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Abstract

Background—In 20-30% of patients suspected of a familial colorectal cancer (CRC) syndrome, 

no underlying genetic cause is detected. Recent advances in whole exome sequencing (WES) have 

generated evidence for new CRC-susceptibility genes including POLE, POLD1 and NTHL1 but 

many patients remain unexplained.

Methods—Whole exome sequencing was performed on DNA from nine patients from five 

different families with familial clusters of CRC in which traditional genetic testing failed to yield a 

diagnosis. Variants were filtered by minor allele frequencies, followed by prioritization based on in 
silico prediction tools, and the presence in cancer susceptibility genes or genes in cancer-

associated pathways. Effects of frameshift variants on protein structure were modeled using I-

Tasser.

Results—One known pathogenic variant in POLD1 was detected (p.S478N), together with 

variants in 17 candidate genes not previously associated with CRC. Additional in silico analysis 

using SIFT, PROVEAN and PolyPhen in the 14 missense variants indicated a possible damaging 

effect in nine of 14 variants. Modeling of the insertions/deletions showed a damaging effect of two 

variants in NOTCH2 and CYP1B1.
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Discussion—One family was explained by a mutation in a known familial CRC gene. In the 

remaining four families, the most promising candidates found are a frameshift NOTCH2 and a 

missense RAB25 variant. This study provides potential novel candidate variants in unexplained 

familial CRC patients, however, functional validation is imperative to confirm the role of these 

variants in CRC tumorigenesis. Additionally, while whole exome sequencing enables detection of 

variants throughout the exome, other causes explaining the familial phenotype such as multiple 

single nucleotide polymorphisms accumulation to a polygenic risk or epigenetic events, might be 

missed with this approach.
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INTRODUCTION

Approximately 25-35% of all CRCs are estimated to have a heritable component, either a 

pathogenic variant in a high-risk CRC susceptibility gene (3-5%) or a positive family history 

(20-30%) with an unknown genetic cause [1, 2]. These unexplained patients might carry 

rare, dominantly inherited variants, or multiple moderately penetrant variants that act 

synergistically [2].

Determining whether a patient may carry a genetic variant causing familial CRC was 

historically based on family history, through the revised Amsterdam Criteria for Lynch 

Syndrome (LS), which were developed to determine whether families were likely to have 

pathogenic variants in the DNA mismatch repair (MMR) genes [3]. LS tumors 

characteristically exhibit microsatellite instability (MSI), due to the loss of expression of one 

or more MMR proteins [4]. However, approximately half of the families fulfilling 

Amsterdam Criteria do not have a LS phenotype in their tumors [5, 6]. These CRC-enriched 

families, often referred to as “familial colorectal cancer-type X”, have specific features 

compared to LS, such as lower incidence of CRC, more tumors in the left colon, fewer 

extracolonic cancers, and higher mean age of onset (57.3 years as opposed to the average 

49.7 years for LS patients) [5, 6]. This seemingly familial clustering of CRC is generally not 

linked to any one specific gene, though studies in the past have indicated CENPE, KIF24, 
GALNT12, HNRNPA0, WIF1, ZNF367, GABBR2 and BMP4 as candidate genes, possibly 

explaining a percentage of these patients [7, 8]. More importantly, previous studies showed 

that unexplained familial clustering of CRC is likely not a single syndrome, and it is unlikely 

that we will find the same genetic defects across affected families [9].

Recently, germline and somatic variants in the exonuclease domains of the POLE and 

POLD1 genes are described to associate with early-onset CRC, endometrial cancer and 

adenomatous polyps [10, 11]. This variable phenotype has recently been named polymerase 

proofreading associated polyposis (PPAP), a syndrome with high penetrance and dominant 

inheritance [11]. PPAP tumors have a specific phenotype with very high mutational burden, 

exceeding 100 variants/Mb (ultramutated), with a specifically elevated TCT>TAT and 

TCG>TTG mutational signature [11, 12]. Furthermore, whole exome sequencing efforts in 

early-onset and/or familial CRCs recently described the recessive NTHL1-associated 

Jansen et al. Page 2

Fam Cancer. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyposis syndrome, in which patients presented with adenomas and a spectrum of cancers 

including colorectal, breast, endometrial, duodenal, skin, prostate and pancreatic cancer [13, 

14].

