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Abstract
Polymerase proofreading-associated polyposis (PPAP) is a disease caused by germline variations in the POLE and POLD1
genes that encode catalytic subunits of DNA polymerases. Studies of cancer genomes have identified somatic mutations in
these genes, suggesting the importance of polymerase proofreading of DNA replication in suppressing tumorigenesis. Here,
we identified a germline frameshift variation in the POLE gene (c.4191_4192delCT, p.Tyr1398*) in a case with multiple
adenomatous polyps and three synchronous colon cancers. Interestingly, one of the colon cancers showed microsatellite
instability-high (MSI-H) and another microsatellite stable. Immunohistochemical staining revealed that the MSI-H tumor
cells lost the expression of MLH1 protein. Whole genome sequencing of the MSI-H tumor did not find pathogenic somatic
mutations in mismatch repair genes but found frameshift mutations in the TET genes that catalyze 5-methylcytosine
hydroxylation. Bisulfite sequencing of the tumor corroborated an increase in the number of hypermethylated regions
including the MLH1 promoter. These data indicate that PPAP patients might develop MSI-positive tumors through
epigenetic silencing of MLH1. These findings will contribute to comprehensive understanding of the molecular basis of
tumors that involve deficiency of proofreading activity of DNA polymerases.

Introduction

A recent study of familial polyposis patients without
germline variations in the tumor suppressors APC or
MUTYH identified germline variations in genes associated
with proofreading of DNA replication, POLE (p.Leu424-
Val, OMIM ID: 174762), and POLD1 (p.Ser478Asn,
OMIM ID: 174761), and defined a new disease entity
termed polymerase proofreading-associated polyposis
(PPAP, OMIM ID: 615083) [1]. Although the great
majority of pathogenic variations in POLE or POLD1 are
missense variations within or close to their exonuclease
domain [1–3], there is one reported case of POLE variations
outside of the exonuclease domain [4]. Patients with PPAP
are predisposed to various cancers including colorectal
cancer (CRC). Endometrial and breast cancer seem to be
selectively found in the patients with POLD1 variants [2].
The clinical phenotype of colorectal tumors in PPAP
patients is similar to that observed in MUTYH-associated
polyposis, attenuated familial polyposis, or Lynch syn-
drome. Notably, tumors in PPAP patients accumulate a
large number of somatic mutations because POLE and
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POLD1 have exonuclease proofreading activity that plays
a vital role in replication fidelity by the recognition and
excision of mispaired bases [3]. Unlike tumors in Lynch
syndrome, tumors in PPAP patients are often microsatellite
stable (MSS), and some of them exhibit chromosomal
instability [1, 5]. However, a recent report demonstrated
that CRCs in three POLE (p.Leu424Val) variant carriers
from two families were microsatellite instability-high
(MSI-H), and one tumor displayed a hypermutator pheno-
type [6]. Thus, it is a matter of controversy whether tumors
carrying germline POLE or POLD1 variant exhibit MSS
or MSI.

Next generation sequencing has enabled us to analyze
the human and cancer genomes comprehensively and
facilitated the identification of pathogenic variants for
predisposition to diseases and driver changes for the
development and progression of neoplasms. International
collaborations in the ICGC and TCGA projects revealed
that CRC shows a various spectrum and different fre-
quencies of somatic mutations [7]. It is well known that
defects in either mismatch repair (MMR) or replicative
repair result in the increase of somatic mutations and render
genetic instability which is involved in colorectal tumor-
igenesis. Spontaneous mutagenesis caused by MMR
deficiency has been extensively studied in bacteria and
yeast. For example, the absence of MSH2 or MSH6
increased the reversion rates of some mutations by up to
6,0000-fold in yeast [8]. Development of several types
of tumors has been observed in mouse models of defective
MMR [9]. In addition, pathogenic germline variants of
MMR have been found in families with Lynch syndrome
(also known as hereditary nonpolyposis CRC), the most
common hereditary CRC syndrome. Moreover, recent
studies of cancer genomes and PPAP patients have under-
scored the importance of DNA replication errors in human
carcinogenesis. Tomasetti et al. [10] investigated the
correlation between stem cell divisions and cancer inci-
dence, and estimated that errors in DNA replication were
responsible for two-thirds of the mutations in human
cancers. According to the mutational analysis using mutant
Pol ɛ and Pol δ alleles in yeast, Pol ɛ is responsible for
leading-strand DNA replication, whereas Pol δ for lagging
strand synthesis [11, 12]. Unlike Pol α, these two poly-
merases have intrinsic proofreading exonuclease activity
and contribute to accurate replication [13]. Indeed, sponta-
neous mutation rates of cells lacking proofreading activity
of Pol ε were more than 70 times higher at some genetic
loci compared with the wild-type cells [14]. Inactivation
of the proofreading activity of DNA polymerases accumu-
lates somatic mutations in the cells and leads to the devel-
opment of tumors. In agreement with these views, mice
with a Pole variant tended to develop intestinal adenomas
and adenocarcinomas, histiocytic sarcomas, and non-thymic

lymphomas [14], and mice with a Pold1 variant pre-
ferentially developed lymphomas, skin, and lung tumors
[14, 15]. These data suggest that proofreading activity of
Pol ε and Pol δ might play a tissue-dependent role in car-
cinogenesis [14].

