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Abstract

Background: Germline predisposition variants associated with colorectal cancer (CRC) have
been identified but all are not yet identified. We sought to identify the responsible predisposition
germline variant in an extended high-risk CRC pedigree that exhibited evidence of linkage to the
18g12.2 region (TLOD = +2.81).

Methods: DNA from two distantly related carriers of the hypothesized predisposition haplotype
on 18g12.2 was sequenced to identify candidate variants. The candidate rare variants shared by the
related sequenced subjects were screened in 3,094 CRC cases and 5x population-matched controls
from UKBiobank to test for association. Further segregation of the variant was tested via Tagman
assay in other sampled individuals in the pedigree.
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Results: Analysis of whole genome sequence data for the two related hypothesized
predisposition haplotype carriers, restricted to the shared haplotype boundaries, identified multiple
(n=6) rare candidate non-coding variants that were tested for association with CRC risk in
UKBIiobank. A rare intronic variant of CELF4 gene, rs568643870, was significantly associated
with CRC (p=0.004, OR=5.0), and segregated with CRC in other members of the linked pedigree.

Conclusion: Evidence of segregation in a high-risk pedigree, case-control association in an
external dataset, and identification of additional CRC-affected carriers in the linked pedigree
support a role for a rare CELF4 intronic variant in CRC risk.
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1. INTRODUCTION

High-risk pedigree studies are a powerful method for identification of rare predisposition
variants with large effects; although because pedigree resources are rare and difficult to
acquire, genetic association studies of large numbers of cases and controls have become a
more prevalent approach. It remains true that pedigree studies should be performed when
these rare resources are available [1,2], and that pedigree studies and association studies can
complement each other in the search for disease predisposition genes and variants. Unique
resources in Utah, including a genealogy of the majority of the state that dates back
centuries and is linked to decades of statewide cancer records for the state, have allowed the
identification and study of large numbers of high-risk cancer pedigrees that are informative
for predisposition gene identification [3—7]. Here we pursued evidence of linkage in a high-
risk colorectal cancer (CRC) pedigree with focused whole genome sequencing to identify a
strong candidate variant for CRC risk.

2. MATERIALS AND METHODS

2.1 Ethical considerations

For Utah subjects, the University of Utah Institutional Review Board approved these studies
and informed consent was obtained for all subjects. For UKBiobank subjects, all data was
de-identified and individual subject’s permissions were not necessary.

2.2 High-risk CRC pedigrees from the Utah Population Data Base (UPDB)

The UPDB includes a computerized genealogy of Utah from its 191" century founders to
modern day. It has been linked to the statewide Utah Cancer Registry from 1966, which has
been an NCI Surveillance, Epidemiology, and End-Results (SEER) Registry from 1973. This
has allowed identification of extended Utah pedigrees exhibiting significantly increased risk
for CRC. Over 4,000 CRC cases and relatives in almost 300 high-risk CRC pedigrees in
UPDB have been recruited, consented, and sampled over several decades.
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2.3 Genotypes

Genome-wide genotype data for ~700,000 markers (lllumina OmniExpress platform) was
available for 106 CRC cases belonging to 24 high-risk CRC pedigrees. Genome wide
linkage analysis performed on these pedigrees identified regions of interest for CRC
predisposition. DNA samples from an additional 65 pedigree members in these 24 pedigrees
(without dense SNP genotyping data) were available for segregation testing of candidate
variants. Status of all CRC cases was confirmed in the Utah SEER Cancer Registry.

Quality control of genetic markers for linkage analysis using PLINK software [8] included
removal of subjects with call rate < 98% and removal of markers with call rate < 98%, minor
allele frequency (MAF) < 1%, or with significant deviation from Hardy-Weinberg
equilibrium (HWE) (p < 1e7°). Markers were then reduced to a set of ~27K markers not in
linkage disequilibrium (/2 < 0.1 with another marker) and with heterozygosity > 0.3, which
has been previously shown to produce an independent set of markers suitable for linkage
analysis [9].

2.4 Linkage analysis

Linkage analysis used a robust multipoint linkage statistic referred to as the TLOD and
implemented in MCSIM software [10]. The TLOD statistic uses multipoint information but
also optimizes the LOD score over the recombination fraction, similar to a two-point LOD
score, allowing for robustness to model misspecification [11]. Pedigrees were analyzed
using both a general parametric dominant and recessive model. Given their extended nature,
pedigrees were assumed to be singly informative for linkage and were analyzed individually.
Statistical significance was interpreted according to established guidelines with LOD > 3.3
considered significant and LOD > 1.89 suggestive [12].

