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General introduction

General introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and second leading
cause in cancer-associated death according to the GLOBOCAN database of the World Health
Organization.! The CRC incidence was 1.88 million cases worldwide in 2020 and is estimated
to increase to more than 3 million cases in the following 20 years.?

The vast majority of CRCs develop from pre-cancerous polyps, which is referred to as the
adenoma-to-carcinoma sequence. Colorectal polyps are overgrowths of colorectal mucosa
and are histologically classified in multiple categories.> Adenomatous polyps (adenomas)
are the most common colorectal polyps. In the general population, approximately 25% of
people aged 50 and 50% of people aged 70 are diagnosed with at least one colorectal ade-
noma.* Adenomas are further classified in three microscopical subtypes; tubular, tubulovil-
lous and villous adenomas. This classification is based on the growth pattern, where tubulo-
villous is a mixture of a tubular and villous growth pattern. Villous components, high grade
dysplasia or any type of adenoma bigger than 10 mm classifies advanced adenomas which
influences screening and treatment decisions.> As suggested by the adenoma-to-carcinoma
sequence, a simplification depicted in figure 1, adenomas have potential to develop into
a carcinoma.® The transformation from normal colorectal mucosa to colorectal carcinoma
often starts with two hits in the Adenomatous Polyposis Coli (APC) gene, as more than 70%

of colorectal adenomas harbor pathogenic APC variants.’

Inactivation of APC Activation of KRAS  Pathogenic variants in TP53

Additional
mutations/ abberations

»
>

N

AN @J\

Normal colon Benign growth Malignant tumor
(Adenoma) (Carcinoma)

Figure 1. Adenoma-to-carcinoma sequence. Transformation from normal colon to carcinoma often
starts with inactivation of APC, leading to activation of the Wnt pathway. Usually, the sequence contin-
ues with activating variants in KRAS and pathogenic variants in TP53 which is commonly followed by
additional variants and chromosomal instability. Created with Biorender.com.
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As depicted in figure 2, in a normal situation, APC contributes to the canonical Wnt signal-
ing pathway by forming a B-catenin destruction complex.® In absence of a Wnt ligand, this
complex consisting of APC, Axin, GSK3f and kinase CK1, phosphorylates B-catenin and tags
it to be degraded. In presence of Wnt ligand binding, the destruction complex is inhibited by
Dishevelled. B-catenin then accumulates in the cytoplasm, translocates into the nucleus and

transcribes genes promoting cell proliferation and survival.

Inactivation of APC inhibits the destruction complex to form, causing B-catenin to transcribe
genes even in absence of Wnt ligand leading to uncontrolled cell proliferation and survival.®
Subsequently, the adenoma-to-carcinoma sequence usually continues with pathogenic vari-
ants in the KRAS and TP53 genes which is commonly followed by chromosomal instability.*

Activated Wnt Signaling Pathway ibited Wnt Si i y Inactivation of APC
LRP Frizzled LRP Frizled LRP Frizzled
...............
Dishevelled CKI
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Figure 2. Canonical Wnt pathway. Left. The Wnt pathway is activated when Wnt ligand binds to the
Frizzled and LRP (co-)receptor. This binding leads to recruitment of Dishevelled, inhibiting the B-cat-
enin destruction complex. Now, B-catenin accumulates in the cytoplasm and translocates into the
nucleus where it transcribes target genes. Middle. In absence of Wnt ligand, the B-catenin destruction
complex tags B-catenin for ubiquitination, regulating B-catenin and gene transcription. Right. Inactiva-
tion of APC leads to an activated Wnt pathway in absence of Wnt ligand. Created with Biorender.com.

The second most common colorectal polyps are serrated lesions, consisting of three micro-
scopical subtypes; hyperplastic, sessile serrated polyps and traditional serrated adenomas.**
Although serrated lesions were for a long time thought to be benign, especially large sessile
serrated lesions can develop into colorectal cancer.!> Most sporadic left sided serrated le-
sions have, just like most adenomas, a KRAS variant activating the MAPK pathway leading
to uncontrolled cell growth, proliferation, survival and migration. On the other hand, most
sporadic right sided serrated lesions have a BRAF variant activating the MAPK pathway. This
BRAF activation commonly occurs combined with an aberrant methylation of CpG islands
(CIMP+) and MLH1 promoter hypermethylation resulting in a higher potential of developing
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into a colorectal carcinoma.'® Other categories of colorectal polyps, like juvenile, hamarto-

matous polyps, are less common.?

Genetic factors, including high risk susceptibility genes and CRC-associated single nucleotide
polymorphisms (SNPs), as well as environmental factors, like modifiable lifestyle factors,

are of etiological significance in the development of colorectal cancer and (adenomatous)

polyps.1#16

Genetic predisposition

The genetic significance is suggested by the estimation that in about 30% of all colorectal
cancer patients a positive family history for CRC has been reported.?” Besides the high risk
susceptibility genes described below, a genetical background increasing the risk for colorec-

tal cancer might also be explained through clustering of low-risk variants.*®

(Attenuated) Familial Adenomatous Polyposis ((A)FAP; OMIM 175100)

With nearly 70% of all polyposis patients, the most common inherited polyposis syndrome is
Familial Adenomatous Polyposis (FAP). FAP accounts for about 1% of all colorectal cancers.
FAP patients harbor a pathogenic germline variant in the APC gene and classically develop
hundreds to even thousands of colorectal polyps.'® The polyp development in FAP patients
starts from early adolescence and leads, with a penetrance of 100%, to colorectal cancer
with a mean age of 39 when left untreated. Attenuated FAP (AFAP) is characterized with the
development of tens to hundreds of adenomas. These patients typically develop colorectal
cancer at the age of 50 to 55 with a cumulative risk of about 70%.2° Moreover, extracolonic

manifestations as stomach and duodenal polyps and carcinomas, osteomas and desmoid

tumors are associated with (A)FAP.2* 22
MUTYH-Associated Polyposis (MAP; OMIM 608456)

Approximately 15% of polyposis patients negative for a pathogenic APC variant have patho-
genic bi-allelic MUTYH germline variants.”® The MUTYH enzyme plays a key role in base exci-
sion repair (BER), involved in repairing oxidative DNA damage. As a result of oxidative DNA
damage, guanine adducts 8-oxo-7,8-dihydroxy-2’-deoxyguanosine (8-oxo-dG) are formed
which tends to pair with adenine instead of cytosine leading to G:C>T:A transversions. BER
prevents mutagenesis by the 8-oxo-dG in which MUTYH is important for the recognition
and excision of the mis-incorporated adenine opposite to the 8-oxo-dG.** Malfunctioning
of MUTYH leads to accumulation of GAA>TAA transversions, characterized as single base
substitutions (SBS) signatures 18 and 36 in the Catalogue of Somatic Mutations in Can-
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cer (COSMIC) database.?® 2> 2% More specifically 40% to 100% colorectal adenomas and
60% to 90% of colorectal carcinomas of MAP patients harbor the KRAS pathogenic variant
NM_004985.5:¢.34G>T p.Gly12Cys, fitting these signatures.?®?’

MUTYH-associated polyposis (MAP) patients develop tens to a hundred adenomas. In the
absence of adequate surveillance colonoscopies, the lifetime risk of developing CRC is 43%
to 63%.28 Furthermore, MAP patients are at risk of developing stomach and duodenal polys

and carcinomas.?3!
NTHL1 Tumor Syndrome (NTS; OMIM 616415)

With just 33 individuals from 20 families described, a much more rare colorectal polyposis
related syndrome is caused by pathogenic biallelic NTHL1 germline variants. NTHL1 is, like
MUTYH, involved in the base excision repair pathway as a DNA glycolase removing dam-
aged nucleotides. NTHL1 is specifically important in oxidized pyrimidines. Due to the lack
of a functioning NTHL1 protein, C>T transitions will accumulate primarily at non-CpG sites,
characterized in SBS30.3>33

Most NTHL1 Tumor Syndrome (NTS) patients develop adenomatous polyposis, ranging from
1 to 100 adenomas. Some patients also developed sessile serrated lesions, showing a mixed
polyposis phenotype.3* Furthermore, patients with NTS are described with other malignan-
cies like various types of breast cancer and multiple duodenal polyps and cancer.?*3 The

prevalence of NTS is unknown, but has been estimated to be 1 in 115,000.%
Other colorectal polyposis or cancer syndromes

The most prevalent heritable syndrome increasing the lifetime risk of CRC is Lynch Syndrome
caused by a pathogenic variant in one of the mismatch repair (MMR) genes (MLH1, MSH2,
MSH6 or PMS2) or EPCAM.3% Lynch syndrome is characterized by an increased risk for mainly

colorectal and endometrial carcinomas and no or a small number of colorectal polyps.”

Other, more rare, adenomatous polyposis syndromes are caused by pathogenic variants in
POLE, POLD1, MSH3 and MBD4.3%#° Patients with pathogenic germline variants in RNF43,
SMAD4, BMPR1A, ENG, STK11 and PTEN are characterized with other types of colorectal
polyps.** Multiple other genes, like TP53, are linked to colorectal cancer in a multiple tumor

syndrome manner.*?
Mosaicism

Besides pathogenic germline variants, mosaicism is described as an additional explanation

for the development of multiple colorectal adenomas.** Mosaicism means a variant present
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in only a subset of body cells and arises whenever a de novo variant occurs after the first few
embryonic cell divisions. Somatic mosaicism refers to genetically distinct cell populations
presenting in only somatic tissue whereas in germline mosaicism these populations are only
present in the germ cells. In case of germline or parental, the individual will be phenotypi-
cally normal, however, due to the presence of the variant in the germ cells, the variant might

be transmitted to offspring. A combination, gonosomal mosaicism; mosaic variant in both
somatic and germ cells, happens whenever the variant occurs before primordial germ cells
differentiation.** %

Gametes or one cellular zygote Early embryogenesis Late embryogenesis
[ J [ ] [ )

Figure 3. Timing of de novo variants and mosaicism. Whenever a variant occurs in the gametes of
the parents or at one cellular stage of the zygote, all body cells will be affected. Whenever the vari-
ant occurs during early embryogenesis different tissues throughout the body can be affected while
others are not. It is also possible that the variant occurs during late embryogenesis and causes only
the large intestine affected. Created with Biorender.com and adapted from Freed et al.*

APC mosaicism

Despite the clear autosomal dominant inheritance, 20% to 25% of APC variant carriers pres-
ent with a negative family history, suggesting a high proportion of de novo variants in FAP.%
47 As described above and shown in figure 3, depending on the exact temporal occurrence,

all or only a subset of body cells will be affected.

As reviewed by Jansen and Goel the first APC mosaicism cases were already described in
1994 and 1999.%* %% Following the description of single cases, multiple studies determined
that about 20% of de novo patients have a mosaicism.* %% >! These studies focused on de-
tection of low variant allele frequency variants in leukocyte DNA. Later studies used Next

Generation Sequence (NGS) analysis in DNA isolated from adenomas and identified APC

11
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mosaicism in 25% to 50% of unexplained polyposis coli patients.>*>* These mosaic variants
were likely missed in regular diagnostic germline testing. Phenotypically mosaic cases are,
in general, milder than germline variant carriers suggesting that APC mosaicism might also
play a role in patients with less than 20 adenomas or developing adenomas aged above 60
or 70. These patients do not fall within the scope of the Dutch hereditary polyposis guide-

lines and are therefore usually not tested for pathogenic APC variants.>

Other colorectal polyposis and cancer associated genes and mosaicism

Mosaicism is also described in other colorectal cancer and polyposis associated genes like
MLH1, MSH2, PTEN and STK11.%*>>°8 Though expected less frequent than APC mosaicism
due to the de novo variant frequency, prevalence of mosaicism in these and other CRC and

polyposis associated genes remain largely unknown.>®

Environmental factors

CRC is more prevalent in western industrialized countries compared to developing coun-
tries. This indicates that, besides genetic factors, environmental factors, like a western life-
style, might play a relevant role in the development of colorectal adenomas and CRC.

Modifiable environmental risk factors

Multiple modifiable environmental risk factors are associated with increased risk for devel-
oping CRC.%° Tobacco consumption, for example, is thought to increase the risk in a dose
dependent manner while quitting smoking reduces the risk again. The risk is specifically in-
creased for microsatellite instable tumors with CpG island methylator phenotype and BRAF
variants.®* Moreover, ethanol is metabolized to acetaldehyde which can cause DNA damage
and methylation and accumulates in the colon, suggesting alcohol consumption as another
modifiable risk factor.®? It is predicted that a daily alcohol consumption increases the risk
with up to 30%, mainly for microsatellite stable tumors.®* Another association with lifestyle
and CRC consumption of red and processed meat. A high intake increases the risk with 20%
to 30%. It is hypothesized that this is mostly caused by the high cooking temperature pro-
moting carcinogenesis.’* % On the other hand, physical activity is thought to decrease the
risk with up to 25%.% Physical activity furthermore decreases overweight and obesity, which
in itself increase the risk of early onset colorectal cancer with 32% and 88% compared to
healthy weighted individuals.®’

Gut microbiome

Modifiable lifestyle factors are all also known to influence the gastrointestinal microbiome.%®
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The last decade the interest in the association of the gut microbiome and development of
CRC has increased.®7? Studies comparing bacterial diversity between healthy individuals
and CRC patients show significant enrichment for specific bacteria like Fusobacterium nu-
cleatum, Bacteroides Fragilis and Escherichia coli while other bacteria, like Bifidobacteria,
are decreased in CRC patients.”>” Also, a difference in gut microbiota between early and

advanced stage CRC patients have been described.”

Specific bacteria are shown to drive tumorigenesis in different ways, for example causing
inflammation or excreting toxins causing DNA damage. Salmonella and F. nucleatum, for
example, excrete proteins, AvrA and FadA respectively, which induce the Wnt pathway and
therefore enhance tumorigenesis and increase the risk of developing CRC after infection.”®”®
Another, specific E. coli, bacterium produce a genotoxin called colibactin. These colibac-

tin-encoding E. coli are enriched in CRC and FAP patients suggesting its carcinogenic poten-
ﬁa|.14,79,80

E. coli harboring pks island

E. coliis a prevalent bacterium, colonizing the gastrointestinal tract of infants already a short
time after birth.®! These commensal bacteria are usually not pathogenic and harmless to
humans. However, a few E. coli subtypes have acquired specific pathogenic features leading
to diarrheal diseases.®? As described above, others have acquired the ability to produce
colibactin. These colibactin-encoding E. coli (pks* E. coli) increase colorectal tumor burden
in mouse models and are detected in approximately 60% of CRC patients compared to 20%
of healthy individuals.** 7> 8

Pks* E. coli harbor the polyketide synthase (pks) gene island which encodes for the neces-
sary equipment to produce colibactin.®® In vitro studies showed that colibactin induces DNA
crosslinks, double-strand breaks and chromosome aberrations.” 88 Comparing intestinal
organoids infected with pks* E. coli with organoids infected with E.coli with an impaired pks
island characterized a specific colibactin-associated mutational signature.® This mutational
signature is enriched for T>N mutations with an adenine 3 base pairs at the 5’ side and single
thymine deletions located in T homopolymers with 2 to 4 adenines to the 5’ side depending
on polymer length. These single base substitution and indel signatures are included in the
COSMIC database as SBS88 and ID18 respectively and are detected in colorectal and oral
squamous cell carcinomas.® 8> Remarkably, the mutational signature is also found in normal
colon mucosa. Therefore, it is hypothesized that colibactin-associated DNA damage occurs
early in life and acts as a driver in the CRC tumorigenesis later in life.® E. coli is not the only
bacterium able to produce colibactin since the pks island is also detected in Klebsiella pneu-
moniae®®, Enterobacter aerogenes and Citrobacter koseri.®®

13
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Outline of this thesis

Part | of this thesis provides insights into the prevalence of APC and biallelic MUTYH germ-
line variants. In chapter 2 all patients tested for APC and MUTYH in the Leiden University
Medical Center between 1992 and 2017 were collected. Using this cohort guidelines for APC
and MUTYH testing were suggested. Moreover, this chapter shows a substantial proportion
of colorectal adenomatous polyposis patients remaining unexplained using regular diagnos-
tic genetic testing.

Part Il dives into the prevalence and importance of APC mosaicism in this group of unex-
plained polyposis patients. Chapter 3 describes the prevalence of APC mosaicism in our
entire cohort containing various polyposis phenotypes groups. These results are used to
provide APC mosaicism testing and surveillance guidelines. Chapter 4 illustrates a remark-
able family with two APC mosaicism cases underlining the importance of APC mosaicism
testing in unexplained polyposis patients. Chapter 5 emphasizes the importance of upper
intestinal tract surveillance guidelines for APC mosaicism cases. It furthermore describes

the possibility of APC mosaicism solitary to the duodenum.

Part Ill evaluates the influence of colibactin in the polyposis cohort. Chapter 6 presents
a commonly detected APC variant, c.835-8A>G, which fits the colibactin-associated muta-
tional signature. This finding led to chapter 7 in which additional fecal and whole genome
analyses were performed to further assess the presence of colibactin and its signature in the
cohort. Furthermore, chapter 8 presents a case of NTHL1 Tumor Syndrome with evidence of
colibactin. In this report colibactin was also evaluated in a MAP cohort.
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Abstract

This study aimed to determine the prevalence of APC-associated familial adenomatous pol-
yposis (FAP) and MUTYH associated polyposis (MAP) in a large cohort, taking into account
factors as adenoma count and year of diagnosis. All application forms used to send patients
in for APC and MUTYH variant analysis between 1992 and 2017 were collected (n = 2082).
Using the data provided on the application form, the APC and biallelic MUTYH prevalence
was determined and possible predictive factors were examined using multivariate multino-
mial logistic regression analysis in SPSS. The prevalence of disease causing variants in the
APC gene significantly increases with adenoma count while MAP shows a peak prevalence in
individuals with 50-99 adenomas. Logistic regression analysis shows significant odds ratios
for adenoma count, age at diagnosis, and, interestingly, a decline in the chance of finding
a variant in either gene over time. Moreover, in 22% (43/200) of patients with FAP-related
extracolonic manifestations a variant was identified. The overall detection rates are above
10% for patients with >10 adenomas aged <60 and >20 adenomas aged <70. Patients with
variants outside these criteria had FAP-related extracolonic manifestations, colorectal can-
cer aged <40, somatic KRAS c.34G>T variant in the tumor or a first-degree relative with >10
adenomas. Therefore, APC and MUTYH testing in patients with >10 adenomas aged <60 and
with >20 adenomas aged <70 is advised. Almost all FAP and MAP patients not meeting these
criteria showed other characteristics that can be used as an indication to prompt genetic
testing.

Introduction

Due to a combination of environmental and low penetrant risk genetic factors'3, a large
proportion of the general population will develop one or more adenomatous polyps (25%
at age 50 and 50% at age 70%). These polyps are possible precursors of colorectal carci-
noma (CRC). The most commonly reported polyposis coli syndromes are APC-associated
familial adenomatous polyposis (FAP) and MUTYH-associated polyposis (MAP).> ¢ Variants
affecting the function of these genes are found in 8-10% of all patients with polyposis, de-
pending on age and number of adenomas. Other forms of adenomatous polyposis explain-
ing <1% of polyposis patients include PolE/D-7, NTHL1-8, MSH3-°, MBD4-*°, and MLH3-asso-
ciated polyposis'!. Furthermore, mosaic APC variants are found in a substantial proportion

of the remaining unexplained polyposis cases.!?

Identifying patients and family members with a genetic predisposition for polyposis is
important due to the high CRC risk that carriers face, even at a young age. This risk can be
largely circumvented through regular surveillance and adenoma removal. Since adenomas
after the age of 50 are common in the general population, offering genetic testing to all
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patients with adenomatous polyps is not yet cost effective. No clear guidelines for genetic
testing existed until recently, and studies on the rates of variant detection have focused on

patients with more than 20 adenomas lacking detailed information on the outcome of
genetic testing in patients with less than 20 adenomas.

The present cohort consists of Dutch polyposis patients tested for APC and/or MUTYH vari-
ants between 1992 and 2017. The primary aim of this study was to determine the prevalence
of APC and biallelic MUTYH disease causing variants in individuals referred to the clinical ge-
netics department for DNA testing. Furthermore, we studied the relationship between the
APC and MUTYH variants and several covariates. Based on these outcomes, guidelines were
developed regarding the indications for referral to a clinical geneticist for DNA analyses.

