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Abstract: Early-onset colorectal cancer (EOCRC), defined as that diagnosed before the age of 50,
accounts for 10-12% of all new colorectal cancer (CRC) diagnoses. Epidemiological data indicate that
EOCRC incidence is increasing, despite the observed heterogeneity among countries. Although the
cause for such increase remains obscure, ~13% (range: 9-26%) of EOCRC patients carry pathogenic
germline variants in known cancer predisposition genes, including 2.5% of patients with germline
pathogenic variants in hereditary cancer genes traditionally not associated with CRC predisposition.
Approximately 28% of EOCRC patients have family history of the disease. This article recapitulates
current evidence on the inherited syndromes that predispose to EOCRC and its familial component.
The evidence gathered support that all patients diagnosed with an EOCRC should be referred to
a specialized genetic counseling service and offered somatic and germline pancancer multigene
panel testing. The identification of a germline pathogenic variant in a known hereditary cancer
gene has relevant implications for the clinical management of the patient and his/her relatives,
and it may guide surgical and therapeutic decisions. The relative high prevalence of hereditary
cancer syndromes and familial component among EOCRC patients supports further research that
helps understand the genetic background, either monogenic or polygenic, behind this increasingly
common disease.

Keywords: hereditary cancer; cancer genetics; colorectal cancer predisposition; cancer syndrome;
lynch syndrome; polygenic risk score

1. Introduction

Early-onset colorectal cancer (EOCRC), defined as that diagnosed before the age
of 50, accounts for 10-12% of all new colorectal cancer (CRC) diagnoses [1,2]. Early-
onset cancer, together with familial aggregation of cancer and diagnosis of multiple primary
tumors, is one of the hallmarks of inherited cancer predisposition. The identification
of a hereditary cancer syndrome, i.e., of a germline pathogenic variant in a hereditary
cancer gene, has significant implications for the carriers and their families, as it helps
risk assessment, directs clinical management, and guides preventive and therapeutic
options [3,4].

The prevalence of hereditary cancer syndromes among EOCRC patients is ~13%
(prevalence range in different reports: 9-26%) [5-12]. The variability observed among
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studies may be due to (i) different patient inclusion criteria, such as different age cut-
offs; (ii) different germline testing approaches, which range from the study of a few
major CRC genes to the analysis of multigene hereditary cancer panels or whole exomes;
(iii) population-specific founder effects; (iv) variant classification disparities. Table 1 shows
the results of different studies assessing the hereditary component of EOCRC. In addition
to the known hereditary cancer syndromes—including CRC predisposition syndromes
and other cancer syndromes not traditionally associated with CRC—a relevant, still-to-be-
determined proportion of EOCRC may be explained by the accumulation of low-risk CRC

alleles [13].

Table 1. Prevalence of germline pathogenic variants in hereditary cancer genes among early-onset colorectal cancer (EOCRC)

patients. Studies including >100 EOCRC patients and analyzing multiple (>10) hereditary cancer genes or whole exomes

are listed in the table.
Gene/Mutation Spectrum S Gene/Ml'ltahon
L a pectrum in Other
Study No. in CRC Genes ab
Cancer Genes *

Testing Approach

Hereditary Cancer

[Population] Age Cutoff Patients Analyzed % P or I_:I’ Variant % P or LP Variant
Carriers|(n) Carriers (n)
1.5% BRCA1/2
(21/1387)
1.1% CHEK2
(43/3954)
1.0% ATM (14/,345)
5.3% MMR 0.2% TP53 (9/4017)
genes (213/3994) 0.1% PALB2
0.5% APC (20/3884) (2/1350)
. Nine different 0.4% biallelic 0.1% BARD1
Laduca 2020 [11 i 1%
[ Sif}iecraent [11] <50 Mean: 2672 multigene panels 362/4017 (9.0%) MUTYH (15/3953) (1/1339)
opulations] (range: 986-4017) (5-49 genes ’ 0.1% SMAD4 (5/3881) 0.3% BRIP1 (4/1342)
pop evaluated) 0.1% BMPRIA (3/3881) 0.1% RAD51C
0.0% STK11 (1/3954) (1/1342)
0,0% PTEN (1/4014) 0.2% CDKN2A
0.0% GREM1 (1/2366) (2/1228)
0.1% SMARCA4
(1/986)
0.1% NBN (2/1339)
0.1% CDH1 (2/3965)
0.1% NF1 (1/1298)
11% MMR genes (111) 0.9% BRCA1/2 (9)
1.9% APC (19) e
Chubb 2016 [9] <55 1006 Exome sequencing  158/1006 (15.7%) 0.9% biallelic MUTYH (9) 037 ATM (3)
[UK] o 0.1% TP53 (1)
0.4% POLE/POLDI1 (4) 01% PALB2 (1)
0.1% biallelic NTHLI (1) e
0 0.45% BRCAI (2
8.2% MMR genes (37) 0.9% BRCA2 (i) )
Pearlman 2017 [5] (1); fxlzzg (5)113071< ) 0.7% ATM (3)
[USA] . 50 450 25-gene panel 65/450 (14.4%) 0'9% bialle%c MUTYH (4) 0.2% ATM/CHEK2
o (1)
0.2% SMADA (1) 0.45% PALB2 (2)
0.2% APC/PMS2 (1) 0.2% CDKN2A (1)
13.5% MMR genes (45) égﬁ %{5‘2%)(6)
DeRycke 2017 3.3% APC (11) 0.9% CDHI 3)
E% \ Canada <50 333 36-gene panel 88/333 (26.4%) ég? gﬁAHfgzj(‘g)uwH ®) 219%RECQL5 (7)
Australia] 0.6% BMPRIA (2) 82? £1La(1:II:h(c2;3 -
0.3% PTEN (1) (1') °
17.8% MMR genes (56)
0.3% BRCAI (1)
Stoffel 2018 [6] 124-gene panel o 2.5% APC (8) o
[USA] <50 315 67-gene panel 76/315 (24.1%) 2.2% biallelic MUTYH (7) 83; %%ESI%)(D

0.6% SMADA4 (2)
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Table 1. Cont.

