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Abstract

The genetic background of familial, late-onset colorectal cancer (CRC) (i.e., onset > age 50 years) has not been studied as
thoroughly as other subgroups of familial CRC, and the proportion of families with a germline genetic predisposition to
CRC remains to be defined. To define the contribution of known or suggested CRC predisposition genes to familial late-
onset CRC, we analyzed 32 well-established or candidate CRC predisposition genes in 75 families with late-onset CRC.
We identified pathogenic or likely pathogenic variants in five patients in MSH6 (n=1), MUTYH (monoallelic; n=2) and
NTHLI (monoallelic; n=2). In addition, we identified a number of variants of unknown significance in particular in the
lower penetrant Lynch syndrome-associated mismatch repair (MMR) gene MSH6 (n=6). In conclusion, screening using a
comprehensive cancer gene panel in families with accumulation of late-onset CRC appears not to have a significant clini-
cal value due to the low level of high-risk pathogenic variants detected. Our data suggest that only patients with abnormal
MMR immunohistochemistry (IHC) or microsatellite instability (MSI) analyses, suggestive of Lynch syndrome, or a family
history indicating another cancer predisposition syndrome should be prioritized for such genetic evaluations. Variants in
MSH6 and MUTYH have previously been proposed to be involved in digenic or oligogenic hereditary predisposition to CRC.
Accumulation of variants in MSH6 and monoallelic, pathogenic variants in MUTYH in our study indicates that digenic or
oligogenic inheritance might be involved in late-onset CRC and warrants further studies of complex types of inheritance.

Introduction

Heredity is estimated to contribute to ~20% of colorec-
tal cancers (CRC) and covers a complex genetic land-
scape (Valle 2017) but only ~5% of CRC cases have been
explained by a high-risk pathogenic germline variant. The
clinical Amsterdam I criteria (Vasen et al. 1991) were
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established to identify families with a high risk of ger-
mline variants resulting in autosomal dominant hereditary
CRC. However, the later detection of the mismatch repair
(MMR) genes MLHI, MSH2/EPCAM, MSH6 and PMS?2
has dichotomized the Amsterdam I positive families into
two groups: those with MMR-deficient tumors linked to
Lynch Syndrome (LS) and those with MMR-proficient
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Familial Colorectal Cancer Type X (FCCTX) syndrome with
unknown genetic causes (Carethers and Stoffel 2015). Over
the past decade, pathogenic variants accounting for only a
small fraction of the FCCTX families have been identified in
genes such as POLE, POLD1, and RPS20 (Palles et al. 2013;
Nieminen et al. 2014). Well-established cancer genes such
as BRCAI, BRCA2, TP53 and ATM have also been proposed
in CRC predisposition among individuals with suspicion of
a hereditary predisposition to CRC (Yurgelun et al. 2015b;
Espenschied et al. 2017; Rosenthal et al. 2017; AlDubayan
et al. 2018; LaDuca et al. 2019). However, the vast majority
of FCCTX families still remains genetically undiagnosed
(Palles et al. 2013; Nieminen et al. 2014; Garre et al. 2015;
Yurgelun et al. 2015a, b; Broderick et al. 2017; AlDubayan
et al. 2018; Dominguez-Valentin et al. 2018; Thompson et al.
2020).

In Denmark, data on families with suspected hereditary
CRC have been systematically collected in the national
Hereditary Nonpolyposis Colorectal Cancer (HNPCC) reg-
istry over the past 30 years resulting in a database with a
unique dataset that covers the entire country. A subgroup of
particular interest is families with a family history of CRC
indicative of autosomal dominant inheritance who—unlike
the Amsterdam I positive families—only include cases of
CRC with onset above 50 years. In Denmark, these families
are referred to as ‘Late-onset CRC’ (Lindberg et al. 2016),
though there is no international consensus on defining this
disease entity. Since no international criteria defining fam-
ilies with onset of CRC > 50 years exist, both ‘late-onset
CRC’ (sometimes defined as onset after age 50 or after age
70) and ‘intermediate onset CRC’ (sometimes used to define
the onset of CRC between the ages 50 and 70 years) have
been used, which challenges scientific studies of this group
of families (Antelo et al. 2012; Pilozzi et al. 2015; Brandariz
et al. 2018; Alvaro et al. 2019; Arriba et al. 2019; Archam-
bault et al. 2019).