Methods
Study population

This cross-sectional study was conducted amongst probands referred to a clinical geneticist
(1992-2017) based on an individual’s phenotype and/or family history of cancer and pol-
yps. After consultation at centers across the Netherlands, blood samples and prespecified
application forms were sent to the LUMC Laboratory of Diagnostic Genome Analysis (LDGA)
for diagnostic analysis of the APC and MUTYH genes. The prespecified application form in-
cluded age at testing, age at diagnosis of colorectal adenomas and/or CRC, personal history
of other cancers, and a pedigree with relevant family information. The clinical information
of the majority of the patients had been collected in databases developed for other stud-
ies.¥13 14 These databases were merged and any required additional information was added.

In total 2082 patients were included, exclusion criteria are listed in Fig. S1.

Although no clear guidelines existed, the presence of >10 adenomatous polyps was gener-
ally considered a reason for referral, as also advised by the American College of Gastroen-
terology (ACG).*® Moreover, FAP-related extracolonic manifestations were considered an
indication for genetic APC testing and a somatic NM_033360.3 (KRAS): c.34G>T in tumor for
MUTYH testing 1617

Clinical genetic testing was performed with full gene Sanger sequencing and rearrange-
ments were analyzed using multiplex ligation dependent probe amplification for the APC
and MUTYH genes. MUTYH clinical diagnostics became available in 20045, individuals suspi-
cious for MAP but tested before 2004 were analyzed retrospectively.

Missing data

Due to incompletely filled in application forms, 26 patients were included with missing val-
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ues for the age at first adenoma, 9 missed age at first CRC, and 164 patients missed family
history. Possible explanations for a missing or incomplete pedigree information on the ap-
plication form were adoption and no contact with family members.

Both the APC and MUTYH gene were sequenced in the majority of patients. However, in 387
(19%) and 339 (16%) patients only the MUTYH or the APC gene, respectively, was tested.
The reasons for not testing these genes are summarized in Table S1.

Definitions

The terms “polyp” and “adenoma” were both used to describe patient samples sent for
analysis. If no histology was mentioned, “polyps” were assumed to be adenomatous. Af-
ter 2004, patients with hyperplastic/serrated polyps were occasionally sent for specifically
MUTYH analysis.'® Patients with exclusively serrated/hyperplastic type (n = 19) were treated
separately in this study. Patients with other types of polyps such as hamartomatous or juve-

nile polyps were excluded.

Patients with a phenotype described as “FAP” (n = 170) or “polyposis” (n = 19) were con-
sidered to have >100 adenomas, “multiple adenomas/polyps” (n = 206) and “polyps” (n
= 14) were categorized as 20—49 adenomas, and “some polyps” (n = 11) as less than 10
adenomas, as described previously.3 Individuals without information on polyp history were
excluded. Moreover, family members with 10 polyps or ‘some’ polyps were labeled as hav-
ing <10 polyps, descriptions such as “FAP,” “AFAP,” and “multiple” were considered to have
>10, and the bare description “polyps” as number unknown. When more than one first
degree relative (FDR) were reported with polyps, the highest number of polyps was used.
Whenever multiple family members were diagnosed with CRC, the youngest was defined as
the age of CRC in that family.

An APC de novo variant was assumed whenever the patients parents tested negative for the
APC variant (n = 10) or whenever the pedigree showed no relevant cancers or polyps (n =
69).

Statistical methods

Multivariable logistic regression analysis was used to assess associations between variant
status (yes/no) and covariates of interest. These covariates included cumulative polyp count
(<10, 10-19, 2049, 50-99, and >100), age at diagnosis (<30, 30-39, 40-49, 50-59, and
>60), history of CRC (no, <40, 40-50, and >50 (when multiple CRC, youngest age of diagno-
sis was used)), FDR with polys (no, yes <10, yes >10, and yes number unknown), with CRC

(no, yes <50 years, yes >50 years, and yes age unknown), and year of analysis (<1995-1999,
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2000-2005, 2006-2011, and 2012—-2017). The patients without any adenomas were treated
as a separate group.

Patients in whom APC or MUTYH was not tested were not included in the logistic regression
analysis of the APC or MUTYH variant, respectively. All these patients were excluded from
the analysis for overall variant detection.

Results were reported as odds ratios, with a 95% confidence interval, and a p-value <0.05
was considered statistically significant. The statistical analyses were performed using SPSS
statistics 23.

Table 1. Cohort characteristics

Total (n=2082) | APC Biallelic MUTYH | Monoallelic MUTYH

Male - n (%) 1202 (58%) 147 (50%) | 64 (54%) 27 (69%)
Adenoma count
0 336 13 (3.9%) 3(0.9%) 7 (2.1%)
1-9 328 1(0.3%) 6 (1.8%) 7 (2.1%)
10-19 406 3(0.7%) 6 (1.5%) 7 (1.7%)
20-49 590 50 (8.5%) 60 (10%) 15 (2.5%)
50-99 122 15 (12%) 22 (18%) 3(2.5%)
>100 300 211 (70%) 22 (7.3%) 0 (0%)
Mean age at adenoma diagnosis 53 (4-84) 36 (9-68) 49 (21-75) 54 (23-77)
(min-max)
CRC, yes 746 (36%) 57 (7.6%) | 82 (11%) 15 (2.0%)
Mean age at (first) CRC diagnosis 53 (12-91) 41 (21-58) | 49(21-76) 57 (28-91)
(min-max)
FAP extracolonic manifestations, yes | 200 (10%) 43 (22%) 8 (4.0%) 4 (2.0%)
FDR with polyps 728 (38%) 156 (21%) | 46 (6.3%) 18 (2.5%)

Missing 164 (8%) 12 (7.3%) | 4 (2.4%) 1(0.6%)
FDR with CRC 811 (42%) 76 (9.7%) 42 (5.1%) 26 (3.2%)

Missing 164 (8%) 12(7.3%) | 4 (2.4%) 1(0.6%)

Results

Of the 2082 individuals included in the study (Table 1), in total, 14% (n = 293) carried an
APC variant, 6% (n = 119) a biallelic MUTYH variant, and 2% (n = 39) a monoallelic MUTYH
variant. Overall, a personal history of CRC was reported in 36% (n = 746) of patients. Nota-

bly, 16% (n = 336) had no history of adenomas whatsoever. In the overall cohort, variant
detection rate is highest in patients with more than 20 adenomas (Fig. 1) and increases
with younger ages (Fig. 2).
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Association between phenotypic characteristics and a variant in APC and/or MUTYH

Multivariable logistic regression analysis (Table 2) shows that the odds of identifying a vari-
ant in either gene steadily increases with adenoma count. The odds of APC variant detection
are highest in patients with >100 adenomas (OR 289.9; 95% Cl 35.2—-2385.2), while the odds
ratio for biallelic MUTYH variants was highest for the 50-99 adenoma count (OR 10.8; 95%

Cl 4.0-29.1).

Fig. 1 Absolute numbers of patients sent in for genetic testing among the different adenoma count

groups. APC and MUTYH variant detection depicted in green and yellow, respectively.
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A personal history of CRC increased the likelihood of detecting biallelic MUTYH variants
(<40: OR 3.9 [95% CI 1.5-10.0], 40-50: OR 4.5 [95% CI 2.2-9.0], and >50 OR 5.1 [95% ClI
2.8-9.2]). However, no effect was found for the detection of an APC variant.

The chance of finding a MUTYH or APC variant was not increased in patients with a FDR with
CRC. Conversely, a FDR with >10 polyps did increase the odds of detecting an APC variant
significantly (OR 4.5 [2.5-8.4]).

Variant detection rate trends over time

Also, the chance of finding a variant decreased over the last 20 years (<1995-1999: OR 9.8

Fig. 2 Variant detection in different adenoma count groups, specified by age group
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[4.7-20.3], 2000-2005: OR 3.9 [2.2-7.2], and 2006—-2011: OR 1.7 [1.0-3.0]). However, the
odds of finding a biallelic MUTYH variant were highest between 2000 and 2005. Possibly
explained by the introduction of MUTYH diagnostics in 2004, also attributing to the increase

in number of patients sent in for DNA testing in general (Fig. 3).
APC and MUTYH detection rates in patients with less than 20 adenomas

Since a large number of patients with less than 20 adenomas underwent genetic testing (n
= 1070, 51%), these categories are described in more detail.

No adenomas

The majority of patients without adenomas underwent testing due to CRC (n = 176),
FAP-related extracolonic manifestations (n = 75), or both (n = 11). Nineteen had hyper-
plastic polyposis, while the rest were tested based on a positive family history. APC was
tested in 203 and MUTYH was tested in 259 of these patients. Thirteen FAP and three
MAP patients were detected in this group (Table S2).

Nine of the APC variant carriers had extracolonic manifestations (mean age ~13, range 1.5—
38). In addition, four had experienced CRC (two aged <40, one <50, and one >50). Of the

MAP patients, all three had CRCs (<50 years old) with a KRAS c.34G>T transversion.
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Table 2. Multivariate analysis

APC or Biallelic MUTYH APC Biallelic MUTYH

N* OR(95% CI) p-value| N° OR (95% Cl) p-value |IN* OR (95% CI) p-value
Adenoma count
<10 188 Ref <0.001 | 205 Ref <0.001 [296 Ref <0.001
10-19 292 2.6(0.8-8.0) 296 8.5(0.8-88.9) 367 1.5(0.5-4.7)
20-49 486 12.9 (5.0-33.3) 502 39.2 (4.7-324.2) 515 6.3 (2.6-15.1)
50-99 114 15.5 (5.5-43.8) 115 32.5(3.6-289.9) 116 10.8 (4.0-29.1)
>100 264 59.4 (22.4-157.2) 275 289.9 (35.2-2385.2) 269 3.5(1.3-9.5)
Age at adenoma
diagnosis
>60 486 Ref <0.001 | 502 Ref <0.001 |608 Ref <0.001
50-59 328 5.1(2.7-9.5) 335 3.3(1.3-8.4) 370 3.9 (2.0-7.6)
40-49 235 14.5(6.8-31.0) 248 12.0 (4.6-31.4) 260 5.5(2.3-13.5)
30-39 164 11.4(5.3-24.8) 172 12.6 (4.9-32.7) 188 3.9 (1.4-10.6)
<30 131 18.7 (8.4-41.4) 136 33.1(12.5-87.5) 137 0.9(0.2-3.7)
CRC (age)
No 920 Ref 0.006 951 Ref 0.003  |1065 Ref <0.001
<40 56 1.3(0.6-3.0) 58 0.6 (0.3-1.3) 63 3.9(1.5-10.0)
40-50 111 1.3(0.7-2.5) 115 0.3 (0.1-0.6) 123 4.5(2.2-9.0)
>50 257 2.6(1.5-4.5) 269 0.5(0.2-1.1) 312 5.1(2.8-9.2)
FDR with polyps
No 809 Ref <0.001 | 834 Ref <0.001 |[945 Ref 0.098
Yes, <10 polyps |140 0.5 (0.2-1.0) 153 1.5(0.7-3.3) 191 0.3 (0.1-0.8)
Yes, >10 polyps [184 4.5 (2.6-8.0) 191 4.5(2.5-8.4) 194 1.2 (0.6-2.3)
Yes, number 1,11 4 (0.2-:0.7) 215 0.4 (0.2-0.8) 233 0.8(0.5-1.5)
unknown
FDR with CRC
No 812 Ref 0.007 842 Ref 0.155 |[923 Ref 0.193
Yes, <50y 132 1.3(0.7-2.4) 140 1.0(0.5-2.1) 157 1.5(0.8-2.9)
Yes, >50y 349 0.5(0.3-0.8) 358 0.6 (0.3-1.0) 426 0.7 (0.4-1.3)
Yes, age 51 1.6(0.6-4.3) 53 2.0(0.7-6.0) 57 0.7(0.2-2.3)
unknown
Year of DNA
testing
2012-2017 401 Ref <0.001 | 415 Ref <0.001 |[511 Ref 0.006
2006-2011 511 1.7 (1.0-3.0) 521 2.0(1.0-4.3) 591 1.1(0.5-2.7)
2000-2005 266 3.9(2.2-7.2) 280 2.5(1.2-5.4) 291 2.3(1.2-4.7)
<1995-1999 166 9.8 (4.7-20.3) 177 9.6 (4.1-22.2) 170 1.0 (0.5-2.0)

a. numbers are without cases with missing information
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tection in patients without adenomas, C. 1-9 adenomas, D. 10-19 adenomas, E. 20-49 adenomas, F.

Fig. 3 Trends in variant detection. A. APC/MUTYH variant detection in all adenoma groups. B. De-

50-99 adenomas and G. more than 100 adenomas
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Of the 52 patients with solely CRC aged <40, 8% (2/24) had FAP and 4% (2/50) had MAP. In
patients with CRC between age 40 and 50 years this was, respectively, 4% (1/24) and 2%
(1/41).

1-9 adenomas

In patients with 1-9 adenomas (n = 328; APC tested n = 217 and MUTYH tested n = 309),
one APC and six biallelic MUTYH variants were identified (2% variant detection rate). In this
group the APC variant carrier already developed adenomas by the age of 20 and had a FDR
with >100 polyps. Of the MAP patients, four were affected with CRC between the ages 39
and 53. Information on KRAS status in tumor DNA was available for one patient, showing a
somatic KRAS ¢.34G>T transversion.

10-19 adenomas

Finally, in the group with 10-19 adenomas (n = 406; APC tested n = 324 and MUTYH tested
n = 401) three FAP and six MAP patients were diagnosed who all developed adenomas aged
under 60.

Aged above 70

No MUTYH or APC variants were found in patients with fewer than 20 adenomas aged above
70 years (n = 82). In the patients with more than 20 adenomas aged over 70 years, one MAP
patient was found (1/90, 1.1%).

The prevalence of APC or biallelic MUTYH variants in different clinical phenotypes in pa-
tients with <20 adenomas is depicted in Table S3 (as adapted from Grover et al.”).

APC de novo

Based on family history, we surmise that a de novo variant has arisen in 24% of all APC vari-
ant carriers (69/292), which is comparable to the prevalence described previously.?° Familial
adenomatous polyposis (FAP This is also a plausible explanation for a negative family history
in a number of FAP patients (Table S3).

Discussion

This study reports on 2082 individuals who underwent APC and MUTYH analysis at the
LDGA between 1992 and 2017. The variant detection rates in patients with classic polyposis
for FAP (70%) and MAP (7%) were comparable to previous studies.> ?*** As expected, MAP
showed a greater prevalence than FAP among individuals with 20-49 adenomas (FAP 9% vs.
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MAP 10%) and 50—-99 adenomas (FAP 12% vs. MAP 18%). Notably, a recent study reported
lower variant rates in all adenoma groups, possibly explained by the differences in clinical
background (i.e., older age) and more recent years of diagnosis (2012-2016).%°

Although most patients undergoing DNA analysis nowadays have fewer than 20 adenomas,
clinical factors associated with the presence of a germline APC or biallelic MUTYH variants
in this group are still poorly understood. A study by Grover et al.”® reported a low variant de-
tection rate, but no clinical description of the variant carriers was provided. The study from
Stanich et al.” analyzed a large cohort of patients with 10-20 polyps, however no patients
with less than ten polyps were included. In our cohort, a large group of individuals without
adenomas (n = 336) was included.

Except for four MAP patients (Table S2), all patients with APC or biallelic MUTYH variants
presented with >10 adenomas aged <60, >20 adenomas aged <70, CRC below age 40, a
typical KRAS ¢.34G>T variant, a FDR relative with >10 polyps, or FAP-related extracolonic

manifestations explaining their referral.

Since KRAS was not systematically analyzed in CRC cases, no variant detection rate could be
determined for this cohort. Previous studies showed in 10-25% of the CRC cases with the
KRAS c.34G>T variant a biallelic MUTYH variant. KRAS analysis in CRC is often performed

because of the prognostic and therapeutic value.’® %’

To analyze the impact on detection rates of several factors regression analysis was per-
formed. While a younger age of first adenoma was associated with an increasing odds ratio
of finding a variant in either gene, a personal history of CRC only increased the odds of
finding a biallelic MUTYH variant, as also reported by Grover et al*. This can possibly be
explained by the fact that known FAP patients undergo a (sub)total colectomy at an early
age, effectively preventing the development of CRC. A family history of CRC did not influ-
ence the chance of finding either an APC or MUTYH variant. On the other hand, having a
FDR with more than ten polyps clearly increased the chance of detecting an APC variant (OR
4.5,2.5-8.4).

Increasing numbers of patients undergo DNA analysis while variant detection rate has
steadily declined over the years. This resulted in an avoidable burden and expense for family
cancer clinics and emphasizes the need for more stringent guidelines. One plausible expla-
nation for the increase is the introduction of MUTYH gene testing in 2004, allowing milder
phenotypes to be tested and thus increasing the number of patients with fewer than 20
adenomas. An alternative explanation is the introduction of population screening in the
Netherlands in 2014 leading to increasing numbers of patients aged >55, with <10-20 ade-
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nomas. However, the total number of individuals declined after 2013, possibly due to other
Dutch laboratories offering MUTYH and APC testing themselves. Finally, the introduction of
more sensitive techniques, such as chromoendoscopy, improvement of endoscopy equip-
ment, implementation of adenoma detection rate as a quality measure, and better bowel
preparation, has led to improved adenoma detection, particularly of low stage and small
adenomas (i.e., <0.5 mm).?*28 Moreover, a gradual incline in the percentage of de novo APC
variants was seen over the years (<1995-1999: 14%, 2000—2005: 28%, 2006—2011: 36%,
and 2012-2017: 29%), likely indicating that the majority of Dutch FAP families have been
identified.

In 2015, the ACG issued guidelines for APC and MUTYH genetic testing in individuals with
>10 cumulative colorectal adenomas, FAP-related extracolonic manifestations, or a family
history of an adenomatous polyposis syndrome.**> Based on our data, these guidelines may
result in unnecessary testing, especially above the age of 60. On the other hand, Dutch
guidelines also formulated in 2015 advise patients with either ten or more adenomas <60
years (cumulative) or 20 or more adenomas <70 years (cumulative) to be referred for ge-
netic testing. The most recent NCCN guidelines? suggest genetic testing for all patients with
>20 adenomas or a personal history of desmoid tumors, hepatoblastoma, cribriform-mor-
ular papillary thyroid cancer, and CHRPE, or patients with 10-20 adenomas with specific
features such as age of onset influencing whether testing should be offered. Both these

guidelines are supported by our data.

Stanich et al.?® suggest testing in all patients with >10 polyps, regardless of histology or
age despite their observation of declining variant rates with increasing age. Their reason is
the observed detection rate in nonpolyposis related genes of around 5%. However, the 1%
CHEK?2 variants reflects the prevalence in the general population® and does, in our opinion,
not explain the polyposis phenotype. Furthermore, we excluded patients with MMR gene
variants since further research is needed to draw firm conclusions about the association

with polyposis.

CRC <40 years in patients without adenomas might be a reason for testing, since variants
were found in 9% and 4% of our cohort in, respectively, APC and MUTYH. Testing patients
with adenomas above the age of 70 should on the other hand be undertaken with caution,
since the variant detection rate was 1%. Of course, other more specific circumstances might

warrant testing, such as polyps below age 20 and numerous primary CRC (22).

One weakness of this study was that not all patients with low adenoma counts were tested
for both APC and MUTYH. We detected 4% APC and 1% biallelic MUTYH variants in 0 adeno-
ma patients, <1% APC and 2% MUTYH in 1-9 adenoma patients, and 1% APC and 2% MUTYH
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in 10-19 adenomas patients. Based on the variant detection rate found in other studies, we

anticipate that few or no cases were missed in our cohort.?® 3!

Moreover, variants in other genes were not taken into account. Many of the patients were
tested for PolE/D*?, MSH3, and NTHL1 on a research basis, the proven variant carriers were
excluded in this study. Possible variants in other genes such as SMAD4, BMPR1A, and PTEN
might be present, albeit in a small percentage of our cohort. In many labs, these genes have
been included in NGS panels over the recent years, but, due to their rarity and often distinct
phenotype, they do not justify lowering the suggested testing threshold. Nonetheless, in the
near future the NGS panels will become more extensive, including more of other polyposis
and colorectal cancer related genes as already proposed by the NCCN guidelines.? This will
increase the yield of genetic testing also for other genes than APC and MUTYH.

The 2% heterozygote MUTYH carriers detected in this study is higher than expected based
on the 1% prevalence reported in the Exome Aggregation Consortium database but sim-
ilar to what Grover et al.”® found in patients with <20 adenomas. It is possible that some
monoallelic MUTYH carriers have other genetic factors, which combined with MUTYH ex-
plains adenoma development. As illustrated by two of the APC variant carriers also carrying
a monoallelic MUTYH variant.

