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OBJECTIVES: Roughly half of hereditary nonpolyposis colorectal cancer (HNPCC) cases are Lynch syndrome and exhibit germ-
line mutations in DNA mismatch repair (MMR) genes; the other half are familial colorectal cancer (CRC) type X (FCCTX) and are
MMR proficient. About 70% of Lynch syndrome tumors have germ-line MLH1 or MSH2 mutations. The clinical presentation,
histopathological features, and carcinogenesis of FCCTX resemble those of sporadic MMR-proficient colorectal tumors. It is of
interest to obtain biomarkers that distinguish FCCTX from sporadic microsatellite stable (MSS) CRC, to develop preventive
strategies.
METHODS: The tumors and adjacent normal tissues of 40 patients with HNPCC were assayed using the Illumina Infinium
HumanMethylation27 (HM27) BeadChip to assess the DNA methylation level at about 27,000 loci. The germ-line mutation status of
MLH1 and MSH2 and the microsatellite instability status in these patients were obtained. Genome-wide DNA methylation
measurements of three groups of patients with general CRC were downloaded from public domain databases. Probes with DNA
methylation levels that differed significantly between patients with sporadic MSS CRC and FCCTX were examined, to explore their
potential as biomarkers.
RESULTS: We found that MSS HNPCC tumors were overwhelmingly hypomethylated compared with those from patient groups
with other types of CRC, including germ-line MLH1/MSH2-mutated HNPCC and sporadic MSS CRC. Five gene-marker panels that
exhibited a sensitivity of 100% and a specificity higher than 90% in both discovery and validation cohorts were proposed to
distinguish MSS HNPCC tumors from sporadic MSS CRC.
CONCLUSIONS: Our results warrant further investigation and validation. The loci identified here may become useful biomarkers
for distinguishing between FCCTX and sporadic MSS CRC tumors.
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INTRODUCTION

It is estimated that about half of the families with hereditary
nonpolyposis colorectal cancer (HNPCC), as defined according
to the Amsterdam II criteria,1 carry germ-line mutations in DNA
mismatch repair (MMR) genes.2,3 The resulting tumors are
referred to as Lynch syndrome colorectal cancer (CRC). Among
them, roughly 70% carry MLH1 and MSH2 mutations, and the
remaining tumors are related toMSH6 andPMS2mutations.4–11

Previous studies have reported that HNPCC families with Lynch
syndrome CRC are at a high risk of developing early-onset
colorectal and endometrial cancers that are microsatellite
instable (MSI).8,12–14 For HNPCC families with Lynch syndrome
CRC, intensive surveillance and prophylactic surgery or
chemotherapy are suggested as potential preventive and
therapeutic strategies; in addition, strategies for screening
Lynch syndrome in patients with CRC have been proposed.15

In the other half of HNPCC families for which there is no
evidence of the presence of germ-line mutations in MMR
genes, tumors are microsatellite stable (MSS) and constitute
an entity distinct from Lynch syndrome tumors; they are
termed as familial CRC type X (FCCTX).16–18 As the clinical
presentation and histopathological features of FCCTX mimic
those of sporadic MMR-proficient tumors,16,19 enormous
efforts have been made to elucidate the genetic and
epigenetic causes of FCCTX.20–24 It seems that FCCTX
carcinogenesis resembles largely that occurring in sporadic
MMR-proficient CRC, and it is speculated that most families
with FCCTX are at increased risk of developing “sporadic
tumors” by being more susceptible to environmental carcino-
genic factors.21,25

In fact, it was shown that MSS HNPCC tumors display a
significantly lower degree of methylation at LINE-1, which is a
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marker of global hypomethylation, than do other subgroups of
CRC,22,23 especially sporadic MSS CRC. Moreover, global
DNA hypomethylation has been associated with a poor
prognosis, shorter survival, and younger age at onset of
CRC, as well as with familial CRC cancer risk.23,26,27 It was
also observed that the CpG island methylator phenotype
(CIMP) is inexistent or rare among FCCTX,21,22 whereas it is
present among sporadic MMR-proficient CRC tumors.28–32 A
recent comprehensive analysis of DNA methylation in CRC
tumors, which was performed using the Illumina Infinium
HumanMethylation27 (HM27) BeadChip, identified four DNA
methylation-based subgroups: one CIMP-high (CIMP-H)
group, one CIMP-low (CIMP-L) group, and two non-CIMP
groups.33,34

These advances motivated us to identify DNA methylation-
based subgroups of HNPCC, to study CIMP among
subgroups of HNPCC; and to compare DNA methylation
levels between FCCTX and sporadic MSS CRC tumors, to
identify differentially methylated probes. It was hoped that
these loci would be useful for the identification of FCCTX-
associated CRC. For this, we performed DNA methylation
profiling in the tumors and adjacent non-tumor tissues of 40
patients with HNPCC using the HM27 BeadChip, and
compared these DNA methylation profiles with those
observed in sporadic MSS CRCs.33,34

METHODS

Collection of samples from patients with HNPCC. We
adopted the Amsterdam criteria II to define HNPCC, as
follows: (1) diagnosis of HNPCC-related cancers in three or
more family members; (2) one affected relative should be a
first-degree relative of the other two; (3) at least two
successive generations should be affected; (4) cancer
diagnosis in one or more relatives before the age of 50
years; (5) exclusion of familial adenomatous polyposis; and
(6) verification of tumors by pathological examination.1,35 A
total of 135 families with HNPCC were referred from three
regions of Taiwan: the Linkou Chang Gung Memorial
Hospital, the MacKay Memorial Hospital, and the Cathay
General Hospital in northern Taiwan; the Taichung Veterans
General Hospital and the Kuang Tien Hospital in central
Taiwan; and the Kaohsiung and Chiayi Chang Gung
Memorial Hospitals in southern Taiwan. This study used both
adenocarcinoma tumors and adjacent non-tumor tissues
from 40 patients with HNPCC from these families; samples
were selected based on their tissue quality. This study was
approved by the Institutional Review Board of the National
Health Research Institutes, and all participating patients
provided written informed consent. Further information on the
study population, including the mutations and frequencies of
MLH1 and MSH2 and microsatellite stability status, were
reported in our previous study,36 where tumors were
classified as having a high frequency of microsatellite
instability (MSI-H) if instability in two or more markers was
observed in the reference panel (BAT25, BAT26, D2S123,
D5S346, and D17S250). In the current study, a tumor was
classified as MSS HNPCC if it was wild type for MLH1 and
MSH2, and instability was observed in at most one of the five

markers in the reference panel, which was in agreement with
the findings of an earlier report.37 Using this definition, 10
tumors were classified as being MSS HNPCC.

