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Abstract

Background: To understand the shared genetic basis between colorectal cancer (CRC) and other cancers and identify potential
pleiotropic loci for compensating the missing genetic heritability of CRC.

Methods: We conducted a systematic genome-wide pleiotropy scan to appraise associations between cancer-related genetic variants
and CRC risk among European populations. Single nucleotide polymorphism (SNP)-set analysis was performed using data from the UK
Biobank and the Study of Colorectal Cancer in Scotland (10039 CRC cases and 30277 controls) to evaluate the overlapped genetic regions
for susceptibility of CRC and other cancers. The variant-level pleiotropic associations between CRC and other cancers were examined
by CRC genome-wide association study meta-analysis and the pleiotropic analysis under composite null hypothesis (PLACO) pleiotropy
test. Gene-based, co-expression and pathway enrichment analyses were performed to explore potential shared biological pathways.
The interaction between novel genetic variants and common environmental factors was further examined for their effects on CRC.
Results: Genome-wide pleiotropic analysis identified three novel SNPs (rs2230469, rs9277378 and rs143190905) and three mapped genes
(PIP4K2A, HLA-DPB1 and RTEL1) to be associated with CRC. These genetic variants were significant expressions quantitative trait loci in
colon tissue, influencing the expression of their mapped genes. Significant interactions of PIP4K2A and HLA-DPB1 with environmental
factors, including smoking and alcohol drinking, were observed. All mapped genes and their co-expressed genes were significantly
enriched in pathways involved in carcinogenesis.

Conclusion: Our findings provide an important insight into the shared genetic basis between CRC and other cancers. We revealed several
novel CRC susceptibility loci to help understand the genetic architecture of CRC.

Introduction

Globally, colorectal cancer (CRC) is one of the three common
malignancies and the second cause of cancer death, with an
estimated 1.9 million new CRC cases and 0.9 million deaths in
2020, resulting in a heavy disease burden (1). Genetic factors play
an important role in the occurrence of CRC, supported by the
evidence that siblings of CRC patients have over 2-fold higher
CRC risk, and the heritability of CRC has been estimated to be
around 12-40% (2,3). Already conducted genome-wide association
studies (GWASs) have identified more than 150 CRC-related single
nucleotide polymorphisms (SNPs) (4) and only a small proportion
of CRC heritability is explained by the reported genetic vari-
ants (5). Much of the heritable risk of CRC remains unexplained,
and current studies indicate that further common risk variants
remain to be discovered (3,4).

Notably, plentiful genetic pleiotropy has been observed among
human complex diseases with 23% of reported genetic variants

to be associated with more than one trait (6), and this phe-
nomenon is particularly predominant among the risk loci related
to cancers (7). The discovery of pleiotropic effects may allow for
the identification of shared genes and pathways that influence
carcinogenesis across different cancers. For instance, some of
the genetic susceptibility regions of CRC, such as 5p15.33, 8q24,
10p14 and 11g23.1, have been found to be associated with lung
cancer, bladder cancer, lymphoma, glioma, prostate cancer and
basal cell carcinoma (4,8-15). Several studies have shown the
shared heritability of CRC with other cancers (16-18). In addition,
a study that examined the genetic pleiotropy of other cancer-
related SNPs identified several novel genetic variants for CRC, and
other studies also found cross-cancer pleiotropic variants for CRC
(19-22), indicating the potential of shared genetic basis between
CRC and other cancers (23). Given that an increasing number of
genetic variants have been identified for different types of cancers
by numerous GWASs in the recent decade (24), examining the
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pleiotropic effect of these genetic variants on CRC risk would
provide insights into understanding the heritable risk of CRC and
dissecting the biological mechanisms that underlie their shared
etiology.

Additionally, environmental exposure also plays an etiologic
role in CRC, and some environmental factors, such as smoking,
alcohol consumption, processed meat consumption, abnormal
body mass index (BMI), physical inactivity and vitamin D defi-
ciency, have been well linked to CRC risk (25). Exploration of
the interplay of genetic variants with environmental factors on
CRC may contribute to explaining the missing heritability of CRC
and identify a subpopulation with a higher risk of CRC and the
potential to benefit most from health intervention (26).

