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ABSTRACT

Inherited defects in base-excision repair (BER) predispose to adenomatous polyposis and
colorectal cancer (CRC), yet our understanding of this important DNA repair pathway remains
incomplete. By combining detailed clinical, histological and molecular profiling, we reveal
biallelic germline loss-of-function (LOF) variants in the BER gene MBD4 to predispose to
adenomatous polyposis and —uniquely amongst CRC predisposition syndromes— to myeloid
neoplasms. Neoplasms from MBD4-deficient patients almost exclusively accumulate somatic
CpG>TpG mutations, resembling mutational signature SBS1. MBD4-deficient adenomas
harbour mutations in known CRC driver genes, although AMER1 mutations were more
common and KRAS mutations less frequent. We did not find an increased risk for colorectal
tumours in individuals with a monoallelic MBD4 LOF variant. We suggest that this condition
should be termed MBD4-associated neoplasia syndrome (MANS) and that MBD4 is included

in testing for the genetic diagnosis of polyposis and/or early-onset AML.

Keywords (4-5): polyposis; colorectal cancer; 5-methylcytosine deamination; mutational
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INTRODUCTION

Several syndromes characterized by adenomatous polyposis and colorectal cancer (CRC) are
caused by high-penetrance germline pathogenic variants that directly impair the correction of
mispaired bases within DNA. These syndromes include the dominantly inherited condition
polymerase proofreading-associated polyposis (PPAP) caused by pathogenic variants in the
polymerase proofreading domains of POLE and POLD1," and the recessively inherited
conditions constitutional mismatch-repair deficiency, caused by variants in genes involved in
mismatch repair (MSH2, MLH1, PMS2, MSH6),>* and MUTYH-associated polyposis and
NTHL 1-associated tumour syndrome, caused by genes involved in base excision repair (BER)
(MUTYH and NTHL1).*® In each case, there are also increased risks of specific extra-colonic
tumours. Although the mechanistic connection between these germline variants and colorectal
tumours is not entirely clear, it is likely that the resulting increased somatic mutation rate in
turn causes more somatic mutations in CRC driver genes such as APC, KRAS and TP53.
Previous studies have linked the defect in each DNA repair gene to specific mutational

signatures in tumours that align with their repair activity.5®

Despite the identification of roughly 15 colorectal polyposis predisposition genes to
date, genetic testing currently fails to identify a cause for a significant proportion of patients
who develop multiple colorectal adenomas. Whilst some of these cases may have polygenic
or non-genetic origins, it is important to identify any remaining high-risk polyposis
predisposition genes in order to prevent CRC in probands and their relatives. Here, we used
whole-genome sequencing (WGS) to identify the BER gene MBD4 as a novel colorectal
polyposis predisposition gene with recessive inheritance. By molecular profiling we describe
how biallelic inactivating germline variants in MBD4 predispose to both colorectal polyposis
and AML. Furthermore, our data suggest that individuals with monoallelic loss-of-function

(LOF) variants in MBD4 are not at increased risk of polyposis and/or CRC.
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METHODS

Patient and control cohorts

i) Discovery cohort:

Oxford-lllumina WGSS500 project: constitutional DNA from 35 probands from the UK CORGI
study with at least 10 colonic adenomas before age 60 were whole-genome sequenced as
previously described."

i) Replication cohorts:

a. Polyposis and AML: 13 unrelated patients with synchronous or metachronous
colorectal polyposis and/or CRC and myelodysplastic syndrome (MDS) and/or
AML. Samples were screened for MBD4 using molecular inversion probes
(MIP, n=11, Supplemental Methods) or whole-exome sequencing (WES;
n=2). Another 13 cases with synchronous or metachronous colorectal polyposis
and/or CRC and MDS and/or AML were identified in the UKBiobank (see
below).

b. Polyposis and/or CRC: 1,493 patients with unexplained polyposis, familial
and/or young CRC and >10 adenomatous polyps (with or without CRC), or CRC
in combination with other tumour(s) were recruited. This study was approved
by the local medical ethics committee (CMO; study number 2015/2172 of the
Radboudumc Nijmegen). All samples were screened using MIP-sequencing
(Supplemental Methods; Supplementary Table 1).

