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Abstract

The cetuximab gene expression signature and DNA methylation status of colorectal
cancer (CRC) are predictive of the therapeutic effects of anti-epidermal growth factor
receptor (EGFR) antibody therapy. As DNA methylation is a means of regulating gene
expression, it may play an important role in the expression of cetuximab signature
genes. This study aims to determine the effects of aberrant DNA methylation on the
regulation of cetuximab signature gene expression. Comprehensive DNA methylation
and gene expression data were retrieved from CRC patients in three tumor tissue (TT)
cohorts and three normal colorectal mucosa/tumor tissue paired (NCM-TT) cohorts.
Of the 231 cetuximab signature genes, 57 exhibited an inverse correlation between
the methylation of promoter CpG sites and gene expression level in multiple cohorts.
About two-thirds of the promoter CpG sites associated with the 57 genes exhibited
this correlation. In all 57 gene promoter regions, the methylation levels in NCMs did
not differ according to comparisons based on cetuximab signature or DNA methyla-
tion status classification of matched TTs. Thus, the altered expression of 57 genes was
caused by aberrant DNA methylation during carcinogenesis. Analysis of the associa-
tion between cetuximab signature or DNA methylation status and progression-free
survival (PFS) of anti-EGFR antibody agents in the same cohort showed that DNA
methylation status was most associated with PFS. In conclusion, we found that ab-
errant DNA methylation regulates specific gene expression in cetuximab signature
during carcinogenesis, suggesting that it is one of the important determinants of sen-

sitivity to anti-EGFR antibody agents.
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1 | INTRODUCTION

The incidence of colorectal cancer (CRC) has increased in recent
years, accounting for the third-largest number of cancers and
second-largest number of deaths worldwide.! Treatment with anti-
EGFR antibodies (e.g., cetuximab) is recommended for patients with
RAS wild-type metastatic CRC (mCRC).2> However, less than half of
these patients respond to anti-EGFR antibody treatment. The pre-
dictive factors that determine the responsiveness of CRC to anti-
EGFR antibody therapy are under investigation.

DNA methylation is a major epigenetic regulatory mechanism.
The methylation of CpG islands in the promoter region upstream
of a transcription start site (TSS) suppresses gene expression.é'7 In
CRC, about 20% of the cases are positive for the CpG island meth-
ylator phenotype (CIMP). In these cases, aberrant DNA methylation
accumulates at many loci in CpG islands, resulting in specific clinical
features. Meta-analyses have concluded that CIMP is a poor prog-
nostic factor for CRC.2? Ouchi et al. reported that genome-wide
DNA methylation status can extract more hypermethylated CRC
than classical CIMP markers and is a predictor of the efficacy of anti-
EGFR antibody therapy, with low-methylated CRC (LMCC), but not
highly methylated CRC (HMCC), exhibiting sensitivity to anti-EGFR
antibodies.*

The cetuximab signature, previously reported by Schutte et al.,
is a gene set that predicts the therapeutic effect of cetuximab as
determined by a comprehensive gene expression analysis using a
patient-derived CRC xenograft model. The cetuximab signature con-
sists of a set of genes that are upregulated in responders (103 genes)

and non-responders (138 genes).!!

The mechanism underlying the
regulation of cetuximab signature genes is unknown.

Based on these previous observations, we hypothesized that ab-
errant DNA methylation of genes in the cetuximab signature alters
their expression, thereby determining the therapeutic effect of anti-
EGFR antibodies. This study aims to determine the significance of
aberrant DNA methylation in the regulation of cetuximab signature
gene expression using comprehensive DNA methylation and gene

expression data from multiple cohorts.

2 | MATERIALS AND METHODS

2.1 | Patient cohorts
The three tumor tissue (TT) cohorts used in this study are as follows:
(1) TUH cohort, mCRC patients treated with anti-EGFR antibody
at Tohoku University Hospital (TUH) and National Cancer Center
Hospital; (2) TCGA cohort, CRC patient data obtained from The
Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/ ); and
(3) RBWH cohort, data from CRC patients at the Royal Brisbane and
Women's Hospital (RBWH) obtained from ArrayExpress ( https://
www.ebi.ac.uk/arrayexpress/ ).12

The three normal colorectal mucosa tumor tissue (NCM-TT)
paired cohorts also used in this study are as follows: (1) OCH paired

cohort, mCRC patients treated with anti-EGFR antibody therapies at
Osaki Citizen Hospital (OCH); (2) TCGA paired cohort, CRC patient
data obtained from TCGA; and (3) RBWH paired cohort, data from
CRC patients at RBWH obtained from ArrayExpress.'?