Whole genome sequencing (WGS) has enabled us to
comprehensively analyze the human genome, improving the
chance of identifying disease-causative variants. In the
present study, we identified a germline frameshift variation
outside the exonuclease domain of the POLE gene in a case
with multiple adenomatous polyps and synchronous CRCs
using WGS. Furthermore, comprehensive genetic, methy-
lome, and transcriptome analyses of the two synchronous
tumors revealed that the one in ascending colon showed
MSI-H, hypermethylation of the MLH1 promoter, BRAF
(p.Val600Glu) mutation and hypermutator phenotype, and
the other in sigmoid colon showed MSS, a nonsense
mutation in APC (p.Glu1309*) and a missense mutation
in KRAS (p.Gly12Asp). Our data indicated that deleterious
variation was not restricted within the exonuclease domain
of the POLE gene, and that carriers of a POLE variant might
develop MSI-positive tumors through the deregulation of
DNA methylation.

Materials and methods

Clinical information

A 68-year-old woman patient suffered from multiple col-
orectal tumors including two advanced cancers in the
ascending and sigmoid colon, a relatively early cancer in the
transverse colon, and multiple polyps underwent surgical
operation in Department of Surgery, National Center for
Global Health and Medicine, Tokyo. Family history of the
patient showed that her brother (II-4) and niece (III-10)
suffered from CRC, and another brother and a sister from
gastric cancer (II-1) and pancreatic cancer (II-2), respec-
tively (Fig. 1a). Histological examination of the ascending
colon cancer of 8.2 × 7.0 cm in size disclosed that tumor
was mucinous adenocarcinoma with invasion to subserosal
layer (ss), and without lymphatic (ly0) or vessel (v0)
invasion, or the involvement of regional lymph nodes (n0).
The sigmoid colon cancer was 1.7 × 1.4 cm in size, was
diagnosed as a tubular adenocarcinoma with moderately
differentiation (tub2), and had invasion to proper muscle
(mp) with moderate lymphatic invasion (ly2), no vessel
invasion (v0), or the involvement of lymph nodes (n0). The
transverse colon cancer was 1.0 × 1.0 cm in size, was
diagnosed as a tubular adenocarcinoma with moderately
differentiation (tub2), and had invasion to submucosal layer
(sm) with severe lymphatic invasion (ly3), slight vessel
invasion (v0), and no involvement of lymph nodes (n0).
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PCR-direct sequencing

The coding exons in MSH2, MLH1, and MSH6 were ampli-
fied with M13-tailed target-specific primers, and the PCR
products were sequenced on the Applied Biosystems 3730xl
DNA Analyzer using the BigDye Direct Cycle Sequencing kit
(Thermo Fisher Scientific, Waltham, MA). The primer
sequences used for sequencing are available on request.

Mutations in the POLE and TET genes identified by the
WGS were confirmed by PCR-direct sequencing. The pri-
mer sequences used for the amplification and sequencing
are shown in Supplementary Table 1.

Microsatellite instability analysis

The NCI panel, composed of BAT25, BAT26, D5S346,
D2S123, and D17S250 markers, was used for MSI analysis.
Genomic DNA (30 ng) extracted from the normal mucosa
and CRCs was amplified by PCR using Ex Taq DNA
polymerase (Takara Bio, Shiga, Japan). The fluorescently
labeled PCR products mixed with Hi-Di formamide and

GeneScan 500 LIZ size standard (Thermo Fisher Scientific)
were subjected to fragment analysis (3130xl Genetic Ana-
lyzer, Thermo Fisher Scientific). Data analysis was per-
formed using the GeneMapper Software 5 (Thermo Fisher
Scientific).

Immunohistochemical staining

The expression of MMR proteins in CRCs was evaluated by
immunohistochemical staining using an anti-MLH1 (ES05,
Leica Biosystems, Wetzlar, Germany), anti-PMS2 (556415,
BD Biosciences, San Jose, CA), and anti-MSH2 antibodies
(NA27, Merck, Darmstadt, Germany). The sections were
deparaffinized with xylene. After antigen retrieval (10 mM
sodium citrate buffer for 10 min at 115 °C), nonspecific
binding was blocked with goat serum, followed by over-
night incubation in the antibodies (dilution: MLH1, 1:100;
PMS2, 1:50; MSH2, 1:50) at 4 °C. After washing, the
tissue–antibody reaction was visualized using the
EnVision+ System (Agilent Technologies, Santa Clara,
CA). Hematoxylin was used for nuclear counterstaining.