Although family history is an important indicator of a germline genetic defect, recent studies 

have shown that no more than 20% of CRCs occurring before age 50, regardless of family 

history, can be explained by a variant in a high-risk CRC susceptibility gene [15, 16]. 

Identification of the underlying genetic cause in early-onset and/or familial CRC patients is 

of utmost importance for proper clinical management of the patient and their families. Given 

the wide spectrum of possible causal variants in these patients, multigene panels or whole-

exome sequencing is advised [15, 16].

In this study we aimed to identify the underlying genetic cause in five families who were 

part of a large familial gastrointestinal cancer registry, who had undergone routine genetic 

testing in the past (between 2004 and 2014), and had unexplained familial CRCs, using 

whole exome sequencing. We also analyzed the candidate variants using in silico protein 

structure modeling in order to predict whether specific variants will affect protein structure 

and function.

MATERIAL AND METHODS

Patient cohort

All patients provided informed consent for Institutional Review Board-approved research 

studies at a single institution (Baylor Scott & White, Dallas, TX). Leukocyte DNA was 

collected from nine patients belonging to five different families (Figure 1A–E, Table 1). 

Three families showed a dominant pattern of inheritance, with multiple affected family 

members in multiple generations. Two families (A and C), were compatible with a recessive 

pattern of inheritance. Family A consisted of two affected sisters (CRC45 and CRC46). 

Family C consisted of an affected index patient (CRC14) and both parents presented with 

non-colorectal carcinomas (squamous cell carcinoma of the tonsil and basal cell carcinoma, 

Figure 1). Patients were previously tested for germline variants in PTEN (family A), 

MUTYH (Family B, E) and/or the MMR genes (Family C and D) using commercially-

available testing.

Whole exome sequencing

Whole exome sequencing, alignment and annotation were conducted by the Novogene 

Corporation. Sequencing libraries were generated using Agilent SureSelect Human All exon 

kit (Agilent Technologies, CA, USA) with an input of 1μg of genomic DNA, according to 

the manufacturer’s protocol. DNA was sheared (Covaris, Massachussetts, USA), followed 

by blunt-end conversion, adenylation of the 3’-end and adapter ligation. The libraries were 

hybridized with biotin labeled probes and captured with magnetic beads. Captured libraries 

were enriched and purified using an AMPure XP system (Beckman Coulter, Beverly, USA). 

Sequencing was performed on an Illumina platform.

Reads were mapped to the human reference genome (hg37) using the Burrows-Wheeler 

Aligner (BWA, version 0.7.8-r455). The resulting BAM files were sorted using SAMtools. 
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Duplicate reads were marked using Picard (version 1.111), followed by variant calling using 

GATK (v3.8).

Data analysis

Variant annotation was done using ANNOVAR [17]. Variant allele frequencies in the 

population were given using large available consortia including the 1000 Genome Project, 

Exome Aggregation Consortium (ExAC) and the Exome Sequencing Project (ESP). 

Through ANNOVAR the databases dbSNP, COSMIC, OMIM, GWAS catalog and HGMD 

were used to find reported information on the variant. In silico prediction SIFT, Polyphen, 

MutationAssessor, LRT and CADD scores (v1.0) were used to predict the effect of the 

variant on protein function. GERP++ scores were used to assess conservation of the affected 

base.

Prioritization of variants

All exonic non-synonymous variants (including nonsense, frameshift or in-frame insertions 

and deletions) were filtered by minor allele frequency (MAF) as reported by ExAC score 

(ExAC_ALL, MAF >0.01 excluded). Additionally, intronic variants predicted to affect 

splicing with a MAF <0.01 were included. Variants present in segmental duplicated regions 

were excluded from the analysis, as were known benign variants. If multiple family 

members were screened, all variants that were not present in all affected family members 

were excluded.

All remaining variants were prioritized according to the following characteristics: 1) scaled 

CADD (CADD_Phred) score of 18 or higher; 2) at least one of the following key words 

found after annotation of the gene in the DAVID bioinformatic resource: cancer, repair, 

apoptosis, wnt, suppressor, TGF, cell cycle, polymerase, colorectal; and 3) variants present 

in genes that are expressed in normal colonic tissue according to the protein atlas. All 

variants were visually inspected in the integrative genomics viewer (IGV).