The study protocol complies with the Declaration of Helsinki
and the Ethical Guidelines for Medical and Health Research
Involving Human Subjects. This study was approved by the ethics
committee of Tohoku University, National Cancer Center Hospital,
and Osaki Citizen Hospital. Patients who could not provide con-
sent for this study due to death or other reasons were handled by
opt-out.

2.2 | Comprehensive gene expression analysis

In the TUH cohort, we used the Whole Human Genome Oligo

).13 The raw data

Microarray kit (4 x 44 K) (Agilent Technologies
were normalized to a signal value of the 75t percentile of each
probe. In the OCH paired cohorts, we used the Clariom™ Human
D Pico Assay (ThermoFisher Scientific). The raw data were nor-
malized using Signal Space Transformation-Robust Multiarray
Analysis (sst-RMA).2*1> Microarray data are available from GSE10
4645 for the TUH cohort and from GSE185770 for the OCH
paired cohort.

In the TCGA and TCGA paired cohort, fragments per kilobase
of exon per million mapped reads (FPKM) normalized data were ob-
tained from the Genomic Data Commons (GDC) data portal ( https://
portal.gdc.cancer.gov/ ) in June 2020 and converted to transcripts
per million (TPM) for analysis.*® In the RBWH and RBWH paired co-
hort, processed data were obtained from the E-MTAB-8148 dataset
in ArrayExpress in December 2020.

In the TUH, TCGA, and RBWH cohorts, baseline shift was per-
formed to set the median of all samples to O for each probe. In the
OCH, TCGA, and RBWH paired cohorts, the expression ratio was
defined as [(expression level in TT) / (expression level in NCM)].

2.3 | Classification based on cetuximab signature

Expression data for the 241 genes in the cetuximab signature were
extracted from the normalized comprehensive gene expression
data for each cohort (Table S1). For each patient, Pearson's cor-
relation coefficient for the cetuximab signature was calculated.
Patients with positive correlations to the cetuximab signature
were classified as responders, while the others were classified as

non-responders.

2.4 | Gene mutation analysis

DNA direct sequencing was performed on the KRAS gene (codons
12 and 13) and BRAF gene (codon 600) in the TUH and OCH paired
cohorts, and for KRAS and NRAS genes (codons 59, 61, 117, and 146)


https://portal.gdc.cancer.gov/
https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104645
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in the OCH paired cohort.)” For direct DNA sequencing, TaKaRa EX
Taq (Takara Bio) was used to amplify the genes by PCR. PCR prim-
ers and conditions are shown in Tables S2 and S3. In the TUH co-
hort, the Luminex Assay using GENOSEARCH Mu-PACK (MBL) was
performed for the KRAS gene (codons 61 and 146) and NRAS gene
(codons 12, 13, and 61).

In the TCGA and TCGA paired cohorts, mutation data for the
KRAS and NRAS genes (codons 12, 13, 59, 61, 117, 146) and BRAF
gene (codon 600) were obtained from cBioportal ( https://www.
cbioportal.org/ ). In the RBWH and RBWH paired cohorts, mu-
tation data for the KRAS gene (codons 12 and 13) and BRAF gene
(codon 600) were obtained from the ArrayExpress E-MTAB-8148
dataset.

2.5 | Comprehensive DNA methylation analysis
Infinium Human Methylation 450 BeadChip (lllumina) and Infinium
Methylation EPIC BeadChip (Illumina) were used for the TUH co-
hort and OCH paired cohort, respectively.’® BeadChips were
scanned using the BeadStation or iScan system. Methylation data
with p 2 0.05 were excluded. All samples achieved >95% CpG cov-
erage. The raw data were normalized using the internal controls
of the GenomeStudio software package. The methylation level at
each CpG site was calculated using the Methylation Module at-
tached to BeadStudio or GenomeStudio as follows: [B value: the
number of methylated probes (intensity of the methylated signal)
/ (intensity of the methylated probes + intensity of the unmethyl-
ated probes) number of methylated probes + number of unmethyl-
ated probes].