Fig. 1 Family history of the
patient and a pathogenic
germline variant of POLE.
a Pedigree of the patient. The
proband is indicated by an
arrow. Males are illustrated by
squares, and females by circles.
Unaffected and affected
individuals are represented by
open and closed symbols,
respectively. Current age and
histories of malignancy are
described in the vicinity of
symbols. A diagonal slash
through the symbol indicates a
deceased person. b A two-base
deletion in exon 33 of the POLE
gene was confirmed by direct
PCR sequencing (left).
Schematic protein structure of
POLE (right). The exonuclease
and polymerase activity domains
reside in the N-terminal half of
the protein. c Diagram showing
tumor location and types of
sequence analysis. B peripheral
blood sample, Ta tumor arising
from ascending colon, Ts tumor
arising from sigmoid colon, N1,
N2, and N3 normal colonic
mucosa in ascending, transverse,
and sigmoid colon, respectively
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Whole genome sequencing

Genomic DNA was extracted from peripheral blood and
two synchronous CRCs in the patient according to the
standard phenol extraction/purification procedure. Sequen-
cing was performed with paired-end reads of 126 bp on an
Illumina HiSeq 2500 platform using the manufacturer’s
instructions (Illumina, San Diego, CA). A sequence library
containing inserts of 250‒350 bp was prepared using 200 ng
of genomic DNA and TruSeq DNA Sample Prep kit (Illu-
mina). The fastq files were aligned to human reference
sequence (hg19) using Burrows–Wheeler Aligner (ver.
0.5.10) and bam files were created for data processing.
Genomon (ver. 2.5), an in-house pipeline constructed at the
Human Genome Center, The University of Tokyo, was used
for the detection of single-nucleotide variants and short
insertions/deletions (https://github.com/Genomon-Project).
For identifying somatic mutations, EBcall (Empirical
Bayesian mutation calling) algorism was used [16]. This
algorism discriminates somatic mutations from sequencing
errors based on an empirical Bayesian method. In addition,
a copy number analysis was performed using WGS data.
Abnormal copy number regions were detected using the
circular binary segmentation algorithm with the R package
DNAcopy.

Bisulfite sequencing

After fragmentation of DNA using EcoRI, 4 μg of the DNA
was denatured in 0.3M NaOH, and treated with 3.6 M
sodium bisulfite and 10 mM hydroquinone at 55 °C for 16
h. Desulfonation was accomplished by the treatment with
NaOH at the final concentration of 0.3 M. The converted
DNA was amplified using Ex taq (Takara Bio) and primers
(sense, 5′-GAGTAGTTTTTTTTTTAGGAGTGAA-3′ and
antisense, 5′-AACTCCTCCTCTCCCCTTAC-3′). The
PCR products were cloned into pCR2.1 using a topoi-
somerase TA Cloning Kit (Thermo Fisher Scientific) and
transformed into DH10B competent cells (Thermo Fisher
Scientific). Colonies were selected by blue/white color
selection, and purified individual plasmids were sequenced
by the Sanger method.

For the methylation analysis by whole genome bisulfite
sequencing (WGBS), DNA bisulfite conversion from two
normal colon tissues and two synchronous CRCs samples
was performed using the EZ DNA Methylation-Lightning
kit (Zymo, Irvine, CA). Libraries were prepared using
TrueSeq DNA Methylation kit (Illumina), and were subse-
quently sequenced with paired-end reads of 126 bp on a
HiSeq 2500. Global and unbiased DNA methylation was
determined from uniquely mappable reads aligned to hg19
using Bismark [17]. To characterize differentially methy-
lated regions (DMRs) between normal and tumor tissues,

we employed the Metilene, a binary segmentation algorithm
combined with a two dimensional statistical test [18]. Sta-
tistical significance was determined by false discovery rate
(FDR) q-value (q < 0.05). In addition, hypermethylated or
hypomethylated DMRs were defined as DNA methylation
density with more than 20% difference in average, com-
pared with those in the matched colonic mucosa.

Transcriptome analysis

Total RNA was extracted from three normal colonic mucosa
and two CRCs (Ta and Ts) of the patient using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). The percentages of
RNA fragments larger than 200 nucleotides (DV200) were
calculated using the Agilent 2100 Bioanalyzer (Agilent
Technologies). RNA sequencing libraries were prepared
using TruSeq RNA Access Library Prep kit according to the
manufacturer’s protocol (Illumina). Sequencing was per-
formed with paired-end reads of 101 bp on an Illumina
HiSeq 2500 platform. Differentially expressed genes
between the normal and CRCs were identified using
DESeq2. The biological significance of the expression data
were assessed by Gene Set Enrichment Analysis (GSEA).
Gene sets with FDR q-value < 0.05 were considered
significant.