DNA methylation assay and quality assessment. Geno-
mic DNA was extracted from each fresh frozen tissue sample
(both from tumors and adjacent normal tissues) using the
DNeasy Blood & Tissue Kit (Qiagen Inc, Valencia, CA, USA),
according to the manufacturer’s specifications. Bisulfite
conversion of genomic DNA was performed using the EZ
DNA Methylation Kit (Zymo Research, Irvine, CA, USA),
according to the manufacturer’s instructions.
Bisulfite-converted genomic DNA (500 ng) from each tissue

sample was used to examine DNA methylation levels with the
HM27 BeadChip, according to themanufacturer’s instructions.
All samples were run using a 96-well plate format, to reduce
batch effects. The HM27 BeadChip examines the DNA
methylation level at 27,578 CpG sites in the promoter regions
of 14,495 protein-coding genes and 110 microRNAs.38 The
DNA methylation level at each CpG site was measured as a
DNA methylated percentage and is referred to as the β-value
henceforth (ranging from 0 to 1, with values close to 0
indicating a low level of DNAmethylation and values close to 1
indicating a high level of DNA methylation). For quality
assessment, the β-values obtained from the HM27 BeadChip
were managed using the Methylation Module v1.1 implemen-
ted in BeadStudio software (Illumina, San Diego, CA, USA).
We performed data preprocessing in a similar fashion as

that described by Hinoue et al.,33 as follows. Based on
Illumina’s Infinium Assay for Methylation Protocol Guide,
probes with a detection P value ≥0.05 for any one sample
were excluded. In addition, a probe was excluded if the probe
sequence contained single-nucleotide polymorphisms or
copy-number variants, or if the probe sequence could not be
uniquely mapped with a perfect match in the human genome
sequence (hg18). For the former, we used the single-
nucleotide polymorphisms collected from Han Chinese in
Beijing, China (CHB) and Chinese in Metropolitan Denver,
Colorado (CHD) in HapMap Phase III (release 3, Human
Genome build 36, hg18) and the copy-number variants
provided by the ASN population in the 1000 Genomes Project
(version 20100804).39,40 For the latter, we used the computer
tools BLAT and MAQ to align probe sequences.41,42 We also
excluded probes located on chromosomes X and Y. As a
result, 20,955 probes were selected for subsequent analysis.
To check the diagnosis based on tissue pathology,

unsupervised hierarchical clustering and a principal compo-
nent analysis were used. More specifically, the top 10%
(2,758) most variable probes, as evaluated based on the s.d.
of β-values over 80 samples, were used to generate
dendrograms via hierarchical clustering, using Ward linkage
and Euclidean distance for samples and Pearson’s correlation
distance for probes. Four tumors were clustered among
normal tissues and were excluded from further study (see
Supplementary Figure S1A,B online).

Statistical analysis. The Wilcoxon rank-sum test was used
to identify differentially methylated probes between any two
groups. To address the multiple comparison issue, we report
the q-value using the q-value package in R.43,44 A probe was
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claimed to be differentially methylated if the q-value was
o0.05 and the difference of the median β-values between the
two groups was 40.2. The recursively partitioned mixture
model (RPMM) was used to identify the subgroups of
HNPCC tumors using a level-weighted version of the
Bayesian information criterion for split criteria, as implemen-
ted in the RPMM package.45 Heatmap representations with
dendrograms and partitions were plotted using the function
heatmap.3 in the GMD package. All data were analyzed
using R statistical software (version 3.1.1, Vienna, Austria).

CRC data sets from the cancer genome atlas (TCGA) and
gene expression omnibus. We downloaded three DNA
methylation data sets from a public domain. The first included
the DNA methylation data of all 194 CRC tumors resected
from patients without a family history of CRC, for whom the
microsatellite stability status was available from TCGA, and
the DNA methylation data of the 32 matched normal tissues;
these DNA methylation data were based on the HM27
BeadChip.34 All data were downloaded on 30 January 2015
and will be referred to as the TCGA data set in this study (its
characteristics are reported in Supplementary Table S1).
The second data set consisted of DNA methylation data for
129 CRC tumors and 29 matched normal tissues from gene
expression omnibus (GSE25062), as published by Hinoue

et al.33 The third data set consisted of 22 pairs of CRC tumors
and adjacent normal tissues from gene expression omnibus
(GSE17648), as published by Kim et al.46 For the first and
second data sets, we followed the method of Hinoue and
colleagues to exclude 4,484 probes with a sequence that
contained single-nucleotide polymorphisms or could not be
uniquely aligned to the human genome, probes with a
detection P value≥0.05, and those located on chromosomes
X and Y.33 Because the DNA methylation data in the third
data set did not provide detection P values and because the
third data set consisted of Korean individuals, in subsequent
analyses we used the same probes as those that were
retained for the data set of HNPCC described above. In
summary, a total of 21,682 probes in the TCGA data set,
21,667 probes in GSE25062, and 20,955 probes in
GSE17648 were obtained for subsequent analyses.
Data filtering and normalization were conducted in the same

manner as that described by Hinoue et al.33, to minimize batch
effects in the TCGA and GSE25062 data sets, separately.