CRC with onset after age 70 has been characterized by
a high female proportion, increased levels of microsatellite
instability (MSI)—often due to somatic MLH1 promoter
methylation—recurrent BRAF mutations, right-sided colon
cancer and multiple primary cancers (Pilozzi et al. 2015;
Brandariz et al. 2018; Alvaro et al. 2019). Very few studies
have investigated the ‘intermediate onset’ CRC between age
50-70 years. One study has shown that this group of patients
share characteristics, such as gender and prognosis, with the
early onset CRC patients (i.e. onset < 50 years) but also have
several features reminiscent of CRCs that develop above age
70. Furthermore, a gradual correlation was found with more
familial accumulation of CRC and HNPCC/LS-related can-
cer in cases with early-onset CRCs than in patients with
late-onset CRC, and the proportion of apparently sporadic
cases increased with higher age (43% of early onset CRC
cases, 47% of intermediate-onset CRC cases and 78% of
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late-onset CRC cases). These characteristics suggest that a
proportion of the patients with intermediate onset of CRC
have a monogenic etiology (Arriba et al. 2019).

We aimed to estimate the contribution of pathogenic vari-
ants in established or candidate CRC-predisposing genes in
Danish late-onset CRC families with a strong family history
of CRC with onset between age 50 and age 70.

Materials and methods
Patient selection

The families in the HNPCC Register have been reported
to the national Danish HNPCC register by geneticists and
surgeons since 1991. In December 2016, 324 families ful-
filled the Danish ‘late-onset CRC’ criteria and 299 families
fulfilled the ‘late-onset CRC suspected’ criteria. The ‘late-
onset CRC’ criteria are equal to the Amsterdam I criteria
except that all cases of CRC have been diagnosed > 50 years.
The ‘late-onset CRC suspected’ criteria covers families,
who for several reasons do not meet the ‘late-onset CRC’
criteria and include: (A) Late-onset CRC criteria but with
only one affected generation; (B) Two CRCs and one high
grade adenoma instead of the third CRC; (C) Two CRCs in
a small family; (D) Two CRCs and one HNPCC-related can-
cer; (E) At least three CRCs but one generation is unaffected/
skipped.

All pedigrees from the 623 families of interest (324 ‘late-
onset CRC’ families and 299 ‘late-onset CRC suspected’
families) were manually evaluated and the families with the
highest potential (based on the following characteristics)
of having a monogenic, high-risk variant were selected:
Accumulation of CRC at a younger age, i.e. between age
50 to age 70 years (but preferably between age 50 years to
age 60 years), a large number of affected individuals with
CRC and also with other types of cancer (of any kind but
preferably HNPCC/LS related) and with a clear dominant
inheritance pattern. Available DNA from either a living
affected individual with either cancer or colonic adenomas
or a deceased, affected individual was an inclusion criterion.
This resulted in 182 families eligible for inclusion, 163 from
the ‘late-onset CRC ° group of families and 19 from the
‘late-onset CRC suspected’ group of families.

A total of 220 individuals from the 182 families were
selected and invited to participate from January 1, 2017
to April 30, 2019. All living participants received written
information about the project, and all individuals included
received genetic counseling at the local Department of
Clinical Genetics (Copenhagen, Aarhus, Aalborg, Odense
or Vejle) either by phone or by physical consultation. In
total, 168 individuals responded, of which 107 accepted the
invitation. Dropouts were reported for 29 individuals due to
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severe illness (n=2), hearing loss resulting in the inability
to attend a telephone conversation (n= 1), worries or doubts
(n=38), other reasons (n=1) or because they did not answer
any of the three independent phone calls in which the genetic
counseling should be planned (n=17). A total of 78 patients
were included from the following subgroups: ‘Late-onset
CRC’ (n=65), late-onset CRC suspected (n=13).

Following oral and written information, the partici-
pants signed a written consent. Blood samples were taken
at the nearest hospital for genetic analyses. The study was
approved by the Ethical and Scientific Committee of the
Capitol Region (H-4-2014-050).