Here, we performed a systematic analysis to test for any
potential pleiotropic associations of GWAS-identified risk variants
of other cancers with CRC risk, and then explore the interaction
effects of novel CRC susceptibility variants with well-established
environmental factors for CRC. Specifically, a systematical
genome-wide pleiotropy scan was first performed to appraise
the associations between other cancer-related SNPs and CRC risk
among a large population of European ancestry. Gene-based, co-
expression and pathway enrichment analyses were carried out to
explore the possible biological processes and pathways of these
identified pleiotropic signals on CRC. Then, we further examined
the interaction effects of novel CRC susceptibility variants with
environmental factors (smoking, alcohol drinking, processed
meat consumption, BMI, physical activity and serum vitamin
D) on CRC risk.

Results

An overview of common susceptibility regions
between CRC and other cancers

From the NHGRI-EBI GWAS catalog, we identified a total of
2941 genetic variants associated with different types of cancer
with P-value <5 x 1078, Of them, 279 SNPs had already been
reported as genetic risk variants for CRC (Supplementary Material,
Table S1). We excluded SNPs that were previously reported to
be associated with CRC (whatever CRC, colon cancer or rectal
cancer) or SNPs that were in linkage disequilibrium (LD) with
them. The remaining 2411 genetic variants associated with
16 different types of cancer [i.e. lung cancer, breast cancer,
gastric cancer, esophageal cancer, prostate cancer, ovarian
cancer, leukemia/lymphoma, skin cancers, hepatocellular carci-
noma, bladder/renal cancer, glioma/neuroblastoma, pancreatic
cancer, head/neck cancer, cervical/endometrial cancer, cross
cancers (variants previously reported to be associated with
two or more types of cancer were classified into the ‘cross
cancers’ group) and other cancers] were included in subsequent
analysis.

The identified 279 CRC genetic variants were mapped into 116
genomic regions, and 81 of them overlapped with the regions of
other cancers. The overview of 81 susceptibility regions across
each cancer typeis shown in Figure 1. There were five CRC suscep-
tibility regions (5p15.33, 6p21.32, 6p21.33, 6p22.1 and 8q24.21) that
were shared by more than eight cancer types. SNP-set analysis
indicated that CRC genomic susceptibility regions were associated
with other cancers, including leukemia/lymphoma, cervical/en-
dometrial cancer, hepatocellular carcinoma, gastric cancer, head-
/neck cancer, glioma/neuroblastoma and bladder/renal cancer,
at a nominal threshold of P <0.05 or false discovery rate (FDR)
threshold of < 0.1 (Supplementary Material, Table S2).

Three novel cross-cancer pleiotropic variants
associated with CRC risk

The associations between cancer-related genetic variants and
CRC risk were examined based on a meta-analysis of CRC
GWAS datasets. We identified five independent SNPs that were
significantly associated with CRC risk (FDR<0.05) (Supple-
mentary Material, Table S3). Rs2230469 [odds ratio (OR): 1.07,
95% confidence interval (CI): 1.04 to 1.10] and rs7953330 (OR:
0.93, 95% CI: 0.90 to 0.96) were located in novel susceptibility
regions (10p12.2 and 12p13.33); rs9277378 (OR: 0.92, 95% CL
0.88 to 0.95), rs143190905 (OR: 0.89, 95% CI: 0.83 to 0.94) and
15116846195 (OR: 0.75, 95% CI: 0.66 to 0.87) were located in
known CRC susceptibility regions but were independent of already
published genetic variants (Supplementary Material, Table S4). In
validation analysis, three (rs9277378, rs2230469 and rs143190905)
of five SNPs were significantly associated with CRC risk in UK
Biobank (UKBB) after multiple testing corrections (FDR < 0.05),
and the direction of these associations was consistent with
the discovery set (Supplementary Material, Table S5). The
cross-cancer pleiotropic analysis showed significant pleiotropic
associations of the three novel variants with CRC and their
previously reported cancer (P_pieiotropy < 0.008) (Table 1).