Results

Identification of a germline POLE variant
in a patient with multiple CRC and family history
of cancer

We first suspected Lynch syndrome because of multiple
colon cancer with the patient’s family history. Pathogenic
variants were not identified by the screening of three genes
associated with MMR (MLH1, MSH2, and MSH6). There-
fore, we performed WGS and searched for deleterious
variants. In the WGS data, an average coverage depth of
nearly 43.3 × was achieved, and a total of 4,679,569 var-
iants were detected. Consistent with the data of the initial
screening, we detected non-pathogenic variants of MLH1,
MSH2, and MSH6 (Table 1). No pathogenic variant was
identified in PMS2. Furthermore, copy number analysis
revealed no copy or structural alterations in the foremen-
tioned genes or the EPCAM gene (data not shown) [19].
Hence, we explored other variants associated with familial
colon cancer such as APC (familial adenomatous poly-
posis), MUTYH (MUTYH-associated polyposis), POLE and
POLD1 (PPAP), MSH3 (MSH3-associated polyposis),
SMAD4 and BMPR1A (juvenile polyposis syndrome),
STK11 (Peutz–Jeghers syndrome), PTEN (Cowden syn-
drome), NTHL1 (NTHL1-associated polyposis), and RNF43
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(serrated polyposis syndrome). Consequently, we identified
a two-base deletion in exon 33 of the POLE gene
(c.4191_4192del) and confirmed the deletion by Sanger
sequencing (Fig. 1b).

To confirm the variant in DNA and transcripts, we per-
formed deep sequencing of both DNA and transcripts in the
patient’s leukocytes. As expected, we found that the POLE
variant (c.4191_4192del) showed 50.4% (1,001 reads) of
the total reads (1,987 reads) in the DNA. However, variant
reads (827 reads) were detected in 41.9% of total reads
(1,976 reads) in the transcripts. Since the frameshift variant
results in a premature termination codon, the transcripts
carrying the deletion are assumed to be degraded through
nonsense-mediated RNA decay.

Microsatellite instability and loss of MLH1
expression

In parallel with the search for germline variants, MSI ana-
lysis of the ascending (Ta), and sigmoid (Ts) colon cancers
was performed. Interestingly, all Bethesda’s five markers
were positive in Ta but were negative in Ts (Fig. 2a),
indicating that Ta and Ts were MSI-H and MSS, respec-
tively. MSI-H has been found in over 90% of CRC from
Lynch syndrome and 10‒15% of sporadic cases [20–22].
Typically, absence of DNA MMR proteins were found
in these cases [23]. As expected, immunohistochemical
staining of MMR proteins showed the absence of MLH1
expression in conjunction with PMS2 loss in Ta (Fig. 2b).

These patterns of loss have been often described elsewhere
[24, 25]. These data suggested that the two CRCs developed
through different molecular mechanisms, even though the
impairment of polymerase proofreading was commonly
involved in their tumorigenesis. This view prompted us to
investigate genomic, epigenetic, and expression changes in
the two CRCs.

Mutation profiling of the two advanced cancers
(Ta and Ts)

WGS of the Ta and Ts detected a total of 488,915 and
16,687 mutations, respectively. Mutation rate of Ta was
81.5 per 106 bases, whereas that of Ts was 2.8 per 106

bases, indicating that Ta could be classified as a hypermu-
tated tumor [7]. In addition, an increase in the number
of short insertion/deletion (indel) was observed in Ta
because of the MSI-H state (Fig. 3a). We further found that
Ta was accompanied by BRAF (p.Val600Glu) mutation,
as is often observed in MSI-H tumors [26]. Ta also carried
somatic mutations in TP53 (c.764T>G, p.Ile255Ser),
RNF43 (c.1976delG, p.Gly659fs), and EGFR (c.1859G>A,
p.Cys620Tyr). On the other hand, Ts had deleterious
mutations in APC (c.3925G>T, p.Glu1309*), KRAS
(c.35G>A, p.Gly12Asp), and PIK3CA (c.241G>A
p.Glu81Lys). Regarding the second hit in the POLE gene,
no genetic alterations including SNV or copy number
changes were found in the gene locus in Ta and Ts (Sup-
plementary Fig. 1). Since Ta showed an MSI-H phenotype,

Table 1 Variants of genes
responsible for hereditary CRC
syndromes that were deteced by
whole genome sequencing