In the TCGA and TCGA paired cohorts, normalized p values cal-
culated using Infinium Human Methylation 450 BeadChip were ob-
tained from the GDC data portal. In the RBWH and RBWH paired
cohorts, normalized B values calculated using Infinium Human
Methylation 450 BeadChip were obtained from the ArrayExpress
E-MTAB-7036 dataset.

We defined probes with p value 20.3 as methylation positive
and probes with p value <0.3 as methylation negative, as described

by Fennell et al.t?

To exclude CpG sites with low B-value variabil-
ity from the analysis, CpG sites with <10% or >90% methylation-
positive cases in each cohort were excluded in the TT cohorts. To
exclude CpG sites with little changes in p value between NCM and
TT, CpG sites with <10% of cases with an absolute Ap value [( value
of TT) - (B value of NCM)] 20.2 in each cohort were excluded in the

NCM-TT paired cohorts.
2.6 | Classification based on DNA
methylation status

Ouchi et al. reported 16 CpG sites used to determine the genome-
wide DNA methylation status (Table $4).® Accordingly, we defined

the methylation status using these 16 CpG as follows: HMCC, 28

methylation-positive sites; LMCC, <7 methylation-positive sites.

2.7 | Evaluation of therapeutic effect

In the TUH cohort, progression-free survival (PFS) on anti-EGFR an-
tibody therapy was used to evaluate therapeutic effect. Progression-
free survival was defined from the start date of anti-EGFR antibody

therapy to the date of imaging or clinical progression.

2.8 | Statistical analysis

Difference in methylation levels between samples in the NCM co-
hort were analyzed using the exactRankTests package in R. CpG
sites with p < 0.05 for the Wilcoxon rank sum test and false discov-
ery rate (FDR) <0.05 using the Benjamini & Hochberg method were
defined as significant.

Statistical analysis of patient background and PFS in the
TUH cohort were performed using JMP Pro 16 (SAS). Patient
background was tested for significance using Xz test (or Fisher's
exact probability test) and Wilcoxon rank sum test. The primary
site was defined as right-sided colon for “cecum, ascending and
transverse” and left-sided colon for “descending and sigmoid.”
The cetuximab signature and DNA methylation status were com-
pared using Fisher's exact probability test. Survival curves
were generated using the Kaplan-Meier method, and significant
differences were identified using the log-rank test. Univariate and
multivariate analyses using the Cox proportional hazards model
were performed to identify the background factors contributing
to PFS.

2.9 | Integrated analysis of gene expression
data and DNA methylation data

The gene promoter region was defined as 0-200 bases (TSS200) and
200-1500 bases (TSS1500) upstream of the transcription start point
in the annotation of UCSC_REFGENE_GROUP. In the TT cohorts,
we analyzed the correlation between f values for the promoter
region and expression levels of each gene in the cetuximab signa-
ture. Correlation analysis was performed using Pearson's correla-
tion coefficient, with a significance level of p < 0.05. In the NCM-TT
paired cohorts, we determined the correlation between changes in
methylation level in the promoter region (Ap value) and expression
levels (expression ratio) between NCM and TT in the same patient.
Correlation analysis was performed using Pearson's correlation co-
efficient, and absolute values of the correlation coefficient =0.3
were considered significant.

Details of Materials and Methods are provided in Supplementary

Appendices.
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3 | RESULTS

Flowcharts outlining the analysis of the results in 3.3-3.7 and
3.8-3.11 are shown in Figure 1A and B, respectively. The total
number of patients in each cohort was as follows: TUH, 97; TCGA,
175; RBWH, 112; OCH paired, 9; TCGA paired, 13; and RBWH
paired, 22.

3.1 | Classification based on cetuximab signature in
each cohort

Based on the cetuximab signature, 43 (44.3%), 79 (45.1%), 56
(50.0%), 4 (44.4%), 5 (38.5%), and 15 (68.2%) patients were classified
as non-responders in the TUH, TCGA, RBWH, OCH paired, TCGA
paired, and RBWH paired cohorts, respectively (Figure S1).

3.2 | Classification based on DNA methylation
status in each cohort

Based on the DNA methylation status at 16 CpG sites, 26 (26.8%),
25 (14.3%), 18 (16.1%), 4 (44.4%), 5 (38.5%), and 14 (63.6%) patients

were classified as HMCC in the TUH, TCGA, RBWH, OCH paired,
TCGA paired, RBWH paired cohorts, respectively (Figure S1).

