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Abstract: Hereditary polyposis syndromes are characterized by a large number and/or histo-
pathologically specific polyps in the gastrointestinal tract and a high risk of both colorectal cancer
and extracolonic cancer at an early age. While the genes responsible for some of the syndromes,
eg, APC in familial adenomatous polyposis and STK/!/ in Peutz-Jeghers syndrome, have been
known for decades, novel genetic causes have recently been detected that have shed light on the
broader clinical spectrum of syndromes. Genetic diagnoses are important because they can
facilitate a personalized surveillance program. Furthermore, at-risk members of the patient’s
family can be tested and enrolled in surveillance as needed. In some cases, prenatal diagnostics
should be offered. In this paper, we describe the development in germline genetics of the
hereditary polyposis syndromes over the last 10—12 years, their clinical characteristics, as well
as how to implement genetic analyses in the diagnostic pipeline.
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Introduction

Hereditary polyposis syndromes (HPS) are the cause of severe morbidity and increased
mortality in a significant number of patients worldwide. HPS patients often have an
increased risk of extraintestinal cancer and extraintestinal manifestations that require
tailored surveillance, depending on the specific genetic cause. The syndromes can be
present in childhood, adolescence, and adulthood with a broad spectrum of symptoms
ranging from very few (asymptomatic) polyps to severe polyposis and cancer. As the
syndromes are genetic in origin, patients’ family members may also be affected.

In 1991, APC was the first known gene to be causative of a polyposis syndrome:
familial adenomatous polyposis (FAP).' Since then, several other genes have been
discovered that are associated with gastrointestinal (GI) polyposis and for which
causal pathogenic variants (PVs) can be detected (Figures 1 and 2). Next-generation
sequencing (NGS) methods in genetic research and diagnostics have further accel-
erated the search for novel genes and have lowered the threshold for performing
genetic analyses in suspected HPS patients as analyses become faster and cheaper.

Most of the novel HPS are rare and have only been reported in a small number of
patients and their families. Thus, we are only now beginning to understand the full
phenotypic spectrum of the syndromes and their medical implications. In this paper, we
focus on describing the discoveries made of HPS’ clinical characteristics during the last
10-12 years, and we discuss implementing genetic analyses in the diagnostic pipeline.
Detailed descriptions of FAP, juvenile polyposis syndrome (JPS), Peutz-Jeghers syn-
drome (PJS), PTEN hamartoma tumor syndrome, AXIN2-related polyposis, and MUTYH-
associated polyposis (MAP) are beyond the remit of this review.
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Figure | Timeline polyposis syndromes. *Upstream 40 kb duplication. **Gastric adenocarcinoma and proximal polyposis of the stomach syndrome (GAPPS) caused by

variants in the APC promoter |B.

Phenotypic Spectrum and Histopathology
Traditionally, HPS have been classified according to
the dominant histopathology of the polyposis, eg, in
hamartomatous, adenomatous polyposis, etc. (Figures 2
and 3), and their mode of inheritance. This approach is
still useful, but for many of the syndromes a patient
presents with a more mixed picture of polyps and
hence establishing a clinical diagnosis can prove more
difficult. The histologic distinction between different
polyps might not always be obvious, due to overlap-
ping morphology and the difficulty in recognizing fea-
tures such as subtle dysplasia. As a pathologist, one
should of course always pay special attention to
a patient’s former pathology reports and the number,
size, histology, and location of polyps. Suspected poly-
posis and hereditary cases should be clearly stated in
such reports and, ideally, discussed at multidisciplinary
team meetings.

Genetic analysis can make possible a precise diag-
nosis in many patients with GI polyposis, and as more
patients are offered genetic testing, knowledge of the
phenotypic spectrum grows. Not every patient with
a genetic diagnosis and pathogenic variants in
a polyposis-related gene presents with the classic mul-
tiple polyps; some patients present with only a small
number of polyps. Although many of the HPS have full
penetrance, most have considerable inter- and intrafa-
milial expressivity, making it impossible to predict the
course of disease and development of cancer in an
individual carrying PV. For some syndromes, we are
only now beginning to understand how some variants
lead to a milder or more severe phenotype (ie, the
genotype—phenotype correlation).