NGS sequencing

The DNA extraction and sequencing methods used in here
have been described previously (Djursby et al. 2020). Briefly,
germline DNA purified from lymphocytes from peripheral
whole blood samples was fragmented to an average size of
400 bp (Covaris S2 AFA ultrasonicator). Using biotinylated
oligos provided through Roche NimbleGen (Roche, Basel,
Switzerland) target DNA sequences were captured includ-
ing exons and exon/intron boundaries (+ 50 bp). 1400 ng of
genomic DNA was used to prepare the library using KAPA
library DNA adaptors (Roche Diagnostics, Basel, Switzer-
land). The target fragments were sequenced using paired-end
next generation sequencing (NGS) (MiSeq, Illumina, USA),
and data was processed using a standard clinical GATK-
based pipeline (v. 4.1.0.0 suite) (McKenna et al. 2010) and
germline variants were called (Poplin et al. 2017).

Gene panel analysis

The gene panel analysis included 32 well-established CRC
predisposing genes, other well-established cancer predispos-
ing genes and suggested CRC candidate genes; a complete
list can be found in Supplementary Table S1. In addition to
PMS?2, the gene panel also target PMS2 pseudogenes. There-
fore, specific care is taken classifying variants in this gene,
and variants classified as class 3, 4, and 5 with a variant
allele frequency below 0.35 is therefore also analyzed by
long-range PCR analysis.

Ingenuity variant analysis

The called variants were filtered using Ingenuity Variant
Analysis (IVA; https://www.qiagen.com/). In the first step,
we selected variants for further classification based on the
following criteria: call quality > 20, read depth> 10 and
a variant allele fraction (VAF) > 15. In the second step,
we only selected variants with a minor allele frequency
(MAF) <0.5% (i.e., a population frequency < 0.5%) in gno-
mAD (https://gnomad.broadinstitute.org/) unless a variant

was an established pathogenic variant. In the third step, we
selected variants fulfilling the following four Ingenuity set-
tings: 1) Exonic variants and intronic variants 20 bp AND
2) the variant should be disease-associated based on com-
puted American College of Medical Genetics and Genomics
(ACMG) Guidelines classification in Ingenuity or listed in
HGMD or ClinVar, OR 3) The variant should be in a gene
associated with gain of function, which was established in
the literature OR 4) the variant should result in a frameshift/
in-frame indel/missense variant or start/stop codon change,
or be predicted deleterious by having a CADD score > 20,
or the variant should be predicted to cause splice site loss up
to 10 bp into an intron.

Variant classification

After variant filtering, the remaining variants were classified
based on the guidelines from the American College of Medi-
cal Genetics and Genomics and the Association for Molecu-
lar Pathology using a 5 tier system: 1=Not pathogenic/no
clinical significance, 2 =Likely not pathogenic/little clinical
significance, 3 = Uncertain significance/variant of uncertain
significance (VUS), 4 =Likely Pathogenic, 5 =Pathogenic
(Plon et al. 2008; Richards et al. 2015). We used differ-
ent tools, programs and databases for variant interpreta-
tion, such as Alamut Visual (https://www.interactive-bioso
ftware.com), ClinVar (https://www.ncbi.nlm.nih.gov/clinv
ar/), gnomAD, InSiGHT (https://www.insight-group.org/),
COSMIC (https://www.sanger.ac.uk/tool/cosmic/) and Pub-
Med (https://pubmed.ncbi.nlm.nih.gov/). Selected variants
including all variants listed in Tables 2 and 3 have been
manually inspected using the Integrative Genomics Viewer
(https://software.broadinstitute.org) (Robinson et al. 2011).

Results

A clinical description of the participants can be found in
Table 1. The 78 participants came from 75 families; 70 of
the participants had developed CRC, 4 had another cancer
(breast cancer (n=1), breast cancer and leukemia (n=1),
endometrial cancer (n=2)) and 4 only presented with colo-
rectal adenomas. MMR protein IHC analysis had previously
been performed in 69% of the patients with findings of loss
of expression in 12 (15%) individuals but at the same time
retained normal expression in another family member. In
total, 54% of the participants had MMR proficient tumors
based on IHC/MSI data. This corresponded well with previ-
ous MMR gene analysis, which had been performed in 67%
of the patients. In all patients tested, the MMR gene analysis
had not detected pathogenic variants.