Gene/Mutation

Gene/Mutation Spectrum S Ol

Study EOCRC No. q 5 in CRC Genes ? ab
[Population] Age Cutoff Patients Analyzed MR AE 15 LTy (s % P or LP Variant ,;: i})ncer Genes.
q 6o P or LP Variant
Carriers (n) X
Carriers (n)
Jiang 2020 14 genes analyzed 15~07% MMR genes (41)
0 2]g[Chin | <50 261 by target 47/261 (18%) 1.5% APC (4) )
a sequencing 0.4% biallelic MUTYH (1)
0.4% STK11 (1)
11.9 % MMR genes (23)
. 6.7% APC (13)
Mork 2015 [5] <35 205 Variety of 41/193 (21.2%) 1% biallelic MUTYH (2) 0.5% TP53 (1)
[USA] germline tests o 1: .
1% biallelic
MSH6/PMS2 (2)
Total 6587 837/6587 (12.7%) 682/6587 (10.4%) 155/6587 (2.4%)

2 Pathogenic and likely pathogenic variants, as reported by the authors, are considered in the calculations. P Carriers of disruptive variants
(frameshift, stop-gain and start-loss variants) are considered for non-CRC cancer genes in the study by Chubb et al. © Considered biallelic,
although there are no specific details in the original article.

In this article we review the inherited cancer syndromes associated with CRC pre-
disposition and their prevalence among EOCRC patients according to the published data,
the role of low-risk genetic variants, and the unexplained familial component of EOCRC,
finishing with the recommendations for genetic testing and counseling in EOCRC.

2. Inherited Syndromes That Predispose to EOCRC

Known hereditary colorectal cancer syndromes and their contribution to EOCRC,
based on the data recapitulated in this review, are represented in Figure 1.

Nonpolyposis CRC
MMR deficient MMR proficient
SYNDROME Lynch syndrome RPS20-associated
hereditary CRC
ASSOCIATED il RPS20
GENES MSH2 /EPCAM
MSH6
PMS2
PREVALENCE 0 o,
AMONG EOCRC K L) Polyposis
I \ [ |
Adenomatous Hamartomatous Serrated Mixed
| |
; 7 : 7 v v e ¥ ! !
SYNDROME FAP PPAP MAP NTHL1-tumor CMMRD Peutz Juvenile PTEN- RNF43-associated GREM1-associated
AFAP syndrome Jeghers polyposis hamartoma serrated polyposis mixed polyposis
tumor
ASSOCIATED  APC POLE MUTYH NTHL1  Biallelic STK11 BMPR1A PTEN RNF43 GREM1
GENES POLD1 MMR SMAD4
-recessive- -recessive- -recessive-
PREVALENCE
AMONG Eocre 1-1% 0.1% 0.7% 0.1% <0.05%  <0.05% 0.2% <0.05% n.a. n.a.

Figure 1. Hereditary colorectal cancer (CRC) syndromes, associated phenotypes, causal genes, and contribution to EOCRC.

2.1. Lynch Syndrome and Constitutional Mismatch Repair Deficiency
2.1.1. Lynch Syndrome

Lynch syndrome is the most common form of hereditary CRC, accounting for 1-3%
of all CRC cases [14]. It is an autosomal dominant disorder caused by the presence of a
germline pathogenic variant in one of the alleles of the mismatch repair genes MLHI, MSH?2,
MSHE6, or PMS2, by a 3’ deletion in the EPCAM gene that causes the epigenetic silencing
of MSH2, or by the constitutional methylation of the MLH1 promoter [15]. The somatic
inactivation of the wildtype allele of the corresponding MMR gene leads to abnormal
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DNA repair function which causes the accumulation of errors during DNA replication,
especially in the repetitive sequences known as microsatellites. As a result, tumors of
patients with Lynch syndrome characteristically show MMR deficiency, defined as the
presence of microsatellite instability (MSI) and/or loss of MMR protein expression [16].
Individuals with Lynch syndrome have an increased lifetime risk of developing CRC
and neoplasms in other organs, including endometrium, ovaries, stomach, small bowel,
urinary tract (urothelial), biliary tract, prostate, brain (usually glioblastoma), skin (seba-
ceous adenomas, sebaceous carcinomas, and keratoacanthomas), and pancreas [14,17].
CRC develops through an accelerated adenoma-carcinoma sequence, and at a younger age
compared to sporadic CRC [18]. Lynch syndrome patients have a risk of developing CRC
by age 70 of 40-50% for MLH1 and MSH?2 heterozygous carriers, 20% for MSH6 carriers
and a significant lower risk for PMS2 carriers [14], according to the most recent findings of
the international, multicenter Prospective Lynch Syndrome Database calculations (visit

www.plsd.eu (accessed on January 2021) for cancer type, gene, and gender-specific risks).
In the case of endometrial cancer, the risk by age 70 is 35-46% for MLH1, MSH?2 and
MSH6, and 13% for PMS2. The estimated risks largely vary among studies due to their
prospective/retrospective nature, ascertainment biases, population analyzed, and statistical
methods used [19-23].

Although MMR deficiency is the hallmark of Lynch syndrome, 10-15% of MMR-
deficient CRCs are not Lynch syndrome, being this deficiency caused by (i) somatic methyla-
tion of the MLH1 promoter, usually associated with BRAF somatic mutations; or (ii) double
somatic mutations in the MMR genes, which explains the majority of Lynch-like cases [24],
i.e., patients with an MMR deficient tumor with no identified germline pathogenic variant
in an MMR gene and no somatic MLH1 promoter methylation [25]. In line with their most
likely sporadic nature, patients with double somatic MMR mutations are diagnosed with
cancer at more advanced ages than Lynch syndrome patients, and display less frequently
family history of Lynch syndrome tumors. In a small proportion of these cases, double so-
matic mutations are associated with germline pathogenic variants in other hereditary
cancer DNA repair genes such as MUTYH, POLE or POLD1; i.e., due to the germline defect
that alters DNA repair or polymerase proofreading and causes accumulation of mutations
in the tumor, these may occur in MMR repair genes [26-28]. In the Ohio Colorectal Cancer
Prevention Initiative, where 450 population-based EOCRC patients were studied, 2% of
the CRCs analyzed (9/450), constituting 18.8% of all MMR-deficient EOCRCs, had double
somatic mutations in the MMR genes [5]. The same group, by studying a total of 283
MMR-deficient, non-MLH1 methylated CRC patients not selected by age (populations:
USA and Iceland), found that 55% had Lynch syndrome and 32.5% had double somatic
MMR gene mutations [24]. Mismatch repair deficiency, whether caused by germline or
somatic genetic or epigenetic alterations, leaves a particular mutation pattern in the tumors
represented by specific mutational signatures of the Catalogue of Somatic Mutations in
Cancer (COSMIC), such as SBS6 [29,30].

