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Abstract
DNA methylation status correlates with clinical outcomes of anti- epidermal growth 
factor receptor (EGFR) treatment. There is a strong need to develop a simple assay 
for measuring DNA methylation status for the clinical application of drug selection 
based on it. In this study, we collected data from 186 patients with metastatic colo-
rectal cancer (mCRC) who had previously received anti- EGFR treatment. We modified 
MethyLite to develop a novel assay to classify patients as having highly methylated 
colorectal cancer (HMCC) or low- methylated colorectal cancer (LMCC) based on the 
methylation status of 16 CpG sites of tumor- derived genomic DNA in the develop-
ment cohort (n = 30). Clinical outcomes were then compared between the HMCC and 
LMCC groups in the validation cohort (n = 156). The results showed that HMCC had a 
significantly worse response rate (4.2% vs 33.3%; P = .004), progression- free survival 
(median: 2.5 vs 6.6 mo, P < .001, hazard ratio [HR] = 0.22), and overall survival (median: 
5.6 vs 15.5 mo, P < .001, HR = 0.23) than did LMCC in patients with RAS wild- type 
mCRC who were refractory or intolerable to oxaliplatin-  and irinotecan- based chemo-
therapy (n = 101). The DNA methylation status was an independent predictive factor 
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1  |  INTRODUC TION

Colorectal cancer (CRC) has shown a significant increase in mortal-
ity in recent years, with 880 000 deaths reported worldwide as of 
2018, making it the second most common neoplasm after lung can-
cer.1 Molecular targeted therapies, such as anti- EGFR antibodies,2,3 
have been introduced to treat metastatic CRC (mCRC).4 As a result, 
the life expectancy of patients with mCRC is >30 mo.5,6

Molecularly targeted agents are more effective than conven-
tional cytotoxic chemotherapeutic agents and their efficacy is 
further increased when biomarkers are used to select appropriate 
treatment targets.7

RAS (KRAS and NRAS) mutations are negative biomarkers for 
anti- EGFR treatment resistance in mCRC.8,9 However, several clin-
ical trials have demonstrated that the RR to anti- EGFR antibodies is 
~30%8- 10 in patients with wild- type RAS, suggesting that RAS muta-
tions are not sufficient as predictive biomarkers.

Recently, it has become clear that the primary site of mCRC, in 
addition to the RAS mutation status, is associated with the efficacy 
of anti- EGFR treatment,11- 13 and the strategy for selecting thera-
peutic agents based on the primary site is being incorporated into 
clinical settings.14- 16 However, both the primary site and the RAS 
mutation status are not associated with the efficacy of anti- VEGF 
treatment.17

We previously performed a genome- wide DNA methylation anal-
ysis to identify novel biomarkers predicting the clinical outcomes of 
anti- EGFR treatment.18 We found a strong association between the 
comprehensive DNA methylation status and the therapeutic ef-
fect of anti- EGFR antibodies, indicating that DNA methylation is a 
predictor of anti- EGFR therapy efficacy. Specifically, highly meth-
ylated CRC (HMCC) was resistant to anti- EGFR treatment, and its 
efficacy was comparable with that of RAS mutant CRC. In contrast, 
patients with low- methylated CRC (LMCC) had significantly better 
outcomes compared with those of patients with RAS mutant CRC 
and HMCC. Multivariate analysis suggested that the DNA methyla-
tion status was a determinant of the efficacy of anti- EGFR treatment 
independent of the RAS mutation status. An association between 
the DNA methylation status and anti- EGFR antibody sensitivity has 
also been reported by Lee et al.19 However, there are various chal-
lenges to be addressed in the clinical application of the clustering- 
based classification method using genome- wide DNA methylation 
data. Especially, clustering analysis is not the most accurate method 
to classify individual patients, because it is susceptible to being 

influenced by the analysis population. Therefore, the development 
of assays to conveniently measure the DNA methylation status in 
individual cases is of great significance.

This study aimed to develop an assay to easily determine the 
DNA methylation status and verify that its measurements correlate 
with the clinical outcomes of anti- EGFR treatment in mCRC.

2  |  MATERIAL AND METHODS

2.1  |  Patients

This study included patients with mCRC who were refractory or 
intolerable to oxaliplatin-  and irinotecan- based chemotherapy and 
were treated with anti- EGFR antibodies. Surgically resected primary 
tumors without preoperative chemotherapy were included in the 
analysis. Patients that overlapped with our previous study18 were 
excluded from the development cohort and the validation cohort.