All variants present in possible tumor suppressor genes (TSGs) according to the TSG 

database (https://bioinfo.uth.edu/TSGene/), as well as all variants present in known CRC-

susceptibility genes, recently published candidate familial CRC genes, or in previously 

described multigene cancer sequencing panels were validated with Sanger sequencing. A list 

of these suspected CRC-genes is provided in Supplemental Table 1.

Variant validation

In total, 18 variants resulting from prioritization were validated with Sanger sequencing. 

One variant in the FAT4 gene could not be confirmed and was excluded from further 

analysis. For family C, leukocyte DNA of both unaffected parents was tested for the variants 

detected in the index patient. Primers sequences for all validated variants are presented in 

Supplemental Table 2. The BigDye® Direct Cycle Sequencing kit (Applied Biosystems®, 

Foster City, CA, USA) was used for PCR, post-PCR cleanup and cycle sequencing. The 

resulting product was run on the 3130XL Genetic Analyzer (Applied Biosystems®, Foster 

City, CA, USA). Sequences were analyzed using Chromas.
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For the validated variants, the following Genbank reference sequences were used: 

NM_006207 (PDGFRL), NM_001099691 (TGFA), NM_002185(IL7R), NM_001383 

(DPH1), NM_024503 (HIVEP3), NM_080685 (PTPN13), NM_001200001 (NOTCH2), 

NM_133477 (SYNPO2), NM_000234 (LIG1), NM_020387 (RAB25), NM_001164 

(APBB1), NM_001256849 (POLD1), NM_015466 (PTPN23), NM_015466 (PHB), 

NM_000104 (CYP1B1), NM_015541 (LRIG1) and NM_001127208 (TET2).

Sequence homology-based SNP prediction using SIFT and PROVEAN

Of the 17 variants remaining after validation, pathogenicity of the 14 missense non-

synonymous single nucleotide polymorphisms (nsSNPs) was ascertained using sequence 

homology-based prediction tools such as SIFT (http://sift.jcvi.org/) and PROVEAN (Protein 

Variation Effect Analyzer) (http://provean.jcvi.org) [18]. The methodology used was based 

on the procedure previously published with some modifications [19]. For SIFT, substitutions 

at a position with normalized probabilities of ≤0.05 in a tolerance index were predicted to be 

damaging, whereas those with normalized probabilities ≥0.05 were predicted to be tolerated 

[20]. Likewise, in PROVEAN, a nsSNP present in the coding region of a gene was predicted 

to be “deleterious” if the prediction score was below threshold value (cutoff is −2.5), and 

“neutral” if the predicted score was above the cutoff value.

Structural homology-based SNP prediction using PolyPhen-2

Seven missense nsSNPs that returned with incongruent scores (i.e., deleterious/damaging in 

one and tolerant/neutral in other or vice-versa in sequence-homology based SNP prediction 

methods such as SIFT/Provean) were subjected to PolyPhen-2 (Polymorphism 

Phenotyping-2) analysis (http://genetics.bwh.harvard.edu/pph2/). PolyPhen-2 is an online 

tool that predicts the putative functional consequences of a missense nsSNP on the structure 

and function of a human protein, using physical and comparative considerations [21]. The 

output of the PolyPhen-2 is a position-specific independent count (PSIC) score for every 

amino acid variant with respect to wild type variant.

Identification of conserved residues and sequence motifs using Consurf

The Uniprot amino acid sequence of the sixteen proteins in FASTA format was used as input 

for computational analysis of conserved sequences and motifs using Consurf web server 

[22], which perform evolutionary conservation analysis based on a Bayesian algorithm. The 

output of Consurf analysis shows degree of conservation of an amino acid residue in the test 

protein by means of color coding (conservation scores: 1–4 variable, 5-6 intermediate, and 

7–9 conserved). Exposed and buried residues with high conservation levels were 

respectively scored as functional and structural residues in the amino acid sequence. The 

structural and functional motif (pfam motifs) present in the protein were predicted using the 

MOTIF Search tool (http://www.genome.jp/tools/motif/).

Computational 3D structural modelling

For the variants in Notch2, Synpo2 and Cyp1b1 proteins, 3D structure models were built 

using I-Tasser (http://zhanglab.ccmb.med.umich.edu/I-TASSER/), which employs an 

integrated combinatorial approach comprising comparative modeling, threading, and ab-
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initio modelling [23] using the procedure adopted by Dakal et al [24]. For the large protein 

(>1500 aa length) where the modelling cannot be done by I-Tasser, SWISS-MODEL 

(https://swissmodel.expasy.org/) was used.