3.3 | Association between DNA methylation
status and cetuximab signature classification in the
TT cohorts

We analyzed the association between cetuximab signature and DNA
methylation status in the TT cohorts. In the TUH, TCGA, and RBWH
cohorts, 80.8%, 64.0%, and 77.8% of HMCC patients were classified
as non-responders, respectively. HMCC patients tended to be more
included in the non-responder group (Tables S5, S6, and S7).

3.4 | Correlation between promoter region
B values and expression levels of cetuximab
signature genes

To clarify the relationship between cetuximab signature genes and
aberrant DNA methylation in the TT cohort, we analyzed the corre-
lation between promoter region p values and gene expression levels

in the TT cohorts. Target genes for analysis included 231 of the 241

(A)
TUH TCGA || RBWH OCH TCGA || RBWH
cohort cohort cohort paired paired paired
cohort cohort cohort
n=97 n=175 n=112 n=9 n=13 n=22
. . Correlation between Correlation between
Cetuximab signature . .
promoter region [ value promoter region Af value
genes N - .
and expression level and expression ratio
Normal colorectal mucosa
l l OCH TCGA || RBWH
paired paired paired
Inversely correlated genes Inversely correlated genes coliort cohort cohort
(p<0.05) (r<-03) m=0 “113 =20
Commonly extracted genes ———————————> Bometey region [Hretie
comparison
Identification of promoter
region CpG sites associated
with expression regulation
by DNA methylation
(8) TUH C;}7‘°" TUH °g‘7‘°“ FIGURE 1 Flowcharts of analyses. A,
ne o= . . .
l 1 Flowchart for analysis of the relationship
— — between genes involved in the cetuximab
Classification based on Classification based on . . .
e e DNA methylation status signature and methylation regulation. B,
/ \ / \ Flowchart of the factors contributing to
. responder HMCC TMea progression-free survival (PFS) in patients
1 1 1 1 receiving anti-EGFR antibody therapy in
Patient background Patient background the TUH cohort. EGFR, epidermal growth
comparison comparison factor receptor; HMCC, highly methylated
l l colorectal cancer; LMCC, low-methylated
Progression-free survival Progression-free survival colorectal cancer; OCH, Osaki Citizen
) EEEERRER EEHEERE Hospital; RBWH, Royal Brisbane and
Anti-EGFR / , .
antibodies Women's Hospital; TCGA, The Cancer

Contributing factors to
progression-free survival

Genome Atlas; TUH, Tohoku University
Hospital
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cetuximab signature genes, excluding seven genes on the X chro-
mosome (MAGEA11, MAP7D2, PLXNB3, SCML2, SMARCA1, SYTL5,
TSPAN6) and three genes (ANXA10, KYNU, LYZ) whose promoter re-
gions were not probed in the methylation array.

A significant inverse correlation was observed between pro-
moter region f values and gene expression levels in the following
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cohorts: TUH (51 genes), TCGA (59 genes), and RBWH (32 genes).
Heatmaps of representative promoter region p values per gene and
expression levels are shown for each cohort in Figure 2A-C.

In the TT cohorts, a total of 88 genes exhibited a significant in-
verse correlation between the promoter region f value and expres-
sion levels in at least one of three cohorts (Table S8).
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3.5 | Correlation between changes in promoter
region methylation level (AB value) and gene
expression (expression ratio) during carcinogenesis in
paired samples

To extract genes with expression levels altered by aberrant meth-
ylation during carcinogenesis, we analyzed the correlation between
changes in promoter region methylation level (Ap value) and changes
in gene expression (expression ratio) in the NCM-TT paired cohorts.

An inverse correlation was observed between promoter region
Ap value and expression ratio in the following cohorts: OCH paired
(69 genes), TCGA paired (69 genes), and RBWH paired (47 genes).
The heatmaps of representative promoter region Af values per gene
and expression ratios are shown for each cohort in Figure 3A-C.

In the NCM-TT cohorts, a total of 109 genes had an inverse cor-
relation between promoter region Ap value and expression ratio in

at least one of three cohorts (Table S9).