APC mosaicism was recently identified in 25-50% of unexplained patients with >20 adeno-
mas.*? In most of these cases, the mosaicism was undetectable in leukocyte derived DNA
and required testing of DNA isolated from >2 adenomas. Tumor testing is still logistically
challenging and not performed in the current cohort. However, it might be an efficient ap-

proach in the future, especially for low adenoma count patients.
Conclusion

Adenoma count, age at adenoma diagnosis, and year of analysis are important predictive
factors for APC and MUTYH variants. In view of the decline in variant detection, careful
consideration for gene testing, especially in patients with lower polyp counts, is advised.
Nevertheless, APC and MUTYH testing seems indicated in patients with >10 adenomas aged
<60 and >20 adenomas aged <70. Other indications for referral are FAP-related extracolon-
ic manifestations, CRC aged <40, a somatic KRAS c.34G>T transversion, or a FDR with >10

adenomas.
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Abstract

Although germline pathogenic APC variants are detected in most adenomatous polyposis
patients, a substantial proportion still remains unexplained. Therefore, in three university
medical centers in the Netherlands, APC mosaicism was analyzed in 458 patients with a
broad spectrum of phenotypes. The mosaicism detection rate was 11.1% (51 out of 458)
in the entire cohort. This rate was 17.1% (46 out of 269) in patients with 210 adenomas
before the age of 60 or with 220 adenomas before the age of 70 and 2.6% (5 out of 189)
in patients falling outside these Dutch hereditary polyposis testing guidelines. Overall, the
odds of finding APC mosaicism increased significantly with adenoma count and a younger
age at adenoma diagnosis. Interestingly, 28% (9 out of 32) of mosaic patients undergoing an
esophagogastroduodenoscopy were diagnosed with gastroduodenal adenomas. Moreover,
none of children tested inherited the mosaic variant. In one patient without children the
mosaic variant was detected in semen. Hybrid mosaic cases, having a recurrent variant in
some but not all lesions, were phenotypically similar to non-mosaic patients. We recom-
mend APC mosaicism testing in all patients negative for germline pathogenic variants with
(1) multiple adenomas before the age of 50, (2) 220 adenomas before the age of 60 or (3)
>30 adenomas before the age of 70. Regular colonoscopy and at least one gastroduodenos-
copy should be offered to APC mosaics, frequency of follow-up should depend on findings.
Furthermore, offering germline testing for offspring should be considered, especially when

mosaicism is exceeding the colon.

Introduction

Familial Adenomatous Polyposis (FAP), the most common polyposis syndrome, is caused
by a pathogenic germline variant in the APC gene.! Familial adenomatous polyposis (FAP
FAP patients classically develop hundreds to thousands colorectal adenomas. The severity
depends on location of the variant in the gene; variants in the 5’ or 3’ end cause an attenu-
ated phenotype with less than 100 colorectal adenomas (AFAP).2 (A)FAP is also associated
with extracolonic manifestations such as duodenal and gastric neoplasms, osteomas and
desmoid tumors.>* The APC germline pathogenic variant detection rate is highly dependent
on adenoma count, varying between 1% in patients with 10-20 adenomas to 70% in patients
with more than 100 adenomas in a large Dutch cohort.® Still, a large proportion of polyposis

patients remain unexplained after regular germline testing.

In 4% to 11% of these unexplained polyposis patients, a so-called APC mosaicism can be
identified analyzing leukocyte DNA.%® APC mosaicism means having a pathogenic APC vari-
ant in only a subset of body cells due to a de novo variant occurring during embryogene-
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sis.? Depending on the timing of this occurrence, multiple or a single tissue can harbor the
variant. Notable, studies performing sequencing analysis on DNA isolated from colorectal
lesions identified a mosaic APC variant in a much larger proportion, namely 25-50%.1°12
These results indicate a high prevalence of APC mosaicism in unexplained polyposis patients
which is not detectable in leukocyte DNA using regular diagnostic testing.

In general, the phenotypic characteristics of patients with mosaicism are milder than ob-
served in full germline variant carriers. This assumption suggests that APC mosaicism might
also be present in less affected patients with between 10 and 20 colorectal adenomas aged
between 60 and 70 or with more than 20 adenomas aged above 70 years. These patients
do not fall within the scope of the hereditary polyposis testing guidelines and are therefore
usually not tested.**1®

In this study, we performed targeted Next Generation Sequencing (NGS) using a broad panel
on DNA isolated from colorectal lesions from unexplained polyposis patients. Moreover,
patients with mild polyposis phenotypes were also included. Based on the results, we aimed
to draft guidelines for APC mosaicism testing and surveillance.

Materials and methods
Cohort description

Up until January 2023, APC mosaicism testing was performed in 463 patients from three
medical centers throughout the Netherlands. The majority, 379 patients, were tested in the
Leiden University Medical Center (LUMC), 44 at the Erasmus Medical Center (EMC) in Rot-
terdam and 35 patients from the University Medical Center Groningen (UMCG) were tested
at the Radboud university medical center (Radboudumc).

Leiden (LUMC)

The LUMC cohort included patients both fulfilling and not fulfilling the Dutch polyposis ger-
mline testing guidelines of either 210 cumulatively developed adenomas before the age of
60 years or 220 adenomas aged between 60 and 70. All patients fulfilling the testing guide-
lines were tested for germline variants at the department of Clinical Genetics. Patients not
fulfilling the guidelines were included when fitting one of the following predefined groups:
between 5 and 10 adenomas before the age of 50 years, between 10 and 20 adenomas aged
between 60 and 70 or through population based screening aged between 55 and 75, more
than 20 adenomas above the age of 70 years or multiple colorectal carcinomas before the
age of 70 years.
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As categorized before®, patients with a phenotype described as ‘FAP’ (n=1) were considered
to have >100 adenomas and ‘AFAP’ (n=1) to have 50-99 adenomas and a description of
‘multiple adenomas’ (n=3) was categorized as 30-49 adenomas and ‘some polyps’ (n=1) as
less than 10 adenomas.

Rotterdam (EMC)

The Rotterdam cohort consists of patients that tested negative for pathogenic germline vari-
ants in adenomatous polyposis genes. In general, patients with >20 adenomas or multiple
colorectal cancers were tested for APC mosaicism.

Groningen (UMCG)

The Groningen cohort also consists of patients negatively tested for pathogenic germline
variants in adenomatous polyposis genes. APC mosaicism was tested whenever finding a
mosaic variant influencing the surveillance guidelines for first degree relatives. Therefore,
this cohort includes patients with >20 adenomas and patients with 10-20 adenomas before
the age of 55.

Targeted Next-Generation Sequencing (NGS)

Leiden (LUMC)

DNA was extracted from Formalin-Fixed Paraffin Embedded (FFPE) tissue blocks of prefera-
bly 4 colorectal lesions per patient and analyzed using targeted NGS as described before.®
In short, a custom-made panel was used consisting of: APC, MUTYH, POLE, POLD1, NTHL1,
MLH1, MSH2, MSH6, PMS2, MSH3, BMPR1A, RNF43, PTEN, SMAD4, STK11, ENG, BRCA1,
BRCA2, PALB2, TP53. Ampliseq NGS libraries were prepared following manufacturer’s in-
structions. Sequencing was subsequently performed using an lon GeneStudio S5 Series
sequencer (Thermofisher Scientific). The unaligned sequence reads were mapped against
the human reference genome (hg19) using TMAP software and variants were called using
Torrent Variant Caller.

Detected variants were classified by pathogenicity and compared between the lesions with-
in each patient. Mosaicism was considered when all lesions shared an identical variant. Hy-
brid mosaicism was considered when an identical variant was detected in a subset of le-
sions. Whenever mosaic, leukocytes, buccal mucosa and urine DNA was tested to determine
the mosaic pattern throughout the body.
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Rotterdam (EMC)

DNA of 22 FFPE tissues was isolated using proteinase K and 55 Chelex 100 resin. APC was
analyzed using a custom-made targeted NGS panel consisting of APC and MUTYH. Amplis-
eq NGS libraries were prepared following manufacturer’s instructions and sequencing was
performed on an lon s5 XL system (Thermofisher Scientific). Sequencing data was analysed
using the Torrent variant caller (Thermo Fisher Scientific) or SeqPilot (JSI medical systems).
Detected variants were classified by pathogenicity and compared between the lesions with-

in each patient.

Groningen (UMCG)

Samples from the UMCG were tested for APC at the Radboudumc using a custom-made
NGS panel based on single-molecule molecular inversion probes (smMIP) enrichment. The
probes covered all regions and intron-exon boundaries, as described previously.'” *® Se-
quencing was performed on an Illlumina NextSeq 500 or Novaseq 6000. Fastq files were an-
alyzed using the SeqNext software package (JSI Medical Systems GmbH, Kippenheim, Ger-
many). Based on the single-molecule tag, consensus reads were generated and variants in
coding regions were called if present in 25% of all reads and >3 unique variant reads. Probe
sequences are available upon request. Detected variants were classified by pathogenicity

and compared between the lesions within each patient.
Body Mass Index (BMI) and lifestyle data

For the LUMC cohort, BMI and lifestyle data was collected using patient medical records.
Additionally, a questionnaire about height, weight, smoking status, alcohol consumption
and medication use was sent to 65 patients. Body Mass Index (BMI) was categorized as ‘un-
derweight’ with a BMI of <18.4, ‘healthy weight’ with a BMI of 18.5-24.9, ‘overweight’ with
25.0-29.9 and ‘obese’ with a BMI of 230.0. Smoking status and alcohol consumption was
categorized as ‘never’, ‘former’ and ‘current’ and smoking packyears (PY) was determined
by the number of cigarette packs smoked per day multiplied by the number of smoking
years. In total, BMI was determined in 136 patients, smoking status in 230 and alcohol con-
sumption in 220 patients. Information about the medication use was gathered for about 60

patients.
Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 25 and a p-value of <0.05 was
considered significant. Independent T tests, Chi-square tests and Fisher’s exact tests were

used to assess phenotypic and lifestyle differences.
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To determine associations between APC mosaicism and covariates of interest, a multivari-
able logistic regression analysis was performed. As covariates cumulative adenoma count
(<10, 10-19, 20-49, 50-99, >100), age at diagnosis (<50, 50-59, 60-69 and >70), history of
CRC (no, <50, 50-59 and >60) and the presence of extracolonic manifestations associated
with FAP (yes, no). The results were reported as odds ratios, with a 95% confidence interval.

Results
APC mosaicism prevalence

Up until January 2023, 458 patients were tested for APC mosaicism in university medical

centers in

Leiden, Rotterdam and Groningen using NGS on DNA isolated from colorectal adenomas or
carcinomas. A large proportion of the included patients (n=189) did not fall within the scope
of the Dutch colorectal cancer and polyposis testing guidelines of 210 adenomas before the
age of 60 years or 220 adenomas before the age of 70 years.

In 11.1% (51 out of 458) of patients a mosaic APC variant was detected, as summarized in
table 1. This detection rate was 17.1% (46 out of 269) and 2.6% (5 out of 189) of patients fall-
ing within and outside the scope of the Dutch testing guidelines respectively. Figure 1 shows
a detection rate of more than 5% in all patients with adenomas before the age of 50 years,
>20 adenomas before the age of 60 years or 230 adenomas before the age of 70 years. No
mosaicism was detected in the 6 patients without any colorectal adenomas, included due
to multiple CRCs.

Mosaic patients have significantly more colorectal adenomas and were younger at devel-
opment of the first adenoma compared to non-mosaic patients. There was no significant
difference in prevalence of colorectal carcinomas (CRC) but when suffering from CRC APC
mosaic patients were diagnosed at a significantly younger age.

Multivariable logistic regression analysis in table 3 supports this finding by showing signifi-
cant increased odds of finding a mosaic APC variant upon higher adenoma counts 10-19: OR
3.4[95% Cl 0.3-33.9], 20-29: OR 15.3 [95% Cl 1.7-138.0], 30-49: OR 14.5 [95% CI 1.4-144.9],
50-99 OR 86.1 [95% Cl 8.6-859.2], >100 OR 64.0 [95% Cl 4.9-835.2] p-value <0.001) and at
a younger age of adenoma diagnosis (<50: OR 34.8 [95% Cl 4.0-300.2], 50-59: OR 4.5 [95%
Cl 0.5-41.3], 60-69 OR 2.6 [95% Cl 0.3-22.7] p-value <0.001). A personal history of CRC or
extracolonic manifestations associated with FAP did not affect the odds of detecting APC

mosaicism.
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Table 1 — Phenotypic characteristics comparison between cases with and without APC mosaicism.
Gender, adenoma count age at first adenoma and CRC were significantly different between the two

groups.
Total APC mosaicism No APC mosaicism p-value
Total 458 51 382
Gender — n (%)
Male 254 15 (29.4) 239 (58.7) 0.002*
Female 124 20 (39.2) 104 (25.6)
Unknown 30 16 (31.4) 64 (15.7)
Adenoma count — n (%) <0.001*
0 6 0(0) 6(1.5)
1-9 52 2(3.9) 50 (12.3)
10-19 172 7(13.7) 165 (40.5)
20-29 128 13 (25.5) 115 (28.3)
30-49 63 9(17.6) 54 (13.3)
50-99 24 12 (23.5) 12 (2.9)
>100 13 8(15.7) 5(1.2)
Age first adenoma — mean (min-max) 57.9 (17-84) | 43.5(17-72) 59.8 (25-84) <0.001*
CRC—n (%) 125 16 (31.4) 109 (26.8) 0.506
Age first CRC — mean (min-max) 57.2 (25-84) | 47.0 (25-69) 58.7 (25-84) 0.004*
Extracolonic FAP manifestations —n (%) | 26 5(9.8) 21(6.1) 0.163

APC mosaicism characteristics

Normal tissues tested

As summarized in supplemental table 1, leukocyte, urine and/or buccal swab DNA was ana-

lyzed for the mosaic variant in 31 patients. Distinct patterns of APC mosaicism were detect-

ed; from the mosaicism restricted to the colon (for example L ID 2) to extensive mosaicism

throughout the entire body (for example L ID 13). Although the power is too low to reach

significance, a trend was detected in higher numbers of adenomas when finding the mosaic

variant in one other tissues tested (mean none: 37.2, mean at least one: 73.1). Additionally,

the mosaic APC variant was detected in normal colon mucosa of 53% (9 out of 17 tested)

of patients.
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Figure 1 — Detection rates of APC mosaicism subdivided in adenoma count groups and stratified for

age at first adenoma.

Extracolonic phenotype

An esophagogastroduodenoscopy (EGD) was performed in 32 mosaic patients of which 9
patients developed gastric or duodenum adenomas. Besides extensive mosaicism and FAP
associated manifestations in L ID 13, no other patients presented with symptoms associated

with FAP outside the gastrointestinal tract.

Heritability

In none of 21 children from 13 mosaic patients, the mosaic variant was detected in leuko-
cyte DNA. Notably, in 10 of these patients leukocyte, urine and buccal swap DNA was ana-
lyzed and showed in 9 patients that the mosaicism was restricted to the colon. Interestingly,
in one of the two patients (L ID 117, 281) with a desire to have children from whom semen
was analyzed, the mosaic variant was detected with a variant allele frequency of 15% and

18% in duplicate testing.
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Table 3 — Multivariable logistic regression analysis. The odds of finding an APC mosaic case increases
significantly upon adenoma count and a younger age of first adenoma.

N OR (95% CI) p-value
Adenoma count
1-9 48 Ref <0.001*
10-19 166 3.4 (0.3-33.9)
20-29 116 15.3 (1.7-138.0)
30-49 57 14.5 (1.4-144.9)
50-99 20 86.1 (8.6-859.2)
>100 11 64.0 (4.9-835.2)
Age first adenoma
>70 53 Ref <0.001*
60-69 167 2.6 (0.3-22.7)
50-59 121 4.5 (0.5-41.3)
<50 77 34.8 (4.0-300.2)
CRC (age first)
No 309 Ref 0.919
<50 23 1.0 (0.2-4.1)
50-59 27 1.2(0.2-7.4)
>60 59 1.7 (0.4-7.6)
Extracolonic FAP manifestations
No 394 Ref 0.812
Yes 23 0.8 (0.2-4.1)

BMI and lifestyle (LUMC cohort only)

Table 4 shows that the non-mosaic group consists of significantly more males, smokers and
are more frequently overweight or obese compared to the mosaic group. The distribution
of never, former and current alcohol consumers is comparable between the two groups but

the number of glasses per week is significantly higher in the non-mosaic group.
Hybrid mosaicism prevalence and phenotype (LUMC cohort only)

Seventy-nine patients (21%) were identified with a so-called hybrid mosaicism, multiple but
not all lesions sharing the same APC variant, and are summarized in supplemental table
2. Interestingly, 31 hybrid mosaic patients have a recurrent APC variant fitting the colibac-

tin-associated mutational signature as described before.*®

Table 5 shows that hybrid mosaic cases were significantly different from the APC mosaic
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cases in gender, adenoma count and age of first adenoma. However, hybrid mosaics were

phenotypically comparable to the non-mosaic group. Therefore, hybrid mosaic cases were

included as non-mosaic cases in all descriptions and analyses.

Table 4 — Comparison of BMI and lifestyle data between patients with and without APC mosaicism.

Total APC mosaicism No APC mosaicism p-value

Gender — n (%) 379 36 343

Male 254 15 (41.7) 239 (69.7) 0.002*

BMI —n (%) 135 11 124 0.042*

Underweight 2 0(0.0) 2(1.6)

Healthy 47 8(72.7) 39 (31.5)

Overweight 61 3(27.3) 58 (46.8)

Obese 25 0(0.0) 25(20.2)

BMI — mean (min-max) 26.8 (16.5-48.4) | 23.1(19.2-26.9) | 27.2(16.5-48.4) 0.004*

Smoking — n (%) 229 21 208 0.051

Never 68 11 (52.4) 57 (27.4)

Former 82 6 (28.6) 76 (36.5)

Current 79 4(19.0) 75 (36.1)

Smoking PY — mean (min-max) 14.5 (0-73) 4.2 (0-51) 15.6 (0-73) 0.016*

Alcohol - n (%) 219 19 200 0.152

Never 38 6(31.6) 32 (16.0)

Former 12 0(0.0) 12 (6.0)

Current 169 13 (68.4) 156 (78.0)

Glasses/week — mean (min-max) | 15.0 (0-168) 4.2 (0-14) 15.5 (0-90) 0.001*

Aspirin — n (%) 65 4 61

Yes 9 1(25.0) 8(13.1) 0.458

NSAIDs — n (%) 62 3 59

Yes 3 0(0.0) 3(5.1) 1.000

Antihypertensive — n (%) 64 3 61

Yes 28 3(100.0) 25 (41.0) 0.079
Discussion

This study reports on 458 hospital and population based patients of whom multiple colorec-

tal adenomas or carcinomas were tested for APC mosaicism in Leiden, Rotterdam and Gron-

ingen. With 51 mosaic patients, a detection rate of 11.1% was found. This rate was 17.1%



Prevalence and consequences of APC mosaicism in patients with colorectal adenomas

(46 out of 269) and 2.6% (5 out of 189) for patients falling within and outside the scope of

the Dutch polyposis and colorectal cancer guidelines for testing for germline variants; (=10

adenomas before the age of 60 years and 220 adenomas before the age of 70 years).*® These

rates were substantially lower than the study of Jansen et al.* identifying APC mosaicism in

patients with >20 adenomas (9 out of 18; 50%). However, the detection rate in the current
cohort is 21.6% (41 out of 190) in patients with >20 adenomas before the age of 70, which

is comparable to another previously performed study.?

Although the three centers used different testing criteria, the selection bias was minimized

in the current study since the LUMC cohort consisted of the cohort of Jansen et al., all unex-

plained polyposis patients send in for germline genetic testing and patients falling outside

the scope of the testing guidelines.

Table 5 — Phenotypic comparison of hybrid cases with mosaic cases and no mosaic cases. Hybrid
mosaic cases are more comparable with cases without APC mosaicism.