Informed consent was obtained from the case groups used for 
the extraction of the CpG site used to classify HMCC and LMCC and 
for the development of the assay (development cohort, DC), based 
on the “Development of a molecular biomarker for colorectal cancer” 
(UMIN000005490), which was approved by the Ethics Committee 
of the Tohoku University School of Medicine. Informed consent was 
obtained from the case group used to validate the accuracy of the 
developed assay in predicting the treatment effect of anti- EGFR 
antibody drugs (validation cohort, VC), based on the “Prediction of 
the treatment effect of anti- EGFR antibody drugs in colorectal can-
cer based on DNA methylation status and gene expression status” 
(UMIN000027296), which was approved by the Ethics Committee 
of the School of Medicine, Tohoku University School of Medicine.

Details are provided in Appendix S1.

2.2  |  Mutation analyses of KRAS, NRAS, and 
BRAF genes

Gene mutation analysis for codons 12 and 13 of the KRAS gene 
(KRAS status) was performed for all patients by the Sanger or 
Scorpion- ARMS method.20 The MEBGEN™ RASKET kit (MBL)21 
was used to identify mutations in exon 2 (codons 12 and 13), exon 
3 (codons 59 and 61), and exon 4 (codons 117 and 146) of the KRAS 
and NRAS genes (RAS status) in patients who were available for 

and a more accurate biomarker than was the primary site of anti- EGFR treatment. In 
conclusion, our novel DNA methylation measurement assay based on MethyLight was 
simple and useful, suggesting its implementation as a complementary diagnostic tool 
in a clinical setting.

K E Y W O R D S
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analysis. Gene mutation analysis for codon 600 of the BRAF gene 
was performed in cases that were available for analysis by Sanger 
sequencing.

2.3  |  Genome- wide DNA methylation analysis

Genome- wide DNA methylation data obtained from our previous 
study18 were used to identify the target CpG sites in the assay to 
be developed in this study. An exhaustive evaluation of the DNA 
methylation status was performed using the Illumina Infinium 
HumanMethylation450 BeadChip (Illumina). The BeadChips were 
scanned on a BeadStation and methylation measurements with a 
detection P- value > .05 were excluded from the analysis. All sam-
ples achieved a CpG coverage >95%. The raw data were normalized 
using internal controls and GenomeStudio software. The methyla-
tion level [β value: intensity of the methylated signal/(intensity of the 
unmethylated signal + intensity of the methylated signal)] in each 
CpG site was calculated using the Methylation Module attached to 
the BeadStudio.

Details are provided in the Appendix S1.

2.4  |  Identification of target CpG sites in the DNA 
methylation status assay

Based on the genome- wide DNA methylation status, mCRC was 
classified into HMCC and LMCC groups according to unsupervised 
clustering analyses.18 CpG sites with a β value of <0.1 in the nor-
mal colon mucosa and LMCC and >0.3 in HMCC were selected.22 
Among these sites, a t test was performed between the LMCC and 
HMCC groups using a Welch t test, adjusted Bonferroni correction, 
and adjusted P- value threshold of <1.0E- 05. The CpG sites showing 
statistically significant differences in β values between the 2 groups 
and those with an average β value in HMCC that was >0.35 higher 
than that in LMCC were selected as the regions for analysis using the 
DNA methylation status assay.

2.5  |  Development of the DNA methylation status 
assay of mCRC based on modified MethyLight

We had chosen MethyLight (ML)23 as the primary experimental sys-
tem for measuring the DNA methylation status. ML uses common 
primers for target amplification and specific probes for methylated 
and unmethylated target sequences. However, due to difficulties in 
maintaining the specificity of common primers that could amplify 
without being affected by methylation or unmethylation, we de-
cided to use methylated sequence- specific primers and probes for 
the target sequences at selected specific sites in our modified assay. 
The methylation status was qualitatively measured by comparing the 
amplification curve detected with the methylated probe of the tar-
get sequence with the amplification curve detected with the internal 

control, which does not contain CpG sites in the design regions of 
the primers and probes (modified MethyLight, mML).