The prevalence of Lynch syndrome among EOCRC patients is ~8% (range: 5-18%)
(Table 1), being the distribution among the different MMR genes highly dependent on the
population/ethnicity and its relative frequency of founder pathogenic variants [5-10,31,32].

The diagnosis of Lynch syndrome is a challenge due to the absence of pathognomonic
clinical signs. The presence of a germline pathogenic variant is required to establish the
definitive diagnosis. Current diagnostic strategies include the study of families or in-
dividuals with familial aggregation and/or early onset of Lynch syndrome-associated
tumors; the so-called universal MMR deficiency testing, which implies that all patients
with CRC undergo tumor IHC of MMR proteins and/or MSI testing. MMR-deficient cases
(excluding those with somatic MLH1 promoter methylation) should be tested for germline
mutations. However, current guidelines (NCCN) recommend performing germline panel
testing in all EOCRC. In addition to germline testing, somatic panel testing is also recom-
mended to identify double somatic MMR gene mutations.
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2.1.2. Constitutional Mismatch Repair Deficiency (CMMRD)

CMMRD is an autosomal recessive condition associated with a high risk of cancer
in children, adolescents and young adults that results from biallelic germline pathogenic
variants in the MMR genes (MLH1, MSH2, MSH6, or PMS2). MMR deficiency in normal
tissues is the hallmark of the syndrome. CMMRD-affected individuals are at high risk of
developing hematologic, brain and colorectal cancers, among other tumors, at a remarkably
early age. Most patients with CMMRD have non-neoplastic features, with multiple café-au-
lait maculae (CALM) being the most prevalent, and also including colorectal and duodenal
adenomas. Diagnostic criteria for the clinical suspicion of CMMRD were defined by the Eu-
ropean Care for CMMRD Consortium (C4CMMRD) [33]. The CMMRD clinical phenotype
includes hematological neoplasms (mainly non-Hodgkin’s lymphoma, lymphoid leukemia,
acute myeloid leukemia); brain and central nervous system tumors (more frequently
high-grade gliomas, sSPNET-supratentorial primitive neuroectodermal tumors), and Lynch
syndrome-associated cancers such CRC, small bowel and endometrial cancer.

CRC is diagnosed at very early ages (mean age at diagnosis: 16 years) and current
guidelines recommend colonoscopy screening starting at 8 years of age, although ade-
nomatous polyps have been detected even at earlier ages [33,34]. None of the genetic
studies performed in <55 EOCRC patients shown in Table 1 identified biallelic pathogenic
variants in the MMR genes (total number of <55 CRC patients where MMR genes were
analyzed: 6359), suggesting that the prevalence of CMMRD among EOCRC is extremely
low, and/or that the <50 or <55 age cutoff defined as inclusion criterium is too high to
select for CMMRD cases. In fact, Mork et al. (2015) identified two CMMRD cases among
193 CRC patients diagnosed at age <35 years (prevalence 1%) [8], suggesting that the lower
the age of CRC diagnosis, the higher the chances of identifying a CMMRD patient.

2.2. Nonpolyposis Mismatch Repair Proficient EOCRC: RPS20 and Other Candidate Genes

A large proportion of nonpolyposis familial and/or EOCRCs is not explained by
germline alterations in the MMR genes, being their tumors MMR proficient. For years,
researchers unsuccessfully looked for their genetic cause. The rapid development of
sequencing-based techniques and genome-wide copy number techniques brought hope
for the identification of new causal genes for nonpolyposis familial and EOCRC. However,
despite the enormous efforts made, which led to the identification of over a hundred
candidate genes (reviewed by Terradas et al. [35]), up to date only RPS20 has shown
consistent association with hereditary nonpolyposis CRC. Among the other ~100 candidate
genes identified, nine currently show promising evidence to support their involvement in
CRC predisposition: MRE11, BARD1, POT1, BUB1B, POLE2, BRF1, IL12RB1, and PTPN12,
and the epigenetic alteration of PTPR] [35]. Additional candidate genes are published on a
regular basis that require validation in large cohorts and functional studies that support
their involvement in colorectal carcinogenesis.

RPS20 was first identified as a hereditary CRC gene in 2014 by Nieminen et al. [36].
RPS20 c.147dupA (p.Val50Serfs*23) was found in eight CRC-affected members (ages at first
CRC diagnosis: 24-75) of a Finnish four-generation family. Six of the eight affected carriers
or obligate carriers had developed the first CRC before 55 years of age (24, 33, 43, 50,
52 and 54 years), and three of them had developed metachronous CRCs at age <60 years.
All studied tumors were MMR proficient and although they did not show loss of the RPS20
wildtype allele, patients carrying the RPS20 c.147dupA variant showed a marked increase
of 21S pre-rRNAs, supporting a late pre-tTRNA processing defect consistent with haploin-
sufficiency; i.e., the two wild type copies of the gene are required for a normal phenotype.
Subsequently, exome sequencing analyses performed on 863 EOCRC patients led to the
identification of a disruptive RPS20 variant (p.Leu61Glufs*11) in a 39 year-old individ-
ual with metachronous CRC, and a predicted pathogenic missense variant (p.Vall54Leu)
in a patient diagnosed with CRC at age 41. In contrast, no rare missense or disruptive
RPS20 variants were found among 1604 cancer-free controls [37]. While our group found
no predicted pathogenic RPS20 variants among 473 familial /EOCRC cases [38], a recent
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study identified a splicing variant, c.177 + 1G>A, in a family with four CRC-affected
members (ages at diagnosis: 38-61), all of them carriers or obligate carriers of the RPS20
variant [39]. Although information from additional carriers are required to estimate risks
and recommend gene-specific surveillance measures, available data suggests low preva-
lence (allele frequency in familial/early onset CRC patients: 2/2724; 0.07%) and high
penetrance (13/16 (81%) >35-year-old carriers of disruptive or canonical splice-site variants
were affected with CRC) for RSP20 pathogenic variants, as well as absence of extracolonic
manifestations [35].