Gene set enrichment analysis. We used a model-based
gene set analysis (MGSA),47 which is a Bayesian model-
based approach, to explore gene sets/biological pathways
that are possibly affected by, or involved in, the differential
methylation of probes between the patient groups of interest.
In this analysis, the MSigDB collection C2.CGP v5.0,48 which
is a collection of gene sets that represent several expression
signatures of genetic and chemical perturbations reported in
PubMed, was used to explore the target gene sets. The
MGSA software was employed using the mgsa package in R/
Bioconductor, and a threshold of posterior probability ≥0.5
was applied, as recommended by Bauer et al.47

RESULTS

Sample of patients with HNPCC. The tumor and adjacent
normal tissues of 40 patients with CRC from HNPCC families
were obtained; their germ-line mutation status at MLH1 and
MSH2 and microsatellite stability status were reported in an
earlier publication.36 The DNA methylation levels in these 40
tumors and normal tissues were measured using the HM27
BeadChip. After data preprocessing, as described in the
Materials and methods section, we obtained the β-values at
20,995 probes for 36 tumors and 40 normal tissues, which
were used in subsequent analyses. We also followed the
criteria of Hinoue et al.33 to classify 36 tumors as CIMP-H,
CIMP-L, or non-CIMP tumors; the details of these criteria are
provided in Supplementary Table S2. The clinical and
genetic features of these 36 tumors are given in Table 1. In
this study, patients with MSS HNPCC were analyzed to
identify diagnostic DNA methylation gene-marker panels.

Differentially methylated probes in HNPCC and general
CRC. Considering probes that were differentially methylated
between tumors and normal tissues at a false discovery rate
of 0.05 (q-valueo0.05), we found very similar patterns
between HNPCC, the MLH1/MSH2-mutated subgroup of
HNPCC, CRC, and the subgroups of CRC. For each of these
groups or subgroups, hypermethylated probes were present

Table 1 Genetic and clinical characteristics of 36 HNPCC tumors

Characteristics CIMP-H CIMP-L Neither Fisher
P value

Number of patients
profiled

8 7 21

Mean age at onset
(range)

47.54
(38.0–59.0)

55.9
(42.0–68.9)

51.8
(26.4–82.3)

0.5177a

Gender
Male 6 1 14 0.0398
Female 2 6 7

Tumor location
Right (proximal) colon 3 2 4 0.2261
Transverse colon 2 5
Left (distal) colon 3 4 4
Rectum 1 7
No information 1

Clinical stage
I/II 4 4 14 0.5690
III/IV 4 3 6
No information 1

MLH1 mutation
Mutant 6 1 6 0.0458
Wild type 2 6 14
No information 1

MSH2 mutation
Mutant 1 1 4 1
Wild type 7 5 17
No information 1

MLH1+MSH2 mutation
Mutant 7 2 10 0.1223
Wild type 1 4 10
No information 1 1

MSI status
MSI 5 3 8 0.5252
MSS 3 3 13
No information 1

ANOVA, analysis of variance; CIMP-H, CpG island methylator phenotype-high;
CIMP-L, CIMP-low; HNPCC, hereditary nonpolyposis colorectal cancer; MSI,
microsatellite instability; MSS, microsatellite stable.
aANOVA test.

Biomarkers for MSS HNPCC
Chen et al.

3

Clinical and Translational Gastroenterology



to a greater extent in tumors compared with hypomethylated
probes, o10% of the hypomethylated probes were located in
CpG islands, and over 70% of the hypermethylated probes
were located in CpG islands.49 In addition, ~ 90% of
hypomethylated probes vs. ~ 97% of hypermethylated probes
were located in promoter regions. The number of hyper-
methylated probes was always larger than that of hypo-
methylated probes, with the exception of the MSS HNPCC
group (see Table 2 for details). In this sense, MSS HNPCC
seems to be globally more hypomethylated than any of the
other groups.
A similar observation was found in a volcano plot, which

showed that the β-values in MSS HNPCC tumors were
overwhelmingly lower than those detected in germ-line
MLH1/MSH2-mutant tumors (Figure 1a). MSSHNPCC tumors
were overwhelmingly hypomethylated, whereas only one
probe (cg02927346) located in the promoter region of
RASL10B showed a statistically significantly lower median of
β-values in MSS HNPCC tumors with a difference larger than
0.2 (Figure 1a, red dot).

Identification of diagnostic MSS HNPCC DNA methyla-
tion gene-marker panels
CpG sites showed little ethnical/dietary differences in
β-values in the normal tissues. To minimize possible batch
effects when comparing the HNPCC data set with the TCGA,
GSE25062, or GSE17648 data sets, we considered a delta
DNA methylation level, referred to as the Δβ-value, which was
defined as the β-value observed in the tumor minus that
recorded in the matched normal tissue. The Δβ-value was
calculated for the 10 patients with MSS HNPCC, 32 patients
with sporadic CRC from the TCGA data set, 29 GSE25062
patients, and 22 GSE17648 patients for whom the β-values in
both the tumors and adjacent normal tissues were measured;
hence, the Δβ-values were available for comparison. To
reduce the ethnical or dietary disparities between Caucasian
and Asian patients, we identified 2,070 probes that showed
no differences in β-values among the normal tissues in the
TCGA, GSE25062, and GSE17648 data sets (all P values
40.05 in TCGA vs. GSE25062, TCGA vs. GSE17648, and

GSE25062 vs. GSE17648; see Supplementary Figure S2
online for details).