Total Mosaicism ::Lsaicism :ﬁi:g:ism :’h;f)lrl:: 'S Fh;;lr‘:: Vs no

mos) mos)

Total 379 36 263 80

Male - n (%) 254 15(41.7) | 179(68.1) |60(75.0) | 0.001* 0.268

Unknown 1 1(2.8)

:T;')mma count <0.001* | 0.478

0 6 0(0.0) 6(2.3) 0(0.0)

19 46 1(2.78) 32(12.2) 13 (16.3)

10-19 158 4(11.1) 117 (44.5) | 37(46.3)

20-29 93 9(25.0) 68 (25.9) 16 (20.0)

30-49 52 7(19.4) 32(12.2) 13 (16.3)

50-99 15 10(28.7) | 4(15) 1(1.3)

>100 9 5(13.9) 4(1.5) 0(0.0)

Age firstadenoma | oo o (17 g4y | 42.9(17-72) | 60.6 (26-84) | 59.0 (25-81) | <0.001* | 0.185

mean (min-max)

CRC-n (%) 107 11(30.6) | 66(25.) 30(37.5) [ 0533 0.034*

Age first CRCmean | ;g 3 ()5 84) | 50.1(29-69) | 60.4 (27-84) | 56.9 (25-75) | 0.103 0.152

(min-max)

Extracolonic FAP

manifestations 20 2 (5.6) 16 (6.1) 2(2.5) 0.587 0.264

mean (min-max)

As expected, prevalence of APC mosaicism increases with adenoma count and a younger

age of adenoma diagnosis. Other factors such as suffering from CRC or FAP associated extra-

colonic did not influence the odds of finding APC mosaicism.
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Most of mosaic patients presented with 210 adenomas before the age of 60 or 220 adeno-
mas before the age of 70 and therefore fall within the Dutch hereditary polyposis guidelines
which are comparable to the National Comprehensive Cancer Network guideline for genet-
ic/familial colorectal cancer.'* *> More specifically, APC mosaicism rates were more than 5%
in all patients with adenomas before the age of 50 years, 220 adenomas before the age of
60 years or 230 adenomas before the age of 70 years. Based on these data, together with
our estimation of APC mosaicism occurring in 1 in 14 000%°, we would recommend APC
mosaicism testing in all patients negatively tested for pathogenic germline variants with (1)
multiple adenomas before the age of 50 years, (2) 220 adenomas before the age of 60 years

or (3) 230 adenomas before the age of 70 years.

This cohort revealed different patterns of APC mosaicism; extensive mosaicism throughout
the entire body to mosaicism restricted to the colon. Also, a spectrum of colorectal pheno-
types were observed; mosaic patients with i.e. 10 adenomas at 59 years of age as well as
extensive adenomatous polyposis. These broad spectra complicate universal surveillance
guidelines. We suggest that the colonoscopy frequency APC mosaic patients should in prin-
ciple be comparable to (A)FAP guidelines®; every one or two years. In case a patient has
a mild phenotype with effective polypectomies, the frequency of colonoscopies could be

re-evaluated to, for example, once every three years.

Moreover, in 9 out of 32 mosaic patients who underwent an EGD, duodenal or stomach le-
sions were detected. Therefore, based on our data, we would suggest an EGD at least once,
with frequency of follow-up determined by the findings of the first EGD.

Besides consequences for the index patients, identifying APC mosaicism is furthermore
relevant for family members. According to the Dutch surveillance guidelines, parents and
siblings of unexplained polyposis patients are offered regular colonoscopies.'® Since mo-
saicism occurs during embryogenesis and is therefore usually an isolated case in a family,
asymptomatic parents and siblings can be reassured and no surveillance colonoscopies are
needed.

Germline testing of 21 children from 13 mosaic patients showed that the variant was not
transmitted to their offspring. This could suggest, as also described before'?, that the chanc-
es of hereditability are small. Notable, in ten of these patients, DNA from leukocytes, urine
and buccal swab was analyzed and showed in 9 patients the mosaicism was restricted to the
colon. Also, a mosaic variant was detected in semen DNA of another patient with a desire to
have children. Therefore, transmission cannot be excluded and we would still recommend

testing children, especially in cases with mosaicism exceeding the colon.
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Six mosaic patients would have been missed using our suggested testing guidelines (L ID 10,
19, 31 and 361, RID 43, G ID 40). One of these patients (L ID 361) has segmental polyposis,
with most adenomas located at the left side of the colon. In this case, mosaicism is likely also
restricted to the left side of the colon, explaining a milder phenotype. Another patient (R ID
43) was diagnosed with both colorectal and duodenal adenomas.

Two other patients (L ID 10 and 19) have mosaic variants fitting the mutational signature
associated with colibactin.'®?>2 The development of adenomas is likely due to the presence
of colibactin and may not be due to a mosaicism. Therefore, these patients probably do not
develop as much colorectal adenomas as ‘real’” mosaic patients. To gain more insight and
provide suitable screening guidelines, further research into the association between coli-

bactin, adenoma development and possible prevention or eradication is required.

Although most hybrid mosaic cases have a recurring APC variant fitting the colibactin muta-
tional signature, other possible explanations are clonal relationship and contamination, for
example mixing two adenomas during colonoscopy. Since there is no universal explanation
that fits all hybrid cases, case by case evaluation is required. Still, phenotypically hybrid
cases are comparable to the non-mosaic cases and should therefore, in general, be treated

as such.

Non-mosaic group were have a significantly higher BMI, are more commonly former or cur-
rent smokers and drink more glasses of alcohol per week compared to the mosaic patients.
Although more extensive research is needed, these findings suggest that these modifiable
risk factors have possibly contributed to the development of colorectal adenomas in the

non-mosaic group, as previously proposed for colorectal cancer.?*

In conclusion, we recommend testing for APC mosaicism in all patients with (1) multiple
adenomas before the age of 50 years, (2) 220 adenomas before the age of 60 years or (3)
>30 adenomas before the age of 70 years. Comparable to FAP patients, we suggest patients
with APC mosaicism should be offered regular colonoscopy screening and an esophagogas-
troduodenoscopy at least once. The frequency of additional endoscopies can be dependent
on the findings. Furthermore, despite the small chance of transmission, we recommend
considering germline testing in children of mosaic cases, especially when mosaicism is ex-

ceeding the colon.
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APC mosaicism is briefly mentioned in the recently published BSG guidelines on hereditary

colorectal cancer.! We wish to present a family that underlines its relevance.

A 26-year- old woman presented at the department of Clinical Genetics at Leiden Universi-
ty Medical Center with osteomas, lipomas, extra tooth and bowel problems. Using Sanger
sequencing on leucocyte DNA, a pathogenic APC variant (NM_000038.6:c.4391_4394delA-
GAG) was detected with variant allele frequency of 20%—-40%, indicating mosaicism. Subse-
quent colonoscopy and gastroduodenoscopy showed >200 colorectal adenomas in a patchy
pattern and large variation in size and morphology, extended duodenal and gastric fundic
gland polyposis. As summarised in table 1, targeted next-generation sequencing (NGS) on
three adenomas and multiple normal tissues showed the same APC variant in all samples,

suggesting an extensive mosaic pattern.

Seven years earlier, her father presented with >40 colorectal adenomas without germline
pathogenic APC or MUTYH variants. However, NGS on colorectal adenomas showed another
mosaic APC variant (NM_000038.6:c.3712_3713delAG) while in leucocyte and urine DNA
this variant was absent, suggesting APC mosaicism limited to the colon. Figure 1 illustrates
the family.

Previous studies on multiple de novo variants® 3 discuss two hypotheses: (1) an underlying

hereditable defect in a DNA repair gene or (2) an underestimated de novo variant rate.

(1) To elucidate possible underlying genetic explanation for two mosaic cases in this family,
whole-exome sequencing (WES) and mutational signature analysis by using whole-genome
sequencing (WGS) were performed on leucocyte DNA and colorectal adenoma DNA respec-
tively. WES data revealed seven rare truncating variants shared by both family members,
however, these do not offer a relevant explanation of multiple mosaics in this family. In ad-
dition, the patients shared >300 rare non-synonymous coding or splicing variants. The three

variants in genes associated with DNA damage repair were unlikely pathogenic.

As both patients have a mosaic deletion of AG, the search for mutational signature analysis
could hint towards a specific underlying gene defect. Using SigProfiler*, mutational signa-
tures were assigned on WGS data. All analysed adenomas with single base substitutions
show SBS1 and SBS5, both associated with ageing and observed across many tissue types.®

No other signature was shared between the adenomas.

(2) Le Caignec et al®* determined the probability of finding three de novo variants in TSC2 in
one family using a mathematical formula based on the de novo variant rate of TSC2. The de
novo variant rate of APC is estimated between 4x10-6 and 9x10-6.®* When imported into

the same formula, these rates result in a probability of two de novo APC variants between
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Table 1 — Overview of all tissues tested with NGS and variant allele frequencies of the detected mosaic
variant. In all tissues tested from the daughter (patient 1) the mosaic variant c.4391_4394delAGAG
was detected with various variant allele frequencies (VAF) ranging from 14 to 49%. The mosaic variant
of the father (patient 2), c.3712_3713delAG, was solely detected in colonic tissue with a VAF ranging
from 10 to 44%.

Tissue analysed with NGS Mosaic APC variant Cov VAF (%)
Patient 1 (daughter)

Adenoma 1 €.4391_4394delAGAG 1084 37
Adenoma 2 c.4391_4394delAGAG 1969 45
Adenoma 3 €.4391_4394delAGAG 1806 49
Normal mucosa c.4391_4394delAGAG 1957 29
Lymph node c.4391_4394delAGAG 1965 18
Leukocyte c.4391_4394delAGAG 772 21
Urine €.4391_4394delAGAG 1119 16
Buccal swab c.4391_4394delAGAG 666 14
Patient 2 (father)

Adenoma 1 €.3712_3713delAG >2000 44
Adenoma 2 c.3712_3713delAG >2000 24
Adenoma 3 c.3712_3713delAG >2000 13
Adenoma 4 €.3712_3713delAG >2000 33
Adenoma 5 c.3712_3713delAG >2000 33
Adenoma 6 c.3712_3713delAG 94 16
Adenoma 7 X

Adenoma 8 c.3712_3713delAG 1992 10
Adenoma 9 c.3712_3713delAG 1975 31
Adenoma 10 €.3712_3713delAG 1976 26
Leukocyte X

Urine *

Buccal swab X

Cov — Coverage, sequencing read count, VAF — variant allele frequency, percentage of reads with the
variant, X — mosaic variant not found, * - Analysis not succeeded due to low amount of DNA in the
sample.

1:6 250 000 000 and 1:1 230 000 000 families with five members; parents with three chil-
dren in this particular case. Since we hypothesise that the prevalence of APC mosaics might
be higher than germline de novo variants, we used our previously reported cohort” & to
estimate an APC mosaicism rate. We found APC mosaicism in 7% of patients with>10 adeno-
mas, which is 1.4x lower than biallelic MUTYH variants in this same cohort (10%). As biallelic
MUTYH is known to have a population rate of 1:10 000, we roughly estimate the APC mosaic
rate to be 1:14 000. Using this APC mosaicism rate in the formula, the estimated probability
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of 2 APC mosaics in a family of 5 members is 1:20 400 000, which is still extremely low.

Our estimation, the discrepancy in pattern and phenotype and previous studies® *° under-
line the need for APC mosaicism testing guidelines. Our finding furthermore emphasises
caution of ruling out APC mosaicism in patients with a positive family history for adenomas.
Finally, whenever APC mosaic patients have affected family members, APC mosaicism test-
ing should be considered.

Pedigree legend
O Unaffected by colorectal polyps/cancer

‘ Affected by colorectal polyps/cancer
® Affected by colorectal polyps/cancer according to a
family member
c4391_4394del Mosaic APC variants of the two family members not

€3712_3713del  detected in leukocyte DNA
5 uC40 CRC84  CRC60
CRC65 L APG/MUTYH  No germline APC or MUTYH variant detected

TR =

olonic polyposis 46 y/o
2 polyps 55 Few polyps 66 Coloscopy APC-/MUTYH- (2010)

normal APC mosaic: ¢.3712_3713delAG

S & O

c.4391_4394del- ¢.4391_4394del- ¢.4391_4394del- Osteoma jaw, lipomas,
¢.3712_3713del-  ¢.3712_3713del- ¢.3712_3713del- extra tooth, lots of naevi,
32y/o 35y/o 23y/o patched polyposis coli,
Colonoscopy normal  Colonoscopy normal  extensive duodenum & fundic gland polyposis
37y/o 26y/o APC mosaic: ¢.4391_4394delAGAG

Figure 1 — Pedigree of the paternal family of both mosaic patients. The other children of the father
were all genetically tested for the two mosaic APC variants in the family (c.4391_4394delAGAG and
c.3712_3713delAG) and tested negative. Two of the three children underwent a colonoscopy without
detection of polyps. Two of the father’s siblings were diagnosed with a few polyps above the age of
55. Three of the siblings of the father’s father suffered from colorectal cancer above the age of 60.
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Familial Adenomatous Polyposis (FAP) is caused by germline pathogenic APC variants and is
characterized by the development of hundreds to thousands colorectal adenomas. More-
over, duodenal adenomas are observed in 50% to 90% of FAP patients, increasing the life-

time risk of small bowel carcinomas up to 12%.2

APC mosaicism, i.e. a pathogenic APC variant in only a subset of body cells, is an explanation
for 25% to 50% of patients diagnosed with more than 20 colorectal adenomas in absence
of a germline predisposition.*>* While APC mosaicism offers a relevant explanation for col-
orectal adenomas, the extent of the risk for developing upper intestinal tract adenomas and
carcinomas remains unknown. Additionally, the prevalence of APC mosaicism in patients
with multiple upper intestinal tract adenomas without colorectal adenomas remains unde-

termined.

In this report, we describe the case of a 61-year-old patient who presented with unspeci-
fied upper abdominal pain, underwent a esophagogastroduodenoscopy (EGD) and was di-
agnosed with more than 10 duodenal adenomas. Following the initial EGD, the patient was
referred to the department of Gastroenterology at the Leiden University Medical Center
for the removal of an ampullary adenoma with an extensive peripapillary component. Fur-
thermore, at least ten additional polyps were diagnosed in the descending and horizontal
part of the duodenum, ranging in size from several millimeters to over two centimeters.
Given the number of duodenal adenomas and the periampullary extent of the adenoma,
the suspicion of FAP was raised, since periampullary adenomas are present in at least 50%
of FAP patients.> In the colorectum, however, only one nonadvanced rectal adenoma was
detected during multiple colonoscopies performed previously due to four colorectal cancer
cases in the paternal family; an aunt at age 55, two uncles and grandmother aged above 80.
Although no germline testing performed, targeted Next Generation Sequencing (NGS) was
conducted on four duodenal adenomas and the rectum adenoma using the msCRC panel as
described before.® Figure 1A shows that the same APC variant, c.4510_4513dup is present
in all tested duodenal adenomas and absent in the rectum adenoma. To exclude analysis of
the same lesion or a clonal relationship, two duodenal adenomas were additionally anal-
ysed using a small targeted ‘Cancer Hotspot’ panel. This showed unique somatic variants in
SMAD4, ERBB2 and PTPN11in T2 and in KRAS in T3. The presence of an identical APC variant
in combination with different somatic variants excludes clonal relationship and confirms
mosaicism. The mosaic APC variant was not detectable in leukocyte, urine and buccal swab

DNA, suggesting a mosaicism restricted to the duodenum.

Based on the findings in this patient, targeted NGS was performed on upper intestinal tract
adenomas from 13 additional patients to investigate the extent of APC mosaicism in these

patients. This cohort included 6 patients with multiple upper intestinal adenomas, 3 pa
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A
Tissue VAF
C;‘E:E;T Leukocyte 0.00
) c2584A5G Urine 0.00
PTPNI1 Buccal swab  0.00
c.215C>T
B Cc D

APC
c.4611_4612delAG
€.4501delT

POLE

ApC
c.4376_4391del e~

APC
€.929C>T c.4611_4612delAG

©.4501delT

€.4611_4612delAG
€.4501delT

€.4611_4612delAG
c.4501delT
POLE

ND pathogenic
¢.1028G>C

variants

Figure 1 — Patients with at least two adenomas sharing the same APC variant. A. The duodenal mosa-
icism case presented in this report with the APC ¢.4510_4513dup variant in all duodenal adenomas
but not in colorectal adenoma or other tissues tested. B. Patient with two gastric adenomas having
APC ¢.330C>A (T1,T2), the location T1 and T2 and the lack of this variant in T3 and T4 suggest clonal
relationship. C. Three duodenal lesions sharing the same APC and ERBB2 variant which concludes
clonal relationship. D. Patient with four duodenal lesions sharing two APC variants. T3 and T4 also
harbor the same POLE variant. POLE is technically not covered in T1 and T2. Created with Biorender.
com.

tients with one duodenal adenoma in combination with multiple colorectal adenomas and
4 known colorectal APC mosaicism patients with upper intestinal adenomas. The clinical
characteristics and sequencing results are summarized in supplemental table 1.

No APC mosaicism was detected in the 6 patients with multiple upper intestinal adenomas
and the 3 patients with one duodenal and multiple colorectal adenomas. These patients
were diagnosed with 1 to 12 duodenal or gastric adenomas, with the first diagnosed at ages
between 45 and 72. Three patients (patient ID 2-4) showed identical APC variants in at least
two of the analyzed adenomas, as depicted in figure 1B-D and in supplemental table 1. In
one of these three patients, ID 2 (figure 1B), two out of four gastric adenomas (T1 and T2)
harbor the same APC variant, c.330C>A. No other somatic variants were detected. The vari-
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ant was not detectable in the two other gastric adenomas (T3 and T4) and because T1 and
T2 were located close to each other, we concluded that there is no convincing evidence for
mosaicism and that T1 and T2 are probably clonally related. A rectum adenoma in the same
patient was sequenced and the results showed two distinct APC variants. Another patient,
ID 3 (figure 1C), harbored the APC variant c.4376_4391del as well as an identical ERBB2
in all duodenal adenomas tested suggesting a clonal relationship. The third patient, ID 4
(figure 1D), had two shared APC variants in 4 duodenal adenomas, the first and second hit.
In 2 of these lesions, T3 and T4, an identical somatic POLE variant was detected which was
not covered in the sequencing analyses of T1 and T2. Still, the two shared APC variants in
T1-T4 combined with the POLE variant in T3 and T4 suggests a clonal relationship. Further-
more, two colorectal adenomas located in the (recto)sigmoid of this patient did not show
any of these APC or POLE variants. More background information on the classification and
interpretation of the findings of the sequencing analysis can be found in the decision tree in

supplemental figure 1.

In all four colorectal mosaicism patients, patient ID 11-14, duodenal adenomas showed the
mosaic variant found in colorectal adenomas. As summarized in supplemental table 1 and
described before’, in one of these patients the mosaic variant was also detected in leuko-

cyte, urine and buccal swab DNA, showing an extensive mosaicism.

While previous studies”® have described upper intestinal tract adenomas in APC mosaic pa-
tients, to our knowledge, this is the first reported case of solitary duodenal APC mosaicism
and the first study to examine APC mosaicism in patients with duodenal adenomas regard-
less of the presence of colorectal adenomatous polyps. Future studies with larger cohorts
could support in providing recommendations when to test for APC mosaicism in patients

with upper intestinal tract adenomas.

The case presented in this current study demonstrates the existence of isolated duodenal
APC mosaicism in the absence of colorectal adenomas. Furthermore, our study emphasizes
the risk of developing upper intestinal tract adenomas in colorectal APC mosaicism cases,
highlighting the relevance of advising at least one gastroduodenoscopy.
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Sequence analysis of multiple upper intestinal tract
adenomas

A recurrent
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Supplemental figure 1 — Decision tree for the interpretation of sequencing results of multiple upper

intestinal tract adenomas
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Supplemental table 1 (part 1) - Patients characteristics and results leukocyte, urine and buccal swab
DNA was tested for mosaic variants.

Exploring APC mosaicism in upper intestinal tract adenomas

ID Adenomas Adenomas Adenomas Conclusion Leukocyte | Urine | Buccal swab
colon duodenum stomach
(age first) (age first) (age first)
1 1(56) 9 (60) 0 Mosaicism 0 0 0
duodenum
2 1(53) 0 4 (47) No mosaicism | - - -
(clonal
relationship)
3 0 3 (45) 0 No mosaicism | - - -
(clonal
relationship)
4 >9 (63) 12 (63) 0 No mosaicism | - - -
(clonal
relationship)
5 32 (67) 3(69) 0 No mosaicism | - - -
6 19 (64) 4 (64) 0 No mosaicism | - - -
7 3(71) 4(72) 0 No mosaicism | - - -
8 23 (55) 1(57) 0 No mosaicism | - - -
9 8 (66) 1(67) 0 No mosaicism | - - -
10 25 (49) 1(49) 0 Hybrid - - -
mosaicism
colon
11 30 (43) 0 4 (58) Mosaicism - - -
colon and
stomach
12 >200 (27) >50 (27) 0 Extensive 0.21 0.16 |[o0.14
mosaicism
throughout
the body
13 51(62) 3(76) 0 Mosaicism 0 0 0
colon and
duodenum
14 23 (37) 1(58) 0 Mosaicism 0 0 -
colon and
duodenum
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Supplemental table 1 (part 2) - Variants detected using targeted NGS in adenomas.

