value established in the screening set was maintained, and the values were unlikely to suffer from
overfitting. Clinically, we aim to use the marker to reduce the number of patients who have to undergo high-risk
salvage surgery due to poor response to dCRT. Therefore, patients who are predicted to be sensitive to dCRT
by FGF5 methylation should respond to dCRT with a high probability. To eliminate false positives, we adopted
a conservative cut-off value, and achieved a high specificity of 90% avoiding the issue of overfitting. Therefore,
FGF5 methylation is a promising sensitivity marker for ESCC to dCRT. To advance this finding, we need further
validation using samples from different hospitals and a prospective cohort study.

FGF5 methylation was in its promoter CpG island, and, when methylation was present, it consistently
repressed FGF5 expression. Some ESCC cell lines without FGF5 methylation did not express FGF5, but treatment
of the cells with CDDP induced FGF5 expression. FGF5 is an oncogenic growth factor?, but no expression was
reported in 13 ESCC cell lines in stable culture®. In glioblastoma, FGF5 overexpression in primary samples and
its growth-promoting effect have been reported?. In breast cancers, FGF5 overexpression and its influence on
poor survival have been reported®?. Our data indicated that the FGF5 is induced by dCRT in ESCC cells without
its methylation and that it supports survival of the ESCC cells, leading to clinical resistance. If FGF5 is methylated,
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Figure 4. Transcriptional repression of FGF5 by its methylation of promoter CpG island and induction of FGF5
by CDDP treatment. (A) Expression levels of FGF5 and FGF5-S variants in 12 ESCC cell lines. Methylation
levels obtained by a bead array analysis are also shown (high values in red, and low values in blue). Error

bars mean SD (n=3). (B) Re-expression of FGF5 in KYSE-170 and KYSE-180 cells by treatment with a DNA
demethylating agent, 5-aza-dC. FGF5 expression was induced by the 5-aza-dC treatment in a dose-dependent
manner. Error bars mean SD (n=3). (C) ESCC cell lines without FGF5 methylation (KYSE-270, -410 and -450)
and with methylation (KYSE-170 and -180) were treated with CDDP. In KYSE-270, -410 and -450 cells, FGF5
expression was induced by CDDP in dose- and time-dependent manners. In contrast, in KYSE-170 and -180
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Figure 5. FGF5 methylation levels in normal esophageal tissues with different risk levels. (A) Deep bisulfite
sequencing of normal esophageal mucosae from healthy people without exposure to lifestyle risk factors (low
risk), normal esophageal mucosae from healthy people with exposure (intermediate risk), and non-cancerous
esophageal mucosae of cancer patients, all of whom had exposure (high risk). The fraction of methylated DNA
molecules increased according to the risk level. The position of the original consecutive CpG sites (cg10031614,
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FGF5 methylation and its role in the sensitivity to dCRT. After exposure to risk factors for ESCCs, aberrant
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a cell without FGF5 methylation, it is capable of expressing FGF5 upon dCRT and thus is resistant. When an
ESCC happens to develop from a cell with FGF5 methylation, the ESCC cannot express FGF5 upon dCRT and
becomes vulnerable to dCRT.
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FGF5 cannot be induced, and this will lead to cell death and thus clinical response. Such difference between
“unexpressed but ready to be expressed” and “unexpressed and cannot be expressed” is well known for MGMT
in glioma?®***, The importance of FGF5 expression for resistance to dCRT suggests that inhibition of FGF5 or its
pathway may have therapeutic benefit in increasing the response to dCRT of ESCC, especially when FGF5 is not
methylated.

Even in normal esophageal tissues, FGF5 methylation was present (Fig. 5A,B). Therefore, if an ESCC devel-
ops from an esophageal cell with FGF5 methylation, the ESCC is expected to be sensitive to dCRT (Fig. 5D). In
contrast, if an ESCC develops from an esophageal cell without FGF5 methylation, the ESCC is expected to be
resistant (Fig. 5D). In general, it is reported that a gene tends to be methylated when it is not expressed*”***>, and
accumulation of aberrant DNA methylation of various genes, including drivers and passengers, leads to predis-
position to cancer®*-*°. Taken together, it was considered that the lack of FGF5 expression in normal esophageal
mucosa facilitated FGF5 methylation to creep into some esophageal cells, and that, when an ESCC happened to
develop from such a cell with FGF5 methylation, the ESCC paradoxically showed sensitivity to dCRT.

Since FGF5 is not expressed without its induction, it is expected to be impossible to identify the difference in
FGF5 expression levels between responders and non-responders in biopsy specimens before treatment. In con-
trast, the methylome screening here was able to identify the difference between responders and non-responders.

Conclusions
We identified that FGF5 methylation was associated with the sensitivity of ESCC to dCRT.

Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.

References

1. Ajani, J. A. et al. Esophageal and esophagogastric junction cancers, version 1.2015. ] Natl Compr Canc Netw 13, 194-227 (2015).

2. Herskovic, A. et al. Combined chemotherapy and radiotherapy compared with radiotherapy alone in patients with cancer of the
esophagus. N. Engl. ]. Med. 326, 1593-1598, https://doi.org/10.1056/NEJM199206113262403 (1992).

3. Kato, K. et al. Phase II study of chemoradiotherapy with 5-fluorouracil and cisplatin for Stage II-III esophageal squamous cell
carcinoma: JCOG trial (JCOG 9906). Int ] Radiat Oncol Biol Phys 81, 684-690, https://doi.org/10.1016/j.ijrobp.2010.06.033 (2011).

4. Ando, N. et al. A randomized trial comparing postoperative adjuvant chemotherapy with cisplatin and 5-fluorouracil versus
preoperative chemotherapy for localized advanced squamous cell carcinoma of the thoracic esophagus (JCOG9907). Ann. Surg.
Oncol. 19, 68-74, https://doi.org/10.1245/s10434-011-2049-9 (2012).

5. Adams, R. et al. A prospective comparison of multidisciplinary treatment of oesophageal cancer with curative intent in a UK cancer
network. Eur ] Surg Oncol 33, 307-313, https://doi.org/10.1016/j.ejs0.2006.10.026 (2007).

6. Ariga, H. et al. Prospective comparison of surgery alone and chemoradiotherapy with selective surgery in resectable squamous cell
carcinoma of the esophagus. Int ] Radiat Oncol Biol Phys 75, 348-356, https://doi.org/10.1016/j.ijrobp.2009.02.086 (2009).

7. Ohtsu, A. Chemoradiotherapy for esophageal cancer: current status and perspectives. Int ] Clin Oncol 9, 444-450, https://doi.
org/10.1007/s10147-004-0454-9 (2004).

8. Markar, S. et al. Salvage Surgery After Chemoradiotherapy in the Management of Esophageal Cancer: Is It a Viable Therapeutic
Option? J. Clin. Oncol. 33, 38663873, https://doi.org/10.1200/JC0O.2014.59.9092 (2015).

9. Swisher, S. G. et al. Salvage esophagectomy for recurrent tumors after definitive chemotherapy and radiotherapy. ] Thorac Cardiovasc
Surg 123, 175-183 (2002).

10. Tsou, Y. K. et al. GALNT14 genotype as a response predictor for concurrent chemoradiotherapy in advanced esophageal squamous
cell carcinoma. Oncotarget 8, 29151-29160, https://doi.org/10.18632/oncotarget.16253 (2017).

11. Okamoto, H. et al. Murine double minute 2 predicts response of advanced esophageal squamous cell carcinoma to definitive
chemoradiotherapy. BMC cancer 15, 208, https://doi.org/10.1186/s12885-015-1222-0 (2015).

12. Tong, Y. S. et al. Association of decreased expression of long non-coding RNA LOC285194 with chemoradiotherapy resistance and
poor prognosis in esophageal squamous cell carcinoma. J Transl Med 12, 233, https://doi.org/10.1186/s12967-014-0233-y (2014).

13. Tamaoki, M. et al. Multiple roles of single-minded 2 in esophageal squamous cell carcinoma and its clinical implications. Cancer Sci.
109, 1121-1134, https://doi.org/10.1111/cas.13531 (2018).

14. Takahashi, T. et al. ZNF695 methylation predicts a response of esophageal squamous cell carcinoma to definitive chemoradiotherapy.
J. Cancer Res. Clin. Oncol. 141, 453-463, https://doi.org/10.1007/s00432-014-1841-x (2015).

15. Society, T.]. E. Japanese classification of esophageal cancer: 10th ed., (Kanehara & Co., Ltd., 2008).

16. Takahashi, T. et al. Estimation of the fraction of cancer cells in a tumor DNA sample using DNA methylation. PLoS One 8, €82302,
https://doi.org/10.1371/journal.pone.0082302 (2013).

17. Kishino, T. et al. Integrated analysis of DNA methylation and mutations in esophageal squamous cell carcinoma. Mol. Carcinog. 55,
2077-2088, https://doi.org/10.1002/mc.22452 (2016).

18. Nakazato, H. et al. Early-Stage Induction of SWI/SNF Mutations during Esophageal Squamous Cell Carcinogenesis. PLoS One 11,
€0147372, https://doi.org/10.1371/journal.pone.0147372 (2016).

19. Yamashita, S. et al. Genetic and epigenetic alterations in normal tissues have differential impacts on cancer risk among tissues. Proc.
Natl. Acad. Sci. USA 115, 1328-1333, https://doi.org/10.1073/pnas.1717340115 (2018).