Gene panel analyses identified 342 variants among the 32
genes studied. After filtering, as described in the methods
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Table 1 Clinical characteristics of the participants and their families

Number of participants included 78
Number of families included 75
Late-onset CRC 65 (83%)
Late-onset CRC suspected

3 CRC in one generation (group A) 4 (5%)

2 CRC and 1 adenoma (group B) 2 (3%)

2 CRC+ 1 HNPCC-related cancer (group D) 5 (6%)

3 CRC with one unaffected FDR link (group E) 2 (3%)
Gender

Women 39 (50%)

Men 39 (50%)
Diagnosis (of the participants)

CRC < 60 years 44 (56%)

CRC > 60 years 26 (33%)
Other cancer 4 (5%)
No cancer (but colorectal adenomas) 4 (5%)
Earliest CRC diagnosis in the family, mean (range) 56 (50-68)

Highest number of adenomas in the family, mean (range) 3 (0-17)
Tumor type and localization in the participants

Colon, left 20 (26%)
Colon, right 17 (22%)
Rectum 29 (37%)
Colon, unspecified 4 (5%)
Breast 2 (3%)
Endometrial cancer 2 (3%)
Only adenomas 4 (5%)
Previous MSI result (in the participants)
Microsatellite instable 1 (1%)
Microsatellite stable 3 (4%)
Not available 74 (95%)
Previous MMR THC result (in the participants)
Deficient 12 (15%)*
Proficient 42 (54%)
Not available 24 (31%)
Previous MMR gene test (in the participants)
MMR wildtype 52 (67%)
Not available 26 (33%)

*All had another relative with an MMR proficient CRC

Table 2 Pathogenic or likely pathogenic variants

section, 97 variants with an allele frequency <0.5% (i.e. a
population frequency < 1%) in 55 patients were identified.
In 23 patients, no variants were identified, 21 patients had 1
variant, 22 patients had 2 variants, 6 patients had 3 variants,
5 patients had 4 variants, and 1 patient had 6 variants.

Among the 97 variants, 4 were pathogenic or likely path-
ogenic (Table 2).

Pathogenic and likely pathogenic variants

In one person (#1) we identified a frameshift variant in
MSHG6, ¢.3261dupC, p.(Phe1088Leufs*5). The variant has
previously been reported several times (Lavoine et al. 2015;
Espenschied et al. 2017; Haraldsdottir et al. 2017) and is
classified as pathogenic by InSight (https://www.insight-
group.org/variants/databases/). In our study, the participant
was diagnosed with two LS-associated tumors (synchronous
endometrial and rectal cancer) at age 52 years. IHC analy-
sis performed > 10 years ago as part of the clinical evalua-
tion showed normal expression of all four MMR proteins in
the rectal tumor and IHC analysis in the endometrial can-
cer revealed loss of MLH1 and PMS2 expression; data on
whether the MLHI promoter was methylated is not available.
However, following the abnormal IHC result, MLH1 screen-
ing was performed at time of diagnosis without identifica-
tion of a pathogenic variant. Segregation analysis has not
been performed in the family. Still, a second-degree relative
with CRC at age 54 had previously had IHC analysis per-
formed with normal expression of all four MMR proteins.
Since the IHC analysis in the second degree relative was
performed more than 10 years ago at a time of less optimized
IHC performance (Palomaki et al. 2009), we repeated the
[HC analysis. We demonstrated loss of MSH6 expression
based on IHC staining in two independent laboratories. The
tumor also showed a high level of microsatellite instability
(MSI-H). Unfortunately, we do not know whether the second
degree relative also carried the MSH6 variant.