2.5 Genome sequencing

Two carriers of the hypothesized predisposition haplotype in the pedigree with suggestive
evidence of linkage at 18q12.2 were genome sequenced (GS) to identify rare genetic
variants occurring on the shared haplotype. GS data was generated by NantOmics LLC. A
DNA library was prepared from 2 micrograms of DNA per sample using the Illumina
TruSeq DNA PCR-Free GS library kit. Samples were run on the Illumina HiSeq 2000
instrument that generates paired end reads of up to 150 base pairs in length to an average
read depth of 58x coverage. FastQ files were processed by the Utah Genome project and
mapped to the human genome GRCh37 reference genome using BWA MEM [13]. Variants
were called using Genome Analysis Toolkit 3.5.0 [14] software following Broad Institute
Best Practices Guidelines. Variants were annotated with Annovar software [15]. Candidate
variants were filtered on the criteria of being rare in the population (MAF<0.005), observed
in both sequenced subjects, and located within the linked region.

2.6 UKBiobank CRC cases and controls

Candidate variants were analyzed for CRC risk association in a set of 3,094 Caucasian CRC
cases and 15,470 ancestrally matched controls from the UKBiobank’s 488,377 total subjects
genotyped on the Illumina OmniExpress SNP array [16]. UKBiobank case and control
subjects were matched via principal components (PCs) using ~27K independent markers
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that excluded several genomic regions known to adversely affect PC analysis [17].
FLASHPCAZ2 software was used to generate eigenvectors for control selection [17].
Controls were selected from among 191,466 Caucasian UKBiobank subjects who were over
age 70 years of age and had no cancer diagnosis. Five controls, representing the nearest
neighbors based on Euclidean distance of the first two PCs, were selected for each case.
Supplemental Figure 1 shows UKBiobank cases and controls plotted on first PC versus
second PC.

2.7 UKBiobank Imputation

The selected UKBiobank case and control subjects were imputed to ~40M SNP markers
using the Haplotype Reference Consortium’s (HRC) 67K background genomes [18].
Beginning with 784,256 observed SNP genotypes, pre-imputation quality control using
PLINK software [8] required sample genotyping >98% (no subjects removed). A total of
353,578 markers were removed by filtering for genotyping call rate <98%, HWE p<le~,
MAF<0.005, duplicated position in the HRC’s reference genome, or site not included in the
HRC'’s reference genome. The remaining 430,678 SNPs were converted to human genome
B37 forward strand orientation using GenotypeHarmonizer software [19] and served as the
basis for imputation. Imputation was performed with EAGLE v2.3 software for phasing [20]
and MINIMACS3 software for imputation [21]. Post-imputation quality control included
removing markers with imputation information score (INFO-72) <0.7 [22-24].

2.8 Segregation testing

The CELF4 variant that emerged from GS data in the linked region and was significantly
associated with CRC among the UKBiobank CRC case and control subjects was confirmed
in the original linked subjects and evaluated for segregation to additional sampled relatives
in the linked pedigree using a custom Tagman assay. We used the RVsharing probability [25]
to express the probability of the observed configuration of carriers and affection status in the
pedigree having occurred by chance, assuming the variant is rare (MAF <1%) and entered
the pedigree only once.

2.9 RNA structure prediction

The non-coding, intronic CELF4 variant (dbSNP id: rs568643870, position chr18:34932587,
HGVS id: NC_000018.9:¢9.34932587T>A; NC_000018.10:9.37352624T>A) in CELF4was
examined using RNA structure prediction. The genomic reference sequence used for the
analysis (NC_000018.10 Reference GRCh38.p13 Primary Assembly) was retrieved from
NCBI and modified in UGENE to prepare the wild type and variant sequences [26]. This
was done by selecting 100 base pairs to either side of the affected position, along with
swapping T -> U to simulate the local section of the precursor mMRNA before the splicing
process. It is noteworthy that in the wild type, the nucleotides at the position are UUUAA,
which is changed to UUAAA (bolded nucleotides form an ochre stop codon) in the variant.
Depending on the reading frame, this could be highly deleterious and a potential cause of
pathogenesis. The CELF4 wildtype and variant sequences were used for RNA 3D structure
prediction using the RNAComposer server with RNAFold secondary structure prediction
[27]. The two resulting structures were compared using UCSF Chimera [28].
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3. RESULTS

One pedigree in the genome-wide CRC linkage scan showed significant evidence of linkage
to chromosome 22 and was discussed elsewhere [29]. The pedigree with the second highest
LOD score in the linkage scan achieved suggestive evidence for linkage with a TLOD score
of +2.81 (RVsharing p-value=1.6e~4) on chromosome 18g12.2 under the dominant model
with a 1-LOD support interval of 22.0-34.9 Mb (hg19).