Functional annotation and gene-based analysis
verified three CRC susceptibility genes

The functional characteristics of the three novel variants were
assessed by silico annotation methods. We found that rs9277378
located in HLA-DPB1, rs143190905 located in RTEL1 were intronic
and rs2230469 located in PIP4K2A was missense variant (Supple-
mentary Material, Table S6). These genetic variants were predicted
to play a regulatory role in gene expression by HaploReg v4.1 and
RegulomeDB, and one (rs2230469) of them was annotated as a
deleterious variant (Combined Annotation-Dependent Depletion
(CADD) PHRED-scaled score =19.23).

The expression quantitative trait loci (eQTL) analysis further
found that all three variants were significant eQTL in the
colon tissue, influencing the expression of multiple genes
(Supplementary Material, Table S7). Among them, rs9277378
was associated with the expression of six genes in the colon-
sigmoid and/or colon-transverse tissue, with the most significant
association being with HLA-DPB2 in the colon-sigmoid tissue
(8=0.88, P=2.00x 10~%) (Supplementary Material, Fig. Sia).
Rs2230469 was most significantly associated with PIP4K2A
expression in the colon-sigmoid tissue (8 =—0.27,P=7.90 x 10~1)
(Supplementary Material, Fig. S1b). Rs143190905 was most
significantly associated with the expression of STMN3 in the
colon-sigmoid tissue (8=-0.21, P=4.80 x 10~°) (Supplementary
Material, Fig. Slc). For their located genes, all of them (HLA-
DPB1, PIP4K2A and RTEL1) were protein-coding genes (Sup-
plementary Material, Table S6). Gene-based analysis verified
these mapped genes were significantly associated with CRC
risk (P=6.10x107°-1.70 x 10™%) (Table 2). Co-expression and
pathway enrichment analysis of the mapped genes (PIP4K2A,
HLA-DPB1 and RTEL1) showed that these genes were significantly
aggregated in pathways related to cancer, cellular processes,
immunity and infection (Ppy <0.05) (Supplementary Material,
Table S8). The main enrichment pathways are shown in Figure 2.

Gene-environment interaction effects on CRC
risk

We identified significant interaction effects of PIP4K2A rs2230469
with smoking and alcohol intake and HLA-DPB1 rs9277378 with
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alcohol intake after accounting for multiple testing (FDR < 0.05)
(Table 3). The results of stratification analyses for these signif-
icant G x E interactions are shown in Supplementary Material,
Tables 9 and 10. For rs2230469 x E interactions (Supplementary
Material, Table S9), smoking was more strongly associated with
increased CRCrisk for participants with the CC genotype (HR: 1.47,
95% CI: 1.24 to 1.75) than for participants with TC or TT geno-
type. Alcohol intake was more strongly associated with increased
CRC risk for participants with the TC genotype (>50 g/day vs.
<12.5 g/day, HR: 1.51,95% CI: 1.32 to 1.73). For 19277378 x E inter-
actions (Supplementary Material, Table S10), alcohol intake was
more strongly associated with increased CRC risk for participants
with the GG genotype (>50 g/day vs. < 12.5 g/day, HR: 1.50, 95% CI:
1.10 to 2.06) than for participants with AG or AA genotype.

Discussion

In this study, we conducted a systematic genome-wide pleiotropy
scan to appraise associations between 2411 cancer-related
genetic variants and CRC risk. We identified three novel SNPs
(rs2230469, 19277378 and rs143190905) and three mapped genes
(PIP4K2A, HLA-DPB1 and RTEL1) to be associated with CRC risk.
The functional analysis found that these variants were eQTLs
for gene expression in colon tissue, and the mapped genes and
their co-expression genes were significantly enriched in pathways
involved in carcinogenesis. We additionally identified significant
interactions of PIP4K2A rs2230469 and HLA-DPB1 rs9277378 with
environmental factors on CRC risk.