Comparison sporadic CRC

To investigate which gene ontology (GO) pathways are affected in our familial cohort (nine 

patients described above together with one patient from family F, see supplementary Figure 

1) as compared to a sporadic CRC cohort, an unbiased comparison was made as described in 

the supplemental data.

RESULTS

Variant prioritization

To identify the underlying genetic cause in patients with suspected familial CRC, whole 

exome sequencing was performed on nine patients from five different families with 

clustering of colon cancer (average age of onset 34.8 years, Table 1). All sequenced samples 

had an average sequencing depth on target of 133x (range: 107-167), with on average 22,763 

coding and splice site variants (range: 22,316-23,358) per exome (Supplemental Table 3). 

Variants were filtered according to Figure 2, first on minor allele frequency (MAF) and then 

on their presence in all sequenced affected family members (Supplemental Table 4). Variants 

with an in silico prediction tool CADD score higher than 18 were prioritized. All variants in 

genes associated with cancer, DNA repair, apoptosis, Wnt (signaling), suppressor, TGF 

(TGF-beta signaling), cell cycle, polymerase and colorectal (cancer) according to the 

DAVID annotation tool were prioritized. Variants in genomic duplicated regions, in genes 

not expressed in normal colonic tissue, and variants previously reported to be benign, were 

excluded. All variants were visually inspected with the integrative genomics viewer (IGV). 

After prioritization, an average of 29 variants remained per family (family A: 26, B: 48, C: 

40, D19, E: 14, see Supplemental Table 4 and 5). Of these variants, all variants known to be 

present in a predicted TSG, as well as variants in CRC-related pathways were validated 

using Sanger sequencing (Table 2). Additionally, the predicted pathogenic variants in TGFA, 

LIG1, APBB1 and CYP1B1 were also confirmed, because these genes were present in the 

KEGG pathway ‘Pathways in Cancer’ (TGFA), linked to DNA repair pathways (LIG1, 
APBB1) or associated before with CRC or CRC syndromes (CYP1B1).

Only one family carried a known pathogenic variant previously described in CRC, POLD1 
c.1433G>A, p.S478N. This variant was found in family E, in all three tested family 

members. Family E had a severe phenotype, with three affected generations with the first 

cancers at age 31 (I-1) and 21 (II-1). In the third generation, patients were screened by 

colonoscopies due to positive family history.

Besides the POLD1 variant, no other variant in a known high-risk or moderate-risk CRC 

susceptibility gene was found. However, since IL7R, NOTCH2 and TET2 genes are present 

in pathways involved in tumorigenesis (immune response, Notch signaling and cell cycle 

respectively), these were therefore included in the gene list (Supplemental Table 1).
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Co-segregation analysis in the family

In family C, only the affected proband (CRC14) was tested, but leukocyte DNA was 

available from both unaffected parents. All variants detected in the patient were found in 

either the father (DPH1, HIVEP3, PTPN13, NOTCH2) or the mother (LIG1).

In silico analysis with SIFT, PROVEAN and PolyPhen

To ascertain pathogenicity of the 14 missense variants, prediction tools SIFT and 

PROVEAN were used (Table 3, Supplemental Table 6). In 7/14 variants, SIFT and 

PROVEAN scores were concordant. The seven discordant variants were also analyzed with 

PolyPhen-2. In total, five variants were predicted to be neutral (TGFA, HIVEP3, PTPN23, 
PHB and LRIG1), and nine variants were predicted to affect protein function.

Structural modeling of indel/frameshift variants of NOTCH2, SYNPO2 and CYP1B1

For the structural modeling of the indel/frameshift variants of NOTCH2, SYNPO2 and 

CYP1B1, the amino acid sequence of each protein was subjected to I-Tasser (or SWISS-

MODEL) based integrated structural modeling that uses template search, alignment, 

threading and ab-initio modeling [19, 24].