For mML, forward and reverse primers and probes that were 
specific for methylation sequences at specific selected sites (as 
mentioned in Section 2.4) and for internal controls, which targeted 
the promoter region of the ACTB gene without CpG sites in the 
primer and probe regions, were designed. The genomic DNA of 
the tumor was subjected to sodium bisulfite treatment. After so-
dium bisulfite treatment, real- time PCR reactions were performed 
using the aforementioned primer and probe sets. The difference 
between the Ct values obtained for the methylated sequence- 
specific primer/probe and internal standard primer/probe sets 
was calculated, and the ΔCt value was determined. Twenty cases 
analyzed in a previously published paper18 were measured by 
mML, and the calculated ΔCt values were compared with the β 
values calculated by the Infinium methylation assay. As a result, a 
ΔCt value of <4 showed strong concordance with a β value ≥0.3. 
Therefore, the site was judged to be methylation positive if the 
calculated ΔCt value was <4.

Details are described in the Supplementary Appendix.

2.6  |  Investigation of the effect of tumor purity 
on the measurement outcomes

The methylation status of samples with various tumor contents was 
measured by the DNA methylation status assay of mCRC by mML 
(MeC- mML) with or without macro- dissection. The classification re-
sults (HMCC or LMCC) were compared between matched samples 
with or without macro- dissection.

2.7  |  Clinical outcomes and statistical analyses

The primary endpoint was PFS. The secondary endpoints were OS 
and RR.

Tumor reduction was analyzed using Response Evaluation 
Criteria in Solid Tumors (RECIST) v.1.1. The RR was calculated by 
dividing the total patients with CR and PR by the total number of 
patients.

The PFS was defined as the time from the date of anti- EGFR 
treatment initiation to the date of tumor progression confirmed by 
imaging or clinically determined progression. OS was defined as the 
time from the date when anti- EGFR treatment was initiated to the 
date of death.

Statistical analyses of patient demographic factors were 
performed using the chi- square test, Wilcoxon test, and Fisher 
exact test. Analyses of patient background factors and anti- EGFR 
treatment results were performed using JMP Pro14 software 
(SAS Institute Japan Co., Ltd.). Survival curves were constructed 
using the Kaplan- Meier method, and differences between curves 
of the 2 subgroups were compared using the log- rank test. 
Associations between patient background factors, including 
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between the methylation status and PFS and OS, were used for 
univariate and multivariate analyses with a Cox proportion haz-
ard model.

ROC curve analysis was performed to determine the cutoff value 
of methylation- positive sites separating HMCC from LMCC using 
JMP Pro14 software (SAS Institute Japan Co., Ltd.). In this analysis, 
the variable was the number of methylation- positive sites, and the 
number of positive sites that maximized the [sensitivity − (1 − spec-
ificity)] in determining a response case as LMCC was calculated as 
the cutoff value.

In statistical analysis, a P- value of < .05 was considered statisti-
cally significant.

Details are provided in the Appendix S1.

3  |  RESULTS

3.1  |  Patients

This study included 186 mCRC patients treated with an anti- cancer 
regimen, including anti- EGFR antibodies. Among them, the first 30 
patients were included in the DC to select CpG sites and develop an 
assay to classify the HMCC and LMCC groups. Another 156 patients 
were included in the VC to verify the accuracy of the developed 
assay in predicting the clinical outcomes of anti- EGFR treatment. In 
the VC, all 156 patients were tested for KRAS status, and 13 patients 
had mutations in KRAS codons 12 or 13. In total, 122 patients in the 
VC were tested for RAS status in addition to KRAS status. As a result, 
101 patients were determined to be RAS wild- type and 21 patients 
were determined to be RAS mutant (Figure 1). None of the 21 pa-
tients had multiple RAS mutations.

3.2  |  Identification of target sites for DNA 
methylation analysis and development of an assay to 
predict the clinical outcome of anti- EGFR treatment 
based on DNA methylation status

In total, 2458 CpG sites matched the filtering criteria described in 
Section 2.3 and Supplementary Appendix. These sites involved 275 
CpG sites with a mean β value <0.1 in LMCC and normal colonic 
mucosa and a mean β value >0.3 in HMCC. Among them, CpG sites 
with statistically significant differences in β values between LMCC 
and HMCC were identified. As a result, 16 sites were selected as tar-
get sites used for developing the assay (Table S1). The sequences of 
the primers and probes that were specific for methylation sequences 
at selected 16 sites and for internal controls are shown in Table S2.