2.3. APC-Associated Polyposis

Familial Adenomatous Polyposis (FAP) is an autosomal dominant syndrome respon-
sible for less than 1% of all CRC cases [40]. It is characterized by the development of
hundreds to thousands of adenomas in the colorectum, with a high risk of CRC at an
early age. Extracolonic manifestations (duodenal polyps and cancer, desmoid tumor, osteo-
mas, epidermoid cysts, papillary thyroid carcinoma, pancreatic carcinoma, gastric cancer,
hepatobiliary, and CNS tumors) are also part of the phenotype [41].

FAP is caused by germline pathogenic variants in the APC gene. De novo APC
mutations are responsible for approximately 25% of FAP cases. Moreover, approximately
20% of individuals with an apparent de novo APC mutation have somatic mosaicism
(when two or more cell lines in the same individual differ genetically) [42].

FAP may be classified in two categories: (i) the classic form, that consists of the
involvement of the entire colon with the development of >100 adenomas (sometimes >1000)
during the second decade of life, with a 100% risk of CRC before age 40 years if untreated;
(ii) the attenuated form, with 10-100 colorectal adenomas, usually diagnosed later in life
and associated with a lower CRC risk (79-80% if untreated) [43].

FAP is the second most frequent hereditary cancer syndrome in EOCRC, being the
prevalence among EOCRC (age <50 or <55) patients 1.1% (range: 0.5-3.3%) (Table 1).
Mork et al. [8] detected APC pathogenic variants in 6.7% (13/63) of patients diagnosed
with CRC at age <35, suggesting that the earlier the age at CRC diagnosis, the larger the
probability of identifying carriers of APC pathogenic variants.

2.4. Polymerase Proofreading-Associated Polyposis (PPAP)

Germline pathogenic variants affecting the proofreading activity of polymerases ¢
(POLE) and 6 (POLD1) cause an autosomal dominant cancer and polyposis predisposing
syndrome called polymerase proofreading-associated polyposis (PPAP) [44]. The phe-
notypic spectrum of PPAP mostly includes colorectal adenomas and CRC, diagnosed in
adulthood (mean age 35-50), followed by endometrial, ovarian and breast cancer. Other tu-
mors associated with this syndrome are adenomas and malignant tumors of the upper
gastrointestinal tract, brain tumors, cancer of the small intestine and pancreatic cancer [45].
Tumors are diagnosed in the adulthood, except for the rare cases that present a CMMRD-
like phenotype, characterized by severe phenotypes, including cancer, in childhood or
adolescence [46,47].

The major function of polymerases € and 5 is to replicate the genome, however, unlike
other polymerases, ¢ and 6 contain an active 3’-5” exonuclease domain which proofreads
newly synthesized DNA for replication errors. This proofreading is essential for replica-
tion fidelity, therefore, its disruption by pathogenic mutations leads to the accumulation
of thousands of mutations in the tumors, often >100 mutations per Mb, which is called
ultramutated phenotype. Moreover, they present a characteristic spectrum of nucleotide
changes that largely differs from that observed in microsatellite stable (MSS) and MSI
tumors. This mutation pattern consists of C > A transversions in the context of TCT and
C > T transitions in the context of TCG, corresponding to the COSMIC tumor mutational
signature SBS10 [29,30]. Heterozygous exonuclease domain mutations, causing 50% of
proofreading activity, are enough to increase the mutation frequency, thus not requiring a
second hit in the target tissue [44]. Most proofreading-defective tumors are MSS, neverthe-
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less, MSI or somatic DNA MMR gene mutations have been detected in some instances [45],
most probably produced by the deficient proofreading activity due to a secondary mutation
in an MMR gene. Proofreading deficiency has been associated with good prognosis and
excellent response to immune checkpoint inhibition [48].

We recently assessed the prevalence of PPAP among familial and patients by an-
alyzing 2309 prospectively recruited patients assessed in a hereditary cancer clinical
program. Our results indicated that PPAP constitutes 0.1-0.4% of familial cancer cases,
reaching 0.3-0.7% when only familial/early-onset CRC and polyposis patients were con-
sidered [49]. POLE and POLD1 analyses were only covered by Stoffel et al., Laduca et al.
and Chubb et al., identifying pathogenic variants affecting the proofreading activity of the
polymerases in 0.1% (4/3687) of EOCRC patients (Table 1).

2.5. MUTYH-Associated Polyposis (MAP)

MAP is an autosomal recessive syndrome caused by biallelic pathogenic variants in
the MUTYH gene. This gene is a component of the base excision repair system that protects
genomic information from oxidative damage. Two common founder missense pathogenic
variants, p.Tyr179Cys (rs34612342) and p.Gly396Asp (rs36053993), are present in up to
70% of Caucasian patients with this condition and have a carrier frequency of 0.75% in
populations of (non-Finnish) European ancestry [50].

Individuals with MAP can exhibit a wide range of phenotypes including classic
and attenuated adenomatous polyposis, seldom including cases where no polyps were
identified at the time of the CRC diagnosis [51]. MAP-associated tumors and polyps are
usually MMR proficient, however, MSI may also be detected due to somatic inactivation of
the MMR genes, thus explaining some Lynch-like cases [27,52]. As occurs for other genes
involved in DNA repair, a specific mutational signature has been associated with MUTYH
deficiency, COSMIC signature SBS36, characterized by enrichment of C>A transversions in
an NCA or NCT context [30,53,54].

Biallelic MUTYH pathogenic variants occur in 0.7% (range: 0.4-2.2%) of EOCRC
patients (Table 1).