3.6 | Identification of CpG sites that regulate gene
expression by aberrant methylation

The results in Sections 3.4 and 3.5 reveal 57 genes in common
between the two analyses (Table 1). For each of the six cohorts, a
correlation coefficient was determined for each of the CpG sites in
the promoter region of the 57 genes (Table $10). CpG sites that are
important for the regulation of gene expression must show a con-
sistent inverse correlation between DNA methylation status and
expression levels in the independent analysis of each of the six co-
horts. Therefore, CpG sites with 275.0% concordance in correlation
coefficients among the multiple cohorts were considered important
candidate CpG sites for gene regulation. Of the total 447 CpG sites
of 57 genes, 285 (63.8%) showed a consistent inverse correlation
between promoter region methylation status and expression level
(Figure 4).

3.7 | Comparison of promoter DNA methylation
levels in the 57 genes in NCM

To determine whether aberrant DNA methylation is already present
in NCM or arises during carcinogenesis, the p values for all promoter
CpGssitesin the 57 genes were compared between the two groups in
NCMs based on the cetuximab signature or DNA methylation status
classification of matched TTs. No CpG sites differed significantly in p
values in either comparison (Figure S2).

3.8 | Comparison of patient backgrounds according
to cetuximab signature

Patient backgrounds were compared between non-responders
and responders in the TUH cohorts (Table S11). The percentage of

right-sided colon cases was significantly higher in non-responders
than in responders (p < 0.01). No other patient background factors

differed significantly between the groups.

3.9 | Comparison of patient backgrounds according
to DNA methylation status

Patient backgrounds were compared between the HMCC and LMCC
groups in the TUH cohorts (Table S12). The percentage of right-sided
colon cases was significantly higher in the HMCC than in the LMCC
group (p < 0.01). No other patient background factors differed sig-

nificantly between the groups.

3.10 | Predictive value of cetuximab signature and
DNA methylation status for the efficacy of anti-EGFR
antibody therapy

To investigate the efficacy of anti-EGFR antibody therapy accord-
ing to cetuximab signature and DNA methylation status, we com-
pared the PFS after anti-EGFR antibody therapy between each
group (Figure 5). According to the cetuximab signature, the PFS of
the non-responder group was significantly lower than that of the
responders (p < 0.0001). According to DNA methylation status, the
PFS was significantly lower among patients with HMCC than LMCC
(p < 0.0001).

3.11 | Factors contributing to the PFS of anti-EGFR
antibody therapy

To identify factors contributing to PFS of anti-EGFR antibody ther-
apy in the TUH cohorts, we performed univariate and multivariate
analyses of patient background factors, cetuximab signature, and
methylation status as independent variables (Table 2). Univariate
analysis showed a lower risk of disease progression in the re-
sponder group [hazard ratio (HR) = 0.41; p < 0.0001], LMCC group
(HR = 0.27; p < 0.0001), and irinotecan combination (HR = 0.54;
p = 0.01). Multivariate analysis of significant predictors in univariate
analysis showed a lower risk of disease progression in the responder
group (HR = 0.45; p = 0.002), LMCC group (HR = 0.37; p = 0.0004),
and irinotecan combination (HR = 0.45; p = 0.001).

4 | DISCUSSION

Our results show that the expression of specific genes in the ce-
tuximab signature, a predictor of the efficacy of anti-EGFR antibody
therapy, is regulated by promoter region methylation.

The relationship between promoter DNA methylation and gene
expression is commonly investigated by comparative analysis of
DNA promoter methylation and gene expression levels before and
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DNA methylation status. Right: the magnified figures of the extracted gene rows. HMCC, highly methylated colorectal cancer; LMCC, low-
methylated colorectal cancer; OCH, Osaki Citizen Hospital; RBWH, Royal Brisbane and Women's Hospital; TCGA, The Cancer Genome Atlas
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TABLE 1 The 57 genes commonly extracted in the two analyses