In two patients, we identified heterozygosity for patho-
genic or likely pathogenic MUTYH variants. The first patient
(#2) had a rare variant, c.1550_1551delinsAG, p.(Cys517%).
The variant is not listed in gnomAD but is reported once in

Family Gene Transcript variant Protein variant

Variant type CADD score Variant

Cancer history (age)

classify-
cation
#1 MSH6  ¢.3261dup p-(Phe1088Leufs*5) Frameshift 24.6 5 CRC (52), endometrial cancer (52)
#4 NTHLI  ¢c.268C>T p-(Q90%*) Nonsense 35.0 5 CRC (62)
#5 NTHLI  ¢.268C>T p-(Q90%*) Nonsense 35.0 5 CRC (51)
#3 MUTYH c.1187G>A p-(Gly396Asp) Missense 34.0 5 CRC (50)
#2 MUTYH ¢.1550_1551delinsAG p.(Cys517%) Nonsense n/a 4 CRC (62), prostate cancer (67),

possibly sarcoma
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Table 3 Variants of unknown significance in the MMR genes
Family Gene Transcript Protein variant ~ CADD Score Highest freq.  Allele Count InSight IHC data Comments
variant (population)® classifi-
cation
#8 MSH6 ¢.628-71C>A p.(?) <10 0.015% (NFE) 21 (0) n/a n/a Patient with
6 adenomas
(not cancer).
A relative had
tumorMLH1
promoter
hypermeth-
ylation and
normal
MSH2/MSH6
expression
#9 MSH6 ¢.806C>G p-(Thr269Ser) 12.8 0.0029% 3(0) 3 n/a
(NFE)
#6 MSH6 ¢3100C>G  p.(Argl034Gly) 25.3 0.00099% 1(0) n/a IHC: Normal The patient also
(NFE) (2013) has another
MSH6 VUS
#10 MSH6 ¢3260C>A  p.(Prol087His) 25.2 0.051% 33 (0) n/a IHC: Normal
(AMR) (2016)
#6 MSH6 c¢3541G>A  p.(Aspl181Asn) 33.0 0.0026% 3(0) n/a IHC: Normal The patient also
(NFE) (2013) has another
MSH6 VUS
#11 MSH6 ¢3674C>T  p.(Thr1225Met) 31.0 0.014% (NFE) 21 (0) 3 n/a Drost et al.:
MMR func-
tion intact
#14 PMS2 ¢.2276-7C>A 11.0 0.00098% 1(0) n/a n/a
(NFE)*

References: Drost et al. (2012)

“The highest frequency in gnomAD (in exomes and genomes combined, or exomes alone if no WGS data was available) in non-cancer popula-

tion. AMR, Latino/admixed American; NFE, European (Non-Finnish)

#Allele count: Number of alleles with the variant in gnomAD. The number in parentheses refers to the number of homozygous individuals

$Prequency data in gnomAD was uncertain

ClinVar as pathogenic. Since the variant is located in the
last exon of the gene, where a new stop gain will not cause
nonsense mediated RNA decay, the variant is predicted to
create a premature stop codon most likely resulting in a trun-
cated protein lacking the last 33 amino acids. The patient
had metachronous sigmoid and prostate cancer at 62 and
67 years, respectively, and > 10 colonic adenomas, of which
several had high-grade neoplasia. He has most likely also
had a chondrosarcoma based on medical reports. The fam-
ily history showed another two cases of intermediate onset
colon cancer in close relatives. Segregation analysis has not
been performed. Since functional data are unavailable, we
consider the variant likely pathogenic (class 4). The sec-
ond patient (#3) with rectal cancer at age 50 and a single
adenoma, had the previously reported, pathogenic MUTYH
variant ¢.1187G>A, p.(Gly396Asp). The family history
revealed several cases of CRC and other cancers.

In two patients (#4 and #5), we detected a nonsense vari-
ant, ¢.268C>T, p.(GIn90*) variant in NTHLI. The variant

is located in exon 2, hence the mRNA molecule is predicted
to be degraded by nonsense mediated mRNA decay. Both
patients were heterozygous carriers. In the first family, there
were four cases of CRC in two generations indicating auto-
somal dominant inheritance. In the second family, there were
three cases of CRC in two generations and a distant rela-
tive with early-onset breast cancer. The p.(GIn90*) variant
causes NTHLI-associated polyposis (NAP) in homozygous
or compound heterozygous carriers and is considered patho-
genic (class 5) (Weren et al. 2015).