MSS HNPCC and “sporadic MSS CRC”. In this paper, a
sporadic CRC was called MSIhMLH1 CRC if it was MSI and
hypermethylated at MLH1; and non-MSIhMLH1 if it was not
MSIhMLH1. We will refer to non-MSIhMLH1 as “sporadic MSS
CRC”. Because in sporadic MSI CRC, the vast majority of
hypermutated tumors are a result of MLH1 methylation and
because in CIMP-H CRC, both histopathological and prog-
nostic features associated with MLH1 methylation are directly
related to MSI-H status,50,51 we used “sporadic MSS CRC”
tumors to look for biomarkers that identify MSS HNPCC
tumors from sporadic MSS CRC tumors. Using GSE25062,
we found that the MLH1 methylation level, as assessed using
the MethyLight technology, was highly correlated with the β-
value at cg00893636 in the HM27 BeadChip, with a
correlation of 0.93. Based on this correlation and the fact
that this probe is closest to the current RefSeq MLH1
transcription start sites, we considered a tumor as being
methylated at MLH1 if the β-value was ≥0.1 at cg00893636.
Using the probe cg00893636, we found three MSIhMLH1

tumors in the TCGA data set (see column B and row 19 in
Supplementary Table S1). Thus, we identified 29 “sporadic
MSSCRC” tumors. In this study, we used the 10 MSSHNPCC
patients and 29 “sporadicMSSCRC” patients as the discovery
cohort for identifying diagnostic MSS HNPCCmarkers. Based
on the Δβ-values calculated at these 2,070 probes, the
volcano plot showed that MSS HNPCC tumors were over-
whelmingly hypomethylated compared with the tumors with
“sporadic MSS CRC” (Figure 1b). One hundred and seventy-
four probes were identified as being differentially hypomethy-
lated in MSS HNPCC tumors vs. “sporadic MSS CRC” tumors
(Figure 1b, red dots; see Supplementary Table S3 online for
a list of these probes and their gene annotations). Interest-
ingly, although a previous study reported that MSS HNPCC
tumors displayed a significantly lower global methylation than
did sporadic MSS CRC tumors,22 we also identified 18 probes
that showed significantly higher Δβ-values in MSS HNPCC
tumors comparedwith those observed in “sporadic MSSCRC”
tumors (Figure 1b, green dots; see Supplementary Table S4
online for a list of these probes and their gene annotations).

Table 2 Number of differentially methylated probes between tumors and normal tissues in several subgroups of CRC at a false discovery rate of 0.05 (q-valueo0.05)

Data set HNPCC Sporadic CRCa CRCb

Subgroup Overall Lynch synd. FCCTX Overall MSI-L/MSS Overall

Samples 36/40 19/20 10/11 194/32 171/25 129/29
# Hypomethylation 240 307 200 922 1,060 321
In CGI (%) 10 (4.2) 9 (2.9) 9 (4.5) 96 (10.4) 96 (9.1) 11 (3.4)
In PR (%) 212 (89.5) 273 (89.5) 176 (88.9) 831 (91.5) 961 (91.8) 291 (91.5)

# Hypermethylation 590 780 170 1,497 1,387 1,182
In CGI (%) 475 (80.5) 591 (75.8) 142 (83.5) 1,039 (69.4) 971 (70.0) 874 (73.9)
In PR (%) 520 (97.6) 688 (96.5) 151 (97.4) 1,329 (96.4) 1,230 (96.5) 1,063 (97.3)

CGI, CpG island; CRC, colorectal cancer; FCCTX, familial colorectal cancer type X; HNPCC, hereditary nonpolyposis colorectal cancer; MSI, microsatellite instability;
MSS, microsatellite stable; PR, promoter region; TCGA, the cancer genome atlas.
Row 3 gives the number of tumors and normal tissues in each data set, with that for tumors placed in the front; row 4 reports the number of hypomethylated probes; row
5 lists the number (percentage) of hypomethylated probes located in CGIs; row 6 describes the number (percentage) of hypomethylated probes located in PRs, which
are defined as being located within 1 kb upstream and 1 kb downstream from the transcription start site; rows 7–9 provide information that is similar to that given in rows
4–6, but for hypermethylated probes.
aTCGA.
bGSE25062.
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Pathways involved in the genes which were observed
hypomethylation in MSS HNPCC tumors. We used MGSA
to explore the gene sets/pathways that are possibly
associated with our observation that MSS HNPCC tumors
were overwhelmingly hypomethylated compared with the
“sporadic MSS CRC” tumors, based on these 174 probes
(as mentioned above). Results from MGSA showed that
among the three significantly enriched pathways detected
here, the pathway “LOPES_METHYLATED_IN_COLON_-
CANCER_UP”, which represents genes that are methylated
aberrantly in the HCT116 and Colo320 colon cancer cell
lines, was the most significantly enriched (posterior prob-
ability= 0.96; see Supplementary Table S5 online for a list of
these three pathways).52 This pathway seemed to suggest
that the genes that are hypomethylated in MSS HNPCC
tumors compared with sporadic MSS CRC tumors were
possibly hypermethylated in colon cancer cell lines.
Furthermore, using a more stringent significance

threshold (difference of median Δβ-values between tumors
with MSS HNPCC and “sporadic MSS CRC”40.3), we found
56 probes that can be used to develop a possibly more
reliable set of DNA methylation makers for the identification of
MSS HNPCC tumors. Based on these 56 probes, we
proposed MSS HNPCC-defining marker panels consisting of
five loci located in the promoter regions of NDRG4, TRPC6,
TWIST1, ZNF542, and ZNF671 (see Supplementary Table
S6 online). Using the condition that three or more loci with a
Δβ-valueo0.25 classify a sample as being MSS
HNPCC, these marker panels distinguished patients with
MSS HNPCC from those with “sporadic MSS CRC”

with a sensitivity of 100% and a specificity of 100%
(Figure 2a,b).