The Notch2 protein is a single-pass transmembrane protein. Based on structural analysis, 

and on pfam motif analysis, the basic structure of the human Notch2 protein appears to be 

comprised of 35 epidermal growth factor (EGF) repeats, 3 copies of a Lin-12/Notch/Glp 

motif (1423..1456 aa, 1463..1497 aa, and 1501..1534 aa; possibly in the extracellular 

region), 3–4 Ankyrin repeats, and single motifs for DUF3454 (2382..2444 aa), NOD 

(1539..1594 aa) and NODP (1618..1672 aa). Notch2 protein also contains a PEST sequence 

for proteolytic processing, a nuclear localization signal (NLS), and several putative 

phosphorylation sites [25]. The wild type translated protein encoded by NOTCH2 is 2471 aa 

in length, while the detected frameshift variant in patient C (NOTCH2 c.2786delG) would 

result in a stop gain at aa 930, resulting in C-terminal loss (Figure 3).

Another small frameshift deletion in current study was found in the CYP1B1 gene. While 

the WT protein is 543 aa (Uniprot ID Q16678), the frameshift variant causes a stop gain 

producing a protein of 422 aa (p.Arg355Hisfs) (Figure 4A and B). The Cyp1b1 protein has a 

single pfam motif, namely p450 spanning from aa’s 51 to 519 in the wild type protein. The 

truncated mutated protein (p.Arg355Hisfs) would result in partial p450 motif loss.

Finally, the in-frame duplication in the SYNPO2 gene (c.1583_1585dup) is not expected to 

entail any drastic structural and functional defect in the mutant protein (Figure 4C and D). 

The crystal structure of Synpo2 protein is not resolved, and hence, there is no structure 

model of the protein available in PDB database. We modeled both wild type and mutant 

variants of the Synpo 2 protein using I-Tasser. Considering that the residues flanking the 

insertion position in protein sequence are not evolutionarily conserved, we assume that the 

mutant variant would retain normal functions. However, since the insertion is predicted to lie 

in the Calsarcin domain (390..594 aa) we cannot exclude the possibility of structure-based 

functional defects. Structural modeling showed loss of secondary structural features of the 
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Calsarcin domain in the mutant protein. While this could indicate that the variant affects 

protein function, further structural biology and experimental evidence is needed.

Comparison with sporadic CRC

Finally, to determine whether there was an overrepresentation of mutations in genes in 

certain pathways within our familial CRC cohort compared to somatic mutations found in a 

sporadic CRC cohort, an unbiased comparison was performed (See supplemental data). 

Interestingly, REVIGO analysis showed an overrepresentation of cell-cell adhesion 

pathways in the familial cohort, compared to the sporadic cohort (Supplemental Figure 2).

DISCUSSION

In this study, we performed whole exome sequencing to search for underlying genetic causes 

in five families with familial or early-onset CRC (Figure 1). Possible pathogenic variants in 

known CRC genes or CRC-related pathways were prioritized, resulting in an average of 29 

remaining variants per family. Only one family (family E) carried a known pathogenic 

germline defect, a POLD1 c.1433G>A. This variant has previously been described in two 

familial CRC families [10]. The Saccharomyces pombe equivalent of this variant was 

previously described to lead to a 12-fold mutation rate increase compared to wildtype [10]. 

The previous families showed a less severe phenotype than the family reported in this study, 

with multiple adenomas detected at ages 26-68 and endometrial and colorectal cancers from 

age 33-53 [10].

While no other known pathogenic variants or possibly pathogenic variants were detected in 

known CRC-susceptibility genes, many variants in possible TSGs were found. The two 

sisters studied from family A carried possible pathogenic variants in the PDGFRL, TGFA 
and IL7R genes. In silico analyses with SIFT and PROVEAN predicted damaging effects of 

the variants in PDGFRL and IL7R only. The proposed TSG PDGFRL is commonly 

somatically deleted in sporadic hepatocellular carcinomas, sporadic CRCs, breast cancer and 

small cell lung cancers [26, 27].

In family B, only one family member (CRC37) could be analyzed with WES, and four 

candidate variants were identified, of which one (TET2 c.2599T>C) was predicted to be 

damaging by secondary in silico analyses. TET2 is an enzyme that converts 5-

methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC). TET2 is critical for trophoblast 

stem cell maintenance by driving expression of epithelial genes [28]. Germline and somatic 

variants in TET2 have been described in acute myeloid leukemia (AML) [29]. A recent 

study also reports a germline TET2 variant in a patient with ovarian cancer [30]. 