Both novel causes of autosomal dominant and auto-
somal recessive HPS have been discovered. Here, we

will focus on both. The AD syndromes comprise the
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HISTOLOGY GENE (CLINICAL ENTITY) INHERITANCE PATHWAY
Adenomatous APC (familial adenomatous polyposis, FAP)* Autosomal dominant WNT/B-catenin signaling pathway
AXIN2 (oligodontia-colorectal cancer syndrome) WNT/B-catenin signaling pathway
POLD1 (polymerase proofreading-associated polyposis, PPAP) DNA proofreading
POLE (polymerase proofreading iated polyposis, PPAP) DNA proofreading
Adenomatous MBD4 (MBD4-associated neoplasia syndrome, MNS) Autosomal recessive Base excision repair pathway
MLH1, MSH2/6, PMS2 (constitutional mismatch repair syndrome, CMMRD) MMR pathway
MLH3 (MLH3-related polyposis) MMR pathway
MSH3 (MSH3-related polyposis) MMR pathway
MUTYH (MUTYH-associated polyposis, MAP) Base excision repair pathway
NTHL1T (NTHL1 tumor syndrome) Base excision repair pathway
Hamartomatous BMPR1A (juvenile polyposis syndrome) Autosomal dominant TGF-B/BMP signaling pathway
PTEN (PTEN hamartoma tumor syndrome) PTEN-AKT-PI3K pathway
SMAD4 (juvenile polyposis syndrome) TGF-B/BMP signaling pathway
STK11 (Peutz-Jeghers syndrome) mTOR signaling pathway
Serrated RNF43 (serrated polyposis syndrome) Autosomal dominant WNT/B-catenin signaling pathway
Mixed-type GREM1 (hereditary mixed polyposis syndrome)** Autosomal dominant TGF-B/BMP signaling pathway

Figure 2 Polyposis syndromes distributed according to histology, inheritance pattern and pathway. *Pathogenic variants in the APC promoter |IB predisposes to gastric
adenocarcinoma and proximal polyposis of the stomach syndrome (GAPPS). **Caused by a duplication 40kb upstream of GREM|.

Figure 3 Clinical pictures of patients with polyposis Adenoma in the right colon (A) from a patient with MUTYH-associated Polyposis. (B) A |5 mm adenoma in the
duodenum from the same patient. It was removed by argon plasma coagulation (C). (D) Diffuse fundic gland polyposis in a patient with GAPSS and a pathogenic variant in the
promotor |B of APC: c.-191T>C. The lesions were random biopsied, and the histopathology showed low-grade dysplasia. (E and F) is from a 60y old patient that had
a colectomy as a teenager. At regular Gl surveillance few small rectal adenomas were detected, while the duodenum and the major papilla were without polyps. Following
genetic counseling a pathogenic variant in POLE, p.(Leu424Val) was detected, and gynecological surveillance was added to her surveillance program.
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polymerase proofreading-associated polyposis
(POLDI- and POLE-associated polyposis), GREMI-
associated polyposis,
proximal polyposis syndrome (GAPPS) and RNF43-
associated serrated polyposis, while the autosomal
recessive syndromes include NTHLI-, MLH3-, MSH3-

and MBD4-associated polyposis (Table 1).

gastric adenocarcinoma and

Adenomatous Polyposis Syndromes

Polymerase Proofreading-associated
Polyposis (POLD |- and POLE-associated
Polyposis)

In 2013, Palles et al demonstrated that pathogenic variants
in the exonuclease domain of DNA polymerase € (POLE)
and DNA polymerase 6 (POLDI) are associated with