The methylation status of these 16 sites was determined by 
MeC- mML. To confirm whether the developed assay could accu-
rately determine the methylation status, primer specificity was 
evaluated using fully methylated and fully unmethylated DNA for 
the 16 selected sites (n = 3, respectively). The presence or absence 
of methylation was accurately reflected in all 16 sites (Table S3). 
Therefore, the cutoff value was determined by ROC analysis in our 
preliminary test with the DC (Tables S4, S5; Figure S1). Therefore, 
we defined HMCC as ≥8 methylation- positive sites and LMCC as ≤7 
methylation- positive sites out of the 16 sites. Finally, 10 cases of DC 
were classified as HMCC and 20 cases as LMCC (Table S6). Although 
1 RAS mutant case was included in HMCC and 5 in LMCC, there 
were no significant differences between the 2 groups (Table S7) and 
there were no statistically significant differences in other patient 
background characteristics between the 2 groups (Table S7). The 
PFS in the LMCC group was significantly prolonged compared with 
that in the HMCC group (P = .013; Figure S2).

F I G U R E  1  Study profile. EGFR, epidermal growth factor receptor; HMCC, highly methylated colorectal cancer; LMCC, low- methylated 
colorectal cancer; mCRC, metastatic colorectal cancer
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3.3  |  Measurement of methylation status by MeC- 
mML and its comparison with patient backgrounds

The DNA methylation status of 156 patients in the VC was measured 
by MeC- mML. As a result, 32 patients were classified into the HMCC 
group and 124 into the LMCC group.

Using specimens with different tumor content ratios of 20%- 80% 
in the VC (n = 40), we investigated whether the results obtained from 

the MeC- mML differed based on tumor purity. The results showed that 
in 97.5% (39/40 pairs) of the matched samples, the results of the clas-
sification (HMCC or LMCC) were consistent when measured by MeC- 
mML with or without macro- dissection (Table S8). This result suggests 
that this assay was less sensitive to the tumor content of the samples.

Then, we compared patient backgrounds between the 2 groups 
(Table 1). The results revealed a significant difference in the primary 
site and BRAF status (P < .001). Especially, right- sided CRC and BRAF 

TA B L E  1  Comparison of patient backgrounds of the 2 groups in validation cohort

Variable

All samples HMCC* LMCC*

P- valueN % N % N %

Total 156 100 32 100 124 100

Gender .54*

Male 114 73.1 22 68.8 92 74.2

Female 42 26.9 10 31.2 32 25.8

Median age (range) .12+

65.0 (33- 85) 62.0 (39- 76) 66.0 (33- 85)

Primary site <.001*

Right- sided 46 29.5 22 68.8 24 19.4

Left- sided 110 70.5 10 31.2 100 80.6

Number of organs with metastasis .12+

1 70 44.9 24 55.8 52 41.9

2 68 43.6 16 37.2 56 45.2

≥3 18 11.5 3 7 16 12.9

Number of previously administered treatment regimens .60+

1 2 1.3 0 0 2 1.6

2 112 71.8 28 87.5 84 67.7

≥3 42 26.9 4 12.5 38 30.7

Anti- EGFR antibody treatment regimen .26*

Cetuximab 105 67.3 31 72.1 82 66.1

Monotherapy 19 12.2 3 7 16 12.9

Combination 86 55.1 28 65.1 66 53.2

Panitumumab 51 32.7 12 27.9 42 33.8

Monotherapy 23 14.7 3 7 21 16.9

Combination 28 18 9 20.9 21 16.9

RAS status .13*

KRAS WT 143 91.7 29 90.6 114 91.9

RAS WT 101 64.7 24 75 77 62.1

RAS MT 21 13.5 6 18.8 15 12.1

RAS unknown 34 21.8 2 6.3 32 25.8

BRAF status .007++

BRAF WT 60 38.5 21 65.6 39 31.5

BRAF MT 8 5.1 7 21.9 1 0.8

BRAF unknown 88 56.4 4 12.5 84 67.7

*HMCC and LMCC denotes highly methylated and low- methylated colorectal cancer, respectively. WT and MT denotes wild- type and mutant type, 
respectively.
+Chi- square (χ2) test.
++Wilcoxon test.
+++Fisher exact test.
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mutant cases were more common in the HMCC group, whereas 
left- sided CRC and BRAF wild- type cases were more common in the 
LMCC group. RAS mutations were present in 6 HMCC cases and 15 
LMCC cases, but there were no significant differences between the 
2 groups. Comparisons of other factors demonstrated no significant 
differences between the 2 groups.