Gene Type Mutation Protein
alteration

RefSeq
accession number

dbSNP131

MUTYH Nonsynonymous c.1005G>C p.Q335H NM_012222 rs3219489

MUTYH Nonsynonymous c.74 G>A p.G25D NM_012222 rs75321043

MUTYH Nonsynonymous c.53C>T p.P18L NM_012222 rs79777494

MSH6 Nonsynonymous c.116G>A p.G39E NM_000179 rs1042821

MLH1 Nonsynonymous c.655A>G p.I219V NM_000249 rs1799977

MLH1 Nonsynonymous c.1151T>A p.V384D NM_000249 rs63750447

MSH3 Nonsynonymous c.235A>G p.I79V NM_002439 rs1650697

MSH3 Nonsynonymous c.2846A>G p.Q949R NM_002439 rs184967

MSH3 Nonsynonymous c.3133G>A p.A1045T NM_002439 rs26279

APC Nonsynonymous c.5465T>A p.V1822D NM_000038 rs459552

PMS2 Nonsynonymous c.1621A>G p.K541E NM_000535 rs2228006

PMS2 Nonsynonymous c.1454C>A p.T485K NM_000535 rs1805323

PMS2 Nonsynonymous c.1408C>T p.P470S NM_000535 rs1805321

BMPR1A Nonsynonymous c.4C>A p.P2T NM_004329 rs11528010

PTEN Nonsynonymous c.10G>A p.G4R NM_001304717 rs12573787

PTEN Nonsynonymous c.194G>C p.C65S NM_001304717 rs2943772

POLE Frameshift deletion c.4191_4192del p.Y1398* NM_006231 –

Variants that do not change the amino acid sequence such as intronic and synonymous variants were
excluded
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we additionally searched for somatic mutations in MLH1,
MSH2, MSH6, and PMS2; however, no pathogenic muta-
tions were found in the four genes.

As shown in Fig. 3b, mainly C:G>T:A transitions
occurred in both Ta and Ts, due to the under defective

proofreading activity [1, 27]. In addition, increased
nucleotide change of A:T>G:C could be observed in Ta,
which is one of the dominant signatures of MSI state [27].
To compare the mutation burden and signature of Ta and Ts
with the exome sequencing data of CRC in TCGA database

BAT-25 BAT-26

N

Ta

Ts

D2S123 D17S250D5S346

a

b

Fig. 2 Loss of MLH1 and PMS2 in Ta. a MSI analysis of CRCs
(Ta and Ts) using the Bethesda panel of microsatellite markers.

b Immunohistochemical staining of mismatch repair proteins, MLH1,
MSH2, and PMS2 in Ta and Ts

Fig. 3 Whole genome analysis
of Ta and Ts. a The bar plots
show the number (left panel)
and proportion (right panel) of
somatic mutations in Ta and Ts.
The number of short insertion/
deletion (indel) and single-
nucleotide variants (SNV) in
protein-coding regions and
splice sites were counted.
b Mutation spectra in whole
genome sequence data in
Ta and Ts
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[7], we first extracted mutation data of entire exonic regions
from the WGS data by computational approach. Regarding
the frequency of mutations, Ta was classified as a “hyper-
mutated” tumor, but Ts as a “non-hypermutated” tumor
(Supplementary Fig. 2). To analyze mutational signature,
we extracted datasets of 17 CRCs with POLE mutation
from the TCGA, and compared their mutational signature
with that of Ta and Ts. This signature analysis has uncov-
ered high frequency of “Signature 10” that is associated
with POLE somatic mutations and “Signature 6” that is
associated with defective DNA MMR (Supplementary
Fig. 3a). Subsequent similarity analysis largely divided the
tumors into two groups: one showing strong similarity to
Signature 10 (POLE mutation) and weak similarity to Sig-
nature 6, 15, and 20 (defective DNA MMR), and the other
exhibited strong similarity to Signature 6, 15, and 20 and
weak similarity to Signature 10 (Supplementary Fig. 3b). It
is likely that tumors with strong similarity to Signature 10
exhibit ultra-hypermutated (more than 100 mutations per
Mb) and tumors with strong similarity to Signature 6, 15,
and 20 exhibit hypermutated (10–100 mutations per Mb) or
non-hypermutated. Intriguingly, we found that hyper-
methylation ofMLH1 promoter or mutations in MMR genes
might not impact on mutational signatures in colorectal
tumors with POLE mutation.

Hypermethylation of the MLH1 promoter and
mutations in the TET genes

Since no mutation in MLH1 was identified in Ta, we ana-
lyzed methylation status of the MLH1 promoter. Bisulfite
sequencing of the A region, which has been most com-
monly tested [26, 28], revealed hypermethylation of the
promoter in Ta, but not in Ts (Fig. 4a). To investigate
the mechanisms of aberrant methylation of the MLH1
promoter, we searched for mutations in genes associated
with DNA methylation including DNA methyltransferases
(DNMTs) that are essential for establishment (DNMT3a and
DNMT3b) and maintenance (DNMT1) of DNA methylation
patterns. Although WGS of Ta detected 26 mutations in
the intronic and intergenic regions of DNMT1, all were
variants of uncertain significance (VUS, data not shown).
RNA-seq analysis did not show any difference in the
expression of DNMT1 between normal colonic mucosa (N)
and Ta (log2 ratio Ta/N: −0.67). We further analyzed the
other DNA methyltransferases and ten eleven translocation
(TET) enzymes, which convert 5-methylcytosine to 5-
hydroxymethylcytosine and promote locus-specific reversal
of DNA methylation [29]. As a result, a total of 157
mutations in DNMTs and TETs were detected in Ta, and one
mutation in DNMT3B in Ts. Although the mutation located
downstream of the DNMT3B gene was VUS, the 157
mutations include frameshift mutations in TET1 and TET3,