Importantly, TET2 has been reported to be crucial for CRC initiation, making it an 

interesting candidate in a familial CRC context [31]. Additionally, a CYP1B1 frameshift 

deletion was found and structural modeling predicted that the mutation would render the 

protein non-functional for p450-related metabolic functions such as drug metabolism, and 

synthesis of steroids, cholesterol and lipid molecules.

Family C consisted of very early-onset patient (CRC14), with two unaffected parents. It was 

speculated that this patient could be explained by a recessive syndrome caused by biallelic 
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inactivation of a CRC-susceptibility gene. No homozygous variants, or double hits within a 

gene (possible compound heterozygous inactivation) were detected. However, 5 

heterozygous variants were found in possible TSGs: DPH1, HIVEP3, NOTCH2, PTPN13 
and SYNPO2. Additionally, a predicted pathogenic variant was found in the LIG1 gene, 

which is involved in DNA replication, base-excision repair, nucleotide excision repair and 

mismatch repair. In silico analyses predicted damaging effects on protein function for the 

missense variants in DPH1 and PTPN13. Structural modeling showed an unlikely structural 

effect of the small in-frame duplication in SYNPO2, while modeling of the effect of the 

NOTCH2 frameshift deletion indicated that this variant results in loss of the C-terminal. 

Structural analysis showed that the C-terminus is important, since it contains a number of 

pfam motifs such as EGF, hEGF, EGF_CA, DUF3454, NOD, Notch, Ank, NODP, and 

cEGF. Additionally, Consurf analysis showed that the C-terminus of the Notch2 protein 

contains a number of evolutionarily conserved structural (buried) and functional (exposed) 

motifs. Germline loss-of-function variants in NOTCH2 have previously been described in 

patients with Alagille Syndrome, where patients present with renal manifestations, 

cholestatic liver disease and cardiac disease, and in Hadju-Cheney syndrome, a rare disorder 

with facial anomalies and osteoporosis [32]. Somatic NOTCH1 or NOTCH2 variants are 

detected in up to 75% of squamous cell carcinomas [33]. Screening of the probands parents 

determined the presence of this novel variant in the patient’s father. While the father had a 

history of a squamous cell carcinoma of the tonsil at age 41 as well as a few colonic polyps 

at age 50, his phenotype did not resemble that of the proband. This could indicate that even 

though the variant likely affects Notch2 function, it cannot fully explain the proband’s 

phenotype.

Finally, in family D, exhibiting a dominant pattern of inheritance based on phenotype, we 

found a possible pathogenic variant in the RAB25 and APBB1 genes. RAB25 is a member 

of the RAS family and is involved in membrane trafficking and cell survival. Rab25 has 

been previously described to show a tumor suppressive role in colon carcinogenesis, with 

loss of Rab25 promoting the development of intestinal neoplasia in mice [34, 35]. In head 

and neck squamous cell carcinomas Rab25 was shown to play an important role in tumor 

migration and metastasis [36]. In triple-negative breast cancers it has been described to 

influence tumor initiation and tumor progression [37]. In the same study, wild type Rab25 

was shown to enhance apoptosis and suppress angiogenesis, further confirming a putative 

tumor suppressive function [37]. While the variant could unfortunately not be analyzed in 

other relatives to confirm co-segregation with the disease throughout the family, it remains 

an interesting candidate in familial CRC.

On average 1.8 patients per family are screened with WES in this study. The high number of 

variants remaining after excluding variants not present in all sequenced affected family 

members increased the difficulty of identifying a possible monogenic cause. Screening of 2 

or 3 family members, preferably second-degree or more distantly related is advisable for 

detecting high penetrance genes in these families. However, screening distant related 

relatives increases the change of sequencing a phenocopy, e.g. a patient displaying the same 

phenotype but not due to the same genotype. By sequencing multiple patients within a 

family, it is even possible to determine oligogenic inheritance, although collecting many 

clinical samples is often not feasible. Additionally, screening of first-degree relatives might 
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increase the change of patients carrying the same genetic CRC-predisposing variant, but will 

also increase the number of variants which are in both individuals by chance, but that do not 

increase CRC-risk.

A number of limitations in the present study need to be taken into consideration. Co-

segregation of a variant with a CRC phenotype can provide insight into variants detected 

with WES, but CRC-screening programs for younger (unaffected) generations in CRC 

enriched families adds complexity in determining which family members are truly affected. 

Individuals within CRC enriched families are often screened from a younger age, and when 

adenomas are detected they are removed before they can progress to adenocarcinomas. 