3.4  |  Comparison of the clinical outcomes of 
anti- EGFR treatment based on the DNA methylation 
status in KRAS/RAS wild- type mCRC

To determine differences in the clinical outcomes of anti- EGFR treat-
ment for mCRC patients who were refractory or intolerable to oxali-
platin-  and irinotecan- based chemotherapy according to methylation 
status as measured by MeC- mML, we compared the RR, PFS, and OS 
among 3 groups: the KRAS wild- type HMCC (n = 29), KRAS wild- type 
LMCC (n = 114), and KRAS mutant (n = 13) groups. The KRAS wild- type 
HMCC group had a significantly worse RR (3.4% vs 28.6%, P = .003), 
PFS (median: 2.5 vs 5.8 mo, P < .001; HR = 0.28), and OS (median: 5.6 

vs 13.1 mo, P < .001; HR = 0.27) compared with those of the KRAS 
wild- type LMCC group (Table S9, Figure 2A,B). There were no signifi-
cant differences in clinical outcomes between the KRAS mutant group 
and the KRAS wild- type HMCC group (Table S9, Figure 2A,B).

The analysis included patients with a confirmed RAS genotype 
and compared anti- EGFR treatment outcomes among the 3 groups: 
the RAS wild- type HMCC (n = 24), RAS wild- type LMCC (n = 77), 
and RAS mutant (n = 21) groups. The RR in the RAS wild- type HMCC 
group was significantly lower compared with that in the RAS wild- 
type LMCC group (4.2% vs 33.3%, P = .004; Table 2). In addition, PFS 
and OS in the RAS wild- type HMCC group were significantly shorter 
compared with those in the RAS wild- type LMCC group (median 
PFS: 2.5 vs 6.6 mo, P < .001; HR = 0.22; median OS: 5.6 vs 15.5 mo, 
P < .001, HR = 0.23; Figure 2C,D). Furthermore, the RR, PFS, and OS 
of the RAS wild- type HMCC group were comparable with those of 
the RAS mutant group, which were significantly worse than those of 
the RAS wild- type LMCC group (Table 2, Figure 2C,D).

Although the number of patients was limited (n = 67), PFS was 
compared in a group of patients with a confirmed RAS/BRAF sta-
tus. The analysis included RAS/BRAF wild- type HMCC (n = 15), 

F I G U R E  2  Kaplan- Meier curves for progression- free survival and overall survival after anti- EGFR treatment according to DNA 
methylation and KRAS/RAS status. A, and B, Progression- free survival (PFS) and overall survival (OS) after anti- EGFR treatment according 
to the KRAS wild- type HMCC group (red line, n = 29), KRAS wild- type LMCC group (blue line, n = 114), and KRAS mutant group (green line, 
n = 13). C, and D, The PFS and OS after anti- EGFR treatment in the RAS wild- type HMCC group (red line, n = 24), RAS wild- type LMCC 
group (blue line, n = 77), and RAS mutant group (green line, n = 21). The survival curves were generated by using the Kaplan- Meier method, 
and the differences were assessed by the log- rank test. CI, confidence interval; HMCC, highly methylated colorectal cancer; LMCC, low- 
methylated colorectal cancer; OS, overall survival; PFS, progression- free survival
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RAS/BRAF wild- type LMCC (n = 23), RAS mutant (n = 21), and BRAF 
mutant (n = 8) groups. Even when the analysis was limited to the 
RAS/BRAF wild- type patients, the PFS in the RAS/BRAF wild- type 
HMCC group was significantly shorter compared with that in the 
RAS/BRAF wild- type LMCC group (median PFS: 3.1 vs 5.8 mo, 
P = .002; HR = 0.31; Figure 3).

3.5  |  Investigation of factors contributing to the 
PFS and OS of patients receiving anti- EGFR treatment

Univariate and multivariate analyses using Cox proportional haz-
ard models were performed using the VC (n = 156) to identify 
the factors that contributed to PFS and OS in patients receiving 
anti- EGFR treatment. Univariate analysis demonstrated that the 
methylation status measured by MeC- mML, and primary site were 
statistically significant predictors of PFS (HR = 3.26, P < .001; HR = 
1.82, P = .001; Table 3). Additionally, univariate analysis of OS after 

anti- EGFR treatment demonstrated that the methylation status 
measured by MeC- mML, gender, and primary site were predictive 
factors of OS (HR = 3.56, P < .001; HR = 0.56, P = .004: HR = 1.98, 
P < .001; Table 3). Multivariate analysis demonstrated that the DNA 
methylation status was the only independent predictor of PFS (HR 
= 2.83, P < .001; Table 3) and the DNA methylation status and gen-
der were predictive factors of OS (HR = 2.78, P < .001; HR = 0.64, 
P = .02; Table 3).