Table | Novel Polyposis Syndromes

Syndrome Localization Histo- Extraintestinal Cancer
of Polyps Pathology Manifestations
Localization Cumulative Risk/ Age of Onset (y)
Risk Among “Median
Carriers (Range)”
POLE-related polyposis Colon/rectum Adenomatous | — Colon/rectum For p.(Leu424Val): 45-50.2
(Polymerase proofreading-associated Duodenum Duodenum 90% -
polyposis, PPAP) Uterus 10% -
Ovary 25% -
Pancreas - -
Melanoma - -
Brain - -
POLD I-related polyposis Colon/rectum Adenomatous | — Colon/rectum 50% 40.0
(Polymerase proofreading-associated Duodenum Uterus 75% -
polyposis, PPAP) Breast - -
Bladder - -
Brain - -
NTHLI tumor syndrome Colon/rectum Adenomatous | — Colon/rectum 16/29 individuals 61 (33-73)
Rarely Breast 9/29 individuals 48.5 (38-63)
duodenum/ Uterus 5/15 individuals 57 (6-74)
esophagus Duodenum 1/14 individuals
CMMRD?° Congenital mismatch repair | Colon/rectum Adenomatous | Café-au-lait spots | Colon/rectum 59/146 individuals 16 (8—48)
deficiency) Duodenum (CAL) Duodenum 18/146 individuals 28 (11-42)
Rarely in liver/ Neurofibromas Hematologic malignancy 48/146 individuals 6 (0.4-21)
stomach Brain 58/146 individuals 9 (2-40)
MSH3- and MLH3-related Colon/rectum Adenomatous | — Uncertain — potentially risk | — -
polyposis Duodenum of:
Colon/rectum
Stomach
Brain
Breast
GREM | -related polyposis Colon/rectum Mixed type - Colon/rectum - -
Serrated polyposis syndrome Colon/rectum Serrated - Colon/rectum 15-35% 53.9
Gastric adenocarcinoma and Stomach Adenomatous | — Stomach - -
proximal polyposis of the stomach
(GAPPS)
MBD4-associated neoplasia Colon/rectum Adenomatous | — Colon/rectum - -
syndrome (MNS) Myelodysplastic syndrome
(MDS)
Acute myeloid leukemia
(AML)
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hereditary adenomatous polyposis and an increased risk of
CRC, now named “proofreading-associated polyposis”
(PPAP, OMIM 615083 and 612591).4 Since then, more
than 100 patients with PPAP have been described in the
literature.>® POLE and POLDI synthesize each of the two
new DNA strands during DNA replication. Both proteins
have proofreading exonuclease abilities, which corrects
synthesized DNA for replication errors.’

PPAP is characterized by adenomatous colonic polyps/
polyposis that develops in adulthood. The median age for
detection of polyps and CRC is typically in the third and
fourth decades, but can develop in adults of any age.®®
The polyp burden is variable and ranges from none to
around 100. Upper GI-polyposis has been reported in
a smaller proportion of patients and tends to be diagnosed
later than colorectal polyps. The lifetime risk of CRC is
estimated to be 50-90% and highest for POLE-carriers’"°
and 25-75% for endometrial cancer with POLD] carriers
to be at the highest risk. Duodenal (10/105 POLE patients)
ovarian (5/43 POLE patients) and breast cancer (10/60)
have been observed at a higher frequency than in the
background population.® Brain cancer has been detected
in both POLE and POLDI] carriers and comprises astro-
cytomas, glioblastomas and oligodendrogliomas.®® PPAP
is inherited in an autosomal dominant manner, with most
cases inherited from an affected parent rather than being
de novo. Variants in POLDI and POLE correlated with
polyposis and CRC/endometrial cancer that are missense
variants found in the exonuclease domain of the proteins.
There is no evidence that truncating variants are associated
with PPAP. However, homozygote or compound heterozy-
gote pathogenic loss-of-function (LoF) variants in POLE
have been detected in IMAGE syndrome (OMIM 614732),
which is characterized by intrauterine growth retardation,
metaphyseal dysplasia, adrenal hypoplasia congenita and
genital anomalies,” and in FILS syndromes (OMIM
615139), characterized by dysmorphic features including
short
Moreover, pathogenic de novo

malar  hypoplasia, livedo, stature  and

immunodeficiency.'®"!
LoF variants in POLDI have been associated with sub-
cutaneous lipodystrophy, deafness, mandibular hypoplasia
and hypogonadism in males (MPD syndrome),'*'? as well
as with Werner syndrome.'* Most PPAP patients with
a PV in POLE carry the p.(Leu424Val) variant and,
although other variants have been reported, most data
derive from people carrying this variant. Patients with
other missense variants in the exonuclease domain of

POLD] and POLE are rare and although only based on

a few cases, patients might have a phenotype mimicking
constitutional MMR deficiency syndrome (CMMRD) with

15:16 if a variant

a childhood onset of tumors and polyposis
causes a more severe proofreading defect. In light of these
facts, the interpretation of missense variants in the exonu-
clease domain of POLE and POLDI should be carefully

evaluated.

Gastric Adenocarcinoma and Proximal

Polyposis Syndrome

For the last couple of decades, APC has been associated with
FAP, but we now know that specific PVs in the promotor 1B
of APC cause gastric adenocarcinoma and proximal poly-
posis syndrome (GAPPS)'” (OMIN 619182). The syndrome
is considered to be a rare autosomal dominant condition and
was first recognized by Worthley et al in 2012."® The genetic
cause was published 4 years later, with the detection of PVs

in the promotor 1B by Li et al.'’