We found that 81 of 116 CRC susceptibility regions were
shared with other cancers, and SNP-set analysis also indicated
the potential genetic overlap between CRC and other cancers.
Similarly, a familial clustering investigation found a reliable
association between multiple myeloma and CRC risk, indicating
shared genetic susceptibility between multiple myeloma and
CRC (27). Chen et al. found that glioma was locally genetically
correlated with CRC in 5p15.33, and there were significant local
genetic correlations between prostate and CRC in 4924 and 8q24
(17). However, another study based on whole GWAS summary
statistics observed that the genetic correlation of head/neck
cancer with CRC was not significant (16). It was explained that
shared genetic susceptibility among cancers might only exist in
specific regions and not uniformly distributed on a genome-wide
scale, which might partly contribute to the divergence of results
(17,28).

Three novel pleiotropic variants and their mapped genes were
identified to be associated with CRC risk, and these pleiotropic
associations were further validated by cross-cancer pleiotropic
analysis. We found 10p12.2 (rs2230469) as a novel CRC suscepti-
bility region, which has not ever been reported in previous studies.
Rs2230469, a known leukemia susceptibility variant (29),is located
in PIP4K2A. The eQTL analysis showed that rs2230469 was also
significantly associated with PIP4K2A expression in colon tissue.
Significant interactions of PIP4K2A rs2230469 with smoking and
alcohol intake on CRC risk were observed, indicating potential
effect modifications. PIP4K2A was reported to participate in the
regulation of cell proliferation, differentiation and apoptosis and
control the activation of PI3K/Akt in cancer (30). Consistently, we
found that PIP4K2A and its co-expressed genes in colon tissue
were significantly enriched in the PI3K-Akt signaling pathway,
which is closely involved in cancers (31).

For 1s9277378 (6p21.32) and rs143190905 (20q13.33), although
they were located in known CRC susceptibility regions, they were
independent of published variants of CRC. Rs9277378 (HLA-DPB1),
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Table 2. The associations of mapped genes with colorectal cancer risk from gene-based analysis

Gene Chr Start Stop Z value P-value?®

PIP4K2A 10 22823766 23003503 4.374 6.10 x 107°
HLA-DPB1 6 33043703 33057473 4.318 7.86 x 107°
RTEL1 20 62289163 62327 606 3.582 1.70 x 10~*

aThe statistically significant threshold is a P-value <0.017 (0.05/number of genes tested).

Table 3. Gene-environment (G x E) interactions for colorectal cancer risk based on incident cases and controls from the UK Biobank

Environmental factor PIP4K2A rs2230469 x E interaction

HLA-DPB1 rs9277378 x E interaction

RTEL1 rs143190905 x E interaction

B P-value FDR B P-value FDR B P-value FDR

Smoking 0.135 2.10x 107° 1.26 x 1074 0.082 0.016 0.057 —7.62x107°  0.999 0.999
Alcohol intake 0.118 1.41x107° 2.54 x 107> 0.117 8.35x 107° 7.51x107° 0.104 0.063 0.095
Processed meat 0.072 0.032 0.082 0.076 0.036 0.082 —0.007 0.930 0.984
consumption

BMI 0.069 3.25x 1074 0.047 0.067 0.075 0.104 0.162 0.052 0.084
Physical activity 0.014 0.254 0.737 0.025 0.572 0.687 —0.094 0.311 0.400
Serum vitamin D -0.056 2.10x 107% 0.014 -0.050 0.044 0.085 —-0.118 0.027 0.081

Adjusted for age at enrollment, sex, genotyping array, the first 10 genetic principal components and other five environment risk factors.