The female founder of the linked pedigree (Figure 1) was born in Kentucky in the early 19t
century and has almost 10,000 descendants recorded in the UPDB. These descendants
include 37 CRC cases (18.3 expected; p=8e~>); the only other cancer observed in excess
among these descendants is prostate cancer (n=54 observed, 37.3 expected; p=6e~3).

No coding variants and 89 non-coding variants were identified as shared by the two
sequenced subjects in the linked region and were selected for case/control risk association
testing in the UKBiobank CRC case and control subjects. Only six of the 89 rare variants
appeared among the imputed UKBiobank genomes and passed the Info-/2 data quality filter
of 0.7 (Bonferonni corrected p-value threshold of 0.008). After correction, one variant,
rs568643870, intronic to the CELF4 gene showed significant evidence for association with
CRC risk in the UKBiobank cases and controls, with OR= 5.0 (Fisher’s exact p = 0.004).
The CELF4variant (rs568643870) has a population MAF of 0.001 (31/31,038 genomes) in
genomAD across all ethnic groups [30], and a GERP score of —0.01 indicating low
conservation across species [31]. Variant rs568643870 was then tested via Tagman assay in
14 sampled relatives from the linked pedigree, including the originally genotyped
individuals. The original hypothesized predisposition haplotype carriers from the linkage
analysis were confirmed to carry the variant, as expected, and 2 additional sampled carriers
were identified: one additional CRC case carrier and the 1 carrier daughter of another CRC
case (RVsharing p-value = 6.5e76). The chromosome 18q-linked pedigree depicted in Figure
1 indicates the carriers of the hypothesized risk haplotype who formed the basis of the
linkage results, the 2 haplotype carriers from the pedigree on whom GS was performed, and
all confirmed variant carriers, including 2 additional sampled affected carriers identified by
Tagman assay in the pedigree.

Results of the RNA structure analysis are depicted in Figures 2 through 5. The tan structure
with the green highlight is the predicted structure for the wild type sequence in Figure 2 and
the blue structure with red patch in Figure 3 is the predicted variant sequence. The patches
designate the nucleic acid position that changes in the variant sequence. In the images
provided, the two structures resemble each other very closely with only the residues around
the variant position undergoing large conformational changes (Figures 4 and 5). When
superimposed, there is an RMSD of 19.03 A across all pairs between the structures, due to
the large structural change in the loop region. According to the final RNAComposer results
after structural refinement, there is an approximately —49.6 (kcal/mol) difference in total
energy between the wild type (-4025.224 kcal/mol) and variant (-4074.821 kcal/mol)
structures; based on this, it is highly likely that the variant is destabilizing to the RNA
structure.
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4. DISCUSSION

While GWAS analysis is commonly used to identify new colorectal cancer predisposition
variants, it is not powerful for identification of rare variants. Extended high-risk CRC
pedigrees, while rare, are informative for such identification. Studies of extended Utah high-
risk pedigrees have identified multiple predisposition genes and variants for cancer and other
phenotypes [3-7, 32-38]. Here we pursued suggestive evidence of linkage from a genome-
wide scan that included a small set of extended high-risk CRC pedigrees with available
dense genotype data. Although linkage evidence for the CRC pedigree was only suggestive,
such evidence is rare for extended pedigrees, and was therefore pursued with GS analysis of
2 distantly related individuals hypothesized to share the predisposition variant giving rise to
evidence of linkage. Analysis of the GS data in these 2 individuals identified a small number
of candidate predisposition variants; a subset of which had population level genotypes
available (e.g. UKBiobank data) for testing association of each variant with CRC risk. Only
one of the candidate variants showed significant association with CRC risk after multiple
testing correction, CELF4rs568643870. The variant was confirmed in the original CRC
cases analyzed for linkage, as expected, and was also identified in an additional CRC case
and the unaffected daughter of another CRC case who was inferred to carry.

RNA structure analysis predicted total energy differences that highly destabilize RNA
structure of fragments containing the variant. Furthermore, due to the destabilizing nature of
the variant, it is possible that this abnormal loop and energetic change in the variant structure
could result in abnormal splicing of the pre-mRNA, which could then introduce an in-frame
stop codon into the spliced transcript. This would result in detection by the nonsense-
mediated decay machinery in the cytoplasm and the transcript would be eliminated, so the
CELF4 protein would not be expressed. The combined evidence for this CELF4 variant
strongly suggests it is associated with increased risk for CRC.