Mismatch repair variants

We identified a total of 15 MMR gene variants in MLH]
(n=2), MSH6 (n=9, including the pathogenic c.3261dupC,
p-(Phe1088Leufs*5) variant described above) and PMS?2
(n=4).

Based on frequency data from gnomAD, variant type
and in silico data, seven variants in MLHI, MSH6 and
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PMS?2 were classified as benign/likely benign (see sup-
plementary Table S2). A total of seven variants were
classified as VUS (Table 3). In all families with an MMR
VUS, the person tested had either normal expression of
all four MMR proteins or MMR protein expression data
were unavailable.

Variants of unknown significance in other known
CRC predisposing genes

We detected 10 variants in APC. Based on frequency data
from gnomAD, variant type and in silico data, nine variants
were classified as benign/likely benign (see supplementary
Table S2). The remaining APC variant was classified as a
VUS: ¢.3891T>G, p.(Asp1297Glu). This variant is not listed
in gnomAD and has previously been reported to ClinVar
twice as a VUS. None of the patients with APC variants had
polyposis.

In AXIN2, the missense variant, c¢.1882C>T,
p-(Arg628Trp) was detected. The variant has been iden-
tified 48 times in gnomAD with a pop-max frequency of
0.060% in the Finnish population. The variant is predicted
to strengthen a possible existing cryptic splice site by four
out of five in silico splice prediction programs in Alamut. It
is unknown if there have been dental abnormalities, which
has been reported to associate with AXIN2 defects, in the
family. Functional data on splicing are unavailable and we
have classified the variant as a VUS.

We detected a missense variant in POLE, c.861T>A, p.
(Asp287Glu). The variant is located in the CRC-associated
exonuclease domain and has been reported in ClinVar sev-
eral times, mostly interpreted as a VUS. The variant has a
total count of 242 out of 282,842 alleles in gnomAD cor-
responding to a frequency of 0.09% but is most frequent in
non-Finnish Europeans, where the allele frequency is 0.18%.

Variants of unknown significance in candidate CRC
predisposing genes

In BRCA2, we detected the c.3962A > G, p.(Aspl1321Gly),
variant in an individual with colon cancer at 55 years. The
family history showed several CRCs and other cancer types,
albeit not breast cancer or ovarian cancer. The variant is
most frequent among non-Finnish Europeans with a pop-
max of 0.0048%, and it has been reported to ClinVar several
times as a VUS. According to four out of five in silico splice
prediction programs in Alamut, the variant creates a new
cryptic, strong donor site, however, since functional data is
unavailable the significance of the variant is unknown.
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Discussion

We have analyzed patients from families with an accu-
mulation of CRC diagnosed after age 50, also referred
to as late-onset CRC. To our knowledge, no studies have
previously performed large gene panel analyses in a
similar group of patients, and the intermediate- and late-
onset CRC families are in general not well-characterized
genetically.

The patients had predominantly MMR-proficient CRCs
(based on IHC/MSI data) and in the majority, previous
MMR gene tests had been performed without disease-
predisposing variants detected. Consistently, only a sin-
gle patient was diagnosed with Lynch Syndrome (patient
#1, MSH6: c.3261dupC, p.(Phel088Leufs*5)). Although
familial CRC with onset > 50 years can be expected to be
a heterogeneous group consisting of families with high-
risk cancer predisposition syndromes and families with
accumulation of CRC caused by combinations of heredi-
tary factors, lifestyle factors and environmental factors, we
demonstrate low diagnostic yield considering that several
families have multiple cases of CRC and other cancers
and onset of disease between age 50 and 60. It is striking
that moderate risk variants, which may indicate oligogenic
or polygenic inheritance, seemed to play a very limited
role herein. However, since all cases of CRC in the fami-
lies—and participants with CRC — occurred above age 50
and since CRC is a common malignancy that increases in
frequency with increasing age, the risk of phenocopies is
a concern. We tried to come around this issue by including
the youngest affected individual when possible, but still,
we cannot rule out that including a phenocopy might have
influenced the results.