20. Shimada, Y., Imamura, M., Wagata, T., Yamaguchi, N. & Tobe, T. Characterization of 21 newly established esophageal cancer cell
lines. Cancer 69, 277-284 (1992).

21. Nishihira, T., Hashimoto, Y., Katayama, M., Mori, S. & Kuroki, T. Molecular and cellular features of esophageal cancer cells. J. Cancer
Res. Clin. Oncol. 119, 441-449 (1993).

22. Kim, J. G. et al. Comprehensive DNA methylation and extensive mutation analyses reveal an association between the CpG island
methylator phenotype and oncogenic mutations in gastric cancers. Cancer Lett. 330, 33-40, https://doi.org/10.1016/j.
canlet.2012.11.022 (2013).

23. Takeshima, H. et al. Frequent involvement of chromatin remodeler alterations in gastric field cancerization. Cancer Lett. 357,
328-338, https://doi.org/10.1016/j.canlet.2014.11.038 (2015).

24. Gentleman, R. C. et al. Bioconductor: open software development for computational biology and bioinformatics. Genome Biol 5,
R80, https://doi.org/10.1186/gb-2004-5-10-r80 (2004).

25. Ozawa, K. et al. An alternatively spliced fibroblast growth factor (FGF)-5 mRNA is abundant in brain and translates into a partial
agonist/antagonist for FGF-5 neurotrophic activity. J. Mol. Biol. 273, 29262-29271 (1998).

26. Jones, P. A. Functions of DNA methylation: islands, start sites, gene bodies and beyond. Nat. Rev. Genet. 13, 484-492, https://doi.
org/10.1038/nrg3230 (2012).

SCIENTIFIC REPORTS |

(2019) 9:13347 | https://doi.org/10.1038/s41598-019-50005-6


https://doi.org/10.1038/s41598-019-50005-6
https://doi.org/10.1056/NEJM199206113262403
https://doi.org/10.1016/j.ijrobp.2010.06.033
https://doi.org/10.1245/s10434-011-2049-9
https://doi.org/10.1016/j.ejso.2006.10.026
https://doi.org/10.1016/j.ijrobp.2009.02.086
https://doi.org/10.1007/s10147-004-0454-9
https://doi.org/10.1007/s10147-004-0454-9
https://doi.org/10.1200/JCO.2014.59.9092
https://doi.org/10.18632/oncotarget.16253
https://doi.org/10.1186/s12885-015-1222-0
https://doi.org/10.1186/s12967-014-0233-y
https://doi.org/10.1111/cas.13531
https://doi.org/10.1007/s00432-014-1841-x
https://doi.org/10.1371/journal.pone.0082302
https://doi.org/10.1002/mc.22452
https://doi.org/10.1371/journal.pone.0147372
https://doi.org/10.1073/pnas.1717340115
https://doi.org/10.1016/j.canlet.2012.11.022
https://doi.org/10.1016/j.canlet.2012.11.022
https://doi.org/10.1016/j.canlet.2014.11.038
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1038/nrg3230
https://doi.org/10.1038/nrg3230

www.nature.com/scientificreports/

27. Ushijima, T. Detection and interpretation of altered methylation patterns in cancer cells. Nat. Rev. Cancer 5, 223-231, https://doi.
org/10.1038/nrc1571 (2005).

28. Keshet, I. et al. Evidence for an instructive mechanism of de novo methylation in cancer cells. Nat. Genet. 38, 149-153, https://doi.
org/10.1038/ng1719 (2006).

29. Zhan, X,, Bates, B., Hu, X. G. & Goldfarb, M. The human FGF-5 oncogene encodes a novel protein related to fibroblast growth
factors. Mol. Cell. Biol. 8, 3487-3495 (1988).

30. Iida, S., Katoh, O., Tokunaga, A. & Terada, M. Expression of fibroblast growth factor gene family and its receptor gene family in the
human upper gastrointestinal tract. Biochem. Biophys. Res. Commun. 199, 1113-1119, https://doi.org/10.1006/bbrc.1994.1346
(1994).

31. Allerstorfer, S. et al. FGF5 as an oncogenic factor in human glioblastoma multiforme: autocrine and paracrine activities. Oncogene
27, 4180-4190, https://doi.org/10.1038/0nc.2008.61 (2008).

32. Huang, Y., Wang, H. & Yang, Y. Expression of Fibroblast Growth Factor 5 (FGF5) and Its Influence on Survival of Breast Cancer
Patients. Med Sci Monit 24, 3524-3530, https://doi.org/10.12659/MSM.907798 (2018).