The promotor activates
transcription of APC in gastric mucosa and the presence of
variants in the 1B promotor impairs the binding of the
transcription factor YY1, resulting in reduced expression
of the APC gene. The variants reported so far include c.-
190G>A, c.-191T>C, c¢.-192A>G, c.-192A>T and c.-
195A>C substitutions.

Until now, around 100 patients from 25 families have
been described in the literature.'® The penetrance is not
complete, and the age of debut of symptoms varies. These
patients typically have fundic gland polyposis in the gas-
tric body and are at increased risk of gastric cancer, but
lack the colorectal manifestations seen in FAP. The earliest
onset of polyps was reported in a 10 year-old,'® but if
symptomatic GAPPS primarily manifests in adulthood.
The number of polyps can range from a few to
a “carpetlike appearance.” Patients are at increased risk
of gastric cancer (adenocarcinoma). Some carriers stay
asymptomatic for life. Currently, prophylactic gastrectomy
is recommended in the presence of dysplastic changes in
the stomach. However, and contrary to FAP, there seems to
be a mild colorectal phenotype.

NTHL-associated Tumor Syndrome

NTHL I-associated polyposis (or NTHLI tumor syndrome)
was described for the first time by Weren et al in patients
with adenomatous polyposis in the lower GI tract.*® The
syndrome is rare, and until now, only around 40 cases have
been described. The syndrome is estimated to account for
approximately 2% of unexplained polyposis.?' Most
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patients are homozygous to the recurrent pathogenic var-
iant p.(GIn90Ter), but a few other nonsense and splice
variants have been reported.”” Endonuclease III-like 1
(NTHLI) encodes a DNA glycosylase gene involved in
the base excision repair (BER) pathway. NTHL1 removes
damaged nucleotides, specifically oxidized pyrimidines,
from the DNA strand. The resulting gap is filled further
down the pathway.>

The polyp burden is variable, from fewer than 10
polyps to 50-100, with CRC typically diagnosed between
the ages of 40 and 65 years>* and polyposis developing in
adulthood. Adenomatous polyposis has also been observed
in the upper GI tract, but only a few cases of duodenal
cancer have been reported. Due to the rarity of the syn-
drome, the full phenotypic spectrum is not known, but
based on the largest cohort of patients so far (n=29)
homozygous, or compound heterozygote, carriers of PVs
are also at risk of non-GI- malignancies®> Breast cancer
(including bilateral) have been reported in a large propor-
tion of female carriers (with a median age of 49 years), as
well as endometrial cancer (median age of 57).°>%° It is
a matter of debate whether monoallelic carriers are at
increased risk of cancer (as with monoallelic MUTYH
carriers), but so far, the evidence for this is not convincing,
with only a few reported cases of heterozygous carriers

with cancer and loss of heterozygosity.”’®

MSH3-associated Polyposis

MSH3 associated polyposis is considered a rare polyposis
syndrome with an autosomal recessive inheritance pat-
tern. MutS homolog 3 (MSH3) encodes a protein, which
in a heterodimer formation with MSH2 plays a role in the
mismatch repair system. Biallelic PVs were reported in
four patients (two pairs of siblings) in 2016.% These
patients presented with several benign and malignant
tumors, indicating a new subtype of a polyposis syn-
drome with a broad tumor spectrum. All four patients
had colonic adenomatous polyposis, which was diagnosed
when they were in their 30s, 40s, or 50s, with one female
patient presenting with CRC at age 55, followed by
a gastric carcinoma at age 59. The other patients (two
females, one male) suffered from several other tumors,
including astrocytoma (one patient), duodenal adenomas
(two patients), and thyroid adenomas (two patients).
Breast papilloma (two patients) and uterine benign
tumors (two patients) were also reported. Currently,
these are the only reported cases of MSH3-associated

polyposis and subsequent studies indicate that the syn-
drome is very rare.*”

MLH3-associated Polyposis

MLH3-associated polyposis was reported for the first time
by Olkinuora et al in 2018 in four patients who were found
to be homozygous for p.(Serl188Ter), an apparent Finnish
founder mutation.*’ MutL homolog 3 (MLH3) encodes
a protein that forms a heterodimer with MLH1 and is
involved in the mismatch repair system. Olkinuora et al’s
patients had a variable number of adenomas (1-200) diag-
nosed in their 40s and 50s. One patient had CRC at the
time polyps were detected (48 years old), and two patients
in their 50s had breast cancer. However, evidence of
MLH3 as the cause of a high penetrant polyposis syn-
drome is scarce, and homozygous truncating variants
have also been found in patients with infertility and no

reported polyposis.®*>?