The families were highly selected based on family
history and age at onset (but not IHC/MSI status), and
although we identified clinically actionable variants (i.e.,
the pathogenic variants in MSH6 and MUTYH) in 3/75
families (=4%), the only high-risk cancer predisposition
syndrome identified was the patient with MSH6-related
LS (~1.3% of the cohort). In Denmark, familial cluster-
ing of late-onset CRC has been systematically reported
to the HNPCC register for three decades (Lindberg et al.
2016). In the group of ‘late-onset CRC’ families in the
HNPCC registry, another 6 families have been diagnosed
with Lynch Syndrome with pathogenic variants in MLH1
(n=2), MSH2 (n=1), MSH6 (n=2) and PMS2 (n=1)
(data from the HNPCC registry). Including our family, this
corresponds to ~ 2% of the families (7 out of 324 families).
Based on the data from the current study and unpublished
data, it seems reasonable to assume that approximately
2% of the Danish late-onset CRC families have LS. This is
much higher than the prevalence of LS in the background



Human Genetics (2022) 141:1925-1933

1931

population (which has been estimated to be 1:226 to 1:370
Hampel and De La Chapelle 2013; Haraldsdottir et al.
2017; Win et al. 2017; Grzymski et al. 2020)) but around
the same level as unselected CRC patients.

Thus, genetic testing with gene panel analysis of CRC-
associated genes in late-onset CRC families appears to
be of limited diagnostic value with a diagnostic hit rate
of only 1% to 2% of the patients. This questions whether
routine genetic testing is indicated in this group of fami-
lies. In Denmark, universal screening with MMR protein
immunostaining (IHC) is performed routinely on all CRC
tumors as part of the diagnostic evaluation of the patient,
irrespective of age at onset. Hence, in this context, we
suggest that in Danish families, gene panel analysis can
be restricted to patients from late-onset CRC families with
MMR-deficient tumors. The exception is families with fea-
tures indicating another cancer predisposition syndrome.
This approach depends on reliable IHC and MSI results,
which historically have been challenging; however, the
methods have improved significantly (Leclerc et al. 2021).

Routine genetic testing of gene panels in late-onset
CRC families also depends on economic resources in the
healthcare systems, availability of genetic counselling, and
access to surveillance once a pathogenic high-risk variant
has been identified. In high-income countries with health-
care systems able to perform comprehensive genetic test-
ing and clinical follow-up, it could prove beneficial to offer
genetic testing of the MMR genes in selected late-onset
families (e.g. families with many cases of CRC between
age 50 and age 60 or with MMR-deficient tumors or indi-
viduals with >2 HNPCC/LS-associated cancers) or to
offer routine IHC/MSI analysis. In countries with sparse
economical resources, genetic counselling and -testing
could be reserved for families with a higher probability of
having high-risk genetic cancer syndromes, such as fami-
lies with several affected persons with early onset disease,
multiple primary tumors, polyposis or syndromic features.

In our study, the patient with the MSH6 ¢.3261dupC,
p-(Phe1088Leufs*5) variant developed two classic LS-
associated tumors at age 52 but IHC analysis in both
tumors (performed > 10 years ago) did not reveal lack of
MSHG6 expression. In a second degree relative with colon
cancer at age 54 years and initially normal IHC analysis,
repeated IHC analysis showed lack of MSH6 expression
and high levels of MSI (MSI-H) (however, although she
likely carried the variant, mutational analysis has not been
available). Today, the strategy mentioned above would
have identified this family due to both abnormal THC and
MSI analysis and syndrome stigmata (> 1 primary LS-
associated tumor). This family demonstrates the risk of
diagnostic errors when older IHC analysis is used alone
and emphasizes the importance of repeating old IHC anal-
yses or performing MSI analysis.

