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A germline MBD4 mutation was identified in a patient with
colorectal oligopolyposis and early-onset cancer: A case report
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Abstract. A 42-year-old woman presented with ~30 adeno-
matous polyps of the left sided-colon with early rectosigmoid
cancer. The patient had no previous medical history and no
familial history of inherited colorectal disease. No germline
gene mutations associated with colorectal adenomatous polyp-
osis, including APC regulator of WNT signaling pathway, mutY
DNA glycosylase, DNA polymerase-¢, catalytic subunit, DNA
polymerase 01, catalytic subunit, and mismatch repair genes,
were detected via germline genetic testing. A heterozygous
germline mutation in methyl-CpG binding domain 4, DNA
glycosylase (MBD4), c.217C>T/p.GIn73*, which resulted in the
generation of a stop codon, was identified by genetic analyses
including whole-exome sequencing. Immunohistochemical
staining analysis revealed that the expression of MBD4 protein
was absent in the cancer tissue, while it was expressed in the
normal epithelium. Sequencing and copy-number analyses
demonstrated the loss of the remaining allele of MBD4 in
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the cancer tissue. Furthermore, somatic mutation signature
analysis showed preferential transition of cytosine to thymine
residues at CpG dinucleotides in cancer tissues. Although it
has been previously reported that germline missense muta-
tions and somatic mutations of MBD4 are associated with the
development of colorectal cancer, this is the first report, to the
best of our knowledge, in which a germline nonsense muta-
tion of the MBD4 gene has been identified in an early-onset
colorectal cancer patient with oligopolyposis.

Introduction

Colorectal adenomatous polyposis syndromes are char-
acterized by the occurrence of dozens to thousands of
adenomatous polyps, which, if not removed early, invariably
result in colorectal cancer (CRC). Among adenomatous polyp-
osis syndromes, >100 polyps clinically lead to a diagnosis of
familial adenomatous polyposis (FAP) (1). When the number
of polyps is <100 colorectal adenomas (oligopolyposis) (2),
several types of adenomatous polyposis, including attenuated
FAP, mutY DNA glycosylase (MUTYH)-associated polyposis
(MAP), polymerase proofreading-associated polyposis (PPAP)
and a subtype of Lynch syndrome (LS), are considered to be
candidates for differential diagnosis. However, it may be diffi-
cult to make an accurate diagnosis without germline genetic
testing of APC regulator of WNT signaling pathway (APC),
MUTYH, DNA polymerase-¢, catalytic subunit (POLE), DNA
polymerase 91, catalytic subunit (POLDI), mutL. homolog 1
(MLHI), mutS homolog 2 (MSH2), mutS homolog 6 (MSH6)
and PMS1 homolog 2, mismatch repair system component
(PMS?2) genes. A previous report (1) showed that the frequency
of APC and MUTYH mutations was 8.9% (376/4223 indi-
viduals) and 6.4% (270/4223 individuals), respectively, in
patients with oligopolyposis. The frequency of POLE and
POLDI mutations was reported to be 1.5% (4/266 individuals)
and 0.8% (2/266 individuals), respectively, in patients with
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oligopolyposis (3). These data indicated that there are a small
number of cases leading to a definite diagnosis. Therefore,
most cases of oligopolyposis are likely to be caused by other
genetic events.