c. Eighty-seven families comprised of 198 CRC and early-onset polyp affected
individuals were selected for WGS/WES from participants of the Australasian
Colorectal Cancer Family Registry (ACCFR): 1) met the definition of Familial
Colorectal Cancer Typex(FCCTX) (n=55); 2) Amsterdam Il clinical criteria
(AMII) with two of the defining triad being CRC-affected (n=4); or 3) >2 CRC-
affected blood relatives family members within families in the same blood line
but not meeting FCCTX or AMII criteria (MCF)(n=28).

iii) Population cohorts:
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a. UKBiobank: we searched the WGS/WES data available for 200,000 participants
in UKBiobank (October 26th 2020 release) for germline coding or splicing
variants in MBD4. This research was conducted under UKBiobank application
number 8508.

b. UK 100,000 Genomes Project (100KGP): we searched the WGS data available
(ISAAC pipeline) for 17,243 Caucasian participants of the rare diseases
programme (V6 release, participants selected for phenotypes with no increased
risk of cancer), 2,438 Caucasian CRC patients included in the cancer
programme (v8 release) and 283 Caucasian multiple bowel polyps patients
(143 v6 rare diseases, 140 pilot project) for germline coding or splicing variants
in MBDA4.

c. GnomAD: we searched the full and non-Finnish European populations of the

gnomAD database (v2.1) for germline coding or splice site variants in MBDA4.

Identification of germline variants

WGS of constitutional DNA was performed using the lllumina HiSeq platform as described
previously.' Targeted MBD4 mutation screening was performed (i) using a custom MIP capture
panel and sequenced on a NextSeq500 (lllumina) system, or (ii) using Sanger sequencing
based on custom PCR amplicons. Variants predicted to result in a premature stop codon
(nonsense or frameshifts) or alternative splicing/splice site defect were classed as LOF
variants (details provided in the Supplemental Methods). All MBD4 mutations were validated

using independent Sanger sequencing reactions.

Tumour sequencing and somatic variant calling

Tumour samples and their origins from fresh-frozen or formalin fixed paraffin embedded
(FFPE) tissue are listed in Supplementary Table 2. In brief, we used the i) Agilent
SureSelectXT Human All Exon V6 (Agilent Technologies), ii) Agilent SureSelect Clinical
Research Exome version 2 (Agilent Technologies) or iii) lllumina TruSeq exome (lllumina)
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enrichment kits to produce whole-exome libraries that were sequenced using a NextSeq500
(llumina) or NovaSeq 6000 (lllumina) (Supplementary Table 2).

Somatic variants were called using SuperFreq (v1.3.2),"° Strelka (v2.9.2) and/or
Mutect2 (GATK v4.1.0.0) with matched germline samples (Supplementary Table 2). Somatic
mutations were annotated as described previously.” Full details of the somatic variant calling,
removal of FFPE artefacts and validations are provided in the Supplementary Methods.

BAM files from previously published multi-region WES data (generated using the
SeqCapEx Exome Enrichment Kit v3.0 (Nimblegen/Roche)) from nine sporadic fresh-frozen
adenomas were available (Supplementary Table 2)."" Somatic variants were re-called using

Mutect2 as above.

Somatic mutation analysis

For each adenoma, high confidence somatic mutations were identified as described previously
with minor modifications.” In brief, somatic variants covered by 215x sequencing reads, 210%
variant allele frequency, and 26 variant reads, and (for variants called by Mutect2) with 22
variant reads per read pair (to exclude FFPE artefacts) were included. WEHI-2 received an
allogeneic bone marrow transplant and variants contributed by the haematopoietic stem cell
donor were removed based on clonal tracking in SuperFreq.'® For somatic variants identified
by SuperFreq, a mean read depth >30 across all samples was required and excluded variants
if they were detected above 3% VAF (supported by at least 2 reads) in a sample where the
clone was deemed absent (clonality <1%). A representative set of somatic mutations were
validated by Sanger sequencing or by processing micro-dissected material from the adenomas
with the TruSight Tumor 26 Kit (lllumina).