33. Esteller, M. et al. Inactivation of the DNA-repair gene MGMT and the clinical response of gliomas to alkylating agents. N. Engl. J.
Med. 343, 1350-1354, https://doi.org/10.1056/NEJM200011093431901 (2000).

34. Paz, M. F. et al. CpG island hypermethylation of the DNA repair enzyme methyltransferase predicts response to temozolomide in
primary gliomas. Clin. Cancer Res. 10, 4933-4938, https://doi.org/10.1158/1078-0432.CCR-04-0392 (2004).

35. Song, J. Z., Stirzaker, C., Harrison, J., Melki, J. R. & Clark, S. J. Hypermethylation trigger of the glutathione-S-transferase gene
(GSTP1) in prostate cancer cells. Oncogene 21, 1048-1061, https://doi.org/10.1038/sj.onc.1205153 (2002).

36. Maekita, T. et al. High levels of aberrant DNA methylation in Helicobacter pylori-infected gastric mucosae and its possible
association with gastric cancer risk. Clin. Cancer Res. 12, 989-995, https://doi.org/10.1158/1078-0432.CCR-05-2096 (2006).

37. Lee, Y. C. et al. Revisit of field cancerization in squamous cell carcinoma of upper aerodigestive tract: better risk assessment with
epigenetic markers. Cancer Prev. Res. 4, 1982-1992, https://doi.org/10.1158/1940-6207.CAPR-11-0096 (2011).

38. Maeda, M. et al. High impact of methylation accumulation on metachronous gastric cancer: 5-year follow-up of a multicentre
prospective cohort study. Gut 66, 1721-1723, https://doi.org/10.1136/gutjnl-2016-313387 (2017).

39. Toiyama, Y. et al. A Panel of Methylated MicroRNA Biomarkers for Identifying High-Risk Patients With Ulcerative Colitis-
Associated Colorectal Cancer. Gastroenterol. 153, 1634-1646 e1638, https://doi.org/10.1053/j.gastro.2017.08.037 (2017).

Acknowledgements
This research was supported by AMED under Grant Number JP18cm0106431.

Author Contributions

Concept and design: J.I., S.Y. and T.U. Collections of samples: J.I., TK., T.T., 1.O., KK., HIL, Y.T.,, H.D., H.N,,
Y.-C.L. and K.H. Molecular analysis: ].I, S.Y., H.T. and K.N. Writing manuscript: J.I. and T.U. All authors read and
approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-50005-6.

Competing Interests: The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:13347 | https://doi.org/10.1038/s41598-019-50005-6


https://doi.org/10.1038/s41598-019-50005-6
https://doi.org/10.1038/nrc1571
https://doi.org/10.1038/nrc1571
https://doi.org/10.1038/ng1719
https://doi.org/10.1038/ng1719
https://doi.org/10.1006/bbrc.1994.1346
https://doi.org/10.1038/onc.2008.61
https://doi.org/10.12659/MSM.907798
https://doi.org/10.1056/NEJM200011093431901
https://doi.org/10.1158/1078-0432.CCR-04-0392
https://doi.org/10.1038/sj.onc.1205153
https://doi.org/10.1158/1078-0432.CCR-05-2096
https://doi.org/10.1158/1940-6207.CAPR-11-0096
https://doi.org/10.1136/gutjnl-2016-313387
https://doi.org/10.1053/j.gastro.2017.08.037
https://doi.org/10.1038/s41598-019-50005-6
http://creativecommons.org/licenses/by/4.0/

	FGF5 methylation is a sensitivity marker of esophageal squamous cell carcinoma to definitive chemoradiotherapy

	Methods

	Clinical samples and patient profiles. 
	Cell lines and their treatment. 
	Extraction of DNA and RNA. 
	Mutation analysis. 
	Genome-wide DNA methylation analysis. 
	Gene-specific DNA methylation analysis. 
	Quantitative RT-PCR. 
	Statistical analysis. 
	Ethics approval and consent to participate. 
	Consent for publication. 

	Results

	No association between dCRT response and somatic mutations. 
	Isolation of methylation marker genes in the screening set. 
	Validation and re-validation of the methylation markers. 
	Independence of FGF5 methylation from the other clinicopathological parameters. 
	Functional consequence of FGF5 promoter methylation. 
	FGF5 expression and methylation in normal esophageal mucosae. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Mutation analysis of the 41 ESCCs and 11 ESCC cell lines.
	Figure 2 Isolation of three candidate genes in the screening set.
	Figure 3 Validation and re-validation of the candidate genes.
	Figure 4 Transcriptional repression of FGF5 by its methylation of promoter CpG island and induction of FGF5 by CDDP treatment.
	Figure 5 FGF5 methylation levels in normal esophageal tissues with different risk levels.
	Table 1 Predictive power of FGF5 methylation compared with other clinicopathological factors.