and nonsynonymous mutations in TET1, TET2, and TET3
(Table 2). These mutations were confirmed by the direct
PCR method (Supplementary Fig. 4).

Global features of DNA methylation in the
synchronous CRCs

To obtain an unbiased insight into genome-wide changes
in DNA methylation, we performed WGBS of the
two cancers and matched normal colon tissues (Fig. 1c).
This analysis provided a 44.7 × ‒77.5× average depth of
coverage across the entire genome and a 26.8 × ‒52.2×
average depth in CpG sites. In agreement with the previous
report [30], normal colon tissues had a CpG methylation
level of ~70% on average, whereas the two CRCs showed
a substantial hypomethylation in this context (Ta: −5.9%
and Ts: −6.3%) (Supplementary Table 2). In contrast, the
majority of CHGs or CHHs was poorly methylated (nor-
mal: 1.2‒2.0%, tumor: 6.3‒6.8%), and average CHG
or CHH methylation was higher in the CRCs compared
with that observed in normal tissues (CHG, Ta: +4.7%
and Ts: +4.8% / CHH, Ta: +5.1% and Ts: +5.6%, Sup-
plementary Table 2), suggesting the different roles of CpG
and non-CpG methylation in epigenetic regulation and
tumorigenesis.

Since the location in the genome defines the impact of
DNA methylation on transcriptional activity [31], we clas-
sified CpGs into three groups based on their genomic
location: promoters, gene bodies, and intergenic regions.
DNA methylation in the region of the first exon is more
tightly linked to transcriptional silencing than that in the
upstream promoter region [31]. Considering that the
majority of the first exons in mammalians is shorter than 1
kb [32], we defined the promoter regions as 1 kb upstream
of the transcription start site (TSS) to 1 kb downstream of
TSS, and gene bodies as 1 kb downstream of TSS to the end
of genes. The levels of global CpG methylation within the
promoters were low, but significantly higher in Ta and Ts
than in the normal tissues (Tukey’s HSD, p < 0.001)
(Fig. 4b). Since Ta carries somatic mutations in TET1 and
TET3 and hypermethylation in MLH1, we interrogated
whether Ta showed different patterns of global DNA
methylation from Ts. As expected, Ta harbored a sig-
nificantly increased number of methylated CpG within the
promoters compared with Ts (Tukey’s HSD, p < 0.001).
However, methylation levels within the gene bodies or
intergenic regions showed marginal difference between
Ta and Ts.

To characterize different epigenetic states between nor-
mal and cancerous tissues, we determined DMRs in the
entire genome using the Metilene software [18]. Each
region with more than a 20% difference on average
was defined as a hypermethylated DMR (hyper-DMR)
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(Supplementary Data 1 and 2) or hypomethylated DMR
(hypo-DMR) (Supplementary Data 3 and 4) when com-
paring the tumors to the normal tissues. As a result, we

corroborated that the MLH1 promoter was in the list of Ta-
specific hyper-DMRs (FDR q-value= 2.0 × 10−44) (Sup-
plementary Data 1 and Fig. 4c). In addition, the number of
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hyper-DMRs was approximately two-times greater in Ta
than Ts (Fig. 4d), which may result from the decrease of
5mC hydroxylase activity by the mutations in TET
family genes.

We further investigated alteration in DNA methylation
levels within the super enhancers by integrating the
methylation and super enhancer data (Super-Enhancer
Archive, http://sea.edbc.org). However, the levels of DNA
methylation within the super enhancers appear not to be
affected much during tumorigenesis (Fig. 4d).

Identification of DMRs actively contributing to gene
regulation

Unbiased genome-wide analyses have shown an inverse
correlation between gene expression and DNA methylation
especially in the regions near TSS [33, 34]. The mechanism
by which hypomethylated regions are associated with the
accessibility of the transcriptional machinery including

transcription factors is the underlying cause for this phe-
nomenon. To identify DMRs actively contributing to gene
regulation, we performed RNA sequencing using the syn-
chronous CRCs and three adjacent normal colonic tissues
(Fig. 1c), and subsequently integrated the transcriptome
data into the DMRs data. As a result, 182 and 143 genes,
which show hyper-DMRs within their promoters and a
decreased expression (log2 T/N <−1), were identified in Ta
and Ts, respectively (Fig. 4e and Supplementary Data 5).
The 182 genes with Ta-specific hyper-DMRs/decreased
expression included the MLH1 gene (DMR: +74.1% and
expression (log2 Ta/N): −2.64) (Fig. 4e). Interestingly, the
promoter region of phosphatase and tensin homolog
(PTEN) gene was hypermethylated and its expression was
downregulated in Ta, suggesting that activation of the PI3K/
Akt pathway by the suppression of PTEN may play a cru-
cial role in tumor development (Supplementary Data 5).