For each adenoma the number of somatic mutations per Mbp was calculated, with the
total capture interval estimated using bases with 215 read depth. The mutation spectrum and
the number of CpG>TpG transitions was determined. A linear model describing the number of
CpG>TpG transitions as a function of age was analysed in base R. Methylation status of the
sites with somatic mutation was assessed in public whole genome bisulfite sequencing

6
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(WGBS) data from normal sigmoid colon from the Roadmap Epigenomics Consortium et al.
(as per'?). The contribution of mutational signatures to the somatic mutation spectrum was
inferred using the R package MutationalPatterns'® in combination with COSMIC-v3 mutational
signatures.'*1°

All non-synonymous somatic variants in cancer driver genes reported by The Cancer
Gene Census (CGC v92) in COSMIC were extracted for each of the sequenced adenomas.
Next, driver genes were prioritised with their previous associations as a colorectal cancer driver
by TCGA and Dietlein et al."®'” To compare driver genes and mutation types, genes that were
mutated in at least two independent adenomas from either the MBD4-deficient cases or
sporadic adenomas were plotted in an oncoprint. In addition, we extracted all somatic
mutations present in APC from the TCGA Colon Adenocarcinoma (COAD) and Rectum

Adenocarcinoma (READ), and from a series of adenomas from patients without germline

mutation APC mutations.

RESULTS

Identification of a colorectal polyposis patient with a biallelic germline MBD4 loss-of-function
variant

We performed WGS of constitutional DNA from 35 unrelated patients with at least 10 colonic
adenomas before the age of 60, but without pathogenic variants in the known Mendelian CRC
genes." By prioritizing coding germline variants with a high probability of LOF effects we
identified a homozygous 4-bp frameshift deletion in MBD4 (NM_003925.2:c.612_615del;
NP_003916.1:p.(Ser205ThrfsTer9)) in a single patient (D:ll-1, Figure 1A). D:1l-1 had no family
history of polyposis or CRC and homozygosity analysis did not suggest consanguinity. We
found both parents and a sibling to be heterozygous for the MBD4 frameshift variant (Figure
1A). Re-sequencing of 100 controls from the Mediterranean island from which D:lI-1’s family
originate did not reveal additional carriers. This variant appears once in 250,800 alleles in

gnomAD v2.1.1.
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MBD4 encodes a BER glycosylase that repairs G:T mismatches resulting from the
deamination of 5-methylcytosine (5mC). Immunostaining for MBD4 revealed absence of
protein expression in adenomas from D:ll-1 (Figure 1B). Furthermore, MBD4 mRNA was
expressed in a lymphoblastoid cell line from D:ll-1 (Supplemental Figure 1A), but no protein
was detectable (Figure 1C).

D:ll-1 presented with rectal bleeding and approximately 60 tubular colorectal
adenomas ranging in size from <3mm to 1.5cm diameter at age 36. The largest adenomas
were removed and showed evidence of high-grade dysplasia. Following colonoscopy, the
patient underwent proctocolectomy at age 47, which identified 50-60 adenomas between the
caecum and splenic flexure (mostly in the caecum) and 20-30 rectal adenomas, including some
of 1cm-4cm diameter. No gastric or duodenal polyps were identified upon upper
gastrointestinal endoscopy screening. Seven months after he underwent proctocolectomy, he
presented with pancytopenia and was diagnosed with MDS, which progressed to AML three

months later.

Colorectal phenotype of previously reported AML patients with inherited MBD4 deficiency

During the analysis of D:lI-1, in an independent, contemporaneous study, we linked inherited
MBD4-deficiency to early-onset acute myeloid leukaemia (AML)." In our prior work, two of the
three AML patients with MBD4-deficiency were noted to have developed colonic polyps,
whereas this was not evaluated in the third. We have subsequently obtained more
comprehensive clinicopathological information on the colorectal phenotypes of those two
cases. Patient WEHI-2 (previously WEHI-AML-2) developed a cumulative 17 colorectal polyps
over a period of 22 years, with the first polyp excised at the age of 18 years. Histological
assessment classified all available polyps (n=12) as tubular adenomas with mild-to-moderate
dysplasia, with the majority (n=7) found in the rectum. A moderately differentiated
adenocarcinoma was found in the ascending colon at age 40 and she underwent a right

hemicolectomy. EMC-1 (previously EMC-AML-1) developed multiple colonic polyps and
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underwent a hemicolectomy at age 31 years, although no polyp counts were reported and

tissue blocks were unavailable for histological re-assessment.