The identification of additional genetic variants is neces-
sary for understanding the molecular mechanisms underlying
the pathogenesis of adenomatous polyposis and early-onset
CRC. Novel causative genes associated with oligopolyposis
have been reported with recent progress in genetic analysis
instruments, including next generation sequencing (NGS),
since the identification of POLE and POLDI in 2013 (4).
POLE and POLDI are the catalytic and proofreading subunit
of the polymerases ¢ (Pole) and & (Pold), respectively. Pole is
responsible for the synthesis of the leading strand during DNA
replication and is involved in the maintenance of replication
fidelity (5). Pold is considered to have functions related to the
mismatch and base excision repair pathways (6). Weren et al (7)
reported a homozygous nonsense mutation in the base excision
repair gene nth like DNA glycosylase 1 (NTHLI) (c.268C>T
encoding p.Q90%*) in three unrelated families with recessive
inheritance of the adenomatous polyposis phenotype and
cancer progression. Therefore, biallelic germline truncating
mutations in the NTHLI gene may be responsible for recessive
adenomatous polyposis and CRC predisposition syndrome.
In addition to these DNA repair-related genes, biallelic mutS
homolog 3 (MSH3) germline mutations have been identified as
a recessive subtype of colorectal adenomatous polyposis (8).
Other reports (9,10) have demonstrated that the germline dele-
tion of focadhesin is associated with adenomatous polyposis
and CRC. Rare loss-of-function germline mutations in
three promising candidate genes (desmocollin 2, piezo type
mechanosensitive ion channel component 1 and zinc finger
SWIM-type containing 7) have been identified in individuals
with unexplained adenomatous polyposis from the analysis
of whole-exome sequencing (WES) data (11). Although the
frequency of these germline mutations in newly identified
genes may be very low, unlike those in APC and MUTYH, the
identification of causative genes related to colorectal adeno-
matous polyposis and cancer will contribute to the clinical
management of individuals and their relatives, leading to a
decreased risk of cancer.

The current report presents a case of early-onset CRC with
oligopolyposis without germline mutations in well-established
genes associated with adenomatous polyposis syndromes. A
novel truncating germline mutation in methyl-CpG binding
domain 4, DNA glycosylase (MBD4), ¢.217c>T/p.Q73*, was
identified in a patient with CRC and oligopolyposis. A role
for MBD4 germline mutations in cancer predisposition was
hypothesized previously (12). To the best of our knowledge,
this is the first report in which a germline nonsense mutation
in the MBD4 gene was identified in an early-onset CRC patient
with oligopolyposis.

Case report

A 42-year-old Japanese female presented with a positive
screening test result on a fecal occult blood test, and was
admitted to the Iwakuni Clinical Center in May 2014.
Colonoscopy showed a 7-mm depressed-type lesion in the
rectosigmoid and ~30 polyps located around the splenic
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flexure of the colon. No gastric or duodenal polyps were
observed. Laparoscopic high-anterior resection with D3 lymph
node dissection was performed at Hiroshima City Hiroshima
Citizens Hospital in July 2014. A pathological examination
of the resected specimen showed moderately-differentiated
tubular adenocarcinoma invading the colonic submucosal
layer with no lymph node metastasis [pT1, NO, MO, stage I
according to the Union for International Cancer Control
Tumor-Node-Metastasis classification (7th edition) (13)]. The
colon polyps were removed endoscopically. The pathological
finding of the polyps was tubular adenoma. The patient was
followed up for 5 years post-surgery; she had some polyps
located around the splenic flexure, which were resected
annually.

Regarding the family history of the patient, she had a brother
with chronic hepatitis B and hepatocellular carcinoma (HCC)
who succumbed at 36 years of age, and her mother succumbed
to respiratory disease at 64 years of age (Fig. 1). Two paternal
aunts and one maternal uncle succumbed in infancy. There is
no family history of colorectal cancer.

Ethical considerations. Informed consent was obtained from
the patient. This research was approved by the Institutional
Review Board at Saitama Medical Center, Saitama Medical
University (no. 747) and the Ethics Committee at Saitama
Medical University, and was conducted according to the
guidelines put forth in the Declaration of Helsinki.

Germline sequence analysis. Genomic DNA was extracted
from whole blood from the patient using QIAamp DNeasy
blood and tissue DNA extraction kits (Qiagen, Inc.), according
to the manufacturer's protocol. Mutation analysis of all the
coding exons and intron-exon boundaries of 19 known genes
[bone morphogenetic protein receptor type 1A, cadherin
1, epithelial cell adhesion molecule, MBD4, MLHI, mutL
homolog 3, MSH2, MSH3, MSH6, MUTYH, PMS1 homolog 1,
mismatch repair system component, PMS2, POLDI, POLE,
phosphatase and tensin homolog, SMAD4, serine/threonine
kinase 11, transforming growth factor-f§ receptor 2 and tumor
protein pS3 (TP53)] and the entire genomic sequence of APC
was performed by massive parallel sequencing analysis with a
MiSeq sequencer (Illumina, Inc.), as described previously (14).
WES analysis was conducted at a private laboratory, Novogene
Co., Ltd. via Chemical Dojin Co., Ltd., as follows: The
Agilent SureSelect Human All Exon V6 (58 m) kit (Agilent
Technologies Inc.) was used for the DNA target enrich-
ment, followed by sequencing with an Illumina HiSeq4000
sequencer (Illumina, Inc.).