ID | Location (T1) Variants (VAF) Location (T2) Variants (VAF)
APC:c.4510_4513dup (0.31) APC:c.4510_4513dup (0.33)
Horizontal part of SMAD4:¢.403C>T (0.19)
1 Duodenum
duodenum ERBB2:c.2584A>G (0.20)
PTPN11:c.215C>T (0.19)
APC:c.330C>A (0.35) APC:c.330C>A (0.29)
2 Stomach body Stomach body
APC:c.4376_4391del (0.20) APC:c.4376_4391del (0.18)
3 Duodenum Duodenum
ERBB2:¢.929C>T (0.17) ERBB2:¢.929C>T (0.19)
APC:c.4611_4612del (0.16) APC:c.4611_4612del (0.37)
4 Duodenum APC:c.4501del (0.30) Duodenum APC:c.4501del (0.38)
MSH2c.52_53delinsAA (0.47)
5 Duodenum Duodenum
6 Duodenum Duodenum
, Descending part of BMPR1A:c.1532G>A (0.23) Descending part of | KRAS:c.38G>A (0.24)
duodenum duodenum
APC:C.4348C>T (0.22)
8 Ampulla of Vater Ascending colon
APC:c.1600A>T (0.24)
APC:c.4348C>T (0.26)
g [ Horizontal part of Coecum APC:c.2377C>T (0.23)
duodenum
APC:c.4348C>T (0.30) APC:c.835-8A>G (0.59)
APC:c.3925_3926del (0.25)
10 Descending part of Sigmoid
duodenum
APC:c.2612del (0.32) APC:c.2612del (0.23)
11 | Stomach Ascending colon
APC:c.4348C>T (0.27)
APC:c.4391_4394del (0.61) APC:c.4391_4394del (0.49)
Descending part of Descending part of
12
duodenum duodenum
APC:c.847C>T (0.33) APC:c.847C>T (0.15)
13 | Ampulla of Vater Duodenum
APC:c.4393_4394del (0.25) APC:c.4393_4394del (0.39)
APC:c.2626C>T (0.20)
14 | Descending part of Ascending colon | APC:c.1690C>T (0.10)

duodenum
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Supplemental table 1 (part 2) - Variants detected using targeted NGS in adenomas. Continued.

ID | Location (T3) Variants (VAF) Location (T4) Variants (VAF)
APC:c.4510_4513dup (0.19) APC:c.4510_4513dup (0.41)
KRAS:c.38G>A (0.21) !
1 Ampulla of Vater Horizontal part of
duodenum
BMPR1A:c.676-1G>A (0.09)
2 Stomach antrum Stomach
Horizontal part of APC:c.4376_4391del (0.18)
3
duodenum ERBB2:c.929C>T (0.24)
APC:c.4611_4612del (0.15) APC:c.4611_4612del (0.10)
4 | Duodenum proximal | APC:c.4501del (0.15) Descending partof | o0 501del (0.12)
duodenum
POLD1:c.1028G>C (0.18) POLD1:¢c.1028G>C (0.10)
APC:c.3929_3932del (0.56) APC:c.646-1G>C (0.50)
5 Coecum Descending colon
MSH2:¢.53G>A (0.34)
6 Sigmoid APC:c. 3030del (0.68) Sigmoid APC:c. 2991T>A (0.68)
; Descending part of TP53:¢.524G>A (0.20)
duodenum BMPR1A:c.217A>T (0.23)
APC:c.3956del (0.60) APC:c.4485del (0.30)
8 Sigmoid Rectum
APC:c.3193C>T (0.30)
APC:c.4391_4394del (0.23) APC:c.4348C>T (0.21)
9 Ascending colon APC:c.2805C>A (0.25) Ascending colon APC:c.2299C>T (0.19)
APC:c.220G>A (0.23)
APC:c.4031C>A (0.24) APC:c.835-8A>G (0.18)
POLE:c.3934G>T (0.25) APC:c.2626C>T (0.25)
10 | Ascending colon Sigmoid APC:c.3916G>T (0.24)
SMAD4:¢c.1082G>A (0.14)
SMAD4:c.938C>T (0.15)
APC:c.2612del (0.15) APC:c.2612del (0.35)
11 | Transverse colon Descending colon
APC:c.1660C>T (0.12) APC:c.4330C>T (0.26)
APC:c.4391_4394del (0.72) APC:c.4391_4394del (0.37)
12 | Descendingpartof ' oo 2783A5G (0.34) Coecum APC:c.2090del (0.21)
duodenum
NRAS:c.182A>G (0.25)
APC:c.847C>T (0.16) APC:c.847C>T (0.18)
13 | Coecum APC:c.1626+1G>T (0.16) Ascending colon APC:c.4508C>A (0.17)
APC:c.4756A>T (0.11)
APC:c.4393_4394del (0.21)
APC:c.1867del (0.11)
14 | Transverse colon Transverse colon
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Supplemental table 1 (part 2) - Variants detected using targeted NGS in adenomas. Continued.

ID | Location (T5) Variants (VAF) Location (T6) Variants (VAF)
APC:c.2701C>T (0.34)
APC:c.4348C>T (0.43)
1 Rectum
APC:c.690del (0.25)
2 Rectum
APC:c.1495C>T (0.28)
3
APC:c.847C>T (0.31) APC:c.2496del (0.40)
4 Rectosigmoid Sigmoid APC:c.4099C>T (0.42)
5
6
7
8
9
APC:c.2149dup (0.19) APC:c.835-8A>G (0.23)
APC:c.1688del (0.28) APC:c.933+1G>T (0.10)
10 | Transverse colon Transverse colon
11
APC:c.4391_4394del (0.45) APC:c.4391_4394del (0.49)
12 | Descending colon APC:c.1690C>T (0.28) Sigmoid APC:c.2805C>A (0.36)
TP53:¢.672+1G>C (0.12) KRAS:c.35G>A (0.19)
APC:c.847C>T (0.21) APC:c.847C>T (0.23)
13 | Ascending colon APC:c.4391_4394del (0.35) Ascending colon | APC:c.4725del (0.22)
APC:c.4393_4394del (0.42) APC:c.4393_4394del (0.33)
APC:c.2626C>T (0.21) APC:c.1690C>T (0.21)
14 | Transverse colon Ascending colon
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Supplemental table 1 (part 2) - Variants detected using targeted NGS in adenomas. Continued.

ID | Location (T7) Variants (VAF) Location (T8) | Variants (VAF)
1
2
3
4
5
6
7
8
9
APC:c.835-8A>G (0.37) APC:c.835-8A>G (0.50)
APC:c.646C>T (0.21) APC:c.423-6A>G (0.17)
10 | sigmoid Sigmoid CTNNB1:c.1099G>C (0.14)
11
12
APC:c.847C>T (0.27) APC:c.847C>T (0.22)
13 | Ascending colon | APC:c.4348C>T (0.28) Sigmoid
APC:c.4393_4394del (0.21) APC:c.4393_4394del (0.35)
APC:c.1297C>T (0.22) APC:c.1902T>G (0.22)
14 | Transverse colon Descending APC:c.2343del (0.20)
colon
APC:c.1213C>T (0.13)
APC:c.2626C>T (0.13)
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Supplemental table 1 (part 2) - Variants detected using targeted NGS in adenomas. Continued.
ID Location (T9) Variants (VAF) Location (T10) Variants (VAF)

10

11

12

APC:c.847C>T (0.25) APC:c.847C>T (0.59)

13 Sigmoid Rectum

14

82









Part i
Colibactin

(A )

(AN






Recurrent APC splice variant c.835-8A>G in patients with unex-
plained colorectal polyposis fulfilling the colibactin mutational

signature

Gastroenterology, 2022

Diantha Terlouw, Manon Suerink, Arnoud Boot, Tom van Wezel, Maartje

Nielsen, Hans Morreau



Chapter 6

88

Despite the clear autosomal dominant inheritance of germline APC variants causing familial
adenomatous polyposis, carriers can still present with a negative family history suggesting
a de novo variant. Depending on the exact temporal occurrence of the de novo variant, all
or only a subset of cells in the body will be affected. Presence of a de novo variant in only a
subset of cells is called mosaicism.

Jansen et al® reported that APC mosaicism can be detected using next-generation sequenc-
ing in DNA isolated from formalin-fixed paraffin-embedded adenoma tissue. These variants
were often not found in leukocyte DNA. APC analysis in adenomas is part of our regular

diagnostics for unexplained polyposis patients.

The identification of possible hotspot variants in APC will help to interpret findings sug-
gestive of mosaicism. Does a finding of 2 colonic lesions sharing the same variant indicate
mosaicism or is it coincidental? This question is considered in Jansen et all with a patient
carrying the same APC variant in 10 of 16 lesions.

Methods

Formalin-fixed paraffin-embedded tissue blocks from colorectal adenomas and carcinomas
were collected from 201 unexplained polyposis patients. In total, 872 colorectal lesions
were sequenced using next-generation sequencing. The detected variants were categorized
by pathogenicity and loss of heterozygosity was determined. A more detailed description is
provided in the Supplementary Methods.

Results

In 11.9% (24 of 201) of patients, true APC mosaicism was identified, meaning the same APC
variant present in all analyzed lesions. After excluding the lesions of true mosaic cases, 763
lesions remained, consisting of 61 carcinomas and 702 adenomas. In 72% of these lesions at
least 1 pathogenic APC variant was detected. In carcinomas, the frequency of APC variants
was 69% and in adenomas was 72%.

In total, 108 APC variants occurred more than once in non-mosaic colorectal lesions. The
most frequently observed APC variant, occurring in 7% of lesions, was a splice variant lo-
cated in intron 8; NM_000038.5: ¢.835-8A>G. Two patients showed the c.835-8A>G in a
true mosaic pattern. However, it was not observed in any of the normal tissues tested (n
= 7; Supplementary Table 1). Moreover, in 44% of patients (16 of 36) with the c.835-8A>G
variant, a subset (more than 1, ranging from 2 of 9 to 6 of 10, but not all) of lesions harbored

this specific variant, a so-called hybrid mosaic pattern. Also in these patients, none of the

normal tissues tested positive for the variant (n = 16).
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The ¢.835-8A>G variant was observed in both adenomas (n = 61) and carcinomas (n = 6).
The majority (46 of 67 [69%]) of lesions containing the variant were located in the distal
colon. Furthermore, in 54% (36 of 67) of lesions, 1 or more other pathogenic variant was
detected in the APC gene, in 26 (72%) of these lesions the c.835-8A>G variant showed the
highest variant allele frequency. In 28% (19 of 67), loss of heterozygosity was observed, the

remaining lesions (18%) did not show any second hit.

Recently, a mutational signature caused by pks+ Escherichia coli was identified.?® This sig-
nature is characterized by single base substitutions T>N mostly in ATN and TTT context
with strong enrichment of adenines 3 and 4 base pairs 5’ of the mutation site and a strong
transcriptional strand bias.? Interestingly, the c.835-8A>G variant has a sequence context of
TTAATTTTT (Figure 1A), where the underlined adenine is substituted by a guanine. Trans-
formed in a T>N orientation (Figure 1B), the context perfectly fulfills the mutational signa-
ture caused by pks+ E. coli with the hexanucleotide AAAATT as predominant sequencing
context (Figure 1C). Furthermore, fulfilling the signature means that the ¢.835-8A>G variant

is suggested to arise from adducts on the untranscribed strand and is therefore not removed

by transcription-coupled nucleotide excision repair.?

Of the other recurrent variants, 7 fulfill the pks+ E. coli mutational signature (Supplementary
Table 2). Remarkably, in 13 patients, >50% (up to 100%) of lesions carried an APC variant
fulfilling the pks+ E. coli mutational signature (Supplementary Table 1). In total, the majority
(54 of 79 [68%]) of lesions with such a variant was located distally.

Discussion

Performing APC mosaicism analysis in patients with unexplained polyposis provided an op-
portunity to study the occurrence and frequency of pathogenic APC variants in colorectal
lesions.

The most frequently observed APC variant, c.835-8A>G, has been described as a germline
variant twice.*> Complementary DNA analysis showed that the variant creates a new splice
acceptor site causing a frameshift leading to a premature stop codon. Although the variant
is located in a region associated with classical familial adenomatous polyposis, the patient
presented with a medium polyp burden, suggesting the variant to have a mild impact on the
APC gene or the original splice site is still partly active, leading to some normal protein. Jarry
et al® predicted the protein change to be p.Gly279Phefs*11. The c.835-8A>G variant has
also been described somatically in 3% of sporadic colorectal cancers.® Interestingly, 45% of
¢.835-8A>G carcinomas did not carry a second hit. Moreover, the carcinomas exhibit nuclear

B-catenin staining,® this might suggest that the splice variant provides a growth advantage to
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the colon crypt cell even with an intact second allele.

In 2 patients in our cohort, the ¢.835-8A>G variant was identified in a true mosaic pattern.
One mosaic patient developed adenomas at the age of 24 years and was diagnosed with
ulcerative colitis. Ulcerative colitis is known to be associated with “field cancerization” in
which premalignant areas in the colon share the same dysplastic changes simultaneously

through repopulation of destroyed crypts.’

This phenomenon might be an explanation for the detected mosaicism and development
of adenomas at a young age in patients with inflammatory bowel disease. The presence of

pks+ E. coli, causing a specific mutational signature (Figure 1), might be an additional expla
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Figure 1 — Comparison of the sequence context of the ¢.835-8A>G variant with that of the mutational
signature associated with pks+ E.coli. (A) Visualisation of the variant in Integrative Genomics Viewer.
(B) The T>N oriented sequence context of the c.835-8A>G variant. (C). Top 50 hexanucleotides mostly
affected by the pks+ E.coli mutational signature normalized to the frequency of the hexanucleotide in
the human genome, based on data from the preprint of Boot et al.3 For the 4 most commonly affected
hexanucleotides, a breakdown of the alternative alleles is shown. AAAATT is most likely to be affected
by this mutational signature, and the most common alternative allele is C.
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nation for unexplained polyposis patients. This especially applies to the large proportion of
patients carrying the ¢.835-8A>G variant and other pks+ E. coli variants in multiple lesions.
Remarkably, the pks+ E. coli mutational signature seems to predominantly affect the distal
colon?, as confirmed by the location of lesions with pks+ E. coli variants in our cohort. These
findings show the relevance of further research into the presence and influence of pks+ E.

coli in our cohort and other unexplained polyposis patients.
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Abstract

Background Colibactin, a genotoxin produced by polyketide synthase harboring (pks*) bac-
teria, induces double-strand breaks and chromosome aberrations. Consequently, enrich-
ment of pks* Escherichia coli in colorectal cancer and polyposis suggests a possible carcino-
genic effect in the large intestine. Additionally, specific colibactin-associated mutational
signatures; SBS88 and ID18 in the Catalogue of Somatic Mutations in Cancer database, are
detected in colorectal carcinomas. Previous research showed that a recurrent APC splice
variant perfectly fits SBS88.

Methods In this study, we explore the presence of colibactin-associated signatures and fe-
cal pks in an unexplained polyposis cohort. Somatic targeted Next-Generation Sequencing
(NGS) was performed for 379 patients. Additionally, for a subset of 29 patients, metage-
nomics was performed on feces and mutational signature analyses using Whole-Genome
Sequencing (WGS) on Formalin-Fixed Paraffin Embedded (FFPE) colorectal tissue blocks.

Results NGS showed somatic APC variants fitting SBS88 or ID18 in at least one colorectal
adenoma or carcinoma in 29% of patients. Fecal metagenomic analyses revealed enriched
presence of pks genes in patients with somatic variants fitting colibactin-associated signa-
tures compared to patients without variants fitting colibactin-associated signatures. Also,
mutational signature analyses showed enrichment of SBS88 and ID18 in patients with vari-

ants fitting these signatures in NGS compared to patients without.

Conclusions These findings further support colibactins ability to mutagenize colorectal mu-
cosa and contribute to the development of colorectal adenomas and carcinomas explaining

a relevant part of patients with unexplained polyposis.

Background

An enrichment of polyketide synthase (pks) encoding Escherichia coli in patients with col-
orectal cancer™?2 and polyposis® has implied a potential carcinogenic effect in the large intes-
tine. These E. coli bacteria harbor the pks gene island which encodes the necessary equip-
ment to produce the genotoxin colibactin.* Colibactin induces double-strand breaks and
chromosome aberrations leading to a specific mutational signature that has been observed
in colorectal adenocarcinomas and oral squamous cell carcinomas.>® This mutational signa-
ture is characterized by T>N mutations with an adenine 3 base pairs to the 5’ side and single
thymine deletions located in T homopolymers with 2 to 4 adenines to the 5’ side depending
on the length of the T homopolymer. These signatures are documented in the Catalogue of
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Somatic Mutations in Cancer (COSMIC) database as single base substitution signature SBS88
and indel signature 1D18.

E. coli is not the only bacterium able to harbor the pks gene island. Other bacteria mostly
belonging to the Enterobacteriaceae family, such as Klebsiella pneumoniae, Enterobacter
aerogenes and Citrobacter koseri, have also been shown to harbor pks.” Moreover, pks har-
boring bacteria are found in other organisms like bacteria in the honey bee gut or a marine

sponge.?

We previously showed that a common APC splice variant c.835-8A>G and several other
pathogenic APC variants perfectly fit the colibactin-associated mutational signatures.® This
finding furthermore implies a possible association between colibactin and the development
of colorectal neoplasms. Since a large proportion of our unexplained polyposis patient co-
hort showed a colibactin-associated APC variant in multiple adenomas, further research into
the presence and impact of colibactin and its mutational signature was warranted. There-
fore, for a subset of polyposis patients, metagenomics was performed on feces and Whole
Genome Sequencing (WGS) with subsequent mutational signature analyses was conducted
on Formalin Fixed Paraffin Embedded (FFPE) colorectal tissue blocks. Results were com-

pared between those with and without colibactin-associated variants.

Material and methods
APC mosaicism testing

In total, 379 patients with multiple colorectal adenomas or carcinomas were tested for APC
mosaicism. In short, DNA was isolated from Formalin Fixed Paraffin Embedded (FFPE) tissue
blocks of on average 4 colorectal adenomas or carcinomas using the automated Tissue
Preparation System (Siemens). Ampliseq Next Generation Sequencing (NGS) libraries (Ther-
moFisher Scientific) of a custom-made panel containing 20 colorectal cancer and polyposis
associated genes were prepared according to manufacturer’s instructions. Sequencing was
performed in an lon GeneStudio S5 Series sequencer (ThermoFisher Scientific). The raw,
unaligned sequencing reads were mapped against human reference genome (hg19) using
TMAP software and Torrent Variant Caller was used for variant calling. The detected variants
were categorized by pathogenicity and were, when needed, visualized using Integrative Ge-
nomic Viewer or interpreted using the Alamut Visual software (Sophia Genetics).

APC variants and colibactin signature

To determine whether the APC variants fit into the mutational signatures SBS88 and 1D18, all
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detected T>N and delT APC variants and their sequencing context were visualized using IGV.
As previously described®®, T>N variants with the following sequencing context were labelled
as fitting SBS88: 5’ A-(N)-(T/A)-T-(T/A/G) 3’. DelT variants were labelled as fitting ID18 when-
ever a 2 to 4 adenine homopolymer was flanking the 5’ side of a thymine homopolymer with
a total of 5-6 base pairs. As illustrated in figure 1, in 269 patients no somatic variant fitting

SBS88 or ID18 was found and therefore served as the control group.
Case and control group selection

A random selection of twenty-nine patients were included for fecal metagenomics and/or
Whole-Genome Sequencing, as depicted in figure 1. Twenty of these patients have adeno-
mas or carcinomas with an APC variant suiting SBS88 or ID18 and nine control patients do
not have such a colibactin-associated APC variant. The patient characteristics are summa-
rized in table 1 and somatic APC variants per lesion in supplemental table 1. Furthermore,
the sequencing context of the APC variants are included in supplemental table 2.