Somatic mutation burden, spectra and signatures in MBD4-deficient colorectal adenomas

To investigate the somatic mutation burden and spectrum, we performed WES on nine fresh
frozen and two FFPE adenomas from D:lI-1, and eight FFPE adenomas from WEHI-2. Some
adenomas were micro-dissected to obtain multiple regions of the polyps and normal bowel
(Figure 2A-B; Supplemental Figure 1B-C). Almost all somatic mutations in both MBD4-
deficient cases were single nucleotide substitutions (SNVs), with a very small proportion of
small indels. The fresh frozen adenomas of D:1l-1 exhibited an elevated total somatic mutation
burden (median 11.1 mutations/Mb [range 8.5-23.3]) compared to a set of nine sporadic
adenomas (median 1.8 mutations/Mb [range 1.0-3.1]) (Figure 2C, Supplemental Figure 2A
and Supplemental Table 2)."" The mutation burden per adenoma increased for both cases
with age (Figure 2D). The vast majority of the mutations were CpG>TpG transitions (>95%),
which was significantly higher (P=2.9x107) than in sporadic colorectal tumours (33% in nine
fresh frozen sporadic adenomas, 14% in 468 fresh frozen CRCs from TCGA; Figure 2E).

We performed de novo signature analysis on the fresh-frozen adenomas from D:ll-1
and separately from the FFPE adenomas from WEHI-2 (excluding P9, see below). The
extracted signature profiles were nearly identical to each other (cosine similarity 0.998) and to
COSMIC SBS1-v3 (cosine similarity 0.984 and 0.975 for D:ll-1 and WEHI-2, respectively;
Figure 2F). SBS1-v3 accounted for nearly all somatic mutations detected in D:ll-1’s adenomas
and most of WEHI-2’s adenomas (Supplemental Figure 2B). The exception was a WEHI-2
rectal polyp (P9) measuring 2cm diameter. All four physically distinct regions of this adenoma
had a lower percentage of CpG>TpG transitions (55-77%) than the other adenomas and a
substantial proportion of mutations were CA>AA transversions (Figure 2C). Using CpG>TpG
transitions as a molecular clock, we found that this shift in mutational profile likely coincided

with treatment for AML (Supplemental Figure 3).
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Signature SBS1 is proposed to result from the failure to detect and/or remove G:T
mismatches that result from deamination of 5mC. We assessed the methylation status of CpG
sites that were mutated in adenomas from D:llI-1 and WEHI-2 in whole genome bisulfite
sequencing (WGBS) data from normal sigmoid colon generated by the Epigenome Atlas
(http://www.roadmapepigenomics.org/). The mutated sites identified in the adenomas from
D:lI-1 and WEHI-2 were nearly all methylated in normal colon tissue (>96% of sites mutated in
both D:lI-1 and WEHI-2, compared to 58% across all exonic CpG sites) (Figure 2G).

Next, we compared the mutation profiles of all adenomas of D:lI-1 and WEHI-2 to (i)
the mutation profiles from the AML samples from EMC-1, WEHI-1 and WEHI-2, (ii) to myeloid
progenitors from Mbd4” mice,"? and (iii) to a human HAP1 MBD4 cell line. The somatic
mutation profiles and mutation rates were relatively consistent across these diverse samples

(Supplemental Figure 4A-B).