Validation. To examine the performance of these marker
panels, we analyzed the percentage of sporadic MSS CRC
cases that could be selected by our marker panels. Because
there is no microsatellite stability information for patients in
the GSE25062 or GSE17648 data set, and because among
CIMP-H CRC cases, both histopathological and prognostic
features associated with the MLH1-methylated tumors are
directly related to MSI status,51 we excluded CIMP-H and
MLH1-methylated tumors in the GSE25062 or GSE17648
data set for the validation study; the resulting data set was
called GSE25062MSS or GSE17648MSS. Based on the β-
value calculated at the cg00893636 probe used for the
identification of MLH1 methylation and the criteria used for
identifying CIMP-H tumors proposed by Hinoue et al.,33 there
were 25 tumors in GSE25062MSS and 19 tumors in
GSE17648MSS. Thus, these 44 tumors, which are referred
to as “MSS CRC”, were used as the validation cohort (see
Supplementary Figure S3 online for the flow chart of the
identification of diagnostic biomarkers). By applying the same
criteria used in the discovery cohort, we identified sporadic
MSS CRC patients with a specificity of 93.2% among the
patients with “MSS CRC”; or specificities of 88 and 100% in
GSE25062MSS and GSE17648MSS, respectively. Figure 2c
describes the Δβ-values at the five probes for each patient
with MSS HNPCC and in the validation cohort.

DNA methylation-based HNPCC subgrouping. We
applied RPMM to the DNA methylation level at the top 10%
(2,758) most variable probes for unsupervised clustering of

Figure 1 Volcano plots show probes at which (a) the DNA methylation level or β-value was significantly lower in FCCTX compared with that observed for germ-line mutations;
(b) the delta DNA methylation level or Δβ-value was significantly lower in FCCTX compared with “sporadic MSS CRC” in the TCGA data set. In (a), the x-axis of a point is the
median β-value observed in tumors with a germ-line mutation at one probe minus that detected in tumors without the mutation at the same probe; the y-axis of that point gives the
− log10 (P value), which compares the β-value in these two groups using the Wilcoxon rank-sum test. The x-axis of a point in (b) is the median Δβ-value at one probe in
the “sporadic MSS CRC” from the TCGA data set minus that at the same probe in FCCTX; the y-axis of that point gives the − log10 (P value), which compares the Δβ-value in
the two groups of interest using the Wilcoxon rank-sum test. The vertical and horizontal dotted lines, respectively, mark the threshold q-value (0.05) and the difference in the
median β-values/Δβ-values (0.2). There were one and 174 probes that were significantly hypomethylated in tumors with FCCTX in a and b, respectively, marked by red dots.
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the 36 HNPCC tumors. A total of three clusters were
identified and are referred to as clusters 1, 2, and 3. The
heatmap of the DNA methylation level (β-value) of the 36
tumors and their genetic and clinical features are presented in
Figure 3. We classified tumors as CIMP-H, CIMP-L, or non-
CIMP tumors according to Hinoue et al.33 All tumors in cluster
1 were CIMP-H tumors and were either germ-line MLH1 or
MSH2-mutated tumors. Therefore, here, we refer to this
cluster as the CIMP-H cluster. We found that 57% of the
tumors in cluster 2 were CIMP-L tumors and that 76% of the
tumors in cluster 3 were neither CIMP-H nor CIMP-L tumors.
Interestingly, half of the tumors in cluster 2 or 3 were germ-
line MLH1/MSH2-mutated tumors (see Supplementary
Table S7 online).

Furthermore, within clusters 2 and 3, there seemed
to be little difference between the median β-values in
germ-line MLH1/MSH2-mutated and wild-type tumors
(Figure 4a,b). Conversely, within germ-line MLH1/MSH2-
mutated tumors or wild-type tumors, the β-value in
cluster 2 was generally higher than that detected in cluster 3
(Figure 4c,d).
It is known that, in sporadic CRC, CIMP-H tumors are

correlated with DNA hypermethylation ofMLH1, as measured
using the MethyLight technology.33,53 Based on the β-value
calculated at probe cg00893636, we studied the DNA
methylation status of MLH1 in our HNPCC tumors and found
that, using a threshold of β-value≥ 0.1, no tumors in HNPCC
were MLH1-methylated tumors.

Figure 2 Diagnostic biomarkers for patients with FCCTX. (a) Boxplot of the mean of the five Δβ-values, as defined by the β-value in the tumor minus that in the matched
normal tissue, of patients in each data set. The Wilcoxon rank-sum test was used to compare the Δβ-value between patients with FCCTX and those with “sporadic MSS CRC”
(P values= 4.2e-06). (b,c) Heatmaps of five diagnostic biomarkers, based on the HM27 BeadChip. (b) Thirty-nine columns, 10 for patients with FCCTX and 29 for patients with
“sporadic MSS CRC” from the TCGA data set; each row represents one of the five diagnostic biomarkers. (c) Fifty-four columns, 10 for patients with FCCTX and 25 and 19 for
patients with ”MSS CRC” from the GSE25062 data set and GSE17648 data set, respectively; each row represents one of the five diagnostic biomarkers. A black bar indicates a
Δβ-value ≥ 0.25 in (b and c). The blue arrow indicates patients with “MSS CRC” who were classified as MSS HNPCC based on Δβ-values o0.25 at all five diagnostic
biomarkers.
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DISCUSSION

Based on the DNA methylation data collected from 36 tumors
and adjacent normal tissues from patients with CRC from
HNPCC families, we identified probes that were differentially
methylated between tumors and normal tissues.We found that
similar percentages (o10%) of hypomethylated probes were
located in CpG islands and similar percentages (over 70%) of
hypermethylated probes were located in promoter regions
across different subgroups of CRC, including HNPCC,
subgroups of HNPCC, sporadic MSS CRC, and sporadic
CRC. Our findings support earlier observations that indicate
the presence of significant differences between the character-
istics of genes that gain DNA methylation during tumorigen-
esis vs. those of gene exhibiting lose DNA methylation.54 For
patients with MSS HNPCC, hypermethylated probes were
present to a lesser extent in tumors compared with
hypomethylated probes, suggesting that tumors with MSS
HNPCC display a different DNA methylation profile compared
with other subgroups of CRC, including Lynch syndrome,
sporadic MSS CRC, and sporadic CRC.
We also identified three DNA methylation-based clusters