To elucidate possible biological significance of the gene
expressions affected by hypermethylation, we screened key
pathways in Ta and Ts by the GSEA. As shown in Fig. 4f,
the pathway analysis identified 23 and 4 gene sets asso-
ciated with Ta and Ts, respectively. Although two path-
ways, “Calcium signaling pathway” and “Neuroactive
ligand-receptor interaction”, were overlapped between
Ta and Ts, the remaining 21 deregulated pathways in Ta
included “Cell adhesion molecules”, “ECM-receptor inter-
action”, and “Pathways in cancer” (Supplementary Data 6).
These results suggest that DNA methylation events show
active participation in gene expression, and that the aberrant
DNA methylation contributes to tumor heterogeneity.

Discussion

Germline variants of POLE and POLD1 have been shown
to predispose to colorectal adenomas and carcinomas. These
missense variants seem to be concentrated within or adja-
cent to the exonuclease domains that are essential for
proofreading activity [1–3]. In this study, we identified a
novel POLE germline variant that locates outside the exo-
nuclease domain in a case lacking pathogenic variants in
known high penetrance familial CRC susceptibility genes.
Considering that variants are not limited to known ‘hot
spots’, sequencing of the entire coding regions of POLE and
POLD1 is required for a better characterization of the
syndrome. On the other hand, POLE is a large gene with a
protein-coding region of ~7 kb, and could thus acquire a
large number of mutations in cancer. However, many
mutations in POLE were mere passengers [35]. We believe
that these variants should be carefully interpreted.

Large-scale genomic studies have disclosed that most
tumors with ultra-hypermutated state (>100 mutations/Mb)
and a part of tumors with hypermutated state (10–100

Fig. 4 Genomic features of differentially methylated regions (DMRs)
in Ta and Ts. a Methylation status of the CpG dinucleotides in the A
region of the MLH1 promoter. The ratios of methylated CpGs in Ta
and Ts are shown based on sequences collected from 19 and 16
colonies, respectively. Methylated CpG (●); unmethylated CpG (○).
b Box plots of the levels of methylated CpG in each genomic region.
c A snapshot of the Integrative Genomics Viewer, showing hyper-
methylation of the MLH1 promoter in Ta. d Venn diagrams showing
the number of overlapping hypermethylated DMRs (Hyper-DMRs) or
hypomethylated DMRs (Hypo-DMRs) in the genomic regions
including promoters (from 1 kb upstream to 1 kb downstream of TSS),
gene bodies (entire transcribed regions without 1 kb downstream of
TSS), intergenic, and super enhancers (within the intergenic). Statis-
tical significance was determined by FDR q-value (q < 0.05). DMRs
were defined as DNA methylation density with more than a 20%
difference in average, compared with those in the matched normal
colonic mucosa. e Heatmap of Hyper-DMRs in promoters by WGBS
concurrently with decrease in differentially expressed genes (DEGs)
by RNA-seq analysis. Hyper-DMRs were defined as higher density
of DNA methylation with >20% in average compared with those in
the matched normal colonic mucosa. For the identification of DEGs,
genes whose expression was log2 <−1 were used. f Pathways asso-
ciated with the promoter hypermethylation and decreased expression
were analyzed by GSEA with the KEGG pathway gene set collection.
Statistical significance was determined by FDR q-value (q < 0.05).
The chart shows the top ten significant gene sets of Ta (upper panel)
and Ts (lower panel). ARVC arrhythmogenic right ventricular
cardiomyopathy

Table 2 Variants of the TET genes in the assending CRC (Ta)