Somatic driver mutations in MBD4-deficient adenomas

AMLs in MBD4-deficient individuals harbour a characteristic set of driver mutations,'? and we
sought to determine whether this was also true in colorectal adenomas from both D:lI-1 (n=11)
and WEHI-2 (n=8). In general, the spectra of driver genes were similar to sporadic CRC and
adenomas, although indels were under-represented (most clearly seen for APC)
(Supplemental Table 3). CRC driver genes with recurrent somatic mutations in our patients’
adenomas included APC (n=19 adenomas), with a significant enrichment of APC p.(Arg14507),
a CpG>TpG transition, compared to sporadic adenomas (Fisher exact, P=.0002). In addition,
in adenomas from MBDA4-deficient cases we observed a significant enrichment of somatic
mutations in TTN (n=13 adenomas; Fisher exact, P=.0418) and AMER1 (n=12 adenomas;
Fisher exact, P=.039) (Figure 3A). Compared to sporadic adenomas, less KRAS mutations
were observed (3/19 in adenomas from MBD4-deficient cases vs 7/9 in sporadic adenomas;
Fisher exact, P=.0028). Strikingly, APC p.Arg1450* mutations were found in ten out of eleven
adenomas from D:lI-1 and all of the adenomas sequenced by WES from WEHI-2 (Figure 3A).
The preponderance of the APC p.Arg1450* mutations unlikely reflects the presence of a

10
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shared pre-neoplastic progenitor clone, as the mutation was absent in samples of normal
intestine from D:lI-1 and WEHI-2 (Supplemental Table 4). In sporadic CRCs from TCGA and
adenomas from FAP-negative individuals (n=31 individuals), p.(Arg1450*) is the most frequent
somatic APC mutation (32/486 and 8/93 tumours, respectively), but is found in a smaller
proportion compared to adenomas from the MBD4-deficient cases (P<.00001) (Figure 3B).
Public WGBS data indicates similarly high level methylation at multiple CpG hotspot sites
within APC, suggesting that methylation differences do not explain the over-representation of
p.(Arg14507*). Overall, 85.4% and 90.7% of CRC driver mutations in adenomas from D:II-1 and
WEHI-2, respectively, were CpG>TpG transitions compared to 36.8% of mutations in nine
sporadic adenomas. These data further indicate that 5mC deamination accounts for the vast
majority of driver mutations contributing to the development of adenomas in MBD4-deficient

cases.

Most patients with both colorectal tumours and AML do not have germline MBD4 variants

Synchronous or metachronous colorectal polyposis and AML comprise a rare clinical
phenotype. In total, we had access to 26 cases with a colorectal and an MDS and/or AML
phenotype (see materials and methods) and none had biallelic or monoallelic germline LOF

MBDA4 variants.

Germline LOF MBD4 variants in patients with colorectal polyps and/or CRC

We sought to determine how common MBD4 deficiency is in patients with polyposis and/or
CRC. Using a targeted screening strategy, we sequenced the coding sequence of MBD4 in
constitutional DNA from 1,490 European patients with unexplained colorectal polyps (with or
without CRC), familial and/or young CRC, or CRC in combination with other tumour(s) (details
in Supplemental Table 1). In addition, we assessed 87 families, comprising of 198 CRC-
and/or early-onset polyp patients for which the germline was sequenced using WGS/WES for
LOF variants in MBD4. Finally, we also reviewed 283 constitutional genome sequences from
patients with multiple bowel polyps from the pilot programme of the 100KGP. No cases with
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biallelic germline LOF variants in MBD4 were identified, but we identified five with
heterozygous LOF variants (Supplemental Table 1; Supplemental Figure 5): two nonsense
variants (p.(Trp479%); Family A), p.(Args46*); Family C), one frameshift (p.(lle111Tyrfs*16);
Family F), one synonymous variant that results in defective splicing (c.1410A>C; Family E,
Supplemental Figure 6A-C) and one canonical splice site (c.1562-1G>T; Family B,
Supplemental Figure 6D-F). Compared to the frequency of MBD4 LOF variant alleles in
European non-Finnish gnomAD population this is a significant enrichment (5/3,720 vs

48/129,200; OR =3.62 (95% CI 1.12-9.06), Fisher exact, P=.016).

Where possible, we investigated whether the heterozygous MBD4 LOF variants
segregated with the polyposis and/or CRC phenotypes in the respective families. Only one
variant (p.(Trp479%), Family A) showed complete co-segregation with the polyposis phenotype
(Supplemental Figure 5). For the other families the segregation was discordant or could not
(fully) be assessed (Supplemental Figure 5).