using an unsupervised algorithm, RPMM.45 Every tumor in
cluster 1 was a CIMP-H andMLH1/MSH2-mutated tumor. The
majority of the tumors in cluster 2 were CIMP-H or CIMP-L
tumors. The frequency and level of cancer-specific DNA
hypermethylation were lowest in cluster 3. Based on cluster 2
or 3, the germ-line MLH1/MSH2 status seemed to be
uncorrelated with DNA methylation level, suggesting that
DNA methylation-based clusters, with the exclusion of the
CIMP-H cluster, are not associated with germ-line mutations.
The DNA methylation profiles observed within these
subgroups showed that DNA hypermethylation occurred

independently of the germ-line MLH1/MSH2 mutation status,
suggesting that DNA methylation in HNPCC involves more
complex tumorigenesis mechanisms.
In the Appendix, we classify the gene promoters that

acquired cancer-specific DNA methylation into three
categories based on DNA methylation profiles, and consider
two additional categories of promoters that were constitutively
methylated and unmethylated. The properties of these
categories of gene promoters resembled those of general
CRC in terms of their structural and sequence
characteristics,33 including their proximity to Alu and LINE-1
elements and the trimethylation status of H3K4me3 and
H3K27me3 in human ESCs. The finding that none of the 36
tumors were methylated at MLH1 seems to be a prominent
feature of HNPCC.
We found that one probe in RASL10B was differentially

hypomethylated in FCCTX tumors compared with the tumors
with Lynch syndrome. RASL10B encodes a small GTPase with
tumor-suppressor potential, and epigenetic silencing of this gene
has been reported in human hepatocellular carcinoma cells and
breast cancer;55,56 most interestingly, the accumulation of
aberrant methylation of RASL10B was reported in association
with the development of sessile serrated adenomas/polyps,57

which are putative precursors of colon cancer with MSI.
Despite the similarities observed between sporadic MSS

CRC and FCCTX tumors in terms of clinical presentation,
histopathological features, and carcinogenesis, as discussed
in the literature and as shown in our DNAmethylation profiling,
we identified 174 CpG sites that were not differentially
methylated between normal tissues from the TCGA data set,
the Netherlands/Ontario study (GSE25062), and the Korean
study (GSE17648),33,46,58 but were significantly

Figure 3 Heatmap representation of three clusters using unsupervised RPMM clustering, based on the top 10% (2,758) most variable probes. Each of the 36 columns
represents one of the 36 HNPCC tumors. The clinical and genetic characteristics of each tumor are marked in color at the top of the heatmap. Three clusters referring to the CIMP-
H cluster, cluster 2, and cluster 3 are indicated by blue, pink, and khaki bars, respectively, in the top panel. The clinical and genetic characteristics of three clusters are summarized
in Supplementary Table S7. Each row presents β-values over 36 HNPCC tumors for one of the 2,758 most variable probes, and the probe located within a CpG island is marked
by a horizontal black bar on the left of the heatmap, whereas the DNA methylation level (β-value) is shown by a color scale ranging from blue (low level of DNA methylation) to
yellow (high level of DNA methylation).
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hypomethylated in FCCTX tumors compared with “sporadic
MSS CRC” tumors in terms of Δβ-value. Taking advantage of
this large set of hypomethylated probes, we proposed the
diagnostic DNA methylation gene-marker panels to identify
FCCTX patients among patients with sporadic MSS CRC.
These marker panels consisted of five loci that were located in
the promoter regions of NDRG4, TRPC6, TWIST1, ZNF542,
and ZNF671 and had 100% sensitivity and 100% specificity in
our discovery cohort, based on the criterion that the DNA
methylation of three or more biomarkerswith a Δβ-valueo0.25
qualifies a patient as having FCCTX.
According to previous studies, four genes in our marker

panels were reported as being hypermethylated in tumors with
CRC compared with normal tissues. For example, Okada
et al.59 reported that TWIST-1 is frequently hypermethylated in
CRC tumors and its methylation may be a biomarker for the
noninvasive detection of CRC using stool samples. Similarly,

Melotte et al.60 considered hypermethylation in the promoter of
NDRG4, which is a putative tumor-suppressor gene, as a
potential biomarker for the same purpose. Gevaert et al.61 also
reported that ZNF542 and ZNF671 were highly hypermethy-
lated across 10 cancer types, including CRC, using the novel
computational algorithm MethylMix. Interestingly, all five
genes were markedly differentially hypermethylated in “spora-
dic MSS CRC” tumors compared with matched normal
tissues; however, with the exception of NDRG4, which was
not differentially methylated between FCCTX tumors and
matched normal tissues (P value 40.05), these genes were
less hypermethylated in tumors with FCCTX. These observa-
tions were also consistent with the top pathway identified by
the gene set enrichment analysis. In contrast, among the 18
genes that showed higher Δβ-value in FCCTX, many were
hypomethylated in tumor, compared with the matched normal
tissues in both FCCTX and "sporadic MSS CRC" (see