Immunohistochemical (IHC) analysis of the cancer tissue.
THC of four mismatch repair (MMR) proteins (MLH1, MSH2,
MSHG6 and PMS2) was performed on paraffin-embedded recto-
sigmoid adenocarcinoma tissue (4 ym), which were fixed with
10% formalin for 48 h at room temperature, using a Staining
Automat (BOND III; Leica Biosystems), according to the manu-
facturer's protocol. The primary antibodies used for detecting
the MMR proteins were as follows: Anti-human (h)MLHI1
antibody (clone ES05; Leica Biosystems; cat. no. MLH1-L-CE;
1:100), anti-hMSH2 antibody (clone 79H11; Leica Biosystems;
cat. no. MSH2-612-L-CE; 1:100), anti-hMSH6 antibody
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Figure 1. Pedigree of the patient. Circles, females; squares, males. HCC, hepatocellular carcinoma; Ca, cancer.

(clone PU29; Leica Biosystems; cat. no. MSH6-L-CE; 1:70)
and anti-hPMS2 antibody (clone MOR4G; Leica Biosystems;
cat. no. PMS2-L-CE; 1:40).

MBD4 expression in both cancer cells and normal epithe-
lial cells in paraffin-embedded tissue from resected specimens
was examined using anti-MBD4 antibody (cat. no. ab84754;
Abcam; 1:200). Sections were deparaffinized in xylene
and rehydrated through graded ethanol (two changes of
100% ethanol for 3 min each, 95 and 80% ethanol for 1 min
each). After the sections were rinsed in PBS, endogenous
peroxidase was blocked with 0.3% H,0O, in methanol for
30 min. Antigens were retrieved by autoclaving sections
on slides in 0.01 m pH 6.0 citrate buffer for 10 min. After
being rinsed in PBS, the sections were incubated with the
primary antibody overnight at 4°C. A further wash in PBS
was followed by treatment with peroxidase-labeled polymer
conjugated to goat anti-rabbit immunoglobulins (Envision +
kit; cat. no. K4008; Dako; Agilent Technologies, Inc.) as the
secondary antibody for 30 min at room temperature. The
staining was visualized with diaminobenzidine for 5 min at
room temperature, followed by counterstaining with hema-
toxylin for 5 min at room temperature. The color developing
effect was observed with a light microscope with an Olympus
DP20 micrographic system (magnification, x200; Olympus
Corporation).

Sanger sequence analysis of the MBD4 gene. Sanger
sequencing of exon 2 of the MBD4 gene was conducted using
the following primer sets: MBD4_Exon2_Sanger_F: 5'-CCT
GCTATGCTCCCACTACC-3' and MBD4_Exon2_Sanger_R:
5-GGTTCCTGCATTGTCATGG-3'. Amplification of the
DNA fragment was conducted using AmpliTaqGold 360
Master mix (Thermo Fisher Scientific, Inc.) according to

the manufacturer's protocol. After 1.5% agarose gel electro-
phoresis, the amplified fragment was excised and the DNA
fragment was extracted using the NucleoSpin Gel and PCR
Clean-up kit (MACHEREY-NAGEL GmbH & Co. KG).
The sequencing reaction was conducted using the primers,
MBD4_Exon2_Sanger_F or MBD4_Exon2_Sanger_R, and
the BigDye Terminator v3.1 Cycle Sequencing kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's
recommendations, and was run on the 3500 Genetic Analyzer
(Thermo Fisher Scientific, Inc.).

Somatic mutation analysis. Formalin-fixed paraffin-embedded
(FFPE) tissue specimens of 5-ym thickness were mounted
on a glass slide with Teonex Q51 polyethylene naphthalate
film (DuPont). After being de-paraffinized with Lemozol
A (Wako Pure Chemical Industries, Ltd.), according to the
manufacturer's recommendations, the tissue specimens were
stained with methyl green (Wako Pure Chemical Industries,
Ltd.). The cancerous cells were selectively collected using the
laser-microdissection system LMD-7000 (Leica Microsystems
GmbH). The DNA was extracted from the cells using a
QIAamp DNA FFPE kit (Qiagen, Inc.). Since the amount
of DNA obtained was limited, whole-genome amplification
(WGA) of the prepared DNA was subsequently conducted
using a GenomePlex Complete WGA kit (Sigma-Aldrich;
Merck KGaA), according to the manufacturer's protocol. The
amplified DNA was subjected to the WES analysis as stated
above at Novogene Co., Ltd. via Chemical Dojin Co., Ltd.