To further investigate the impact of heterozygous germline LOF MBD4 variants on the
risk of developing CRC, we studied patients in the CRC Domain of the 100KGP (in which
recruitment was not formally enriched for any special features). No carriers of biallelic germline
LOF MBD4 variants were identified. Four Caucasian patients with one LOF allele were
identified; this frequency (1.64x1073, 4/2,438) was comparable to the frequency observed in a
control set of phenotypically disease-free, unrelated participants selected from the 100,000
Genomes Rare Diseases project (1.22x10° (21/17,243), indicating no evidence of enrichment
in CRC cases (OR =1.34 (95% CI 0.46-3.93), Fisher exact, P=0.59). In the UKBiobank, the
frequencies of predicted LOF MBD4 variants for participants with CRC, colorectal polyps, AML,
MDS and all other participants were 8.49x10* (2/2,357), 1.94x10* (1/5,116) 4.5x107 (1/221),
9.6x107 (1/104), 8.64x10* (167/193,255) respectively (as of the October 2020 release of WES
data). This data supports no enrichment in any of these groups (Fisher exact, P>0.05 for all

comparisons).
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In contrast to our findings for CRC, germline LOF variants in MBD4 have been linked
to a 9-fold (Fisher exact, P=2.00x107°) higher incidence of uveal melanoma. Recent reports
have shown that these uveal melanomas exhibit loss of the wild-type MBD4 allele in the
tumours.'®2° We whole-exome sequenced four colorectal tumors from three individuals with a
monoallelic LOF MBD4 variant and accessed the WGS data of the four CRCs with a
monoallelic LOF MBD4 variant from the 100KGP (Supplemental Table 1). No “second hits”
were identified in MBD4 in any of the tumours. Mutational signature analyses were inconsistent
across the four tumours from the three monoallelic MBD4 LOF variant carriers. In two cases
(Family A and F) the mutational signatures were comparable to TCGA COAD samples and the
sporadic adenomas (Supplemental Figure 7). However, the two tumours from B:lI-1 exhibited
a higher contribution of SBS1, more comparable to the MBD4-deficient cases (Supplemental
Figure 7). However, re-sequencing of MBD4 in the germline using long-read sequencing did
not reveal any additional variants, and Western blot and quantitative real-time PCR suggested
the wild-type allele was expressed in blood-derived cell lines from B:ll-1 (Supplemental
Figure 6D-F). We also assessed blood cells from heterozygous Mbd4 knockout mice and
found no evidence of an elevated mutation rate (Supplementary Figure 4A-B). Overall, we
found no clear evidence to support a large effect of monoallelic MBD4 LOF variants on the risk

of polyposis and/or CRC.

DISCUSSION

Our data demonstrate that biallelic germline loss-of-function variants in MDB4 cause a
Mendelian recessive neoplasia syndrome comprising the rare phenotype of both AML and
adenomatous colorectal polyposis. Previously, we reported multiple polyps in some AML
patients with MBD4 deficiency, but details of the polyps were not available at that time and
hence their importance could not be demonstrated. Here, through independent identification
of MBD4-deficiency in a patient with multiple adenomas and more detailed phenotypic and
molecular analysis of tumours, we show that inherited MBD4 deficiency causes a true

adenomatous polyposis, with a colorectal phenotype similar to attenuated FAP and to patients
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with germline pathogenic variants in MUTYH, NTHL1, POLE and POLD1. We suggest the
name MBD4-associated neoplasia syndrome (MANS) for this condition. The absence of
functional MBD4 leads to an accumulation of somatic CpG>TpG mutations arising from
spontaneous deamination of 5-methylcytosine, resulting in a somatic mutation spectrum very
similar to COSMIC signature v3 SBS1. These mutations include characteristic driver mutations
that support the development of adenomas and myeloid leukaemia.