Gene Type Mutation Protein alteration

TET1 Frameshift deletion c.106delA p.K36fs

TET1 Nonsynonymous SNV c.3856G>A p.V1286I

TET2 Nonsynonymous SNV c.1817C>T p.T606I

TET3 Frameshift deletion c.205_206del p.C69fs

TET3 Nonsynonymous SNV c.2188G>A p.V730M
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mutations/Mb) harbor a combination of MMR deficiency and
polymerase proofreading deficiency [7, 35]. However, this
case carrying a POLE germline variant synchronously
developed hypermutated and non-hypermutated tumors, sug-
gesting that this variant may not solely cause an increase
in mutation frequency. To our knowledge, there is one
case that carried germline frameshift variation in POLE
(c.5621_5622delGT), leading to the development of early-
onset CRC (diagnosed at 26 years old) [4]. However, the
report included no information about tumor phenotype. The
mutator effect of pathogenic variants of yPol2 (yeast POLE)
was recently examined using haploid yeast strains [36]. Sur-
prisingly, substitutions (Pro286Arg, Ser459Phe, Phe367Ser,
Pro286His, Pro436Arg, and Leu424Val) in the exonuclease
domain of POLE increased the frequency of mutation more
than a variant (Exo−: yPol2-Asp290Ala, Glu292Ala) that
completely eliminates exonuclease activity. Furthermore,
another study showed that the effect of variants in the exo-
nuclease domain on the mutation frequency was not corre-
lated with their effects on proofreading activity [37]. These
results provide the possibility that loss-of-function mutation in
POLE contributes to tumorigenesis through mechanism(s)
other than loss of exonuclease activity.

It is estimated that synchronous CRC accounts for
~1.1–8.1% of all diagnosed cases of CRCs [38]. Although
strong predictive parameters for developing synchronous
CRC have not been fully identified yet, accumulated evi-
dence indicated that some of those patients are associated
with inflammatory bowel diseases [39–41] or familial colon
cancer syndromes such as FAP [39, 40] and Lynch syn-
drome [41]. A recent study implied that a high proportion
of germline POLE variants (Leu424Val or Pro436Ser)
carriers had multiple synchronous or metachronous carci-
nomas [42]. Taken together with our findings, patients with
PPAP have high risk of the synchronous cancer.

Approximately 15% of CRCs show MSI due to hyper-
methylation of the MLH1 promoter [43]. MLH1 hyper-
methylation is associated with tumorigenesis as well as
resistance to chemotherapeutic agents such as Fluorouracil
[44, 45]. A DNA methyltransferase DNMT1 leads to de
novo methylation of cytosine residues in the MLH1 pro-
moter under certain conditions [46]; however, the
mechanism underlying hypermethylation remains ambig-
uous. By comparing the whole genome data from the syn-
chronous CRCs with (Ta) and without (Ts) MLH1
hypermethylation, we identified that Ta exclusively had the
frameshift mutations in TET1 and TET3 (Table 2). Both the
frameshift mutations resulted in premature stop codons,
leading to loss of the C-terminal catalytic domains (Cys-rich
and double-stranded β helix) of TET1 and TET3. Although
somatic alterations in TET2 are frequently observed in a
wide range of hematological diseases including myeloid
and lymphoid malignancies [29], a recent study using

TET-knockout cells revealed that TET1 preferentially cat-
alyzed oxidization of 5mC in human embryonic stem cells
rather than TET2 [47]. It seems that TET1 acts synergisti-
cally with TET2 and TET3. They also demonstrated that
loss of the TET genes resulted in locus-specific hyper-
methylation rather than a global gain of methylation [47].
Therefore, Ta-specific hyper-DMRs including the MLH1
promoter might, in part, rely on the loss of the TET1 and
TET3 genes. On the other hand, we cannot exclude the
possibility that local environmental conditions in the large
intestine might affect DNA methylation. Increasing evi-
dence suggests that bacteria can alter the chromatin struc-
ture and transcriptional program of host cells by influencing
diverse epigenetic factors including DNA methylation [48].
A well-known example is Helicobacter pylori infection that
induces aberrant DNA methylation in the gastric mucosa.
Indeed, hypermethylation of the MLH1 promoter and
reduced expression of MLH1 was observed in the gastric
cancer cell line co-cultured with H. pylori [49]. Further-
more, Fusobacterium-enriched CRCs were associated with
CIMP-positive, TP53 wild type, and hypermethylation of
the MLH1 promoter [50]. Understanding of the role of gut
microbiota in epigenetic modulation will help the elucida-
tion of precise molecular mechanisms underlying CRC.

Our comprehensive analysis of Ta and Ts suggested that
PI3K/AKT signaling pathway was deregulated through
different mechanisms, namely hypermethylation/reduced
expression of PTEN (Ta) or pathogenic mutation in
PIK3CA (Ts). Inhibitors targeting PI3K could be an effec-
tive therapy for the patient.

Our data disclosed that PPAP-associated CRCs have a
variable phenotype. Ta, one of the two tumors, showed
MSI-H and loss of MLH1 expression by hypermethylation
of the MLH1 promoter, and carried mutations in BRAF,
TP53, RNF43, EGFR, and the genes encoding TET family
members. On the other hand, Ts was MSS and had muta-
tions in APC, KRAS, and PIK3CA. WGBS demonstrated
significantly higher promoter methylation in Ta than Ts,
suggesting that somatic TET mutations may have rendered
new properties to Ta through the change of global methy-
lation. These data will be helpful for the understanding
of molecular basis of tumors that involve deficiency of
proofreading activity of DNA polymerases.
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