To evaluate the confounding effect of RAS/BRAF and methyla-
tion status in predicting the clinical outcomes of anti- EGFR treat-
ments, we conducted univariate and multivariate analyses using Cox 
proportional hazard models in a group of patients with a confirmed 
RAS/BRAF status (n = 67). Univariate analysis demonstrated that 
methylation and BRAF status were statistically significant predic-
tors of PFS (HR = 0.44, P < .004; HR = 0.32, P = .005; Table S10). 
Furthermore, multivariate analysis demonstrated that the DNA 
methylation and BRAF status were statistically significant predictors 
of PFS (HR = 0.51, P < .020; HR = 0.39, P = .029; Table S10).

TA B L E  2  Tumor response to anti- EGFR treatment in RAS wild- type mCRC

Tumor response

All samples 
(n = 122)

RAS wild- type HMCC 
(n = 24)

RAS wild- type LMCC 
(n = 77)

RAS mutant 
(n = 21)

n % n % n % P- value n % P- value (vs LMCC)

RR (%) 22.9 4.2 33.3 .004 5.3 .01

CR 0 0 0 0 0 0 0 0

PR 27 22.9 1 4.2 25 33.3 1 5.3

SD 43 36.4 7 29.2 30 40 6 31.6

PD 48 40.7 16 66.7 20 26.7 12 63.2

NE 4 0 2 2

Abbreviations: CR, complete response; NE, not evaluated; PD, progressive disease; PR, partial response; RR, response rate; SD, stable disease

F I G U R E  3  Kaplan- Meier curves for progression- free survival after anti- EGFR treatment according to DNA methylation status and 
RAS/BRAF status. Progression- free survival (PFS) after anti- EGFR treatment in the RAS/BRAF wild- type HMCC group (red line, n = 15), 
RAS/BRAF wild- type LMCC group (blue line, n = 23), RAS mutant group (green line, n = 21), and BRAF mutant group (black line, n = 8) are 
shown. The survival curves were generated by using the Kaplan- Meier method, and the differences were assessed by the log- rank test. CI, 
confidence interval; HMCC, highly methylated colorectal cancer; LMCC, low- methylated colorectal cancer; PFS, progression- free survival
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To examine in detail the significance of the DNA methylation 
status and the primary site in predicting the therapeutic effects of 
anti- EGFR antibodies, we classified 101 patients of RAS wild- type 
CRC into 4 groups that combined their DNA methylation status as 
measured by MeC- mML and the primary site, to compare the clin-
ical outcomes of anti- EGFR treatment. The HMCC group demon-
strated a lower RR regardless of the location of the primary site 
(right- sided: 0%; left- sided: 14.3%; Table S11), whereas the LMCC 
group demonstrated a higher RR (right- sided: 23.1%; left- sided: 
35.5%; Table S11). A comparison of PFS is provided in Figure 4(A). 
First, we compared the PFS of the LMCC and HMCC groups based 
on tumor site. For both right- sided and left- sided tumors, the LMCC 
group exhibited a significantly longer PFS than that in the HMCC 
group (right- sided: median: 2.8 vs 5.0 mo, P = .004, HR = 0.30; 
left- sided: median: 1.9 vs 6.8 mo, P < .001, HR = 0.20). However, 
when comparing the PFS between right- sided and left- sided tumors 
in the HMCC group and the LMCC group, respectively, there was 
no significant difference in survival duration based on primary site. 
Similar to the PFS results, the OS was significantly prolonged in the 
LMCC group compared with its rate in the HMCC group, regardless 
of the primary site (right- sided: median: 5.3 vs 10.8 mo, P = .028, 
HR = 0.37; left- sided: median: 6.0 vs 15.8 mo, P < .001, HR = 0.21; 
Figure 4B).

4  |  DISCUSSION

In this study, we developed MeC- mML, and confirmed the find-
ings in our previous report18 and the performance of this assay. 
The methylation classification of mCRC reported in our previous 
study was performed by unsupervised clustering analysis using 
genome- wide DNA methylation data.18 The most significant ad-
vantage of methylation classification is its ability to extract an 
anti- EGFR treatment- resistant group (ie, HMCC) from RAS wild- 
type patients, and is a conventional marker for predicting treat-
ment effects. However, there are various problems in the clinical 
application of the clustering- based classification method using 
genome- wide DNA methylation data. Limitations in obtaining 
methylation data include complicated procedures, higher costs, 
and time- consuming processes. In addition, it is necessary to de-
velop an analysis system to process a large amount of data, as 
the number of samples increases. Moreover, as mentioned in the 
Introduction, classification by clustering is susceptible to popula-
tion influences.