Three out of four individuals with MANS thus far identified developed colorectal polyps
early in life, and all four developed MDS/AML. We suggest that MBD4 coding and splice
regions are added to the gene panels currently used for the clinical genetic diagnostic testing
of either early-onset AML, or CRC/polyp cases or families. In addition, it would be reasonable
to test any individual with multiple polyps and MDS/AML. The pathogenic MBD4 variants
reported to date have included truncating and splice site variants, as well as an in-frame
deletion affecting the glycosylase domain of MBD4. However, it remains possible that

missense and other variants impair the function of MBD4.%°

For MBD4, we estimate that the frequency of biallelic LOF variants in the general
population (based on gnomAD and 100KGP) may be as low as one in 1 in 5-6 million
individuals. As is typical of very rare cancer syndromes, it is difficult to estimate age-dependent
risks of AML and colorectal tumours in MANS with any precision, although adenomatous
colorectal polyps may be present in the second decade of life. While subject to revision as
information on the features of MANS accrues, we propose two-yearly colonoscopy from age
18-20 or the date of diagnosis, a regimen often used for other polyposis syndromes caused by
deficiency of MUTYH or NTHL 1.2"?2 Regular colonoscopy may avoid the need for prophylactic
or therapeutic colectomy, especially in patients with relatively low adenoma burdens. Upper
gastrointestinal endoscopy is warranted in almost all other polyposis syndromes and it may be
prudent to survey the stomach and duodenum at the current time, despite the lack of small
bowel or gastric lesions reported in our patients. At least one of the AMLs in our cases
developed from MDS and we have also observed clonal haematopoiesis in some cases.'> We
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suggest regular follow-up full blood counts for MANS cases if their initial presentation is with
adenomatous polyposis. If the individual presents with AML, then we suggest genetic testing
for any family member being considered as a haematopoietic stem cell donor, in keeping with
current expert recommendations for managing inherited predisposition to myeloid

malignancy.?*2*

Although carriers of heterozygous LOF MBD4 variants are susceptible to uveal

melanoma,'®%°

our data shows no convincing evidence that such individuals have a large
increased risk of developing polyposis and/or CRC. Complete inactivation of MBD4 is
observed in uveal melanoma, where wildtype MBD4 is lost due to monosomy of chromosome

3, whereas in CRC this is not a frequent event.?

Prior analysis of tumours from heterozygous
MBD4 cases in TCGA revealed no significant increase in CpG>TpG mutations,'? unless the
wildtype allele was inactivated, and this was also consistent with results generated in the Mbd4
knockout mouse. We cannot, however, rule out the possibility that individuals heterozygous for
an MBD4 LOF variant have a small increased risk of CRC and/or polyposis, as has been
described for heterozygous LOF MUTYH variant carriers.®® We identified a single
heterozygous LOF MBD4 case with a substantial number of somatic variants that fit with an
MBD4 deficiency in the absence of a second hit in MBD4 (germline or somatic), but it remains
possible that the wildtype allele was silenced.?’” On balance, it seems unlikely that

heterozygous MBD4 LOF carriers would benefit from colorectal surveillance beyond population

screening, unless the individual’s phenotype or family history suggests otherwise.

In conclusion, constitutional deficiency of MBD4 causes a rare genetic syndrome that
is marked by the development of adenomatous polyposis and AML. Genetic testing for MANS
could be implemented readily and rapidly by incorporating MBD4 into existing gene panels.
MBD4 deficiency results in an elevated mutation burden with a mutation spectrum very similar
to COSMIC signature SBS1-v3. A high mutational burden is associated with a good prognosis

from CRC, and we speculate that MANS CRCs may also respond well to immune checkpoint
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inhibitors, as has been reported for PD-1 inhibitors in MBD4-deficient uveal melanomas.'®° It

is possible that such a strategy could be used to treat neoplasia in MANS.
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Supplemental Figure 1: MBD4 expression in lymphoblastoid cells and histology of polyps
from MBD4 deficient cases

Supplemental Figure 2: Somatic burden and mutational signature refitting of adenomas of
MBD4 deficient cases.

Supplemental Figure 3: Clonal evolution of adenomas in WEHI-2.

Supplemental Figure 4: Mutation profiles and cosine similarity of observed mutations in
various samples.

Supplemental Figure 5: Pedigrees of heterozygous MBD4 loss-of-function variant carriers
and co-segregation analyses.

Supplemental Figure 6: Analyses of MBD4 heterozygous splice site variants.

Supplemental Figure 7: Mutational signature refitting analyses of tumours from
heterozygous MBD4 loss-of-function variant carriers.