Fecal metagenomics

Feces samples of 25 out of 29 patients were collected for deep fecal shotgun metagenomic
sequencing (figure 1 and table 1). Four patients could not be included since they did not
respond (N=3) or passed away (N=1). Fecal metagenomic sequencing was performed as
previously described.™ In short, stool samples were stored at -80°C, DNA was extracted and

libraries were prepared according to manufacturer’s protocol.

Sequencing was performed on the Novaseq6000 platform (lllumina, San Diego, CA, USA).
Raw metagenomic sequences were processed, analyzed and compared to the pks gene is-
land partly comparable to the method description by Nooij et al.?? Reads mapping to the hu-
man genome (GRCh38) were removed using bowtie2 (version 2.4.2'%) and SAMtools (version
1.11%) and filtered reads were quality-trimmed using fastp (version 0.20.1%). The pre-pro-
cessing workflow is available at (https://git.lumc.nl/snooij/metagenomics-preprocessing).
The quality-trimmed reads were screened for the presence of the pks island by mapping
to the colibactin gene cluster (accession ID AM229678) using BWA-MEM (version 0.7.17%%).
Mapped reads were deduplicated using Picard MarkDuplicates (version 2.23.3%) to remove
technical artifacts and improve quantification. The pks screening workflow is available at
(https://git.lumc.nl/snooij/screen_pks_in_polyposis_fecal_metagenomes). As previously
outlined, fecal samples positive for at least one pks gene were considered pks-positive.'? To
quantify reads per kilobase per million (RPKM) of the individual genes in the pks island pres-
ent in the stool samples, RPKM values were calculated using the following formula: (N of

mapped reads/N of base pairs of the coding sequence of the respective gene)*1,000 divided
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Patients with multiple colorectal adenomas and carcinomas
APC gene tested with NGS
(n=379)
Patients with at least one APC variant fitting Patients without an APC variant fitting colibactin
colibactin-associated signature associated signature
(n=110) (n=269)
Random selection for additional analyses Random selection for additional analyses
(n=20) (n=9)
Exclusion Exclusion Exclusion
(n=3) (n=2) (n=1) *
Fecal metagenomics WGS Fecal metagenomics WGS
(n=17) (n=18) (n=8) (n=9)

Figure 1 — Study design and patient selection. In total, 379 patients were tested using targeted NGS.
The case group are patients with at least one APC variant fitting colibactin-associated mutational sig-
nature. Twenty cases are selected for additional fecal metagenomics and WGS. Patients without APC
variant fitting colibactin-associated signatures serve as controls. Nine controls were selected for fecal
metagenomics and WGS. Four patients could not be included for fecal metagenomics since they did
not respond to sample request (N=3) or passed away (N=1). Two cases were excluded for WGS due to
insufficient amount of DNA.

by N of trimmed and filtered reads*1,000,000. For mean RPKM of the entire pks island, RP-

KMs of all individual genes were summed and divided by the total number of 19 c/b genes.
Whole-Genome Sequencing (WGS)

DNA from adenomas and carcinomas of 27 out of 29 patients was included for WGS (figure

1 and table 1). Two patients were excluded due to an insufficient amount of DNA extracted.

DNA was isolated from FFPE tissue blocks using the NucleoSpin DNA FFPE XS kit (BIOKE,
Leiden, the Netherlands) according to manufacturer’s instructions. WGS was performed
on the BGIseq500 platform (BGI, Hong Kong, China) for 4 out of 27 patients (ID 8, 10, 12
and 13). Sequencing for the remaining 23 patients was performed on the NovaSeq6000
platform (Illumina, San Diego, USA). The raw sequencing reads were aligned to a reference
genome (GRCh38). The alignment, variant calling and filtering were performed as described
before.®® The mutational signature assignment using reference mutational signatures was
performed using mSigAct::sparseAssignSignatures followed by mSigAct signature presence
test, which provides a p-value for the null-hypothesis that a signature is not needed to ex-
plain an observed somatic mutation profile compared with the alternative hypothesis that

the signature is needed, as previously described.®
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BMI and lifestyle data

Body Mass Index (BMI) and information about lifestyle was collected using patient medi-
cal records and for some patients using a questionnaire (n=65). BMI was categorized in 4
groups: <18.5 ‘underweight’, 18.5-24.9 ‘healthy weight’, 25.0-29.9 ‘overweight’ and 230.0
‘obese’. Both tobacco and alcohol consumption were categorized as ‘never’, ‘former’ and
‘current’. Packyears (PY) was determined as the number of packs of cigarettes smoked per

day multiplied by the number of years the patient has smoked.
Statistical analysis

Statistical analyses were performed using IBM SPSS statistics 25 (Armonk, NY, USA) and a
p-value of <0.05 was considered statistically significant. Independent T tests, Chi-square
tests and Fisher’s exact tests were used to assess the differences between the patients with
and without colibactin variants based on the targeted NGS and patients with pks in feces
with and without contribution of SBS88 and/or ID18 in the WGS data.

Results

In total, 379 unexplained polyposis patients were tested for somatic APC mosaicism using
targeted NGS. In 110 patients, at least one colorectal adenoma or carcinoma harbored an
APC variant that fits with one of the colibactin-associated mutational signatures. Phenotypic
characteristics, like adenoma count, age at first adenoma and personal history of colorectal
carcinoma did not significantly differ between the patients with (cases) and without (con-
trols) APC variants fitting colibactin mutational signatures. Similarly, lifestyle factors like BMI
and smoking status were not significantly different between cases and controls (supple-
mental table 3). The control group consisted of significantly more former alcohol consumers
compared to the cases.

Fecal metagenomics

Fecal samples from seventeen patients with APC variants fitting SBS88 or ID18 (cases) and
eight patients without APC variants fitting SBS88 or ID18 (controls) were used for metage-
nomic analysis to detect pks genes. As shown in table 2, 59% (10 out of 17) of the cases were

pks positive compared to 25% (2 out of 8) of controls (p-value=0.124).

In addition, fecal metagenomics was used to quantify pks using RPKM values. However, no
significant correlation between number of adenomas/carcinomas with APC variants fitting
SBS88 or ID18 and the pks RPKM values was observed (Pearson: R=0.16, p-value=0.45).
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Table 1 — Phenotypic characteristics and NGS results of patients included for fecal metagenomics and
WGS.

ID #Ad Ad aiﬁsrtange rac:gceaf?it #S|g51£:38/ #tested % Feces WGS
1 22 66-70 41-45 2 7 28.6 Y Y
2 >9 66-70 66-70 3 3 100.0 Y Y
3 15 46-50 46-50 6 7 85.7 Y N
4 13 66-70 66-70 3 9 333 Y Y
5 70 66-70 66-70 3 10 30.0 N Y
6 4 61-65 61-65 3 6 50.0 Y Y
7 18 56-60 - 0 4 0.0 Y Y
8 10 51-55 51-55 3 4 75.0 Y Y
9 2 51-55 51-55 2 4 50.0 Y Y
10 10 51-55 - 8 10 80.0 Y Y
11 28 81-85 - 2 6 333 Y N
12 36 71-75 - 2 4 50.0 N Y
13 27 61-65 61-65 2 3 66.7 Y Y
14 3 21-25 - 3 3 100.0 Y Y
15 10 51-55 - 2 6 333 Y Y
16 11 51-55 - 2 3 66.7 Y Y
17 22 66-70 - 2 4 50.0 Y Y
18 14 61-65 - 2 6 333 Y Y
19 24 41-45 - 2 4 50.0 N Y
20 10 56-60 - 2 4 50.0 Y Y
21 18 46-50 - 0 4 0.0 Y Y
22 18 61-65 - 0 4 0.0 Y Y
23 20 61-65 - 0 3 0.0 Y Y
24 14 46-50 - 0 4 0.0 Y Y
25 10 46-50 46-50 4 4 100.0 Y Y
26 8 46-50 46-50 0 4 0.0 Y Y
27 4 21-25 21-25 0 4 0.0 N Y
28 2 61-65 61-65 0 3 0.0 Y Y
29 9 61-65 61-65 0 5 0.0 Y Y

# Ad — numbers of colorectal adenomas developed, Ad age first — age first colorectal adenoma diag-
nosis, CRC age first — age of colorectal carcinoma diagnosis, #SBS88/ID18 — number of adenomas or
carcinomas with a variant fitting SBS88 or ID18 based on NGS, Tested — Total number of adenomas or
carcinomas tested using NGS, % - percentage of adenomas or carcinomas with a colibactin-associated
variant, Feces — fecal metagenomics performed yes or no, WGS — WGS performed yes or no.
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Also, no significant difference in phenotype was observed between the 10 cases with pks
genes in feces and 7 cases without. When comparing lifestyle factors, a trend was observed
towards a higher BMI in the group with pks in their feces (supplemental table 4).

None of the bacteria previously associated with colorectal cancer, like Fusobacterium nu-
cleatum, Bacteroides fragilis, Campylobacter jejuni and Clostridioides difficile, or capable of
producing colibactin, like K. pneumoniae, E. aerogenes and C. koseri, were detected in any

of the stool samples (data not shown).
Mutational signature analysis

For WGS, fifty-seven colorectal adenomas or carcinomas and six normal colon mucosa sam-
ples were analyzed from eighteen patients with APC variants fitting SBS88 or SBS18 (cases)
and nine patients without these variants (controls).

As summarized in table 2, mutational signature analysis identified SBS88 in 8 adenomas or
carcinomas derived from 6 cases and ID18 in 2 lesions of 2 cases. Overall, colibactin-associ-
ated mutagenesis was detected in 38.9% (7 out of 18) cases. One adenoma of nine controls

(11.1%) also showed colibactin associated mutagenesis (SBS88).
Combining fecal metagenomics and mutational signature analyses

Fifteen cases and eight controls were analyzed both using fecal metagenomics and WGS to
compute mutational signature analyses. In 10 cases pks was found in their feces samples
of which 5 patients also showed a contribution of SBS88 or ID18. Of the 5 cases without
pks in their feces, three showed SBS88 or ID18 contribution. In 2 controls, pks genes were
detected in feces and in one of them SBS88 was determined in colorectal lesions. Therefore,
86.7% (13 out of 15) of cases and 25% (2 out of 8) of controls showed hints of pks or its car-

cinogenic effects (p-value=0.006).

No significant differences were detected in lifestyle factors between fecal pks+ and SBS88/
ID18+ cases and fecal pks+ and SBS88/ID18- cases (supplemental table 5).

Discussion
Using targeted NGS, 379 patients with unexplained colorectal polyposis were tested for APC

mosaicism. At least one somatic APC variant fitting one of the colibactin associated muta
tional signatures (SBS88 or ID18) was found in 29% (n=110) patients. Except for the distribu-
tion of former alcohol consumption, no significant differences were observed in phenotypic
characteristics or lifestyle factors between patients with and without these APC variants.
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Table 2 — Results of fecal pks using metagenomics and mutational signatures SBS88 and ID18 using
WGS.

ID % WGS SBS88 WGS ID18 Fecal pks
7 0 0/2 0/2 No
21 0 0/1 0/1 No
22 0 0/2 0/2 No
23 0 1/2 0/2 Yes
24 0 0/2 0/2 No
26 0 0/2 0/2 No
27 0 0/1 0/1
28 0 0/2 0/2 Yes
29 0 0/2 0/2 No
1 28.6 1/2 0/2 Yes
5 30.0 0/2 0/2
4 333 0/2 0/2 Yes
11 333 No
15 333 0/2 0/2 Yes
18 333 1/3 1/3 Yes
6 50.0 2/3 0/3 No
9 50.0 1/2 0/2 Yes
12 50.0 0/1 0/1
17 50.0 0/2 0/2 Yes
19 50.0 0/3 0/3
20 50.0 0/4 0/4 Yes
13 66.7 0/1 0/1 No
16 66.7 0/2 0/2 No
8 75.0 1/1 0/1 Yes
10 80.0 2/2 0/2 No
3 85.7 No
2 100.0 0/3 0/3 Yes
14 100.0 0/3 1/3 No
25 100.0 0/3 0/3 Yes

% - percentage of adenomas or carcinomas tested with NGS with a colibactin variant, WGS SBS88 —
number of samples with SBS88 / number of samples tested, WGS ID18 — number of samples with ID18
/ number of samples tested, Fecal pks — Yes for patients with and no for patients without pks in their
feces sample.
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Although further research is warranted, the significant difference in former alcohol con-
sumption observed between the groups is likely attributable to the small number of patients
with a former alcohol consumption status.

Fecal metagenomics revealed 59% (10 out of 17) of cases with one or more pks genes. This
proportion is comparable to pks* E. coli bacteria found in colon mucosa of individuals with
Familial Adenomatous Polyposis (68%) and sporadic CRC patients (55%).> 3 In contrast, only
25% (2 out of 8) of controls showed pks genes. Although numbers are small, this is com-
parable to the previously reported incidence of healthy individuals with pks genes in feces
(27-29% )'* %20 and with pks* E. coli bacteria in colon mucosa (19-22%).%3

The current study found no significant differences in phenotypic characteristics and tobacco
and alcohol consumption between patients with and without pks in feces. Further research
is required to draw a conclusion about the correlation between BMI and pks* E. coli. Al-
though not directly linked to BMI, Arima et al.** found that the association between the
Western diet and colorectal cancer patients was only significant in patients with pks* E. coli
in their tumor, suggesting a potential interactive carcinogenic effect between diet and pks*
E. coli.

WGS with subsequent mutational signature analysis showed a contribution of SBS88 or ID18
in 39% (7/18) of cases, compared to 11.1% (1/9) of controls. In only one case all analyzed
samples showed a contribution of SBS88. This might be explained by the variable distribu-
tion of colonic crypts with the signature within one patient.?? Moreover, as summarized in
supplemental table 1, the majority of adenomas and carcinomas (n=25) selected for WGS
from cases did not harbor APC variants fitting SBS88 or ID18. Eighteen of these adenomas
and carcinomas were located in the right colon and right sided carcinomas were less likely

to have colibactin-associated signatures.?

Combining both fecal metagenomics and mutational signature analyses, 86.7% (13/15) of
cases showed a significant enrichment towards colibactin influence compared to 25% (2/8)

of controls in which both analyses were performed.

This significant enrichment of fecal pks and colibactin-associated mutational signatures
in cases compared to controls, supports the proposition of a recent preprint that the APC
splice variant ¢.835-8A>G might be used as a biomarker for pks* E. coli influence in the de-
velopment of the adenoma or carcinoma.?

Despite the enrichment, no clear correlation between pks in feces and colibactin-associ-
ated mutational signatures in colorectal lesions was observed in individual cases. Multiple

hypotheses might explain (part of) this finding, comprising both biological and technical
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issues:

It was previously described that colibactin has a short-term effect, affecting the colon early
in life.?2 2425 Colonic mucosa of patients with a contribution of SBS88 and ID18 might there-
fore be affected by colibactin, but the pks-encoding bacteria may have been eradicated from

the intestinal tract at time of feces sampling.

The other way around, in patients with pks detected in feces but no SBS88 or ID18 in WGS,
enrichment of pks* bacteria after the development of adenomas but before feces sampling
seems unlikely as pks*E. coli is detected in feces of newborns and therefore proposed to be
transmitted during birth.?> ¢ These patients might, however, have some kind of mechanism
inhibiting colibactin from entering the host cell or whenever inside the cell protects against
the specific DNA damage. The protein ATG16L1 for example is described to be associated
with preventing colorectal tumorigenesis in presence of pks* E. coli in cell lines and mouse
models.?”” Also, colibactin production is in a recent preprint suggested to be inhibited by
oxygen.?® On the other hand, inflammation seems to promote the expansion of the coli-
bactin-encoding E. coli and creates an opportunity to adhere to colon mucosa.? Moreover,
co-localization with B. fragilis seems to increase DNA damage with faster tumor onset in
mice.® These hypotheses might also play a role in whether presence of pks* E. coli in the

intestinal tract actually leads to DNA damage.

Technically, the small sample set and use of shotgun metagenomics and FFPE tissue blocks
are limitations of this study. Especially WGS performed on FFPE samples affects the vari-
ant and signature calling and interpretation due to fragmentation and deamination arte-
facts.?®3! Moreover, shotgun fecal metagenomics is a broad analyses but a more sensitive
gPCR approach performed at multiple timepoints and at time of adenoma diagnosis could

give more insight into the association with adenoma development.

To conclude, in 29% of our cohort with unexplained polyposis patients a colibactin influence
was suggested based on targeted NGS data. A subset of cases was included for additional
analyses and showed further evidence of colibactin in fecal metagenomics and mutational
signature analyses compared to controls. Further research, circumventing the complications
of WGS on FFPE tissue and validating the feces analyses, should be performed to draw con-
clusions for individual cases. Still, these findings provide evidence that colibactin affects the

colonic mucosa and plays a pivotal role in unexplained polyposis patients.
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Abstract

Polyketide synthase (pks) island harboring Escherichia coli are, under the right circumstanc-
es, able to produce the genotoxin colibactin. Colibactin is a risk factor for the development
of colorectal cancer and associated with mutational signatures SBS88 and ID18. This study
explores colibactin-associated mutational signatures in biallelic NTHL1 and MUTYH pa-
tients. Targeted Next Generation Sequencing (NGS) was performed on colorectal adenomas
and carcinomas of one biallelic NTHL and twelve biallelic MUTYH patients. Additional fe-
cal metagenomics and genome sequencing followed by mutational signature analysis was
conducted for the NTHL1 patient. Targeted NGS of the NTHL1 patient showed somatic APC
variants fitting SBS88 which was confirmed using WGS. Furthermore, fecal metagenomics
revealed pks genes. Also, in 1 out of 12 MUTYH patients a somatic variant was detected
fitting SBS88. This report shows that colibactin may influence development of colorectal

neoplasms in predisposed patients.

Introduction

Presence of colibactin is a risk factor for the development of colorectal cancer and ade-
nomas."? Colibactin is a genotoxin produced by specific bacteria harboring the polyketide
synthase (pks) island, of which Escherichia coli (pks* E. coli) is one. Mutational signatures
associated with colibactin are characterized and have been added to the COSMIC database
as Single Base Substitution signature 88 (SBS88) and Insertion Deletion signature 18 (ID18)."
® Interestingly, a specific splice variant in APC, ¢.835-8A>G, was previously described to fit
SBS88 and is recently proposed to act as a possible biomarker for the colibactin-associated
mutational signature in cancer.>* As 20% to 30% of the general population harbor pks* E.coli,
colibactin may play a role in colorectal cancer patients with and without hereditary colorec-
tal cancer syndromes.>®

Methods
Targeted Next Generation Sequencing

DNA was isolated from Formalin Fixed Paraffin Embedded (FFPE) tissue using the Tissue
Preparation System (Siemens). Ampliseq Next Generation Sequencing (NGS) libraries (Ther-
moFisher Scientific) were prepared according to manufacturer’s instructions. Sequencing
was performed in an lon GeneStudio S5 Series sequencer (ThermoFisher Scientific), raw
reads were mapped against hg19 and variants called using Torrent Variant Caller. Three NGS
panels were used: a limited polyposis panel including APC, MUTYH, POLE and POLD1, a
custom-made panel containing 20 colorectal cancer and polyposis associated genes and an
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Oncomine Comprehensive Assay (OCA) Plus (ThermoFisher) panel containing >500 genes.
All T>N and delT variants were visualized using Integrative Genomic Viewer. T>N variants
within sequencing context: 5° A-(N)-(T/A)-T-(T/A/G) 3’ were determined to fit SBS883. DelT
variants in a thymine homopolymer flanked by 2 to 4 adenine homopolymer at the 5’ side
with a total of 5-6 base pairs were determined to fit ID18.

Fecal metagenomics

DNA was extracted and libraries were prepared according to manufacturer’s protocol and
sequencing was performed on the Novaseq6000 platform (lllumina). The analyses was per-
formed partly comparable to the method description by Nooij et al.” but with direct read
mapping. In short, reads mapped to GRCh38 were removed and quality-trimmed. These
reads were screened for the presence of the pks island by mapping to the colibactin gene
cluster (accession ID AM229678) after which technical artifacts were removed. The pre-pro-

cessing and pks screening workflow are available:

(https://git.lumc.nl/snooij/metagenomics-preprocessing)

(https://git.lumc.nl/snooij/screen_pks_in_polyposis_fecal _metagenomes)

Genome Sequencing

DNA was isolated from FFPE tissue blocks using the NucleoSpin DNA FFPE XS kit (BIOKE)
according to manufacturer’s instructions. Sequencing was performed on the NovaSeq6000
platform (Illumina). The raw sequencing reads were aligned to a reference genome (GRCh38),
processed and mutational signature assignment was performed using mSigAct::sparse-

AssignSignatures followed by mSigAct signature presence test, as previously described.?