Several studies indicate that MUTYH monoallelic carriers are at slight increased CRC
risk (1.5-2.5-fold relative to the general population), particularly in the presence of familial
CRC history [55,56], although the evidence is still conflicting. MUTYH heterozygotes,
who do not develop polyposis, would benefit from population screening measures but
could also be offered average moderate-risk colorectal screening based on their family
history [57].

2.6. NTHL1 Tumor Syndrome

Weren et al. described in 2015 the second recessive inheritable form of adenomatous
polyposis caused by biallelic pathogenic variants in a DNA base excision repair gene,
affecting, in this case, the Nth like DNA glycosylase 1 (NTHL1) [58]. Previously called
NTHLI-associated polyposis, today, the preferred name for this syndrome is NTHLI Tumor
Syndrome, based on the high risk to different benign and malignant tumor types that
biallelic variants in NTHL1 confer [59].

To date, 36 individuals from 23 different families carrying biallelic germline pathogenic
variants in NTHL1 have been reported in specific publications [37,58,60-66]. Unlike other
cancer predisposing syndromes, all variants reported in NTHL1I biallelic carriers are stop-
gain, frameshift or canonical splice-site variants; no missense variants have been yet
identified as cause of the disease (data obtained October 2020). Over 90% (21/23) of
the reported NTHLI1 biallelic carrier families carry the recurrent c.268C>T (p.GIn90Ter)
stop-gain variant, being 60% of all (14/23), homozygous carriers.

Regarding the phenotypic expression of the syndrome, all 31 biallelic individu-
als that underwent a colonoscopy were found to have developed adenomatous polyps
(range: 1 > 150) [37,58,60-66]. Four individuals have developed less than five polyps at
ages ranging from 33 to 53, and >10 colorectal adenomas were found in 21/27 (77.8%)
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patients for which the exact number of polyps was provided. Up to the date of reporting,
20 of the 36 NTHLI1 biallelic carriers (56%) were diagnosed with colorectal cancer, eight of
whom diagnosed before the age of 50 years, and the median age at first CRC diagnosis
was 53 years (age range: 33-73 years). Due to the ascertainment bias in the reported
individuals, accurate cancer risk estimation, mostly for colorectal cancer, has not been
possible to calculate; even though, available data suggest that the lifetime risk of CRC in
the NTHL1 tumor syndrome is likely high.

Two thirds (24/36, 66.7%) of all reported biallelic carriers have developed extracolonic
malignancies including 15 different tumor types, being breast cancer the most common
extracolonic cancer (53% of female carriers were affected with breast cancer), followed by en-
dometrial cancer. Other extracolonic malignancies identified include duodenal polyps and
cancer, meningiomas, hematologic malignancies, squamous cell carcinoma, bladder cancer,
basal cell carcinoma, cervical cancer, pancreatic cancer, prostate cancer, thyroid cancer,
kidney cancer, and brain cancer. Among the 36 NTHLI biallelic carriers, 29 (80.6%) were
diagnosed with CRC and/or another type of cancer at a median age of 47 years (range:
24-67) at first diagnosis and 18 of them (62.1%) showed an early age of onset (<50 years).

The prevalence of NTHL1 biallelic germline carriers is rare and has been estimated to
be around 1:114,770, five times lower than the estimated prevalence for MUTYH-associated
polyposis (1:19,079) [67]. The prevalence of biallelic cases among polyposis patients has
been estimated to be ~2% [49,68]. Chubb et al. identified germline biallelic inactivation
of NTHL1 in 0.1% of the EOCRC included in the study. No other studies listed in Table 1
included NTHLI in their analyses.

Tumors developed by NTHLI biallelic carriers, independently of the tissue of origin,
accumulate specific somatic mutations characterized by an enrichment of C > T transitions
at non-CpG sites, which translates into a distinct mutational signature, COSMIC signature
SBS30 [66,69].

2.7. Hamartomatous Polyposis
2.7.1. Peutz—-Jeghers Syndrome (PJS)

PJS is a rare autosomal dominant syndrome characterized by pigmentation of mucocu-
taneous melanin and multiple gastrointestinal polyposis. These polyps, with characteristic
histological features (frond-like elongated epithelial component along with cystic gland
dilatation and smooth muscle arborization), have a high risk of developing gastrointestinal
cancers of the colorectal, pancreatic and gastric organs. In addition, PJS patients have an
increased risk for a wide variety of non-gastrointestinal epithelial malignancies, such as
cancers of the breast, uterus, cervix, ovary, testicles, and lung. A meta-analysis performed
by Hearle et al. and aggregating 419 patients with PJS estimated a cumulative risk for any
cancer by age 50 years of 30% and by age 70 of 85%, and a risk for gastrointestinal cancer
of 15% and 57% at the respective ages [70]. Mucocutaneous pigmented lesions are seen in
around 95% of patients and may be the first clue to an individual having PJS. Such lesions
arise in the infancy, occurring around the mouth, but may be seen at other sites such as
nostrils, perianal area, fingers and toes, etc. [71].

Germline mutations in STK11 (also called LKB1) are the only known cause of PJS.
Between 80% and 94% of families with a PJS phenotype have an identifiable LKB1/STK11
mutation [72]. A clinical diagnosis of PJS can be made when an individual has two or more
of the following features: two or more Peutz—Jeghers polyps of the small intestine; typi-
cal mucocutaneous hyperpigmentation; and a family history of PJS [73]. The prevalence PJS
in the EOCRC population is expected to be low (0.03%, Table 1), and clinical manifestations
of the syndrome should guide suspicion (i.e., intussusception or intestinal obstruction due
to large polyps in the childhood or adulthood, mucocutaneous hyperpigmentation, etc.).

2.7.2. Juvenile Polyposis

Juvenile Polyposis (JP) is a rare autosomal dominant syndrome characterized by the
presence of juvenile hamartomatous polyps in the gastrointestinal tract, with a lifetime risk
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of CRC of 20% [74]. JPS is caused by germline pathogenic variants in SMAD4 or BMPR1A,
with a mutation in either one identified in 39% of patients with the clinical phenotype.
Clinical diagnosis of JP includes the presence of more than five juvenile polyps in the colon
and/or rectum; the presence of juvenile polyps along the digestive tract, including the
stomach; or the presence of any number of juvenile polyps in association with a family
history of JP [75,76].