in Results, Sections 3.4 and 3.5

Gene symbol

BNIP3
CAMKV

CCDC88B

CDIP1
CEL
CHCHD7

CYP2w1

ECHDC3

ENGASE

EREG
FABP3
FOXD2
HDGFL3
KAT2A
KIF26A
KLRG2
MPLKIP

NUPR1

NXPE4

PDE3A
PLTP
PPP1R14A

PSMA7
RAMP2

SLC39A2

STAT5B

SYBU
TTPA
WASF3
WIF1
ZNF34
BST2

CD55

Gene name

BCL2 interacting protein 3

CaM kinase like vesicle
associated

coiled-coil domain containing
88B

cell death inducing p53 target 1
carboxyl ester lipase

coiled-coil-helix-coiled-coil-helix
domain containing 7

cytochrome P450 family
2 subfamily W member 1

enoyl-CoA hydratase domain
containing 3

endo-beta-N-
acetylglucosaminidase

epiregulin

fatty acid binding protein 3
forkhead box D2

HDGF like 3

lysine acetyltransferase 2A
kinesin family member 26A
killer cell lectin like receptor G2

M-phase specific PLK1
interacting protein

nuclear protein 1, transcriptional
regulator

neurexophilin and PC-esterase
domain family member 4

phosphodiesterase 3A
phospholipid transfer protein

protein phosphatase 1
regulatory inhibitor subunit
14A

proteasome subunit alpha 7

receptor activity modifying
protein 2

solute carrier family 39 member
2

signal transducer and activator
of transcription 5B

syntabulin

alpha tocopherol transfer protein
WAS protein family member 3
WNT inhibitory factor 1

zinc finger protein 34

bone marrow stromal cell
antigen 2

CD55 molecule
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Response
annotation®

responder

responder

responder

responder
responder

responder

responder

responder

responder

responder
responder
responder
responder
responder
responder
responder

responder

responder

responder

responder
responder

responder

responder

responder

responder

responder

responder
responder
responder
responder
responder

non-responder

non-responder

TABLE 1

Gene symbol

CDKN1A

CREB3L1

DGKA
FAM83A

FKBP1B
GNA15
HOXD13
HOXD8
IF144L

IGFBP3

KCNS3

KLKé6
KLK7
KRT7
LCN2
LEF1

MLPH
NTSR1
PTPN13

RAB38

TCN1
TFF2
TRIB2
ZNF300

(Continued)

Gene name

cyclin dependent kinase inhibitor
1A

cAMP responsive element
binding protein 3 like 1

diacylglycerol kinase alpha

family with sequence similarity
83 member A

FK506 binding protein 1B
G protein subunit alpha 15
homeobox D13
homeobox D8

interferon induced protein
44 like

insulin like growth factor binding
protein 3

potassium voltage-gated channel
modifier subfamily S member
3

kallikrein related peptidase 6
kallikrein related peptidase 7
keratin 7

lipocalin 2

lymphoid enhancer binding
factor 1

melanophilin
neurotensin receptor 1

protein tyrosine phosphatase,
non-receptor type 13

RAB38, member RAS oncogene
family

transcobalamin 1
trefoil factor 2
tribbles pseudokinase 2

zinc finger protein 300

Response
annotation®

non-responder

non-responder

non-responder

non-responder

non-responder
non-responder
non-responder
non-responder

non-responder

non-responder

non-responder

non-responder
non-responder
non-responder
non-responder

non-responder

non-responder
non-responder

non-responder

non-responder

non-responder
non-responder
non-responder

non-responder

@ Response annotation: Upregulated genes in the responder or non-

responder groups.

after the administration of demethylating agents to cultured cells.'

However, demethylating agents cause non-specific demethylation

of a wide range of CpG sites,?° leading to demethylation not only in

promoter regions but also in the gene body. The DNA methylation
of gene body regions is reported to be associated with increased

gene expression®™2%; thus, accurate assessment of the relationship

between promoter DNA methylation and gene expression may be
difficult. In this study, we analyzed both the correlation between
promoter methylation and gene expression levels in TTs and the cor-
relation between changes in promoter methylation and changes in
gene expression levels between paired NCMs and TTs. This analysis
allowed us to identify critical changes in gene expression caused by
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FIGURE 4 Heatmap of the 57 genes with an inverse correlation between promoter region methylation and expression level in multiple
cohorts. Heatmap of the 57 genes with an inverse correlation between promoter region methylation and expression levels in 275% of the
total cohort. Gray-background CpG sites: not available; TSS1500: 200-1500 bases upstream of the transcription start site; TSS200: 0-200
bases upstream of the transcription start site; Island: CpG island; N_Shore: 0-2000 bases upstream of the CpG island; S_Shore: 0-2000
bases downstream of the CpG island; N_Shelf: 2000-4000 bases upstream from the CpG island. NCM, normal colorectal mucosa; OCH,
Osaki Citizen Hospital; RBWH, Royal Brisbane and Women's Hospital; TCGA, The Cancer Genome Atlas; TT, tumor tissue; TUH, Tohoku
University Hospital

aberrant DNA methylation that occurs during carcinogenesis and

determine the significance of DNA methylation status in regulating

gene expression. These two analyses identified 57 genes for which

promoter methylation inversely correlated with expression level.