These patients might have a genetic predisposition, but will not develop CRC. Whether or 

not to include these individuals as affected family members is arguable, but often a 

necessity. However, this unreliability needs to be kept in mind when assessing co-

segregation within a family. Secondly, while WES could lead to initial candidate variants, 

functional testing of the variants within this study is lacking and is needed to proof the effect 

of the variants found. Finally, similar to other studies using targeted or whole exome 

sequencing, we identified few likely candidate single Mendelian causes of CRC in our 

enriched families [8, 16, 38]. Therefore, other causes of missing heredity such as single 

nucleotide polymorphisms possibly contributing risks through polygenic risk, or other 

epigenetic events, remain plausible sources of familial cancer risks, but can be missed with 

the current approach.

In conclusion, while previous studies find germline pathogenic variants in known highly 

penetrant CRC-susceptibility genes in 17-35% of early-onset patients irrespective of family 

history [15, 39], here we only find one known pathogenic variant, the previously described 

POLD1 c.1433G>A. In the remaining four families the most promising candidates seem to 

be a frameshift NOTCH2 variant, although this does not fully co-segregate with the 

phenotype in the family, and a predicted pathogenic missense variant in RAB25. While these 

candidate genes are possibly involved in CRC tumorigenesis, functional studies are 

imperative to confirm their association with CRC, and epistasis between genetic variants is 

still an open question to be resolved in the future.
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Figure 1: Pedigrees of tested patients
Pedigrees of six tested families (A-E). Squares represent males, circles represent females 

and diamonds is undisclosed gender. Phenotype is shown as tumor type followed by age of 

onset. Patients presented with colorectal cancer (CRC; fully filled symbol), polyps (pol, 

right top corner), breast cancer (BrC, bottom right corner), basal cell carcinoma (BCC 

bottom left corner) or squamous cell carcinoma (SCC, top left corner). EC = endometrial 

cancer, DC = duodenal cancer. Arrows indicate patients sequenced with whole exome 

sequencing.*DNA available for co-segregation study
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Figure 2: Filtering and prioritization of variants
MAF = minor allele frequency, IGV; integrative genomics viewer, CRC = colorectal cancer
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Figure 3: Modeling of Notch2 protein structure
A: Partial structure of wildtype Notch2 protein. Asp928-Val929-Asn930 shows location 

where the variant was present in the mutant protein. B: Partial structure mutant Notch2 

protein. Asp-Glu929-Stop is the result of the frameshift mutation.
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Figure 4: Modeling of Cyp1b1 and Synpo2 protein structure
A; Structure wildtype Cyp1b1, B; Structure mutant Cyp1b1, C; Structure wildtype Synpo2, 

D; Structure mutant Synpo2
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Table 1:

Patient characteristics

Characteristics Value

Families 5 (9 patients)

Patient characteristics

Male 3 patients

Female 6 patients

Age of onset (years) 34.8 (range 14-66)

Phenotype per patient

CRC 7

EC and CRC 1

Adenomatous polyps 1

Family history

First-degree relatives with CRC 4

No CRC family history 1

Pattern of inheritance

Dominant 3

Recessive/de novo 2

CRC= colorectal cancer, EC = endometrial cancer
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Table 3:

In silico prediction of missense variants

Family Gene Variant SIFT/PROVEAN POLYPHEN

A PDGFRL p.(R124H) Damaging/Deleterious

A TGFA p.(R127Q) Tolerated/Neutral

A IL7R p.(G215V) Damaging/Deleterious

B PTPN23 p.(F161L) Tolerated/Deleterious Neutral

B PHB p.(R43L) Tolerated/Deleterious Neutral

B LRIG1 p.(T152R) Tolerated/Deleterious Neutral

B TET2 p.(Y867H) Damaging/Neutral Deleterious

C DPH1 p.(P249R) Damaging/Deleterious

C HIVEP3 p.(R2241Q) Damaging/Neutral Neutral

C PTPN13 p.(T2381I) Damaging/Neutral Deleterious

C LIG1 p.(L335F) Damaging/Deleterious

D RAB25 p.(E20G) Damaging/Deleterious

D APBB1 p.(D254N) Tolerated/Deleterious Deleterious

E POLD1 p.(S479N) Damaging/Deleterious

Prediction of variant effect of the prediction tools used
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