a known lymphoma susceptibility variant (32), was identified
as a CRC risk locus in the current study and could influence
the expression of six genes (including HLA-DPB1) in colon tissue.
We also observed potential effect modifications of HLA-DPB1
159277378 with alcohol intake on CRC risk. The HLA-DPB1 gene
belongs to the HLA class II beta chain paralogues and plays an
important part in the immune system (33). Evidence has shown
that the HLA class II antigen expression is lacking in one-third
of CRC cases with high-level microsatellite instability, and the
lack of HLA class II antigen expression mediated by RFX5 gene
mutation may contribute to immune evasion in CRC cases (34).
Consistently, we found that HLA-DPB1 and its co-expressed genes
in colon tissue were significantly enriched in immune-related
and cancer-related pathways. Rs143190905, previously reported to
be a cutaneous melanoma susceptibility variant (35), is located
in RTELI. RTEL1 encodes the DNA helicase that plays a role in
the stability and protection of telomeres and genome, which
may affect human diseases, comprising cancer (36). Evidence has
demonstrated that telomere shortening plays a pivotal role in
CRC carcinogenesis by promoting the instability of chromosomes
(37). We also found that RTEL1 and its co-expressed genes in
colon tissue were significantly enriched in cellular processes and
cancer-related pathways. However, the specific mechanism of its
effect on CRC carcinogenesis remains to be further investigated.
The strength of the current study is the fact that we performed
a systematic pleiotropy analysis utilizing the candidate-SNPs
strategy based on robust prior evidence from cancer GWASs,
which provided an excellent opportunity to understand the
shared genetic basis between CRC and other cancers. Second,
the large number of participants from multiple CRC GWASs with
well-design elevated the statistical power and the reliability of
results. The identified novel susceptibility loci for CRC risk could
account for a part of the missing heritability of CRC. Furthermore,
we examined the presence of potential effect modifications for
novel susceptibility CRC variants and environmental factors to
provide insights into CRC etiology. However, some limitations
should also be considered. Firstly, the current findings were
based on participants with European ancestry, which may partly
limit the generalizability to the population with other ancestries.
Secondly, the strict significance threshold of P-value <5 x 1078

was utilized in the SNP selection process, which may result in
missing some SNPs with weaker associations with other cancers.
Thirdly, although co-expression and pathway analyses were
performed to explore potential biological processes and pathways
of these identified signals on CRC, exact mechanisms still need to
be further clarified by molecular and animal studies.

In summary, our study identified three novel cross-cancer
pleiotropic variants to be associated with CRC risk and revealed
significant G x E interactions between their mapped genes and
environmental factors on CRC risk. Our findings provide an impor-
tant insight into the shared genetic basis of CRC with other can-
cers, which helps us understand the genetic architecture of CRC
from the shared genetic components. Further validation studies
on the identified genes and ascertainment of their underlying
biological mechanisms via molecular and animal experiments are
needed.

Materials and Methods

Summary of GWAS-identified genetic variants
related to cancer risk

We first searched the NHGRI-EBI GWAS catalog (https://www.ebi.
ac.uk/gwas/ accessed in July 2021) to retrieve GWAS-identified
variants (P <5 x 107%) associated with any type of cancer. Genetic
variants previously reported to be associated with CRC and those
in LD with them (r? >0.1) were excluded. Figure 3 presents an
outline of the overall design and analysis steps of this study.

Study populations and quality control

A nested CRC case—control study from UKBB (38) and the Study
of Colorectal Cancer in Scotland (SOCCS) (39) were used to esti-
mate the overall shared genetic basis between CRC and other
cancers. Then, we made use of a meta-analysis of 11 previously
published CRC GWASs of European ancestry (40) to examine the
pleiotropic associations between GWAS-identified risk variants of
other cancers and CRC risk. Validation analysis was performed
among UKBB CRC cases (prevalence and incidence) and controls
to verify the effect of identified pleiotropic variants on CRC risk.
For further interpreting the possibility of pleiotropy, we conducted
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a pleiotropy analysis using the PLACO (41) based on GWAS sum-
mary statistics of CRC and three other cancers from the FinnGen
cohort of European ancestry (42). Lastly, gene-environment inter-
action analyses were performed based on incident CRC cases
and controls from UKBB. Standard quality control (QC) measures
were applied to each of these datasets. Specifically, SNPs with
a minor allele frequency < 0.5% or Hardy-Weinberg equilibrium
significance <1 x 107> were excluded, and for imputed variants,
only genetic variants with an imputation quality value of >0.8
were used. Participants with a low SNP call rate (<0.95), as well
as those identified to be of non-European ancestry were left out.
For apparent first-degree relative pairs, the control was excluded

from a case-control pair. More details of the study populations,
genotyping, QC and imputation information have been described
previously (39).