Therefore, we aimed to reduce costs and obtain results effi-
ciently by narrowing the CpG sites and using a simpler technique. 
The amount of data to be handled could also be reduced by neces-
sity. Furthermore, the determination of methylation status of the 
site of interest should be based on the presence or absence of meth-
ylation (qualitative) rather than on the degree of methylation (quan-
titative), such that measurement results are less influenced by the 
tumor content of tissue samples. In addition, a cutoff value to clas-
sify HMCC and LMCC based on the number of methylation- positive TA
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sites allows for a more objective classification of individual patients. 
Therefore, the MeC- mML used in this study should have the advan-
tages of simplicity, objectivity, and allowing for qualitative analysis.

The purpose of this DNA methylation status assay is to select 
a group of RAS wild- type patients who are resistant to anti- EGFR 
antibodies (ie, HMCC). The results of our previous genome- wide 
DNA methylation analysis revealed that some of the frequently 
methylated sites in HMCC were not methylated in LMCC and nor-
mal colonic mucosa.18 By examining the methylation status of these 

sites, it was deemed possible to identify HMCC regardless of normal 
colonic mucosal contamination. Finally, 16 CpG sites of interest that 
reflected the genome- wide highly methylated status were identified 
for analysis (Table S1). The target region contains a mixture of genes 
located in the promoter region and the gene body. Some of these 
sites were in genes with a known function (Table S1), but no enrich-
ment was detected for specific signaling pathways. From a review 
of the literature on methylation analysis, we modified MethyLight 
(mML) for our methylation assay.

F I G U R E  4  Kaplan- Meier curves for progression- free survival and overall survival after anti- EGFR treatment according to DNA 
methylation status and the primary site. A, and B, Progression- free survival (PFS) and overall survival (OS) after anti- EGFR treatment in 
the left- sided HMCC group (red solid- line, n = 7), left- sided LMCC group (blue solid- line, n = 63), right- sided HMCC group (red dotted- line, 
n = 17), and right- sided LMCC group (blue dotted- line, n = 14). The survival curves were generated by the Kaplan- Meier method, and the 
differences were assessed by the log- rank test. CI, confidence interval; HMCC, highly methylated colorectal cancer; LMCC, low- methylated 
colorectal cancer; OS, overall survival; PFS, progression- free survival
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The development of a novel assay to diagnose the DNA meth-
ylation status based on the mML assay was achieved, and its per-
formance was tested using data from 156 patients with mCRC. 
The results revealed that the RR, PFS, and OS of KRAS and RAS 
wild- type HMCCs were significantly worse compared with those 
of KRAS and RAS wild- type LMCCs. It is important to note that 
there was no significant difference in clinical outcomes between 
the KRAS and RAS wild- type HMCC and KRAS and RAS mutant 
groups, suggesting that the KRAS and RAS wild- type HMCC group 
is as resistant to anti- EGFR antibodies as is the KRAS and RAS mu-
tant group. Because the current analysis was limited to patients 
who were refractory or intolerable to oxaliplatin-  and irinotecan- 
based chemotherapy, it directly reflects the treatment effect of 
anti- EGFR antibodies with or without concomitant cytotoxic 
agents. These results indicated that MeC- mML is useful for pre-
dicting the clinical outcomes of anti- EGFR treatment in patients 
with KRAS or RAS wild- type mCRC.

In addition to RAS mutations, BRAF mutations are also known to 
be associated with resistance to anti- EGFR treatments. In this study, 
the rate of BRAF mutations was significantly higher in the HMCC 
group compared with that in the LMCC group, a trend consistent 
with previous reports on CIMP.24 However, even in the analysis 
focusing on RAS/BRAF wild- type cases, the PFS was significantly 
shorter in the HMCC group than it was in the LMCC group (Figure 3). 
Furthermore, the univariate and multivariate results suggested that 
methylation status is a predictor of treatment response independent 
from BRAF and RAS status (Table S10).