Figure 4 Scatter plots indicating that DNA hypermethylation occurs independently of the MLH1/MSH2 germ-line mutation status in HNPCC tumors, with the exclusion of the
CIMP-H cluster. In each scatter plot, one point represents the median β-value at one probe in a subgroup of HNPCC tumors. The scatter plots represent 20,955 median β-values
between the germ-line MLH1/MSH2 mutant and wild-type tumors within (a) cluster 3 and (b) clusters 2 and 3. Within both (c) germ-line MLH1/MSH2-mutant and (d) wild-type
tumors, several probes showed higher median β-values in cluster 2 compared with cluster 3.
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Supplementary Table S4 online). Etiologically, these results
imply that the molecular pathways that are involved in the
carcinogenesis of FCCTX and sporadic MSS CRC are
epigenetically distinct. This novel finding warrants additional
investigation regarding the detailed mechanistic insights.
We validated the performance of our diagnostic biomarkers

using the patients with “MSS CRC” that were classified in the
Netherlands/Ontario and Korean studies, because there was
no microsatellite stability information in these two data sets
and also because among CIMP-H CRC cases, both histo-
pathological and prognostic features associated with the
MLH1-methylated tumors are directly related to MSI
status.51 Validation studies identified sporadic MSS CRC
patients with specificities of 88 and 100% in the Netherlands/
Ontario study and Korean study, respectively. Interestingly, we
found that, in the Netherlands/Ontario study, there were two
patients whose tumors were classified as MSS HNPCC with
Δβ-valueso0.25 at five diagnostic biomarkers, whereas in the
Korean study, no patient showed these characteristic (see
blue arrow in Figure 2c). We wonder if the higher specificity
detected in the Korean study stemmed from the fact that no
patients in the Korean study had clinically apparent polyposis
syndrome or Lynch syndrome.46 This result suggests that
there is a good chance that our diagnostic biomarkers will
perform satisfactorily when applied to sporadic MSS CRC.
We followed the practice in this area to consider panels with

five markers. In fact, there were 18 sets of five-marker panels
with 100% sensitivity and490% specificity in the discovery and
validation cohorts (see Supplementary Table S10 online for a
list of these sets). Specifically, among these 18 sets, another two
sets had not only the same specificity (93.2%) as the original
mark panel but the same DNA methylation profiles in the two
patients indicated by the two blue arrows in Figure 2c as the
original mark panel (data not shown). We chose a conservative
set of maker panels to demonstrate the possibility of distinguish-
ing FCCTX patients from patients with sporadic MSS CRC. It
would be appropriate to explore other biomarkers in the future.
As this is one of the few studies that were specifically

designed to investigate genome-wide DNA methylation profil-
ing in HNPCC and one of the first studies to proposemolecular
biomarkers to discriminate FCCTX patients from patients with
sporadic MSS CRC, we are encouraged by our interesting
findings. However, the recruitment of additional patients and
the analyses of their DNA methylation status at other CpG
sites would be beneficial.
In summary, our findings demonstrated that a differential

global DNA methylation pattern not only seemed to exist
between patients with FCCTX and sporadic MSS CRC, but
also led to the development of diagnostic DNA methylation
gene-marker panels aimed at discriminating patients with
FCCTX from those with sporadic MSS CRC. It is hoped that
further validation studies will render these marker panels
useful for the screening of FCCTX tumors in sporadic MSS
CRC patients, which may lead to useful preventive strategies
for the family members of patients with FCCTX.
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Study Highlights
WHAT IS CURRENT KNOWLEDGE
✓ The clinical presentation, histopathological features, and

carcinogenesis of familial colorectal cancer type X (FCCTX)
resemble those of sporadic mismatch repair (MMR)-
proficient colorectal tumors.

✓ microsatellite stable hereditary nonpolyposis colorectal
cancer (MSS HNPCC) tumors are globally hypomethylated
compared with other subgroups of colorectal cancer (CRC).

WHAT IS NEW HERE
✓ Biomarkers were proposed to distinguish MSS HNPCC

tumors from sporadic MSS CRC tumors.
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APPENDIX

Characteristics of gene promoters in CIMP-associated
HNPCC subgroups
To explore further the characteristics of CIMP-associated
HNPCC subgroups, we identified cluster-specific gene
promoters in the CIMP-H cluster, cluster 2, and cluster 3. We
identified 630 unique gene promoters that showed significant
CIMP-H cluster-specific DNA hypermethylation (differential
DNA hypermethylation in CIMP-H cluster vs. cluster 3, and a
P value 40.05 for cluster 2 vs. cluster 3). We identified
97 unique gene promoters that showed DNA hypermethyla-
tion in both the CIMP-H cluster and cluster 2 compared with
cluster 3 (differential DNA hypermethylation in CIMP-H cluster
vs. cluster 3, and cluster 2 vs. cluster 3). Finally, we identified
324 unique gene promoters that acquired cancer-specific
DNA hypermethylation in cluster 3 (differential DNA hyper-
methylation in cluster 3 tumors vs. cluster 3 normal tissues).
For comparison, we selected two sets of gene promoters,
each including 500 elements. The probes in one set were all
constitutively methylated, and those in the other were all
constitutively unmethylated, both in tumors and normal tissues
(β-value 40.75 for constitutively methylated probes;
β-valueo0.05 for constitutively unmethylated probes). A
heatmap of DNA methylation levels for these probes, which
were classified into five categories is presented in Appendix
Figure A1.
To explore whether retrotransposons are more frequently

resistant to DNA hypermethylation in CIMP-associated CpG
islands, we calculated the distances from these probes to the
nearest Alu and LINE-1 repetitive elements, which were
provided by the website of UCSC Genome Bioinformatics
website, using the RepeatMasker software (http://www.
repeatmasker.org). We found that distances in all three
clusters were significantly larger than those observed in the
constitutively methylated or constitutively unmethylated set,
which was not involved in cancer-specific DNA methylation
changes (all P valueso0.01, Wilcoxon rank-sum test; details
are provided in Supplementary Table S8).

Next, we examined the proportion of H3K4me3 and
H3K27me3 in ESCs using a previously published data set.62

We found that, in each CIMP-associated HNPCC subgroup,
more than 50% of gene promoters were occupied by both
H3K4me3 and H3K27me3; that constitutively unmethylated
geneswere enriched for H3K4me3 but not for H3K27me3; and
that constitutively methylated genes were not enriched for
chromatin states with H3K4me3 or H3K27me3. The fraction of
genes that coincided with ESC bivalent domains was
substantially higher for the genes that underwent cancer-
specific DNA methylation than it was for those that were
constitutively methylated or unmethylated. These findings are
similar to those obtained for CRC,33 suggesting that the
characteristics of the CIMP-associated subgroups are not
specific to sporadic cases; rather, they seem to be general
features of CRC with or without hereditary cases.