After the QC process, a total of 10039 CRC cases and 30277 con-
trols from UKBB and SOCCS were included in the overall associa-
tion analysis of each cancer type with CRC risk; a meta-GWAS of
16871 CRC cases and 26 328 controls were used to identify cross-
cancer pleiotropic associations with CRC; a total of 9276 CRC
cases (prevalence and incidence) and 440 089 controls from UKBB
were used to verify the effect of identified pleiotropic variants on
CRC; GWAS summary data of three other cancers (955 cases and
271463 controls for lymphoma, 1299 cases and 271463 controls
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for leukemia, and 2705 cases and 259 583 controls for cutaneous
melanoma) were used to validate the cross-cancer pleiotropy;
and a total of 6742 incident CRC cases and 440089 controls from
UKBB were included in the gene-environment interaction analy-
sis. The ethics approval was obtained from the relevant author-
ities, and all participants provided informed consent. The basic
characteristics of these datasets are displayed in Supplementary
Material, Table S11.

Genome-wide scan of cross-cancer pleiotropic
associations with CRC

We first scanned the overlapped regions mapped by previously
reported CRC susceptibility variants and other cancer-related
variants to overview the common susceptibility regions between
CRC and other cancers. Specifically, SNPs were mapped into a
region by searching NCBI Variation Viewer (https://www.ncbi.
nlm.nih.gov/variation/view). When CRC-related SNPs and other
cancer-related SNPs were located in the same region, we defined
that they had overlapped regions. Then, SNP-set analysis was
performed among study populations of UKBB and SOCCS using
the ‘SKAT’ package. This package was designed to test the overall
association between a group of SNPs and a phenotype by aggre-
gating the weighted variance-component score statistics for each
SNP within a group utilizing the kernel function (43). In this case,
we divided the selected variants into different groups by cancer
type and tested the overall association between each group of

HLA-DPBI1 RTELI

variants and CRC risk. Sex, age and the first 20 genetic principal
components (PCs) were adjusted in the model, and P <0.05 was
considered the nominal significance level. The computing details
of the PCs have been described previously (38).

Logistic regression with an additive effect model was used to
estimate the association between GWAS-identified cancer vari-
ants and CRC risk. The ORs (95%, CIs) of each SNP for CRC
risk were combined across 11 GWAS datasets (40) using a meta-
analysis of the random effects model in R version 4.1.0. The index
of heterogeneity (12) was calculated, and SNPs with 12 > 0.75 were
removed. FDR by Benjamini-Hochberg (BH) method was utilized
for multiple testing correction, and FDR < 0.05 was defined as the
significance level. To identify independent signals, only the SNP
with the smallest P-value in each region was retained, whereas
those in high LD (r? > 0.1) were excluded. The LD was estimated
by PLINK 2.0 using the 1000 Genomes Project phase 3 (EUR) as
reference data. After the identification of new CRC susceptibility
variants, a comprehensive literature search for these variants was
conducted to confirm novelty.

To verify the effect of identified pleiotropic variants on CRC
risk, validation analysis was performed in the UKBB population.
Cancer cases of UKBB were identified through linkage to Hospital
Episode Statistics and national cancer and death registries. CRC
cases were defined as malignant neoplasms of the colon, rectum,
and rectosigmoid junction using the International Classification
of Diseases (ICD), ICD-9 or ICD-10. After excluding controls with
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other cancers, a total of 9276 CRC cases and 440089 controls
remained. The effects of identified pleiotropic variants on CRC
risk were estimated using the R function ‘snp.logistic’ of the
‘CGEN’ package (44) with adjustment of age at enrollment, sex,
genotyping array and the first 10 genetic PCs. FDR was utilized for
multiple testing corrections, and an FDR < 0.05 was defined as the
significance level.

For further interpreting the possibility of pleiotropy, we used
the pleiotropic analysis under composite null hypothesis (PLACO)
(41) to conduct a pleiotropy analysis based on GWAS summary
statistics of CRC and three other cancers that were previously
reported to be associated with the identified three CRC sus-
ceptibility variants. PLACO is a powerful method for detecting
pleiotropic variants between two phenotypes under a composite
null hypothesis of no pleiotropy that a genetic variant is asso-
ciated with only one or none of the phenotypes. Specifically, we
used PLACO to evaluate the pleiotropic association between each
novel CRC susceptibility variant and two phenotypes (CRC and
previously reported other cancer of this variant). Using GWAS
summary statistics as input (e.g. CRC and lymphoma), it tested the
null hypothesis based on the product of the Z statistics of the SNPs
from the two summary statistics and derived a null distribution
of the test statistic in the form of a mixture distribution, allowing
for fractions of SNPs to be associated with only one or none of
the phenotypes. To reduce false-positive findings, we used a strict
Bonferroni correction method with a P-value <0.017 (0.05/3) as
the significant threshold.