Constitutional MMR Deficiency

Syndrome (CMMRD)

Biallelic PVs in the Lynch genes — MLHI, MSH2, PMS?2
and MSH6 (mainly PMS2) — can cause another polyposis
syndrome: constitutional MMR deficiency syndrome
(CMMRD, OMIM 276300). It is a highly penetrant syn-
drome in which patients are at high risk of GI polyposis
and can suffer from a spectrum of malignancies, including
brain tumors, lymphoma and leukemia, with onset during
childhood and adolescence. Approximately 80% develop
their first malignancy before age 18, and many have multi-
ple primary malignancies.>* In addition, patients often
present with dermatological features, such as multiple
café-au-lait spots typically with irregular margins. Both
neurofibromatosis type 1 and Li Fraumeni syndrome
should be considered as
CMMRD.

differential diagnoses for

MBD4-associated Polyposis

(MBD4-associated Neoplasia Syndrome)

MBD4 encodes a BER glycosylase that repairs G:T mis-
of 5'-
The gene is frequently mutated in

matches resulting from the deamination
methylcytosine.**
MMR-defective colorectal tumors.>

In 2018, Sanders et al described three patients with
biallelic germline PVs in MBD4. The patients had early
onset (before 40 years-old) acute myeloid leukemia

(AML), and two of the patients also had a history of
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colonic polyps.’® Palles et al recently coined the term
“MBD4-associated neoplasia syndrome” (MANS) and
linked MBD4 to polyposis based on the report of
a homozygous 4bp deletion in MPD4 in a patient with
approximately 60 colonic and rectal adenomas at age 36.%’
No upper gastrointestinal polyps were reported. A few
months after the detection of polyposis and a subsequent
proctocolectomy, the patient was diagnosed with myelo-
dysplastic syndrome, which progressed to AML. The
authors retrospectively evaluated the patients of Sanders
et al and of the two patients with colonic polyps, one
developed CRC at age 40 and accumulated 17 adenomas.
The other patient had a hemicolectomy due to multiple
polyps.

Although still mindful of the limited evidence, these
few cases indicate that MBD4 is associated with an auto-
somal recessive polyposis syndrome that entails a high risk
of polyposis and myeloid malignancies; however, these
risk estimates, and those for other malignancies, have yet
to be determined with any precision. The risk of cancer in
monoallelic carriers of PVS in MBD4 is unknown.
Tankaya et al reported a woman with over 30 colorectal
adenomas and a heterozygous MBD4 PV and expression of
the MBD4 protein with immunohistochemical staining
was absent.’® Palles et al did not find that monoallelic
carriers had an increased risk of polyposis and CRC.*’

Other Polyposis Syndromes
RNF43-associated Serrated Polyposis

Syndrome

Serrated polyposis syndrome (SPS, OMIM 617108), for-
merly known as hyperplastic polyposis, is now defined
according to the updated World Health Organization
(WHO) criteria as 1) serrated polyps (SPs) proximal to
the rectum, all 5 mm or larger in size, with at least two
10 mm or larger in size (criterion I), and 2) a more distal
phenotype that presents with more than 20 SPs of any size
throughout the large bowel, with five being proximal to the
rectum (criterion II). There are three histologic subtypes of
SPs: hyperplastic polyps (HP), sessile serrated lesions
(SSL), and traditional serrated adenomas (TSA). The num-
ber of polyps is cumulative and can be found over the
course of several colonoscopies, sometimes making the
diagnosis difficult. The number of cumulative polyps is
often between 30 and 40 but may vary from just a few to
several hundred. SPS is a more common syndrome than
previously thought but is still rare: in colonoscopy

screenings of patients with a positive fecal occult blood
test the prevalence of SPS ranged from 0.31% to 0.66%.°
However, these polyps seldom bleed, and traditional
screening may not be the best way to detect them. The
number of cases is probably going to rise anyway as
a result of the aforementioned revised diagnostic criteria.