Copy number variation analysis of the MBD4 gene. Copy
number variation analysis was conducted using TagMan Copy
Number Assays (Thermo Fisher Scientific, Inc.), Hs02869836_
cn and Hs01541743_cn, designed on exons 8 and 2 of the
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MBD4 gene, respectively. As for the reference, TagMan Copy
Number Reference Assay Telomerase Reverse Transcriptase
was used. Quantitative PCR (QPCR) was conducted using
the indicated TagMan Copy Number Assays and TagMan
Genotyping Master Mix (Thermo Fisher Scientific, Inc.),
according to the manufacturer's recommendations, and the
Applied Biosystems 7900HT Fast Real-Time PCR System
(Thermo Fisher Scientific, Inc.), according to the manufac-
turer's recommendations. The measurement was conducted
in quintuplicate and the obtained data were analyzed using
CopyCaller® Software v2.0 (Thermo Fisher Scientific, Inc.).

Bioinformatics analysis of the mutational signatures.
Obtained Fastq files generated from the normal and cancer
tissues were subjected to bioinformatics analyses using
various pipelines as described below. As for pre-processing,
Burrows-Wheeler Aligner (15) was used for mapping to the
reference genome (hgl9), duplication marking was performed
with Picard (https://broadinstitute.github.io/picard/), and
Genome Analysis Toolkit (16) was used for local realignment
around indels and base quality score recalibration. Detection
of somatic mutation was conducted using MuTect v1.1.7 (17).
The somatic mutations were then referenced against the
Catalogue Of Somatic Mutations In Cancer (COSMIC)
version 77 (https://cancer.sanger.ac.uk/cosmic), as only
reliable somatic mutations would already be registered in
COSMIC. Finally, the selected 7,915 somatic mutations were
subjected to mutational signature analysis. Mutational signa-
tures, patterns in the occurrence of somatic single-nucleotide
variants that reflect underlying mutational processes, were
analyzed as described by Gehring et al (18) using the package
SomaticSignatures version 2.8.4 (https://bioconductor.
org/packages/release/bioc/html/SomaticSignatures.html) (18)
and the R language and environment for statistical computing
version 3.3.2 (19).

Statistical analysis. The statistical significance of copy
number difference was assessed using the inbuilt algo-
rithm of the CopyCaller® Software v2.0, according to
the manufacturer's user guide (http://tools.thermofisher.
com/content/sfs/manuals/cms_062369.pdf). P<0.05 was
considered as to indicate a statistically significant difference.

Results. Since the expression of all of the MMR proteins,
MLH1, MSH2, MSH6 and PMS2, was detected in cancer
cells by ITHC staining (Fig. S1), a set of gene mutations that are
related to hereditary CRC were examined. Panel sequencing
analysis of the 20 genes identified a germline nonsense muta-
tion in MBDA4, ¢.217C>T/p.Q73* (dbSNP:rs148098584) (Fig. 2;
upper panel). The frequency of the variant was extremely low;
the minor allele frequency (MAF) at the Exome Aggregation
Consortium (release 1.0; http://exac.broadinstitute.org/)
was 8.237x10°, while MAF=0.0002 was reported by the
Integrative Japanese Genome Variation Database 2KJPN (20),
a database of genomic variations obtained from whole-genome
sequencing of 2,049 healthy individuals in Japanese popula-
tions. In order to explore the possible involvement of causative
genes other than those on the panel, WES was also conducted.
As a result, the nonsense mutation of the MBD4 gene was
confirmed (data not shown), while no other candidate gene
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Figure 2. Sequencing analysis of exon 2 of the MBD4 gene. MBD4,
methyl-CpG binding domain 4, DNA glycosylase.

mutations were identified with an established pathogenicity
(Class 4/5) as registered in the ClinVar database 20171029
hg19 (https://www.ncbi.nlm.nih.gov/clinvar/), or truncating
mutations in genes related to the development of epithelial
cancer types, including colon cancer.