Congenital defects occur in approximately 15% of JPS cases. A subset of patients with
JPS also has hereditary hemorrhagic telangiectasia (HHT), more commonly seen in SMAD4
mutation carriers and characterized by mucocutaneous telangiectasias, gastrointestinal
arteriovenous malformations and pulmonary arterio-venous malformations.

Germline pathogenic variants in either BMPR1A or SMAD4 are identified in 0.2% of
EOCRC patients (Table 1).

2.7.3. PTEN Hamartoma Tumor Syndrome

PTEN hamartoma tumor syndrome (PHTS), comprising Cowden, Bannayan—Riley—
Ruvalcaba, and Proteus-like syndromes, is a rare multisystem disorder associated with
increased lifetime risks for several cancer types due to pathogenic germline variants in the
tumor suppressor gene PTEN. In addition to the increased cancer risk, PHTS is associated
with developmental delay, overgrowth phenotypes, including macrocephaly, benign tu-
mors, and skin abnormalities [76]. The most frequent phenotype is called Cowden Syn-
drome, characterized by multiple hamartomas that can occur in any organ, macrocephaly,
mucocutaneous lesions, and an increased risk of several tumors, including CRC. The es-
timated lifetime risk of cancer in individuals with PHTS range from 85% to 89% for any
cancer, 67-85% for female breast cancer, 6-38% for thyroid cancer, 2-28% for endometrial
cancer, 2-34% for renal cancer, 9-20% for colorectal cancer, and 0-6% for melanoma [77].
Patients usually present with colorectal polyps (typically hamartomas, but other types such
as ganglioneuromas, hyperplastic, adenomatous and inflammatory polyps often occur),
and CRC (age at diagnosis: 44—60 years) [78]. Accordingly, the prevalence of germline PTEN
pathogenic variants among EOCRC patients is low (0.03%), almost negligible (Table 1).

2.8. RNF43-Associated Serrated Polyposis

Serrated polyposis syndrome (SPS) is characterized by the presence of numerous col-
orectal serrated polyps (SP), and it is associated with an increased personal and familial risk
of CRC [79-82]. Although SPS is the most common polyposis syndrome [83,84], its etiology
is the least understood. Overall, SPS behaves as a complex disorder consequence of the
interaction of both genetic and environmental factors. Despite this complexity, the World
Health Organization (WHO) has established specific clinical criteria, recently updated,
to standardize the diagnosis and treatment in the clinical practice, as well as to prompt
research in the field [85].

Until 2014, previous efforts to identify an inherited genetic cause for SPS had been un-
successful. That year, Gala et al. provided the first evidence indicating that germline RNF43
pathogenic variants were associated with SPS [86]. Since then, three truncating and two
missense germline pathogenic variants have been reported in 13 carriers from seven fami-
lies [86-90]. In ClinVar, six different disruptive (stop-gain or frameshift variants) are listed
in RNF43 (date of consultation: Oct 2020). Of the seven reported carrier families, five carry
loss of function variants, being ¢.337C>T (p.Argl113Ter) and ¢.394C>T (p.Argl32Ter) found
in two families each. Regarding the carriers’ phenotypes, 12 of the 13 carriers had been
diagnosed with polyposis and/or CRC. The age at the polyposis diagnosis and the number
of polyps detected are highly diverse, ranging from 18 to 65 years of age and from 2 to
more than 100 polyps. Three carriers had developed colon or rectal cancers, diagnosed at
ages 23, 49 and 55 years, suggesting a relevant role in EOCRC. According to the limited
data available, the diagnosis of a CRC does not seem to be directly associated with the
number of polyps developed. Extracolonic cancers or other clinical manifestations are
highly uncommon. The colonic lesions developed by carriers of RNF43 pathogenic variants
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harbor somatic loss of heterozygosity or mutation in RNF43 (2nd hits were identified in
100% (23/23) of the tumors analyzed); 50% (9/18) had CpG island methylator phenotype
(CIMP). RNF43 functions as a tumor suppressor by exerting a negative feedback in the
Wnt/ 3-catenin signaling pathway. Pathogenic variants in RNF43 cause Wnt addiction,
which makes RNF43-mutated tumors good responders to PORCN inhibitors [91], opening a
window of opportunity for the treatment of tumors developed by RNF43 carriers.

The frequency of pathogenic variants in RNF43 among SPS patients, taking into
account the two largest unselected serrated polyposis cohorts, is 1.76% (3/170) [89,90];
up to 2.63% (5/190) if all European cohorts are considered [86,89,90]. Due to the novelty and
rarity of RNF43, reported studies using multigene panel testing in EOCRC did not include
RNF43. Nevertheless, access to CanVar (https://canvar.icr.ac.uk/ (accessed on January
2021)), a public database that gathers whole-exome and -genome sequencing information
of 1006 CRC patients diagnosed before age 60 years, showed that six patients carried
rare germline missense variants, none of which was predicted pathogenic (REVEL > 0.5).
No loss of function variants or variants affecting canonical splice sites were detected.

2.9. GREM1-Associated Mixed Polyposis

The term hereditary mixed polyposis syndrome originally referred to the presence of
multiple polyps of different histological types (serrated lesions, conventional adenomas,
and hamartomas) and/or the presence of individual polyps with various overlapping
histological features (atypical juvenile and admixed histologic features) [92-94]. While the
genetic cause remains elusive in most cases, germline variants in and upstream of GREM1
have been identified in some affected individuals. In 2012, Jaeger et al. identified a 40-Kb
duplication upstream of GREM1 at chr15:30,752,231-30,792,051 (hg19), as the underlying
cause of hereditary mixed polyposis in families of Ashkenazi Jewish origin [95]. The 40-kb
duplication has been identified in 1:184 Ashkenazi Jewish individuals with personal or
familial history of polyposis or CRC [96]. In addition to the founder Ashkenazi duplication,
additional (non-Ashkenazi) variants identified include: a 16-Kb duplication affecting the
GREM]1 5' regulatory region identified in a large family affected with polyposis of multiple
polyp types, CRC, breast and gastric cancer [97]; a 24-Kb tandem duplication in the 5
regulatory region identified in an Amsterdam-positive nonpolyposis CRC family, and a
large duplication encompassing the whole GREM1 gene in a patient with a CRC diagnosed
at age 35 [98].