Technical validation using pyrosequencing
To assess the reliability of the calculation of DNA methylation
levels based on the HM27 BeadChip technology, a technical
validation was performed using pyrosequencing with Qiagen
PyroMark assays (Qiagen Inc). Based on the involvement of
their corresponding genes in CRC, we validated the DNA
methylated percentages at seven loci located in ADHFE1,
APC,MLH1, and POMC in 12 HNPCC patients (24 samples),
and explored the correlations between the two platforms.
In detail, genomic DNA samples (0.5–1 ng) were bisulfite

converted using theEZDNAMethylationKit (ZymoResearch). A
DNA fragment was amplified by PCR from bisulfite-converted
genomic DNA. The PCR products were purified and sequenced
using a PyroMark Q24 System (Qiagen), according to the
protocols suggested by the manufacturer. The percentage of
DNA methylation at each probe was quantified using Pyro
Q-CpG software, version 1.0.9 (Biotage, Uppsala, Sweden). The
reverse primers and forward primers used for PCR amplification
and the sequencing primers used for pyrosequencing are
provided in Supplementary Table S9. All correlations between
the two platforms were confirmed to have high consistency
(0.77–0.99; Supplementary Figure S4).
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Figure A1 Heatmap and proportion of ESC histone modification associated with unique gene promoters identified in the CIMP-
associated HNPCC subgroups. In the panel shown on the left, a total of 76 columns represent 76 HNPCC tissues, including 40
normal tissues and 36 tumors, which are indicated as a light-red and dark-red bar, respectively, at the top of the heatmap. The
RPMM-based clusters, CIMP-H cluster, cluster 2, and cluster 3, which are indicated by blue, pink, and khaki bars, respectively,
correspond to those shown at the top of Figure 3. For each row, each gene promoter in five categories is indicated by five color
bars in the left panel, as follows: (1) 630 CIMP-H cluster-specific DNA hypermethylated gene promoters, indicated by the blue bar;
(2) 97 DNA hypermethylated gene promoters in both the CIMP-H cluster and cluster 2, indicated by the red bar; (3) 324 cancer-
specific DNA hypermethylated gene promoters in cluster 3, indicated by the khaki bar; (4) 500 constitutively methylated gene
promoters in both tumors and normal tissues, indicated by the gray bar; and (5) 500 constitutively unmethylated gene promoters in
both tumors and normal tissues, indicated by the white bar. The panel on the right represents the proportions of H3K4me3 and
H3K27me3 corresponding to the five categories, in the order shown on the left panel of the heatmap, based on a published
data set.

Biomarkers for MSS HNPCC
Chen et al.

12

Clinical and Translational Gastroenterology


	title_link
	INTRODUCTION
	METHODS
	Collection of samples from patients with HNPCC
	DNA methylation assay and quality assessment
	Statistical analysis
	CRC data sets from the cancer genome atlas (TCGA) and gene expression omnibus
	Gene set enrichment analysis

	RESULTS
	Sample of patients with HNPCC
	Differentially methylated probes in HNPCC and general CRC

	Table 1 Genetic and clinical characteristics of 36 HNPCC tumors
	Identification of diagnostic MSS HNPCC DNA methylation gene-marker panels
	CpG sites showed little ethnical/dietary differences in &#x003B2;-values in the normal tissues
	MSS HNPCC and &#x0201C;sporadic MSS CRC&#x0201D;


	Table 2 Number of differentially methylated probes between tumors and normal tissues in several subgroups of CRC at a false discovery rate of 0.05 (q-valuelt0.05)
	Outline placeholder
	Pathways involved in the genes which were observed hypomethylation in MSS HNPCC tumors
	Validation

	DNA methylation-based HNPCC subgrouping

	Figure 1 Volcano plots show probes at which (a) the DNA methylation level or &#x003B2;-value was significantly lower in FCCTX compared with that observed for germ-line mutations; (b) the delta DNA methylation level or &#x00394;&#x003B2;-value was signific
	Figure 2 Diagnostic biomarkers for patients with FCCTX.
	DISCUSSION
	Figure 3 Heatmap representation of three clusters using unsupervised RPMM clustering, based on the top 10% (2,758) most variable probes.
	Figure 4 Scatter plots indicating that DNA hypermethylation occurs independently of the MLH1/MSH2 germ-line mutation status in HNPCC tumors, with the exclusion of the CIMP-H cluster.
	We would like to thank the patients and their relatives for their participation in this study. Dr Chen is supported by the Taiwan Bioinformatics Institute Core Facility. Dr Tsai is supported in part by a grant from the National Health Research Institutes 
	ACKNOWLEDGEMENTS
	Study Highlights
	APPENDIX
	Characteristics of gene promoters in CIMP-associated HNPCC subgroups
	Technical validation using pyrosequencing




 
    
       
          application/pdf
          
             
                DNA Methylation Identifies Loci Distinguishing Hereditary Nonpolyposis Colorectal Cancer without Germ-Line MLH1/MSH2 Mutation from Sporadic Colorectal Cancer
            
         
          
             
                Clinical and Translational Gastroenterology ,  (2016). doi:10.1038/ctg.2016.59
            
         
          
             
                Chung-Hsing Chen
                Shih Sheng Jiang
                Ling-Ling Hsieh
                Reiping Tang
                Chao A. Hsiung
                Hui-Ju Tsai
                I-Shou Chang
            
         
          doi:10.1038/ctg.2016.59
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 American College of Gastroenterology the American College of Gastroenterology
          10.1038/ctg.2016.59
          2155-384X
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/ctg.2016.59
            
         
      
       
          
          
          
             
                doi:10.1038/ctg.2016.59
            
         
          
             
                ctg ,  (2016). doi:10.1038/ctg.2016.59
            
         
          
          
      
       
       
          True
      
   