This result indicates that about a quarter of the cetuximab signa-

ture genes are regulated by DNA methylation. Studies of mCRC
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Median (months) 95%CI
(A)
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FIGURE 5 Kaplan-Meier curve of progression-free survival after
anti-EGFR antibody therapy according to cetuximab signature or
DNA methylation status. Kaplan-Meier curves for progression-

free survival after anti-EGFR antibody therapy according to

(A) cetuximab signature or (B) DNA methylation status. Non-
responder group: yellow line (n = 43); responder group: green line
(n = 54); HMCC group: red line (n = 26); LMCC group: blue line

(n = 71). Cl, confidence interval; EGFR, epidermal growth factor
receptor; HMCC, highly methylated colorectal cancer; LMCC, low-
methylated colorectal cancer

have reported an association between changes in gene expression
due to DNA methylation abnormalities and the therapeutic effect of
anti-EGFR antibody for a single gene,'?*2% but no report has shown
such an association for multiple genes. Thus, our analytical method
is unique and useful.

We also compared the correlation coefficients between gene ex-
pression level and DNA methylation at each CpG site in the promoter
of the 57 genes in six independent cohorts. About two-thirds of all
promoter CpG sites that exhibited an inverse relationship between
DNA methylation status and expression level in multiple cohorts
were identified as important CpG sites for regulating gene expres-
sion via DNA methylation. To determine whether aberrant DNA

methylation also occurs in NCMs, we compared promoter methyl-
ation levels in 57 genes between the two groups in NCMs based
on the cetuximab signature or DNA methylation status classification
of matched TTs. In both comparisons, we observed no significant
difference in promoter methylation levels between the groups for
any of the 57 genes. Our results suggest that aberrant methylation
of DNA associated with the regulation of gene expression occurs
during the process of carcinogenesis.

Among the 57 genes suggested to be regulated by DNA meth-
ylation, EREG is reported to be regulated by promoter methyla-
tion, and high gene expression is associated with prolonged PFS
after anti-EGFR antibody therapy.}”?* In our analysis, EREG pro-
moter methylation significantly correlated inversely with EREG
expression levels, consistent with previous reports. BNIP3, an
apoptosis-promoting gene of the BCL-2 family, is overexpressed in
hypoxic regions of tumors and induces autophagy and cell death.?¢
Blockade of growth factor signaling such as epidermal growth fac-
tor (EGF) and insulin like growth factor (IGF) is reported to induce
BNIP3-mediated apoptosis.?” BNIP3 expression was observed to
be downregulated by promoter methylation, suggesting that anti-
EGFR antibody may not induce apoptosis in tumor cells and cause
resistance. Furthermore, high expression of BST2 promotes sig-
naling in the downstream Ras-Raf-MEK-ERK and JAK-STAT path-
ways through activation of EGFR,?® which can induce resistance
to anti-EGFR antibody therapies. KLK6 and MLPH have also been
listed in gene expression signatures associated with panitumumab
resistance.?’