The results leave ~99% of the patients genetically
unsolved and the most obvious explanation is a multifacto-
rial predisposition to CRC. Another explanation could be
the coinheritance of few low-penetrant variants each confer-
ring a low or moderate risk but with a combined synergistic
effect, referred to as digenic or oligogenic inheritance. There
is not yet clear evidence of digenic or oligogenic inherit-
ance in CRC but few cases suggesting these types of inherit-
ance have been reported (Morak et al. 2011; Ciavarella et al.
2018; Schubert et al. 2020) and several cases of patients with
the accumulation of pathogenic variants have also been pub-
lished (Whitworth et al. 2016; Stradella et al. 2019). Other
possible explanations include epigenetic changes or variants
in other candidate genes not included in our gene panel. A
perhaps less likely explanation is genetic variants in genes
not yet identified or associated with CRC. Over the past
years, many research groups have searched for new CRC
predisposing genes. Although new CRC-predisposing genes
have been identified such as RPS20, they appear to account
only for a very low proportion of families with familial CRC
(Nieminen et al. 2014; Chubb et al. 2016; Valle et al. 2019;
Djursby et al. 2020). A weakness in our study is the lack of
copy number variation (CNV) analysis. As CNVs account
for~10% of pathogenic variants, with a large difference
between genes, it is a possibility that this disease-causing
mechanism has been overlooked (LaDuca et al. 2019).

As expected, we identified a multitude of VUS, mainly
missense variants, including MSH6 VUS (n=06) but also
interesting variants in BRCA2, ¢.3962A>G, p.(Asp1321Gly),
and AXIN2, c.1882C>T, p.(Arg628Trp), which might affect
splicing. Variants in MSH6 have been shown to confer a sig-
nificantly lower risk of CRC than MLHI and MSH2 patho-
genic variants (Mgller et al. 2017). Since the late-onset CRC
families have a less severe phenotype as compared to the
Amsterdam I/IT positive families (at least when it comes to
age at onset) or LS families caused by pathogenic MLHI or
MSH? variants, it would not be surprising if a larger pro-
portion of the late-onset CRC families had MSH6 variants.
Intriguingly, the published cases with possible digenic/oligo-
genic inheritance have also included variants in MUTYH and
MSH6. While biallelic pathogenic variants in MUTYH con-
fer a very high lifetime risk of developing CRC, monoallelic
variants are associated with a ~twofold increased lifetime risk
of developing CRC (Win et al. 2011). In addition to several
VUS in MSH6, we also identified two patients with monoal-
lelic pathogenic variants in MUTYH making it tempting to
speculate that these patients could have other (yet unidentified)
variants which cause a digenic or oligogenic predisposition to
CRC. In two patients, the recurrent truncating NTHLI vari-
ant ¢.268C > T, p.(GIn90*) were detected and, like MUTYH,
NTHLI is also involved in base excision repair. In contrast to
MUTYH, monoallelic variants in NTHLI has not been associ-
ated with an increased risk of CRC, and large population-based
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studies estimating the risk of colorectal cancer and polyposis
in monoallelic NTHLI carriers are needed to clarify this matter
(Elsayed et al. 2020; Salo-mullen et al. 2021).

An interesting perspective is the use of polygenic risk
scores (PRS) in the prediction of a personal cancer risk esti-
mation. At present, PRS and models aiming at predicting
cancer risk by combining PRS, personal factors (such as
gender and age), family history and lifestyle factors as listed
above are only moderately accurate (Frampton et al. 2016;
Frampton and Houlston 2017; Weigl et al. 2018; Archam-
bault et al. 2020). Further studies exploring the role of PRS
in late-onset CRC patients are warranted. Another interest-
ing perspective is use of tumor sequencing and mutational
signatures such as the COSMIC mutational signatures
(Alexandrov et al. 2013). Tumor testing in several affected
individuals in a family could help identifying relatives with
the same mutational signature and could therefore also aid
in excluding likely phenocopies from further analyses. As
certain mutational signatures are associated with specific
underlying germline alterations, this approach could also aid
in identifying relevant genes or specific pathways in a family.

Based on our data and unpublished data (as referred
above), it appears that LS and other CRC predisposition
syndromes only play a minor role in families with aggrega-
tion of CRC with onset of all cases above age 50. Given the
high burden of CRC and other cancers in these families,
hereditary factors seem likely to play a role, though shared
environmental factors and lifestyle could also be important.
Further studies elucidating the genetic mechanisms involved
in late-onset CRC families, including calculation of poly-
genic risk scores, is warranted.
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