SPS is not, in general, considered to be a monogenic
syndrome, but rather a sporadic syndrome with multifac-
torial etiology including both environmental and genetic

factors.*°

Yet, a small proportion of patients may have SPS
as an autosomal dominant polyposis syndrome due to
a monoallelic PV in RNF43. In 2014, Gala et al were the
first to describe two unrelated patients with PVs in RNF43
with SPS.*' This has been followed by several other simi-
lar reports.***

Patients with SPS have an increased risk of CRC, with
an overall risk of approximately 20%, highest at the time
of diagnosis.** Several studies point towards an increased
risk of CRC among first-degree relatives of those with the
syndrome.*>*® Some studies suggest that cancer can
develop rapidly, especially in SLLs with dysplasia,*’” and

surveillance
48,49

most recommendations  for suggest

a colonoscopy every 1-2 years, often preceded by
a “polyp clearance colonoscopy,” during which all visible
polyps/lesions are removed.

The spectrum of other extraintestinal cancers is
unknown, although not found in all reports, some studies
have reported a high incidence of other types of

malignancies.’® >

GREM [-associated Mixed Polyposis

Hereditary mixed polyposis syndrome (OMIM: 601228)
was first described by Whitelaw et al in 1997°° in an
Ashkenazi Jewish family with mixed GI polyposis and
CRC. The genetic cause was described in 2012 by Jaeger
et al, who detected a 40kb duplication upstream of
Gremlin 1 (GREMI).>* Subsequently, there have been
several cases of the 40kb duplication, but also a 16kb
duplication and 24kb duplication of the regulatory region
of GREMI, as well as a duplication of the entire gene.” >’
The 40kp duplication seems to be a founder mutation in
the Ashkenazi Jewish population. GREMI encodes a bone
morphogenetic protein (BMP) antagonist and dysregula-
tion of the BMP pathway can promote tumorigenesis. The
colorectal polyposis in these families showed a mixed
histopathology, including adenomatous, hyperplastic and

hamartomatous polyps, all of which developed in
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adulthood. While there appears to be an increased risk of
CRC, a precise risk estimate has not been determined.

Surveillance and Treatment
Recommendations for several of the well-established her-
editary syndromes have been published, including FAP,
MAP, PJS and JPS.’% % However, for most of the rare
syndromes, it is difficult to provide general recommenda-
tions for surveillance, both for affected patients as well as
for asymptomatic carriers of a PV. Surveillance with endo-
scopy of gastrointestinal manifestations will be sufficient
for the majority of syndromes. Exceptions include FAP,
where colectomy is recommended, and GAPPS, where
gastrectomy will often be indicated. As for the preferred
endoscopic modality, the existing knowledge is too scarce
to draw firm conclusions, and a surveillance program must
be personalized for each patient. As several of the syn-
dromes have a broader tumor spectrum (Table 1), surveil-
lance of other organs should be included, but surveillance
should always be guided by family history, knowledge of
phenotype-genotype correlations, and the most recent lit-
erature. Preferably, patients should be allocated to expert
centers, and management should be multidisciplinary.

Diagnostic Approach

In clinical settings, the diagnosis of an HPS is sometimes
straightforward, eg, if a patient has polyps with a specific
histopathology and characteristic extraintestinal manifesta-
tions. However, in a large proportion of patients — espe-
cially those with mixed or dominantly adenomatous
polyposis — it is impossible to make a precise diagnosis.
In addition, we know that patients with HPS may not have
a classical phenotype and present with only a few polyps.
Considering this, the threshold for performing genetic
testing should be low.

Due to the phenotypic overlap and the many possible
causative genes, a NGS panel of relevant polyposis/CRC-
associated genes should be investigated from a blood sample.
Exceptions are a convincing clinical phenotype pointing
towards a specific syndrome like PJS. The genes can be
analyzed with either a physical panel or a virtual panel
based on whole-exome sequencing (WES) or whole-
genome sequencing (WGS). WGS allows one to detect reg-
ulatory variants, deep intronic variants and structural
abnormalities. NGS with high read depth is also better at
detecting mosaicism, which should be considered in patients
where a PV is not initially detected but who have
a convincing clinical presentation. Somatic mosaicism has

been found in patients with both PJS and FAP,*"** and some-
times, it is necessary to perform genetic testing on biological
samples other than blood, eg, from a polyp. The diagnostic
approach is laid out in Figure 4.