Supplemental Table 1: Patient cohort inclusion and results of the molecular inversion probe
screening.

Supplemental Table 2: Details on the tumours subjected to sequencing.

Supplemental Table 3: Somatic driver mutations in genes associated with colorectal cancer
development in MBD4-deficient and sporadic polyps.

Supplemental Table 4: Validation of somatic driver mutations in by panel sequencing in
polyps and normal tissues from WEHI-2.

LEGENDS TO FIGURES:
Figure 1: MBD4 deficiency in individual with colorectal adenomas and acute myeloid

leukaemia. A) Pedigree of Family D with a homozygous MBD4 loss-of-function variant. For
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colorectal adenomas, we show the cumulative tumour numbers from age at first presentation
and screening colonoscopy to age at last contact. Abbreviations: Ads: adenomas; AML: acute
myeloid leukemia; yoa: years of age; MT: mutation; WT: wild-type. B) Representative MBD4
IHC of an adenoma from patient D:lI-1 (upper panels) and of a normal colon with wild type
MBD4 (lower panels) stained with anti-MBD4 antibody. The D:ll-1 (upper panels) show a
tubular adenoma with low grade dysplasia showing typical nuclear changes (pencil shaped
nuclei, crowding and pseudostrastification). C) Western blot analysis of MBD4 expression in
lymphoblastoid cells from patient D:ll-1 (-) and treated with an siRNA targeting MBD4 (+). The
colorectal cancer cell line HCT116 was used a positive control. Two central lanes were left

empty. Anti-alpha-Tubulin was used as loading control.

Figure 2: Somatic mutation burden and analysis of polyps of MBD4 deficient cases. A-
B) Polyps were removed from different parts of the large intestine and rectum from the two
MBD4-deficient cases, with age in years specified in brackets. Polyps that were formalin-fixed
and paraffin-embedded (FFPE) are indicated with an asterisk (*). Sequencing was performed
from multiple regions for some polyps, indicated with a hashtag (#) (H&E shown in
Supplemental Figure 1). C) Somatic mutation rate for each polyp, FFPE samples indicated
with asterisks. The colour of the bars represents mutations in different sequence contexts, with
red showing CG>TG mutations, blue showing CA>AA mutations (primarily detected in WEHI-
2 P9), and grey representing other base contexts. The median value is presented for samples
that had multi-region sequencing. D) The number of somatic CG>TG mutations detected in
WES data is plotted as function of age. The linear fit is shown, together with an error estimate.
E) We assessed the contribution of deamination of 5mC to MBD4-deficient samples by
comparing the number of CG>TG mutations to all other single nucleotide mutations. The plot
compares MBD4 deficient polyps and AMLs ' to sporadic polyps, and to colon and rectal
cancers from TCGA."® MSI: microsatellite instability; MSI-H: MSI-high; MSS: microsatellite
stable; “MSS” includes both MSS and MSI-low samples; TCGA NA: no MSI data available. F)

Extracted de novo signature SBS1MEP* C>T panel from all polyps from D:ll-1(left) and polyps
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P1-P8 of WEHI-2 (middle) , and the C>T panel from COSMIC SBS1-v3 (right). G) Fraction of
mutated CpG sites that are methylated in normal sigmoid colon (beta value>0.5 in WGBS data
from the Roadmap Epigenomics Consortium). Each point summarises WES results from a
sample and includes all sites with sufficient coverage in WGBS (h=177-1507 CG>TG
mutations) and the median value is shown with a horizontal line. The grey line shows the

fraction of methylated CG sites across all exons.

Figure 3: Driver gene mutation analysis of polyps from MBD4-deficient cases. A)
Oncoprint of driver gene mutation analysis of genes frequently mutated in colorectal cancer.
For each polyp the number and type of somatic mutation is shown. * Polyp P10 from WEHI-2
was sequenced using a targeted panel. B) Map of the somatic mutations observed in APC in
all polyps from the two MBD-4 deficient cases and the TCGA COAD and READ datasets. APC
p.(Arg1450%) is the most frequently observed somatic mutation. Black lollipops indicate protein

truncating variants and green lollipops indicate missense variants.
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