MBD4 expression was lost in the cancer tissues according
to the THC analysis, while it was expressed clearly in the
normal epithelial cells (Fig. 3, upper panel). Sanger sequencing
analysis also confirmed a homozygous mutation of ¢.217¢>T/p.
Q73* in the MBD4 gene in the cancer tissue (Fig. 2; lower
panel), indicating that inactivation of the wild-type allele of
the MBD4 gene had occurred in the cancer tissue. To confirm
this, a copy-number analysis of the MBD4 gene was performed
using qPCR-based copy number detection. It was found that
both of the primer/probe sets designed within exons 2 and 8
demonstrated one-allele deletion, confirming the occurrence of
the loss-of heterozygosity around the MBD4 gene in the cancer
tissue (Fig. 3, lower panel). The somatic mutation signatures of
the cancer were then analyzed, to assess the possible involvement
of the loss of the MBD4 in the development of the cancer. The
results demonstrated that the transitions of cytosine to thymine
preferentially occurred at CpG sites in the cancer tissues (Fig. 4).

Discussion

The present study identified a germline mutation in the MBD4
gene in a patient with ~30 adenomatous polyps at the left-sided
colon and early rectosigmoid cancer. When >100 adenomatous
polyps are observed in an individual, clinicians generally reach
a diagnosis of FAP. However, a diagnosis of oligopolyposis
(<100 polyps) and early-onset CRC is often speculated upon,
regardless of the presence of family history. Firstly, attenuated
FAP and MAP may be candidates for differential diagnosis;
and secondly, the possibility of PPAP or LS may be considered
in individuals with early-onset CRC and oligopolyposis. In the
present case, the patient had no previous medical history and
no family history of hereditary CRC syndrome. Germline
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of the primer/probe sets are illustrated as filled vertical rectangles beyond the organization of the MBD4 gene. MBD4, methyl-CpG binding domain 4, DNA

glycosylase.

0.03 4

o

(=]

R
"

Contribution

o

(=]

purt
1

Figure 4. Mutation signatures of cytosine to thymine transitions in the cancer
tissue. Cytosine residues in the CpG dinucleotides are marked with the red
rectangles.

mutation analysis was performed in a set of hereditary
CRC-related 20 genes, as reported previously (14). Of these 20
genes, only a nonsense mutation in MBD4 (c.217C>T/p.Q73%)
was detected as a pathogenic mutation. The loss of function

of MBD4 has already been shown to promote colorectal
carcinogenesis (21). MBD4 is a methyl-CpG binding DNA
glycosylase involved in the repair of mismatches arising from
the deamination of methyl-cytosine in mammalian cells,
and catalyzes the removal of thymine and uracil paired with
guanine within CpG sites (22). Moreover, MBD4 is a binding
partner of the MLHI protein and modulates the levels of core
MMR proteins (23). MBD4 is frequently mutated in hereditary
and sporadic CRC with deficient MMR and microsatellite
instability (21,24-27). The most frequent mutations in CRC
occur via frameshifts in the poly-adenine tract of ten consecu-
tive adenine nucleotides (A,,) at codons 301-310 within exon 3,
thereby disrupting downstream sequences, including the
glycosylase domain. These truncated MBD4 proteins lose the
ability to interact with MLH1 and may act in a dominant nega-
tive fashion, against the glycosylase activity of the wild-type
protein produced from the unaffected allele (28), though this
mechanism was not applicable to the present case because the
truncated MBD4 was very short. Tricarico et al (21) reported
that germline missense variants in MBD4 were detected
in 11/242 (4.5%) patients with hereditary CRC (meeting the
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Amsterdam or Bethesda criteria) and 6/49 (12.2%) patients
with sporadic CRC. Thus far, to the best of our knowledge, no
germline MBD4 nonsense mutations have been identified in
patients with CRC.