In our previous report, we explored the relationship between 
DNA methylation status and the primary site, and suggested that 
differences in susceptibility to anti- EGFR antibodies based on the 
primary site could be explained by differences in DNA methylation 
status.25 In this study, we examined the relationship between the 
DNA methylation status and primary site in 101 RAS wild- type pa-
tients. When comparing the clinical outcomes of anti- EGFR treat-
ment in the 4 groups by considering the DNA methylation status 
and primary site, we found no significant difference in outcomes be-
tween right- sided and left- sided tumors within the HMCC or LMCC 
groups. In contrast, in patients with right- sided colon cancer who 
are traditionally considered to be refractory to anti- EGFR treat-
ment, a comparison of clinical outcomes between the HMCC and 
LMCC groups demonstrated a significantly higher RR and prolonged 
PFS and OS in the LMCC group. In the treatment- sensitive group of 
patients with left- sided tumors, the HMCC group had significantly 
worse outcomes compared with those of the LMCC group. Notably, 
the PFS was significantly longer in the right- sided LMCC group than 
it was in the left- sided HMCC group (Figure 4A). Therefore, the 
HMCC group was similarly resistant to anti- EGFR antibodies re-
gardless of the primary site location, whereas the LMCC group was 
susceptible to anti- EGFR antibodies regardless of the primary site lo-
cation. Moreover, multivariate analyses demonstrated that the DNA 
methylation status measured by MeC- mML is an independent pre-
dictor of PFS and OS for anti- EGFR treatments. These results indi-
cated that the difference in susceptibility to anti- EGFR antibodies at 

the primary site may be explained by a difference in the distribution 
of patients with HMCC and LMCC in the right- sided or left- sided 
tumor groups.

As mentioned above, this study showed that DNA methylation 
status, as measured by MeC- mML is a predictor of anti- EGFR treat-
ment response. Conversely, previous reports have shown that CIMP 
is a poor prognostic factor in mCRC.26,27 In this cohort, as well as 
PFS, the OS was significantly shorter in HMCC than it was in LMCC, 
suggesting that DNA methylation status may act as a prognos-
tic factor. As all patients analyzed in this study were treated with 
anti- EGFR antibodies, it was difficult to determine whether the role 
of DNA methylation status in anti- EGFR treatments was predomi-
nantly a predictor or a prognostic factor. Therefore, a clinical study is 
underway to examine the prognostic role of DNA methylation status 
in detail, using a cohort that includes patients who did or did not 
receive anti- EGFR antibodies.

The MeC- mML will lead to clinical applications and is currently 
being developed as an in vitro diagnostic agent, with plans to apply 
for approval as a complementary diagnostic tool.

There are a few limitations to this study. The analyses in this 
study mainly included patients who received anti- EGFR antibodies 
as third- line or later treatment. However, the association between 
the sidedness and the therapeutic effects of anti- EGFR antibod-
ies has been shown mainly when analyzing first- line therapy.11,12 
Therefore, future validation in patients administered anti- EGFR an-
tibodies as first- line therapy is needed.

Several sets of CIMP markers have been previously re-
ported.19,24,28 Therefore, the significance of MeC- mML may be-
come clearer by comparing its classification results with those 
based on existing CIMP markers. However, CIMP is known to be 
associated with poor prognosis, elderly age, right- sidedness, and 
BRAF mutation. To compare the association of clinical outcomes 
of anti- EGFR treatment with this assay and other existing classifi-
cation methods, it is necessary to eliminate confounding factors. 
However, it was difficult to secure a sufficient number of cases for 
analysis in this study.

As mentioned above, previous studies have shown that HMCC 
has epidemiological and pathological features different from those 
of LMCC.28,29 Additionally, because of their molecular characteris-
tics, different factors may be involved in HMCC and LMCC tumor 
development.30 The methylation of the CpG site of the genes en-
coding the EGFR ligands epiregulin/amphiregulin and decreased 
gene expression are thought to contribute to anti- EGFR resistance 
in highly methylated mCRC.19 Our analysis confirmed a similar trend 
(data not shown). However, even in patients with highly methylated 
mCRC without the downregulation of these genes, many patients 
are refractory to anti- EGFR treatment. Therefore, it is desirable to 
elucidate the molecular mechanism of resistance to anti- EGFR an-
tibodies in HMCC. Our laboratory is currently working on an in-
tegrated analysis of ’omics data, such as gene mutations and gene 
expression, to achieve this goal.

In conclusion, our novel DNA methylation assay based on 
MethyLight will be a useful diagnostic test for predicting the clinical 
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outcomes of anti- EGFR treatment for mCRC regardless of the pri-
mary site.
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