CELF4is ubiquitously expressed with high expression in the brain [39], however, the variant
rs568643870 has not been evaluated as an expression quantitative trait locus in GETX.
Histone modification by ChlP-seq experiments have shown a GM12878 signal at this variant
suggesting the wild type of this variant may interact with two RNA binding proteins
PABPC1 and ELAV1 [40]. RNA binding proteins (RBPs) bind to single or double stranded
RNA following the RNA transcription process. RBPs contain sequence specific structural
motifs that can be involved in numerous functions such as alternate splicing, RNA editing,
export, mRNA localization, and translation [41]. The RNA binding protein PABPCL1 has
been associated with several cancers including CRC [42-44]. The RNA binding protein
ELAV1 has also been associated with CRC [44]. The RNA prediction modeling results
indicate that, due to the destabilization of the variant RNA sequences, it is likely that RNA
binding to ELAV1 and PABPC1 may be compromised. Furthermore, in 109 CRC cases,
DNA copy number loss of a 1-Mb segment of 18g12.2 containing only the CELF4 gene was
significantly correlated with aggressive growth of CRC, nominating copy number loss of
CELF4 as a prognostic indicator of CRC [45].

This analysis identifying a CRC risk associated variant in CELF4 has strengths and
limitations. Strengths include the high-quality cancer data in the Utah population combined

Cancer Epidemiol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Teerlink et al.

Page 7

with extended genealogy data, resulting in powerful genetic resources for predisposition
gene identification which reduce potential bias from recall and ascertainment. Validation of
association with this risk variant with CRC risk in the independent UKBiobank population,
as well as confirmation of segregation of the variant in additional CRC cases in the pedigree
in which it was observed, both strongly enhance the original suggestive evidence of linkage.
The large energy de-equilibration observed in RNA fragments in the region of the variant
indicates that the nucleotide structure of this region may be very sensitive to relatively small
changes in the sequence affecting proper translation of the associated exons. Weaknesses of
the study include the small number of high-risk CRC pedigrees analyzed, that linkage
evidence was only suggestive, a general lack of information regarding the function of the
CELF4 gene, and the possibility that the variant identified is not causal but rather is in
linkage disequilibrium with some unobserved proximal marker that shows stronger
biological relevance. Finally, because the modeling study included arbitrary selection of
possible RNA fragments including the variant, these fragments may not be representative of
the actual experimental RNA fragments that are determined by the splicing of the gene.

5. CONCLUSIONS

In addition to identifying strong evidence for a CRC predisposition variant in CELF4, this
study reinforces the value of high-risk pedigree studies for rare risk predisposition variant
identification and validation, and supports similar analyses of extended high-risk cancer
pedigrees in Utah and elsewhere. The complementary use of in silico methods highlight the
importance of using these emerging techniques to provide further support to genetic
epidemiology findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. A pedigree-based approach identified a colorectal cancer risk variant in
CELF4

. The variant was replicated using a population-based approach

. RNA structure analysis predicted the variant is destabilizing to the RNA
structure

. Loss of CELF4 is a previously suggested prognostic indicator of colorectal
cancer

Cancer Epidemiol. Author manuscript; available in PMC 2022 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Teerlink et al. Page 14

S pRrCIaRE Sann
s xiis Ll

colon colon

A508 *508

cakan
xdis

Figure 1.
Pedigree linked to chromosome 18q12.2. Subjects with colorectal cancer have dark fill,

subjects with other cancers have half shading. Subjects with genotype data who were
initially analyzed for linkage appear with a “=". Arrows indicate subjects that were selected
for whole genome sequencing. Tagman-confirmed carriers of the CELF4 variant are denoted
with a “+’. “Prca’ denotes prostate cancer.
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Figure 2.
Wild type RNA structure. The position affected in the variant is highlighted in green. Both

the backbone and nucleic acids are shown.
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Figure 3.
Variant RNA structure. The affected position is highlighted in red. Both the backbone and

nucleic acids are shown.
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Figure 4.
Wild type and variant RNA structures superimposed. The conformational change is visible at

the top of the image. Only backbones shown.
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Figure 5.
Wild type and variant RNA structures superimposed. The conformational change is visible at

the top of the image. Backbones and nucleic acids are shown.
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