The data gathered to date indicate that GREM1 duplications may occur in individuals
with or without polyposis. The onset of the polyposis usually occurs in the adulthood
(late 20s or older), although there are reports of polyps identified earlier in life. The pheno-
types may overlap with familial adenomatous polyposis or Lynch syndrome (no polyps),
and extracolonic tumors have been reported [96]. The nature of the alterations in this gene
and the challenge of their detection by analyzing NGS data, as is the case of multigene
panels, made the identification of GREM1 duplications in the studied EOCRC patients
difficult, preventing their reporting. Laduca et al. identified one GREM1 pathogenic variant
(nature not detailed in the original article) among 2366 EOCRC patients analyzed [11].

2.10. Clinical Consequences of having a Hereditary CRC Syndrome

Carrying a pathogenic variant in a cancer-predisposing syndrome has relevant conse-
quences for the clinical management of the carrier. Consensus cancer surveillance guide-
lines and surgical recommendations, either prophylactic and/or therapeutic, for major
colorectal cancer syndromes have been established and are periodically revised. For the rare
syndromes that have been described more recently, such as those caused by pathogenic vari-
ants in NTHL1, POLE and POLD1, RNF43 or GREM]1, assessment of the clinical information
from reported carriers is helping refine the corresponding clinical guidelines [57,98-102].
Together with periodic colonoscopy screening, chemoprevention might complete the preci-
sion prevention approach recommended for hereditary colorectal cancer and/or polyposis
syndromes [103,104]. In particular, aspirin is recommended for Lynch syndrome carriers
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by most clinical guidelines [57], showing the most recent, long-term data from the CAPP2
study a robust reduction in incident colorectal cancers in Lynch syndrome carriers tak-
ing aspirin 600 mg/day. These data also show that aspirin uptake for a finite duration
(mean 25 months) had sustained reduction in colorectal cancer incidence persisting for
20 years [105]. Nevertheless, additional data are expected that will define optimal dose
(CAPP3 study), duration, and patient selection for Lynch syndrome-associated aspirin
chemoprevention [106].

On the other hand, the choice of tumor chemotherapy treatment is influenced by
specific tumor features that are characteristic of some hereditary syndromes [107]. Im-
mune checkpoint blockade has proven effective in hypermutated tumors, including MMR-
and POLE/POLD1- proofreading-deficient tumors [108,109], and recent preliminary data
from a single case indicate that this treatment might also be effective for MUTYH-deficient
tumors [110]. Other potential treatments for tumors developed in the context of a heredi-
tary CRC syndrome include PORCN inhibitors for RNF43-deficient tumors [91], and the
potential use of agents that induce BER-dependent DNA damage (e.g., Oxaliplatin or Temo-
zolomide) might be considered for NTHLI- or MUTYH-deficient tumors (to be considered
in future clinical assays).

In summary, recognition of a hereditary CRC syndrome in an eoCRC patient is ex-
tremely relevant for his/her clinical management, entitling specific surgical and treatment
options depending on the mutated gene, and conditioning future clinical surveillance of
the carrier and his/her relatives. Recent best practice pieces of advice for eoCRC patients
recommend clinicians to counsel patients on the benefit of germline genetic testing in the
presurgical period to inform which surgical options may be available to the patient; to use
germline and somatic testing results to inform chemotherapeutic strategies; to offer, to the
patient and other carrier family members, specific screening for CRC and extra-colonic
cancers depending on the risks associated with the mutated gene [107].

3. EOCRC in Non-CRC Cancer Syndromes

Data obtained from comprehensive multigene pan-cancer panels applied to famil-
ial and early-onset cancer, consistently demonstrate that many individuals who harbor
pathogenic or likely pathogenic germline cancer susceptibility gene variants have clin-
ical histories that fail to fulfill traditional, syndrome-specific guidelines, have atypical
clinical phenotypes that a priori would not fit into the syndrome’s classical phenotype,
or have germline pathogenic variants in more than one cancer-predisposing gene [111].
In this regard, EOCRC patients may also harbor pathogenic variants in genes not tra-
ditionally associated with CRC predisposition, such being the case for BRCA1, BRCA2,
TP53, ATM, CHEK2, PALB2, CDKN2A, etc. (Table 1, [112,113]); these occurring in ~2.5% of
EOCRC cases.

4. Familial Aggregation of CRC in EOCRC

While ~13% (range: 9-26%) of EOCRC carry germline pathogenic variants in known can-
cer predisposition genes, ~28% (range: 13-33%) have family history of CRC [5,6,8-11,114-117].
On the one hand, the absence of family history of CRC among EOCRC patients with a
hereditary cancer syndrome ranges from 16.5% [6] to up to 60% [114], therefore a significant
proportion of hereditary cases would not be suspected based on family history of this
disease. On the other hand, a variable but relevant proportion of EOCRC patients have
family history of CRC but no pathogenic variants in known hereditary cancer genes.

Large variability in the prevalence of family history of CRC is observed among studies
focused on EOCRC: Stoffel et al. reported that 26% (111/430) of the EOCRC included in
their study had at least one first-degree relative affected with CRC [6]], while this figure
dropped to 6.7% in the EOCRC series analyzed by Chen et al. Considering family history
of CRC as the presence of one 1st-, 2nd-, or 3rd-degree relative affected with the disease,
O’Connell et al. [117] and Chen et al. [116] reported that 23-25% of EOCRC patients had
familial CRC history and Stoffel et al. [6] reported that 57.2% if any relative with CRC
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is taken into account. The latter observed that the earlier the age at cancer diagnosis,
the higher the chances of having family aggregation of the disease. Mork et al. reported
that 18.6% of patients diagnosed before 35 years had at least one 1st or 2nd degree relative
affected with CRC [8].