Finally, we analyzed the factors contributing to PFS of anti-
EGFR antibody therapy in the TUH cohort. Regarding patient back-
grounds, right-sided colon cases were significantly more common
among non-responders and those with HMCC. Among patients with
right-sided CRC, a higher percentage are CIMP positive and have a
lower response to anti-EGFR antibody therapy than among those
with left-sided CRC.3%3! Our results are consistent with these pre-
vious reports. Non-responders and patients with HMCC had a sig-
nificantly lower PFS than did responders and those with LMCC. The
classification based on the cetuximab signature had not been vali-
dated in a clinical cohort, except by Schutte et al. This study shows
that the cetuximab signature is clinically useful in a Japanese cohort.
In univariate and multivariate analyses of PFS for anti-EGFR anti-
body therapy, classification based on DNA methylation status and
classification based on cetuximab signature were both independent
predictors of PFS. DNA methylation status was most significantly
associated with PFS and more strongly predictive of therapeutic
efficacy of anti-EGFR antibody therapy than was the cetuximab
signature or irinotecan combination. If all genes in the cetuximab
signature were regulated by DNA methylation, we would expect that
DNA methylation status and cetuximab signature would be strongly
correlated. However, multivariate analysis of the PFS for anti-EGFR
antibody therapy showed that DNA methylation status and cetux-
imab signature were independent of each other. In this analysis, only
about a quarter of the cetuximab signature genes were suggested to
be regulated by DNA methylation in the promoter region, suggesting
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TABLE 2 Cox regression analysis for progression-free survival of anti-EGFR antibodies in the Tohoku University Hospital (TUH) cohorts

Progression-free survival

Univariate Multivariate
n HR 95%Cl P-value® HR 95%Cl P-value®

Cetuximab signature

Non-responder 43 1.00

Responder 54 0.41 0.26-0.63 <0.0001 0.45 0.28-0.74 0.002
DNA methylation status

HMCC 26 1.00

LMCC 71 0.27 0.16-0.45 <0.0001 0.37 0.21-0.64 0.0004
Age

<65 69

265 28 0.88 0.57-1.38 0.59
Sex

Male 66

Female 31 1.22 0.78-1.92 0.38
Primary site

Right side 27

Left side or rectum 70 0.83 0.52-1.32 0.42
Stage at diagnosis

<l 35

\% 64 0.89 0.58-1.38 0.61
No. of organs with

metastasis

<1 46

22 51 1.16 0.77-1.78 0.47
BRAFmutation status

Wild or NA 91

Mutant 6 1.02 0.40-2.61 0.96
Minor RAS mutation status®

Wwild 86

Mutant 11 1.84 0.94-3.57 0.07
No. of previous regimens

<1 14

22 83 1.37 0.74-2.51 0.32
Type of anti-EGFR

treatment
Monotherapy 26 1.00
Combination with 71 0.54 0.34-0.87 0.01 0.45 0.27-0.73 0.001
irinotecan

Abbreviations: Cl, confidence interval; EGFR, epidermal growth factor receptor; HMCC, highly methylated colorectal cancer; HR, hazard ratio;

LMCC, low-methylated colorectal cancer; NA, not available.
a

X2 test.

b Minor RAS mutation status: RAS mutation except for KRAS codons 12 and 13.

that cetuximab signature and DNA methylation status have no con-
founding effects on each other. The remaining cetuximab signa-
ture genes not regulated by DNA methylation may be regulated by

32,33

other means, including noncoding RNAs, microRNAs, and his-

tone modifications.>* Another possibility is that the expression of

some cetuximab signature genes is indirectly affected by regulatory
methylation of genes located upstream or downstream in signaling
pathways. Furthermore, methylation of gene body regions may reg-
ulate the expression of some cetuximab signature genes, as gene

body methylation is associated with increased gene expression.?123
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Because most of the probes for analyzing DNA methylation arrays
are designed to target CpG sites in promoters, detailed methylation
analysis of gene body regions is difficult. Therefore, further analysis
of gene body methylation is needed.

The limitation of this study is contamination of the clinical sam-
ples by stromal cells, which may affect the apparent methylation
and expression levels. Stromal cell contamination might result in the
incomplete extraction of genes regulated by promoter region meth-
ylation. In the future, we would like to conduct in vitro analyses in
the absence of stromal cells to further analyze gene expression reg-
ulation by DNA methylation. Furthermore, the RBWH cohort was
an in silico analysis using ArrayExpress data without clinical samples
available; thus, we could not perform additional mutation analysis.

While this study focused on cetuximab signature genes, we ex-
pect that many genes outside of this group affect the sensitivity to
anti-EGFR antibodies and are regulated by DNA methylation. We
will continue to extract more genes regulated by DNA methylation
that are associated with the efficacy of anti-EGFR therapy to clarify
the molecular mechanisms underlying resistance to such therapy.

In conclusion, we found that aberrant DNA methylation regu-
lates specific gene in cetuximab signature during carcinogenesis,
suggesting that it is one of the important factors that define sensi-
tivity to anti-EGFR antibody agents.
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