A role for MBD4 germline mutations in cancer predisposition
was hypothesized previously (12). However, MBD4 knock-out
mouse models have been shown to have no change in the rate of
spontaneous tumorigenesis when compared to wild-type mice,
except in APC-deficient backgrounds (29,30). Although MBD4
inactivation alone may not be sufficient to initiate tumorigenesis,
the MBD™"/APC'%¥""* double mutant displayed a 10-fold increase
in the number of microadenomas as compared with the single
APC03N* mutant (30). These results indicate that the loss of
MBD#4 function can modify the tumor distribution in the gastro-
intestinal tract, and has a significant effect on tumor development.
In the present case, oligopolyposis was observed in the left-sided
colon. Based on the MBD4 knock-out mouse experiments, the
loss of MBD4 alone does not affect the pathogenesis of polyposis.
Therefore, additional genetic events, including somatic APC
mosaicism (31), may have led to the oligopolyposis, although
it was not possible to analyze somatic gene variants in these
polyps in the present study. It has been reported that mutations
causing a loss of normal MBD4 function increase the rate of
genome-wide C:G>T:A transitions at CpG sites, leading to cancer
initiation via genomic instability (29,30). The APC mutations in
the MBD4"/APC'*®"" tumors showed that the increase in the
incidence of somatic APC mutations was preferentially caused by
an increase in C:G>T:A mutations at CpG sites (30). In the present
study, it was found that the transitions of cytosine to thymine
preferentially occurred at CpG sites in the cancer tissues. Based
on these lines of evidence, it may be speculated that the loss of
MBD4 function may increase the probability of CpG mutations in
the coding region of other cancer-related genes. Mutations caused
by C:G>T:A transitions in the context of CpG sites are known
to be the most prevalent mutational signatures in the majority of
cancer types, including CRC (32). Approximately 50% of somatic
TP53 mutations in CRC are composed of C:G>T:A transitions at
CpG sites (33,34), suggesting that MBD4 inactivation might have
a significant impact on 7P53 mutations.

The mechanism of carcinogenesis in polyposis is consid-
ered to be the accumulation of genetic mutations, so called
‘adenoma-carcinoma sequences’ (35). In the present case,
it was not possible to clarify the morphological and genetic
relationship between the oligopolyposis and depressed-type
early rectosigmoid cancer, since a depressed-type cancer
generally occurs via de novo pathway. Kudo et al (36) reported
that depressed type lesions were observed in patients with
FAP. Therefore, the genetic background of the cancer tissue
may be identical to that of the polyps even if a morphological
difference is observed. Further identification of a germline
nonsense mutation in the MBD4 gene in a patient with colonic
oligopolyposis and early CRC will be required to verify this
genetic pathogenesis in the future.

The brother of the patient in the present report had been
infected with hepatitis B virus, and succumbed to HCC in his
late thirties. The age of the deceased was unusually young
compared with the average age at mortality of Japanese HCC
patients. Since his HCC was diagnosed at stage 4 and no surgical
treatment was conducted, no tissue specimens were obtained. A
previous report (37) showed that reduced MBD4 expression was
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associated with malignant progression in HCC due to frequent
C:G>T:A transitions in tumor suppressor genes, including 7P53.
Although it is not possible to know whether the brother of the
present patient had germline and somatic mutations of the MBD4
gene, there may be the possibility of him having been a genetic
carrier from the perspective of the characteristic clinical course.
A recent study (38) reported a case of uveal melanoma with a
germline deleterious frameshift deletion in MBD4 (p.F481Dfs*9),
following the loss of the second allele via monosomy, and three
acquired hypermutations of outlier CpG>TpG, leading to a
response to anti-PD1 therapy. The patient with uveal melanoma
was a 76-year-old woman, who had a previous medical history of
breast ductal carcinoma in situ at 74 years of age and no family
history of cancer. Although the location of her germline mutation
was different from that in the present case, she had no previous
medical history of CRC until 76 years of age. It may be speculated
that biallelic inactivation of the MBD4 gene can initiate carcino-
genesis with other alterations in cancer-related genes. However,
the phenotype may be different depending on the location of the
somatic mutations derived from C>T transitions.

In conclusion, the present case report identified a very rare
germline nonsense mutation in the MBD4 gene in a patient
with colonic oligopolyposis and early-stage rectosigmoid
cancer. MBD4 function is important for the maintenance of
genomic stability at CpG sites. With improvements in NGS
technology, the identification of germline MBD4 variants
may increase in individuals with colonic oligopolyposis and
early-stage CRC.
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