Individuals with family history of CRC (excluding hereditary syndromes) are known
to be at increased risk for CRC. This risk is considered to be relevant in individuals with a
first degree-relative (FDR) diagnosed below the age of 50 and in cases with two or more
FDR with CRC [118]. In these situations, current guidelines recommend colonoscopy
starting at age 40 years and performed every 5 years [118]. Family history of adenomas
has been also associated with an increased CRC risk, however, the evidence is scarce
and there is no clear consensus: whereas the ESGE guidelines [118] do not recommend
screening in individuals with a FDR with adenomas, the U.S. Multi-Society Task Force of
Colorectal Cancer [119], recommend screening for individuals with a FDR affected with an
advanced adenoma before age 60 (colonoscopy starting at age 40 or 10 years before the age
of diagnosis of the advanced adenoma in the FDR).

Unfortunately, screening guidelines for familial CRC are usually not followed. A ma-
jor obstacle is the incomplete patient family history in medical records. Gupta et al. [120] in
a cohort of 614 patients with CRC diagnosed between the ages of 40 and 49 years, reported
that 98.4% (604 patients) should have been recommended to start screening at a younger
age that their age at CRC diagnosis based on family history. Likewise, Stanich et al. ob-
served that 97 (13.6%) of 713 EOCRC had family history of CRC, estimating that 82.5%
(80/97) could have been diagnosed early and that 67% (65/97) would have had a poten-
tially preventable CRC if screening guidelines based on family history would have been
followed [114].

In summary;, it is essential to optimize screening for CRC with early initiation of
colonoscopy in cases with familial CRC history. Encouraging pedigree evaluation and
stricter adherence to early CRC screening in this population is key to reduce EOCRC
incidence and mortality.

5. Low Risk Alleles and EOCRC

The fact that only ~13% of EOCRC is explained by germline pathogenic variants
in high penetrance genes suggests that another relevant fraction might be caused by the
accumulation of genetic variants with low—-moderate effect on cancer susceptibility.

Hundreds of common genetic variants associated with CRC susceptibility have been
identified in the last years by means of genome-wide association studies (GWAS) (https:
/ /www.ebi.ac.uk/gwas (accessed on January 2021)). The use of a polygenic risk score (PRS)
generated from 95 association signals could impact clinical decisions for CRC preventive
screening in European populations [121]. Archambault et al. recently demonstrated that
the 95 variant-based PRS correlated more strongly with EOCRC than with late-onset
CRC, by testing 12,197 early-onset CRC patients (age < 50 years) and 95,865 CRC patients
diagnosed at age > 50 [13]. Patients in the highest PRS quartile had 3.7-fold increased risk
for EOCRC (95% (I, 3.28-4.24) and a 2.9-fold increased risk for late-onset CRC (95% CI,
2.80-3.04), compared with the lowest quartile group. The association was stronger in
patients without a first-degree family history of CRC, being the risk increased in this group
4.3-fold (95% (I, 3.61-5.01) vs. 2.9-fold (95% CI, 2.70-3.00) for early- and late-onset CRC,
respectively, when the highest quartile was compared with the lowest.

It is expected that predictive models that implement a PRS in combination with envi-
ronmental and lifestyle risk factors will, in the (near) future, be able to identify individuals
at high risk of CRC that would benefit from preventive measures or other intervention
strategies at earlier ages than the ones established in population-based screening programs
or based on family history of CRC.
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6. Genetic Counseling and Genetic Testing Recommendations for EOCRC

Patients with EOCRC should be referred to a specialist service that includes genetic
counseling and access to somatic and germline testing. Current guidelines recommend
tumor screening for MMR deficiency for all CRC regardless of age and family history
for Lynch syndrome diagnosis [99,122]. Germline testing should be offered to patients
with MMR deficiency (with no evidence of MLH1 promoter methylation) and those with
polyposis. Since double somatic mutations in the MMR genes are presented in a meaning-
ful proportion of patients with unexplained MMR deficiency, current guidelines already
recommend paired germline and somatic MMR testing [122]. In this sense tumor MMR se-
quencing may be helpful for EOCRC showing MMR deficiency and no germline pathogenic
variant detected [24]. The identification of double somatic mutations may be very helpful
since these patients and their close relatives should be managed based on their family
history as they are not Lynch syndrome.

The data presented in this review (Table 1) suggest that a comprehensive multi-
gene pan-cancer panel should be analyzed in every EOCRC patients, regardless of tumor
MMR deficiency status. This recommendation is based on the prevalence of known
hereditary CRC syndromes (~10%), and also on the fact that ~2.5% of EOCRC patients
carry a germline pathogenic variant in a gene not traditionally linked to hereditary CRC.
EOCRC patients with hereditary cancer syndromes should be managed according to es-
tablished gene-specific surveillance guidelines. If possible, testing should occur prior to
surgery since its results can affect surgical decision-making and therapeutic selection.

7. Conclusions

Epidemiological data indicate that EOCRC incidence is increasing at a global level,
showing variability among countries. Established lifestyle cancer drivers such as diet,
sedentary style, smoking, and obesity have been linked to EOCRC. Still unknown, proba-
bly unsuspected, nongenetic factors remain to be discovered. Hereditary syndromes are
behind the pathogenicity of ~13% of patients with EOCRC. In addition, a meaningful
proportion of cases display either family history of CRC with no known high-penetrance
genetic cause, or a germline pathogenic variant in genes not traditionally associated with
CRC predisposition.

Genetic testing using a multigene pan-cancer panel is recommended in all EOCRC
patients, ideally in paired germline and tumor samples. On the other hand, preoperative
and pretherapeutic testing is highly advisable, as it could give the best ability for informed
surgical decision-making and for treatment selection, specifically when a pathogenic vari-
ant in an MMR gene, the exonuclease domain of POLE or POLD1, or a gene involved in
homologous recombination (BRCA1/2, ATM, PALB?2), is detected. In addition, the iden-
tification of a known hereditary cancer syndrome has relevant implications for cancer
prevention in patients and relatives.

Considering the prevalence of family history of CRC in EOCRC patients, improving
adherence to current screening guidelines for individuals with CRC family history, would
clearly have a significant impact on decreasing EOCRC. The implementation in predictive
risk assessment of polygenic risk scores, together with family history information and
lifestyle risk factors, will help better identify individuals at high risk of CRC that may
benefit from cancer screening strategies or other interventions at earlier ages, also helping
decrease the incidence of EOCRC.
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