Results
Biallelic NTHL1 patient

We describe the case of a 38 year old man with a biallelic pathogenic germline NTHL1 variant
(NTHL1 tumor syndrome; NTS) diagnosed with two colorectal cancers: a cT3bN1M1 adeno-
carcinoma of the rectum and a pT1 adenocarcinoma in a pedunculated polyp in the sigmoid
colon. Furthermore, a non-advanced tubular adenoma in the ascending colon was removed
by snare polypectomy. The patient had a maternal aunt with breast cancer at the age of 38
and paternal grandfather with salivary duct cancer at an age above 80. Germline pathogenic
variant analysis on leukocyte DNA and somatic mosaicism analysis on DNA isolated from the
colorectal neoplasms were performed simultaneously. A homozygous germline pathogenic
variant was identified in NTHL1: c.244C>T p.(GIn82%*), alias p.(GIn90*).
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Figure 1 — A. Biallelic NTHL1 (p.Q90*) patient with three colorectal lesions with APC variants fitting
the colibactin mutational signature (SBS88) in red. B. The only biallelic MUTYH patient with (two)
colorectal lesions without the MUTYH associated mutational signature (SBS36). One of these two le-
sions showed a BRAF variant suiting the colibactin mutational signature (SBS88) in red. Created with
Biorender.com.

Targeted NGS on both colorectal carcinomas (T2-T3) and the tubular adenoma (T1) removed
during index colonoscopy, revealed the colibactin-associated APC variant ¢.835-8A>G in T2
and two other APC variants in T1 and T3; c.2008A>T and c.1600A>T, depicted in figure 1a
and table 1. The sequence context of c.2008A>T (ATTTT) and c.1600A>T (ATTTT) showed
that these two variants also fit SBS88.

Fecal metagenomics showed presence of 6 out of 19 pks genes. Although Formalin Fixed
Paraffin Embedded (FFPE) material is not optimal for genome sequencing, mutational sig-
nature analyses revealed a significant enrichment of SBS88 in one (T1) of the two analyzed
colorectal lesions (T1-T2). None of these lesions showed an enrichment of ID18 or SBS30
(associated with biallelic NTHL1 variants). The distribution of mutational signatures in T1 is

depicted in supplemental figure 1.
Biallelic MUTYH patients

Furthermore, targeted NGS was performed on 37 colorectal adenomas and 6 colorectal
carcinomas from 12 biallelic MUTYH patients. All pathogenic variants and variants with un-
known pathogenicity detected are summarized in table 1. The majority of adenomas and
carcinomas (38 out of 43) showed somatic G>T variants fitting the mutational signature of
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defective base excision repair due to biallelic MUTYH variants (SBS36). The KRAS ¢.34G>T

variant was detected in 63% (25 out of 40) of the lesions in which KRAS was sequenced.

A BRAF variant ¢.1781A>G detected in patient 3 fits SBS88. As shown in figure 1B, this one
variant was found in an adenoma lacking variants fitting SBS36. Moreover, the adenoma (T1)
shared two APC and two SMAD4 variants with another adenoma (T2), suggestive of a clonal

relationship between the adenomas.

To detect additional somatic variants, an OCA Plus NGS panel was performed on T1 but the

tumor mutational burden was too low to determine a mutational signature.

Discussion

In this study, NGS of a patient with a biallelic pathogenic NTHL1 variant showed somatic
variants fitting SBS88. Presence of the colibactin-associated signature is confirmed using
genome sequencing and pks genes were detected in a stool sample using fecal metagenom-
ics. Previous literature describing exome sequencing colorectal neoplasms of two biallelic
NTHL1 patients showed 18 somatic T>N variants but none of these variants fit SBS88.% An-
other exome sequencing study of mono-allelic NTHL1 patients also did not show colibac-
tin-associated mutational signatures.® This is therefore the first study to present a colibactin
influence in a biallelic NTHL1 patient. Strikingly, mutational signature analysis of this same
patient did not show a contribution of SBS30. Although more research is needed, the previ-
ous study investigating the NTHL1 signature in multiple neoplasms of biallelic NTHL1 patient

showed that SBS30 did not contribute in all neoplasms to the same extent.®

Furthermore, colorectal carcinomas and adenomas of twelve biallelic MUTYH patients were
analyzed using NGS. This showed, as expected, the KRAS variant c.34G>T in the majori-
ty of samples (63%).2° Moreover, in one adenoma of 1 out of 12 patients a BRAF variant,
¢.1781A>G, was found fitting SBS88. This colibactin-associated mutational signature could
unfortunately not be confirmed using a broad NGS panel. Still, this variant is recently de-
scribed as one of the top 10 recurring somatic variants associated with SBS88-positive col-
orectal cancers.* Therefore, this variant hints towards colibactin mutagenesis in this adeno-

ma.

Also, the APC variants c.835-8A>G and c.1600A>T are described as one of these top 10
recurring variants, supporting our findings of fitting SBS88. Both these variants were not
common in the 3,916 SBS88 negative colorectal cancers included in this paper (c.835-8A>G:
N=18 and c.1600A>T N=3). These findings suggest that these APC variants could be used as

biomarkers for SBS88 lesions.
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Although further research is required, since these numbers are low, this report highlights
that presence of pks* E.coli might be considered as an additional risk factor for the develop-
ment of colorectal malignancies in patients with a known predisposition to colorectal cancer
or polyposis.
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Supplemental figure 1 — The distribution of mutational signatures found in colorectal neoplasms of
the biallelic NTHL1 patient. A. Absolute numbers of somatic variants fitting to specific mutational sig-
natures contribution to the spectra of the neoplasms. B. The proportion of different mutational signa-
tures found in T1 and T2.
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General discussion

The aim of this thesis was, firstly, to evaluate the proportion of APC and MUTYH pathogenic
variants in colorectal polyposis patients and subsequently identify the proportion of unex-
plained polyposis patients (Part |, chapter 2). Furthermore, three studies aimed to elucidate
the significance of APC mosaicism and suggest testing and surveillance guidelines (Part Il;
chapters 3-5). Lastly, this thesis aimed to assess another explanation for the development

of colorectal adenomatous polyps; the presence of pks* E. coli and colibactin-associated

mutational signatures. (Part Ill, chapters 6-8).

Pathogenic germline variant detection rate in polyposis patients

To determine germline pathogenic APC and biallelic MUTYH variant detection rates in a
Dutch cohort, we collected all patients tested in the Leiden University Medical Center be-
tween 1992 and 2017 in chapter 2. Comparable to most previous studies, a prevalence of
70% for FAP and 7% for MAP in patients with more than 20 adenomas was determined.”
One previously performed study reported lower variant detection rates throughout the en-
tire cohort.® This discrepancy could be explained by the clinical differences between the
cohorts, such as age of first adenoma development. A unique aspect of our study is the
large patient group with less than 20 adenomas, which could be used to evaluate testing

guidelines.

Besides number of adenomas developed, the odds of finding a pathogenic germline vari-
ant in APC or MUTYH increased with a younger age of first adenoma diagnosis. A personal
history of CRC only increases the odds of finding biallelic MUTYH variants. This can likely be
explained by the (sub)total colectomy performed at an early age in FAP patients.” Lastly, the
odds increased upon having a first-degree relative (FDR) with more than 10 adenomas only
for APC, which is explained by the dominant and recessive inheritance pattern of FAP and
MAP respectively.

Based on these findings, testing for germline pathogenic APC and MUTYH variants is indi-
cated in patients with more than 10 adenomas before the age of 60 years and more than 20
adenomas before the age of 70 years. Other indications for testing are FAP-related extraco-
lonic manifestations, CRC aged <40, a somatic KRAS c.34G>T transversion, or a FDR with >10
adenomas. These suggested guidelines are comparable to the Dutch and National Compre-
hensive Cancer Network (NCCN) guidelines for hereditary colorectal cancer and polyposis.®
° Guidelines issued by the American College of Gastroenterology (ACG), on the other hand,

might result in unnecessary testing.’
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Our cohort also showed an increasing number of patients undergoing genetic testing for
APC and MUTYH over time. This increase might, first of all, be due to the start of MUTYH
testing in 2004, which led to more patients with milder phenotypes to be tested. Anoth-
er reason for more genetic testing in polyposis patients is increased adenomas detection
rates caused by more sensitive colonoscopy techniques, improved equipment and bowel
preparation and introduction of population based screening in the Netherlands.'*** This
suggests that prevalence of colorectal adenomas in the general population was possibly
underestimated and we now gain relevant insight into the actual numbers. Also, modifiable
risk factors like diet, alcohol and smoking, attribute to the development of about a third to
half of all CRC.}¢ This so-called Western lifestyle increases throughout both Western and
non-Western countries contributing to CRC prevalence.'” Therefore, a Western lifestyle may

also contribute to the increase in colorectal adenomas in the general population.

Moreover, in chapter 2, a large proportion of colorectal polyposis patients remain unex-
plained, no germline pathogenic APC or biallelic MUTYH variants. The last decades lots of
other colorectal cancer and polyposis associated genes were identified.!®?* Due to increas-
ing amount of genes included in Next Generation Sequencing (NGS) panels, the propor-
tion of unexplained polyposis patients will eventually decrease. Moreover Whole Exome
Sequencing (WES), analyzing the entire exosome, is used to find both newly discovered col-
orectal cancer or polyposis associated genes and to easily re-analyze patients in the future.
Also, nowadays, the use of Whole Genome Sequencing (WGS) is more broadly introduced
in the clinic, which compared to WES gives insight into possible pathogenic deep intronic
variants, large genomic rearrangements or variants in the non-protein-coding sequences
like regulatory sequences as promotors and enhancers, untranslated regions or Mitochon-
drial Iron-Regulated (MIR) genes.?*?” Also, WES and WGS will provide data on (single nucle-
otide) polymorphisms which might add up to the risk of developing colorectal polyposis and
cancer.?® In the future, WGS on DNA from neoplastic tissue will provide knowledge about
mutational signatures.?® These signatures might hint towards an underlying (genetic) cause
of the developed neoplasm. The broad use of these extensive sequencing techniques will

eventually further decrease the prevalence of germline unexplained polyposis patients.

Prevalence of APC mosaicism in unexplained polyposis patients

Besides germline pathogenic APC and biallelic MUTYH variants and variants in other more
rare or not yet discovered genes, a significant part of the unexplained polyposis patients
are explained by APC mosaicism.*3> Especially, analysis of DNA isolated from multiple col-
orectal adenomatous polyps is efficient to detect APC mosaicism.* To assess the prevalence
of APC mosaicism in patients with adenomas, we performed targeted NGS on DNA from

colorectal adenomas or carcinomas of 458 patients in chapter 3. Moreover, this chapter
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provides suggestions of APC mosaicism testing and surveillance guidelines. A detection rate
of about 17% was found in patients falling inside the Dutch hereditary colorectal polyposis
and cancer guidelines. This rate is much lower, about 3%, in patients falling outside these

guidelines.

Based on the detection rates per phenotypic subgroup, we recommend APC mosaicism test-
ing in all patients with (1) adenomas before the age of 50 years, (2) 220 adenomas before

the age of 60 years or (3) 230 adenomas before the age of 70 years.

The broad spectrum of APC mosaicism phenotypes complicates an universal surveillance
guideline suggestion. Still, in our opinion, APC mosaic patients should receive regular colo-
noscopies, for example every one or two years, comparable to FAP patients.3® Re-evaluation
of the follow-up could be considered in patients with effective polypectomies.

Furthermore, 28% of mosaic patients undergoing a esophagogastroduodenoscopy devel-
oped duodenal or gastric neoplasms. In chapter 5, we showed that the upper intestinal
adenomas all harbored the mosaic variant. We therefore recommend offering at least one
gastroduodenoscopy for all APC mosaicism patients. In chapter 5 we moreover present a
case of duodenal APC mosaicism not affecting the colorectum. This shows the possibility of
duodenal APC mosaicism despite colorectal adenomas and emphasizes the broad spectrum

of APC mosaicism and its phenotype.

Moreover, children of 13 mosaic patients did not inherit the APC variant. Notable, of 10
patients leukocyte, urine and buccal swab was tested and nine showed a mosaicism restrict-
ed to the colorectum. Also, the mosaic variant was detected in 15% to 18% in semen DNA
tested of a patient with child wish. Therefore, although chances of hereditability are small*?,
we still recommend testing children especially in cases with mosaicism detected in other

tissues next to the colorectum.

The family presented in chapter 4 furthermore highlights the significance of APC mosaicism
in unexplained polyposis patients. Two first-degree relatives have different mosaic APC vari-
ants with distinct patterns throughout the body and distinct phenotypes. No underlying
defect in DNA repair systems or mutational signatures could be identified using WES and

WGS respectively.

A formula adapted from Le Caignec et al*’ determined the probability of finding two APC
different mosaicism cases in one family to be small. Still, this family shows the value of
testing for APC mosaicism in unexplained polyposis cases even if a FDR has a comparable

phenotype.
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Although important in genetic diagnostics, there are challenges in testing for (APC) mosa-
icism. In countries other than the Netherlands, in and outside Europe, APC mosaicism is
underestimated and not regularly tested. One of the main issues are resources for sequenc-
ing multiple samples of one patient. Testing normal colorectal mucosa was a hypothesized
solution. However, only in 50% of patients the mosaic variant was detected in a normal

colorectal tissue sample.

Another challenge are the so-called hybrid mosaic cases were encountered. These cases
have a shared variant in multiple but not all analyzed adenomas. Although this underlines
necessity of analyzing more than two colorectal adenomas or carcinomas, the clinical impact
remains unknown. Multiple possible explanations for hybrid mosaicism are hypothesized.
We considered clonal relationship as an explanation whenever two lesions share the same
precursor lesion; two adenomas or carcinomas located close to each other and share (mul-
tiple) variants.3® Contamination, mixing two adenomas during polypectomy or mixing DNA
samples during isolation or library preparation, was considered whenever multiple (APC)
variants were shared between two adenomas or carcinomas and one of the samples also
have additional (APC) variants. Another hypothesis was field cancerization, a mechanism in
which normal tissue is replaced by tumor clones with identical TP53 variants throughout the
colon.?** This is typically described in inflammatory bowel disease in which chronic inflam-
mation leads to crypt fission. A last explanation is that just by chance common APC variants
occur in two adenomas of the same patient. In conclusion, no universal explanation could

be found and case by case evaluation is required.

Interestingly, hybrid mosaic cases are phenotypically comparable to non-mosaic patients
and significantly different from mosaic patients. Therefore, we suggest to treat hybrid mo-
saic cases as non-mosaic patients in surveillance and family testing guidelines for now. Al-
though rare, an exception to this suggestion should be patients with the hybrid variant in
normal colon mucosa or other tissues. In these cases, sporadic adenomas possibly devel-
oped in a background of APC mosaicism.

The prevalence of APC mosaicism might suggest a relevant role of mosaicism in other tumor
syndromes. No mosaicism in any other gene included our targeted NGS panel was detected
but this might be different in cohorts with other phenotypes than adenomatous polypo-
sis. For example, mosaicism of SMAD4 and BMPR1A might be present in unexplained juve-
nile polyposis patients.” Interestingly, de novo variant rates for genes like BMPR1A, PTEN,
SMAD4, STK11 and TP53 are more than 10% of germline patients, suggestive for occurrence

of mosaicism.**#7



General discussion

Presence of colibactin as an additional explanation of colorectal adenomas

As described in chapter 6, a large proportion of hybrid mosaic patients shared the APC
splice variant c.835-8A>G in multiple colorectal adenomas or carcinomas. Furthermore, this
variant is the most common somatic APC variant detected in our cohort. The variant is pre-
dicted likely pathogenic as it leads to a premature stop codon and is detected in about 3% of
sporadic colorectal carcinomas.***° The ¢.835-8A>G variant has a (transcriptional) sequence
context of AAAATT, where the underlined thymine is substituted by a cytosine, which per-

fectly fits the colibactin-associated mutational signature.

Colibactin is a genotoxin known to cause DNA crosslinks, double strand breaks and chro-
mosomal aberrations.>*** Colibactin-associated mutational signatures are characterized as
SBS88 and I1D18.54%

Publicly available datasets showed that colibactin-associated mutational signatures are
present in colorectal, head and neck and urinary tract cancer.>* % Interestingly, the muta-
tional signature is detected in normal colonic crypts with a variable mutational burden be-
tween individuals and even between crypts, not attributable to age. Using phylogenetics,
the mutational signature was proposed to occur early in life.>® This is supported by in vitro
evidence showing genomic alterations after a short-term exposure to colibactin and the
colonization of colibactin-encoding E. coli happening the first months after birth.>” %8 The
number of affected normal crypts was variable between patients, with some patients having
a more affected left colon while in others the entire colon was affected.>® This might explain
why in our cohort, in chapter 6 and 7, the c.835-8A>G variant was detected both as a hybrid
and ‘real’ mosaicism. A recent preprint supports our findings and shows that the c.835-
8A>G might act as a biomarker for colibactin influence in the development of the adenoma

or carcinoma.*

In our unexplained polyposis cohort, 110 patients had with at least one somatic APC variant
fitting SBS88 or ID18. In chapter 7, fecal metagenomics and WGS of colorectal adenomas
was performed to further assess the influence of colibactin. Fecal metagenomics detected
pks genes in 25% of negative controls and 59% of patients with colibactin-associated APC
variants. This is comparable to 19% to 29% of healthy individuals and approximately 60% of
FAP and colorectal cancer patients in previous studies.>* ¢ Also, WGS showed an enrich-
ment of colibactin-associated mutational signatures in 39% of cases compared to 11.1% of

negative controls.

No clear correlation between presence of pks in feces and SBS88 and ID18 in colorectal
lesions was detected. There are multiple hypotheses for this finding:
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Due to the short-term effect of colibactin, affecting the colon early in life, eradication of the
bacteria before feces sampling could be an explanation for patients with colibactin-associat-
ed signature without pks in feces.>® >’

Colonization of pks* bacteria after developing adenomas is unlikely in patients with pks in
feces but no colibactin-associated signatures, as pks* E. coli is proposed to be transmitted
during birth.*® ¢ These patients might, however, be able to inhibit colibactin from entering
the host cell or protect cells against the DNA damage. For example, the autophagy-relat-
ed protein ATG16L1 is associated with preventing colorectal tumorigenesis in presence of
pks* E. coli and oxygen is associated with inhibition of colibactin production.®> ¢ On the
other hand, oligosaccharides and co-colonization with enterotoxigenic Bacteroides fragilis
are described to increase the genotoxic effect of colibactin.®®®” Further research should be
performed to gain more knowledge about which patients are prone to the carcinogenic

effect of colibactin.

Technically, especially WGS on Formalin-Fixed Paraffin Embedded tissue samples affects the
performance and interpretation of mutational signature analyses due to fragmentation and
deamination artefacts.®®7° Also, complications detecting pks in feces due to possible low
abundance of E. coli could be circumvented using more sensitive techniques like a specific
guantitative PCR.

Chapter 8 emphasizes colibactin as a risk factor in hereditary colorectal cancer and pol-
yposis syndromes. A biallelic NTHL1 patient is described with pks in fecal metagenomics
and colibactin-associated mutational signature in WGS data. A small cohort of patients with
biallelic MUTYH variants showed one somatic APC variant in one lesion fitting the colibac-
tin-associated mutational signature. Previous described WES of carcinomas of both biallelic
as monoallelic NTHL1 patients did however not show somatic variants suiting the colibac-
tin-associated mutational signature.”>72 The NTHL1 and MAP patient combined with previ-
ously described enrichment of pks* E. coli in FAP patients®® and our polyposis cohort results
described in chapter 7, suggest colibactin as an additional risk factor for development of
colorectal malignancies in both sporadic colorectal neoplasms and patients with a known
predisposition to CRC or polyposis. Future research should elaborate on this association
but also on possible inhibition of colibactin or eradication of pks+ E. coli. Besides this, new
research is set up to determine whether pks* E. coli could be used as a biomarker to neoad-
juvant treatment response showing the increasing interest and implications of gut microbi-
ome on colorectal cancer.”®



General discussion

Future perspectives

Future research into unexplained intestinal polyposis patients will be able to use fast-
er, broader and hopefully better analysis methods. The increasing use of NGS might help
in minimizing the number of unexplained polyposis patients. With the use of broad DNA
sequencing, besides germline variants, somatic mutational signatures can be detected
in tumor cells. These mutational signatures might hint towards the underlying known or
unknown genetic cause. Additionally, whole genome sequencing can give insights into
non-protein-coding sequences which can be used for finding (intronic splice site) variants in
known colorectal polyposis-associated genes and possibly lead to the discovery of new can-
didate genes. Moreover, research into polygenic risk scores, combining pathogenic variants
and single nucleotide polymorphisms in multiple genes, will help in delineating the risk of

developing colorectal adenomas in individual patients or families.