Genetic Counseling and Prenatal

Diagnostics

Genetic counseling is an essential part of managing patients
with (or who are suspected of) an HPS. Genetic testing will
identify if germline alterations are present in the known HPS-
associated genes, and thereby help to identify the risk of
additional tumors and tailor the surveillance offered. In addi-
tion, when a genetic pathogenic variant is identified, patients
can be provided with detailed knowledge of the risk of recur-
rence and informed about family planning. In some countries,
patients with an HPS and a high recurrence risk are offered
prenatal diagnostics. These options, however, depend on the
national rules, regulations and comprise ethical considerations
as well. Prenatal diagnosis can be performed by invasive
testing of a chorion villus biopsy at around week 11 of preg-
nancy. Another option is preimplantation genetic testing for
monogenic disease (PGT-M). This technique comprises hor-
mone stimulation followed by oocyte retrieval. Oocytes are
then fertilized through intracytoplasmic sperm injection. The
fertilized oocyte is cultivated at the blastocyst stage, and the
trophectodermal cells are sampled and tested for the specific
genetic condition. Unaffected blastocysts can then be trans-
ferred to the uterus. Prenatal diagnosis raises ethical and
technical challenges, but several guidelines for polyposis
emphasize that patients should be made aware of their repro-
ductive options and the preimplantation and prenatal genetic
testing available to them.*

Polyposis of Unknown Etiology

In a large proportion of patients with polyposis, it is
impossible to detect a genetic cause, but the detection
rate of pathogenic variants depends on the phenotype, eg
the detection rate is high in PJS (80-90%) but lower in
patients with adenomatous polyposis. The estimation of
“unsolved” cases varies from 10% to 80% of patients.’!
Diagnostic approaches are primarily based on genetic ana-
lysis of blood and/or polyps, and over time NGS has
replaced Sanger sequencing as the method of choice.
This has resulted in a number of candidate genes, includ-
ing DSC2, PIEZO1, ZSWIM7, MCM9% and SMAD9,°*%
but a significant number of cases remain unsolved. WGS
will increasingly be used and is expected to reveal PVs in
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Genetic work-up

Referral of patient (suspected) of a hereditary polyposis syndrome

v

Patient and family history focusing on cancer,
extraintestinal manifestations and
histopathology of polyps

/\

Suspicion of specific syndrome, e.g.,
Peutz-Jeghers Syndrome

v

Analysis of one (few) genes(s)

v

No pathogenic variant

) v

Consider mosaicism

No specific syndrome suspected

v

Analysis of gene panel*

v

\ 4

Consider clinical diagnosis if clinical
criteria exist and are fulfilled.
Or else polyposis of unknown

etiology and surveillance of family

members

> Detection of pathogenic variant

v

Surveillance according to
guidelines.
Testing of family members at risk.
Preconceptional counseling, if
relevant.

Figure 4 Genetic work up of patients suspected of a underlying polyposis syndrome. *The list of relevant genes is dynamic, but at present (2021) the following genes should
be included: APC, POLE, POLD I, MBD4, MUTYH, NTHLI, MSH2, MLH I, MSH3, MSH6, STKI I, SMAD4, BMPRIA, PTEN, RNF43, GREMI, MLH3, PMS2, AXIN2.

already known genes, as well as novel genes and other
genetic causes.

For patients and families with polyposis of unknown
etiology, decisions about surveillance are difficult to
make. A few studies have addressed this question with
varying results, likely influenced by selection bias and
in the genetic analyses

variation performed. The

occurrence of cancer has been reported in relatives,
both in the colon and in the upper GI tract.°®®® The
National Comprehensive Cancer Network (NCCN) sug-
gests that surveillance and management be guided by the
phenotype of the patient and by the family history.®’
Finally, some patients with multiple polyps (eg, more

than 100) are treated as FAP patients.
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Conclusion
Currently, 19 genes associated with GI polyposis are

known, including the four Lynch genes where biallelic

carriers have CMMRD. The genes and associated syn-

dromes comprise both autosomal recessive and autoso-

mal dominant syndromes. Sequencing of these genes

should be implemented in the diagnostic pipeline for

patients suspected of a polyposis syndrome, and patients

should be offered genetic counseling. Patients and at-risk

members of their families should be offered surveillance

as several of the syndromes are associated with an

increased risk of both CRC and extraintestinal cancers.

For several of the syndromes, the phenotypic spectrum is

not fully understood, and the rarity of the conditions

makes evidence-based, long-term follow-up studies dif-

ficult to conduct. As technologies improve, we will

hopefully be able to identify new genetic causes and

expand upon our knowledge of these syndromes.
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