Furthermore, future research in APC mosaicism should focus on explanations for the so-
called hybrid mosaic cases. Also, more knowledge is needed about the association between
variant allele frequency of the mosaic variants in different tissues or germ layers, pheno-
type, and risk of transmitting the variant to offspring. Based on the insights presented in this
thesis, APC mosaicism will hopefully be recognized as an explanation for colorectal polypo-

sis and be included as regular diagnostics in colorectal polyposis patients.

The association of current or past pks* E. coli (or other bacteria) derived colibactin exposure
and having multiple colorectal adenomas should be more elaborately investigated in larger
patient cohorts, even at a population level. Furthermore, the possible association with life-
style factors should be studied. Moreover, future research should focus on the identification
of patients carrying the colibactin-producing bacteria, for example via population-based
screening programs. Possible inhibition of the DNA damaging effects of colibactin or eradi-

cation of the bacteria involved should be explored.
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Onderzoek naar APC mozaicisme; prevalentie, klinische conse-
guenties en onderliggende verklaringen

Dikke darmkanker is een veel voorkomende vorm van kanker met bijna 2 miljoen gevallen
wereldwijd in 2020. De verwachting is dat het aantal mensen met de diagnose dikke darm-
kanker blijft stijgen tot meer dan 3 miljoen in de komende 20 jaar. De meerderheid van
de dikke darmkankers ontwikkelt zich vanuit een (adenomateuze) poliep en wordt daarom
gezien als een voorstadium van dikke darmkanker. Ongeveer een kwart van alle mensen
ontwikkelt tenminste één darmpoliep véér de leeftijd van 50 en bij de helft van de mensen
van 70 is dit het geval. Wetenschappelijk onderzoek naar de oorzaak van de ontwikkeling
van dergelijke poliepen laat zien dat verschillende factoren, als voeding, gewicht en leefstijl,

en ook erfelijkheid een belangrijke rol spelen.

De rol van erfelijkheid in de ontwikkeling van dikke darmkanker en poliepen wordt gesug-
gereerd doordat in ongeveer 30% van alle patiénten dikke darmkanker in de familie voor-
komt. De twee meest voorkomende erfelijke aandoeningen die de ontwikkeling van vele
dikke darmpoliepen (polyposis) veroorzaken zijn Familiaire Adenomateuze Polyposis (FAP)
en MUTYH geassocieerde Polyposis (MAP). FAP wordt veroorzaakt door een kiembaan DNA
verandering (mutatie) in het APC gen. FAP patiénten ontwikkelen honderden tot duizenden
adenomateuze poliepen (adenomen) vanaf adolescentie en ontwikkelen dikke darmkanker
op een gemiddelde leeftijd van 39 jaar. Daarnaast worden er in sommige gevallen ook po-
liepen of kankers buiten de dikke darm ontwikkeld, zoals in de maag of duodenum. MAP
wordt veroorzaakt door twee kiembaan mutaties in het MUTYH gen. MAP patiénten hebben
een iets milder fenotype en ontwikkelen tientallen tot honderden adenomen. Het risico
op dikke darmkanker voor MAP patiénten is 43% tot 63%. Ook MAP patiénten hebben een

verhoogd risico op maag en duodenum poliepen en kanker.

Naast FAP en MAP zijn er nog een aantal erfelijke aandoeningen die leiden tot polyposis, de
betrokken genen zijn onder andere NTHL1, POLD1 en POLE. Bij elkaar opgeteld kunnen deze

aandoeningen ongeveer 1% van alle polyposis patiénten verklaren.

In hoofdstuk 2 van dit proefschrift worden alle patiénten die tussen 1992 en 2017 in het
Leids Universitair Medisch Centrum zijn onderzocht op een kiembaan APC en MUTYH mu-
taties beschreven. Zoals verwacht, werd in 70% van alle patiénten met meer dan 20 ade-
nomen een APC mutatie gevonden, voor MUTYH was dit 7%. Vernieuwend aan deze studie
zijn de geincludeerde patiénten met minder dan 20 adenomen. Deze patiénten vallen in de
regel buiten de richtlijnen voor genetisch testen maar werden in deze studie meegenomen

voor evaluatie van de bestaande richtlijnen. Middels verschillende statistische analyses
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werd een richtlijn suggestie opgesteld waarbij de huidige Nederlandse richtlijnen worden
ondersteund; genetisch testen wordt geadviseerd bij patiénten met meer dan 10 adenomen
onder de leeftijd van 60 of meer dan 20 adenomen onder de leeftijd van 70.

Verder werd in hoofdstuk 2 ook uiteengezet dat in een groot deel van de polyposis pa-
tiénten geen kiembaan verklaring gevonden kan worden in APC of MUTYH. Eerdere weten-
schappelijke studies hebben aangetoond dat een zogenoemde mozaicisme een additionele
verklaring kan zijn voor het ontwikkelen van veel adenomen. Mozaicisme wil zeggen dat
een mutatie niet in alle, maar in een deel van de lichaamscellen aanwezig is. In 20% tot 25%
van de FAP patiénten is de APC mutatie nieuw ontstaan. Afhankelijk van in welke fase van
de ontwikkeling van een bevruchte eicel zo’n nieuwe mutatie ontstaat, is deze aanwezig in
alle of alleen een deel van de lichaamscellen. Doordat de mutatie niet in alle lichaamscellen
aanwezig is, kunnen deze patiénten gemist worden in reguliere diagnostiek waarbij DNA uit
bloed wordt geanalyseerd. Verschillende studies laten zien dat 25% tot 50% van de onverk-
laarde polyposis patiénten met meer dan 20 adenomen verklaard kan worden door APC

mozaicisme.

In hoofdstuk 3 worden meer dan 400 onverklaarde polyposis patiénten beschreven bij
wie APC mozaiek onderzoek is verricht. Dit cohort bestaat uit patiénten die zowel binnen
als buiten de Nederlandse richtlijnen voor genetisch testen vallen. Voor iedere patiént is
DNA geisoleerd uit materiaal van gemiddeld 4 dikke darmpoliepen. De APC mutaties in de
poliepen werden vervolgens vergeleken. APC mozaicisme werd gevonden in 15% van de
patiénten die binnen de Nederlandse richtlijnen voor genetisch testen vallen. De detectie
graad is 3% in patiénten die buiten deze richtlijnen vallen. Op basis van deze resultaten
wordt geadviseerd iedere onverklaarde polyposis patiént die binnen de Nederlandse richtli-
jnen vallen te testen voor APC mozaicisme.

Het belang van APC mozaiek testen werd verder uitgelicht in een familie beschreven in
hoofdstuk 4. In deze familie hebben twee eerstegraads familieleden APC mozaicisme maar
allebei een andere APC mutatie. Doordat APC mozaiek ontstaat tijdens de ontwikkeling van
een bevruchte eicel tot baby verwacht je mozaiek dus niet in meerdere familieleden. Eén
van de familieleden, de dochter, heeft een uitgebreid FAP beeld, ook manifestaties buiten de
dikke darm, waarbij de mozaieke mutatie is teruggevonden in verschillende weefsels in het
lichaam. De ander, de vader, heeft solitair dikke darm adenomen en de mozaieke mutatie
bevindt zich ook alleen in de dikke darm. Additionele analyses toonden geen onderliggende
genetische verklaring voor de aanwezigheid van APC mozaicisme in deze twee gerelateerde

patiénten.

Hoofstuk 5 brengt het belang van richtlijnen voor controles van APC mozaiek patiénten aan
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het licht. In dit hoofdstuk worden duodenum- en maagadenomen geanalyseerd van in dik-
ke darm bekende APC mozaicisme patiénten. Deze analyses lieten in al deze gevallen zien
dat ook de twaalfvingerige darm en maag adenomen de mozaieke APC variant hebben en
mozaicisme zich dus ook hoger in het spijsverteringskanaal bevindt. Daarom adviseren wij
alle APC mozaiek patiénten minimaal één gastroduodenoscopie aan te bieden. Daarnaast
wordt in dit hoofdstuk een patiént beschreven met APC mozaiek in de twaalfvingerige darm
zonder dikke darm adenomen. Dit is, naar ons weten, de eerste casus beschreven met een

geisoleerde APC mozaiek in de twaalfvingerige darm.

Naast erfelijkheid en APC mozaicisme, zijn verschillende leefstijl factoren bekend die een rol
spelen in de ontwikkeling van dikke darmpoliepen. Daarnaast is er steeds meer interesse
in- en wetenschappelijk bewijs voor de rol van darmbacterién op de ontwikkeling van dik-
ke darmkanker. Een specifieke polyketide synthase bevattende Escherichia coli (pks* E. coli)
bacterie wordt, met 60%, vaak teruggevonden in dikke darmkanker patiénten. Deze bacte-
rie produceert een genotoxine genaamd colibactine. Colibactine zorgt voor DNA schade en
chromosomale afwijkingen. Inmiddels is de blauwdruk (mutatie signatuur) van colibactine

bekend en teruggevonden in zowel dikke darmkanker als mondkanker.

Hoofdstuk 6 van dit proefschrift beschrijft een specifieke APC mutatie welke vaker in ons
cohort van polyposis patiénten voorkomt dan op basis van toeval of wetenschappelijke lit-
eratuur zou worden verwacht. De DNA volgorde van deze mutatie past perfect bij de blau-
wdruk van colibactine. De aanwezigheid van colibactine zou een verklaring kunnen zijn voor

de ontwikkeling van veel adenomen bij een deel van de patiénten.

De aanwezigheid van APC mutaties passend bij de colibactine blauwdruk in patiénten met
dikke darm adenomen is verder uiteengezet in hoofdstuk 7. In totaal werd in 110 patiénten
in minimaal 1 van de onderzochte dikke darmlaesies een APC mutatie gevonden passend bij
de colibactine blauwdruk. Omdat meer wetenschappelijk onderzoek naar de consequen-
tie en invloed van colibactine nodig is, is voor een subset van de patiénten additioneel fe-
ces analyse en mutatie signatuur analyse middels een zeer moderne DNA analyse techniek
(WGS) verricht. Het onderzoek in feces laat zien dat 59% van de patiénten met in minimaal 1
laesie met een APC mutatie passend bij de colibactine blauwdruk ook daadwerkelijk de bac-
terie bij zich draagt. Dit is 25% in de patiénten die geen mutatie heeft passend bij de blau-
wdruk. Ondanks de moeilijkheden die WGS op archiefmateriaal van de dikke darmlaesies
met zich mee brengt, werd zo’n zelfde verrijking ook gezien in de mutatie signatuur analyse.
Deze bevindingen leveren extra bewijs voor de invloed van pks* E. coli op de ontwikkeling

van dikke darm adenomen en kanker.

Het laatste hoofdstuk, hoofdstuk 8, van dit proefschrift beschrijft een patiént met twee
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NTHL1 kiembaan mutaties waarbij APC mutaties passend bij de colibactine blauwdruk in
dikke darmlaesies en pks genen in feces gevonden werden. In één van de elf MAP patiénten,
bij wie middels APC mozaiek analyse het APC gen is onderzocht, werd ook een mogelijke
aanwijzing voor colibactine gevonden. Deze resultaten suggereren dat de aanwezigheid van
colibactine en dus de pks* E. coli bacterie zou moeten worden beschouwd als een risico
factor voor de ontwikkeling van darmkanker ook voor patiénten met een bekende erfelijke
aanleg voor dikke darm poliepen en kanker.



List of publications

List of publications

APC mosaicism, not always isolated: two first-degree relatives with apparently distinct
APC mosaicism.

Terlouw D, Hes FJ, Suerink M, Boot A, Langers AMJ, Tops CM, van Leerdam ME, van
Asperen CJ, Rozen SG, Bijlsma EK, van Wezel T, Morreau H, Nielsen M. Gut. 2022 Oct 28:gut-
jnl-2022-328540

Recurrent APC Splice Variant c.835-8A>G in Patients With Unexplained Colorectal Polypo-
sis Fulfilling the Colibactin Mutational Signature.

Terlouw D, Suerink M, Boot A, van Wezel T, Nielsen M, Morreau H. Gastroenterology. 2020
Oct;159(4)1612-1614

Declining detection rates for APC and biallelic MUTYH pathogenic variants in polyposis
patients, implications for DNA testing policy.

Terlouw D, Suerink M, Singh S, Gille JJP, Hes F, Langers A, Morreau H, Vasen H, Vos Y, van
Wezel T, Tops C, Ten Broeke S, Nielsen M. Eur J of Hum Genet. 2020 Feb;28(2):222-230

Performance of a RAD51-based functional HRD test on paraffin-embedded breast cancer
tissue

van Wijk LM, Vermeulen S, Ter Haar NT, Kramer CJH, Terlouw D, Vrieling H, Cohen D,
Vreeswijk MPG. Breast Cancer Res Treat. 2023 Sep;101007

Discordant Staining Patterns and Microsatellite Results in Tumors of MSH6 Pathogenic
Variant Carriers

van der Werf-"t Lam AS, Terlouw D, Tops CM, van Kan MS, van Hest LP, Gille JJP, Duijkers FAM,
Wagner A, Eikenboom EL, Letteboer TGW, de Jong MM, Bajwa-Ten Broeke SW, Bleeker FE,
Gomez Garcia EB, de Wind N, van Wezel T, Morreau H, Suerink M, Nielsen M. Mod Pathol.
2023 Jun;100240

Molecular functions of MCM8 and MCM9 and their associated pathologies.

Helderman NC, Terlouw D, Bonjoch L, Golubicki M, Antelo M, Morreau H, van Wezel T,
Castellvi-Bel S, Goldberg Y, Nielsen M. iScience. 2023 Apr 27;26(6):106737

141



Chapter 10

142

Molecular Profile of MSH6-Associated Colorectal Carcinomas Shows Distinct Features
From Other Lynch Syndrome—Associated Colorectal Carcinomas

Helderman NC, van der Werft Lam AS, Terlouw D, Bajwa-ten Broeke SW,
Rodriguez-Girondo M, van Egmond D, Langers AMJ, van Leerdam ME, Rayner E, van Asperen
CJ, van Hest LP, Gille HIP, Duijkers FAM, Wagner A, Eikenboom EL, Letteboer TGW, de Jong
MM, Bleeker FE, Gomez Garcia EB, Suerink M, Tops CM, de Wind N, Morreau H, Boot A, van
Wezel T, Nielsen M. Gastroenterology. 2023 Mar; S0016-5085(23)00486-9

Mismatch repair deficiency and MUTYH variants in small intestine-neuroendocrine tu-

maors.

Helderman NC, Elsayed FA, van Wezel T, Terlouw D, Langers AMJ, van Egmond D, Kiling G,
Hristova H, Farina Sarasqueta A, Morreau H, Nielsen M, Suerink M; PALGA-group collabora-
tors. Hum Pathol. 2022 Jul;125:11-17

Prevalence of mismatch repair deficiency and Lynch syndrome in a cohort of unselected

small bowel adenocarcinomas.

Suerink M, Kiling G, Terlouw D, Hristova H, Sensuk L, van Egmond D, Farina Sarasqueta A,
Langers A, van Wezel T, Morreau H, Nielsen M; PALGA-group collaborators. J Clin Pathol.
2021 Nov;74(11):724-729

The diverse molecular profiles of lynch syndrome-associated colorectal cancers are (high-
ly) dependent on underlying germline mismatch repair mutations.

Helderman N, Bajwa-Ten Broeke S, Morreau H, Suerink M, Terlouw D, van der Werf-" T Lam
AS, van Wezel T, Nielsen M. Crit Rev Oncol Hematol. 2021 Jul;163:10333



Dankwoord

Dankwoord

Zoals eigenlijk alles in het leven, had ik de eindstreep van dit proefschrift nooit in mijn eent-
je kunnen behalen. Ik wil iedereen die heeft bijgedragen enorm bedanken en een aantal
mensen in het bijzonder:

Allereerst mijn (co-)promotores, Hans, Tom en Maartje, hartelijk dank voor de tijd en
energie die jullie in mij en dit proefschrift hebben gestoken. Dank dat ik altijd langs kon
lopen voor vragen en dank voor de mogelijkheid mij te mogen ontwikkelen binnen de
wetenschap. Maartje, dank voor het vertrouwen in 2017 als student en in 2019 om mij
aan te dragen als PhD student. Hans en Tom, heel erg bedankt voor het vertrouwen en de
bereidheid mij op te leiden tot KMBP. Ik kijk uit naar de komende jaren.

Alexandra en Monique, dank voor jullie expertise en het benaderen en includeren van
de vele patiénten. Dank Manon en Sanne voor het vertrouwen wat jullie een aantal jaar
geleden in mij hadden waardoor ik mijn stage bij de KG mocht beginnen. Manon, dank dat
je ook tijdens mijn PhD klaar stond voor vragen en ondersteuning.

Alle MD analisten, dank voor het vele werk wat jullie voor de ‘Dianthatjes’ verricht hebben,
zonder jullie was dit proefschrift zo goed als leeg. Collega’s van de pathologie, met name
KMBP(io)’s, dank voor het warme welkom en de steun het laatste jaar.

Mede-kantoortuingenoten, Anne-Sophie, Eline, Maayke, Minne, Noah en Remco dank voor
jullie luisterend oor maar bovenal de gezelligheid tijdens mijn jaren in K5-187. Ook dank aan
de studenten die mij hebben geholpen met de analyses, Max en Yentl. Yentl, ik vond het erg
leuk om je op deze manier nog beter te leren kennen.

Lieve Ruby, Gul, Eline, Manijah en Carmen dank voor de etentjes en tripjes waar ik mijn hart
kon luchten en uiteraard de interesse in mijn proefschrift.

Mijn ‘Van de H’ vriendinnen, zonder jullie als uitlaatklep was dit nooit gelukt. Dank voor het
verzorgen van de ontspanning maar ook de vermoeide maandag en vrijdagochtenden. Dank
voor de steun, liefde en warmte, ook tijdens de mindere momenten.

Lieve familie, lieve ooms, tantes, neefjes en nichtjes dank voor jullie steun en interesse.
Wouter, neefie, bedankt voor je hulp met het ontwerpen van zowel de cover als binnenkant
van dit proefschrift. Lieve oma’s (en opa’s) ook jullie bedankt voor de eeuwige steun!

Mijn sterke, stoere mama, bedankt dat jij en papa dit mogelijk hebben gemaakt; goed leren
én leuke dingen doen! Dank dat jij mij hebt geleerd altijd door te gaan en het hoofd koel te
houden voor wat voor hete vuren je dan ook staat.

Allerliefste paranimfen, Guido en Sofie, bedankt voor jullie hulp en dat jullie naast mij staan!
Guido, mijn grote broer en steun en toeverlaat. Dank voor alles. Net zoals dat voor papa
was, is niets voor jou te veel! Soof, bedankt dat jij er bent! Zo fijn dat we dichtbij elkaar
wonen en je (samen met Bart) voor de nodige afleiding en gezellige tripjes zorgt.

Lieve papa, dank voor je steun en liefde wat ik nog elke dag voel!

143






Curriculum Vitae

Curriculum Vitae

Diantha Terlouw was born in Zwijndrecht, the Netherlands, on the 13" of November 1995.
She graduated at her high school Walburg College in Zwijndrecht in 2014. She obtained the
bachelor degree in Biomedical Sciences at the University of Leiden in 2017. During her bach-
elor she did an internship at the department of Clinical Genetics at the Leiden University
Medical Center (LUMC) researching incidence of interval carcinomas and polyps in PMS2
mutation carriers. After finishing this internship, she continued working at the department
of Clinical Genetics as a student assistant and helped filling the PMS2 and MSH6 databases
and continuing the study of APC and MUTYH prevalence in polyposis patients. She obtained
the master degree in Biomedical Sciences with specialisation Research at the University of
Leiden in 2019. She did two research internships during her master, one at the department
of Parasitology at the LUMC focussing on the role of cholesterol on liver stage malaria in-
fection and one at the department of Clinical Genetics and Pathology of the LUMC. This last
internship focussed already on APC mosaicism and resulted in the PhD position starting in
2019. Diantha Terlouw has recently started her Clinical Scientist Molecular Pathology train-
ing at the department of Pathology at the LUMC.

145



	Proefschrift Diantha Terlouw cover
	Proefschrift Diantha Terlouw
	Blank Page