Functional annotation of the novel pleiotropic
variants

eQTL analysis was further performed to explore whether these
pleiotropic variants could regulate gene expression in colon tissue
using data from the GTEx portal (version 8) (45). HaploReg v4.1 (46)
and RegulomeDB (47) were applied to annotate and predict the
regulatory potential of pleiotropic variants. The functional role of
these pleiotropic variants was annotated based on the following
criteria: (i) conservation (Siphy and/or GERP); (ii) presence in the
DNase hypersensitivity, promoter, or enhancer region or (iii) with
the RegulomeDB rank of <3 (48). The potential deleteriousness
of genetic mutation of these variants was evaluated using CADD
(49), which combined more than 60 diverse annotations to identify
proxy-deleterious. A CADD PHRED-scaled score greater than 10
indicated the top 10% of most deleterious variants of all reference
genome single-nucleotide variants.

Gene-based, co-expression and pathway
enrichment analyses

To further understand the possible biological processes and
pathways in which these pleiotropic variants were involved, we
first mapped these independent signals into genes based on the
database of NCBI GRCh37. To test whether these identified genes
were associated with CRC susceptibility, a gene-based analysis
was performed using summary statistics from the current meta-
GWAS analysis in the MAGMA software (50). A P-value <0.017
(0.05/3) was defined as the significance level. Then, co-expression
and pathway enrichment analysis were performed to explore the
potential biological functions and pathways of these identified
genes. Specifically, gene expression data in colon tissue were
downloaded from the GTEx portal (version 8) (45), and a linear
regression model was applied to identify co-expressed genes for
each identified gene. Each mapped gene and its co-expressed
genes were combined to perform pathway enrichment analysis
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utilizing the ‘clusterProfiler’ package (51) based on KEGG. An
adjusted P-value by the BH method of <0.05 was defined as the
significance level.

Gene-environment (G x E) interaction analysis in
UKBB

A systematic analysis of interactions between the novel CRC
susceptibility variants and common environmental risk factors,
specifically, smoking (never smokers; smokers), alcohol intake
(light: <12.5 g/day; moderate: 12.5-50 g/day; heavy: >50 g/day),
processed meat consumption (<1 time/week; >1 time/week), BMI
(normal: 18.5 to <25.0 kg/m?; overweight or obesity: >25.0 kg/m?),
physical activity (regular physical activity or not) and serum
vitamin D (which reflects the level of vitamin D in the body,
mainly derived from ultraviolet-B radiation) (52) (<25 nmol/L; 25—
50 nmol/L; >50 nmol/L) was performed to explore their combined
effect on CRC risk in UKBB population. Information on demo-
graphic characteristics, lifestyle factors and dietary was collected
via a self-administered touchscreen questionnaire and nurse-led
interviews in UKBB. Regular physical activity was considered as
having met >150 min/week of moderate activity, >75 min/week
of vigorous activity, >5 days/week of moderate physical activity,
>1 day/week of vigorous activity or an equivalent combination of
moderate and vigorous activity (53).

The interactions of environmental factors with novel CRC sus-
ceptibility variants in UKBB (6742 incident CRC cases and 440 089
controls) on CRC risk were estimated. Age at enrollment, sex,
genotyping array, the first 10 genetic PCs and other five envi-
ronmental factors (e.g. when evaluating the interaction of smok-
ing with variants on CRC risk, alcohol intake, processed meat
consumption, BMI, physical activity and serum vitamin D were
also selected as covariates) were adjusted in the model to correct
for potential confounding effects. FDR was utilized for multi-
ple testing corrections, and an FDR <0.05 was defined as the
significance level. For significant G x E interactions, we further
examined the associations of environmental factors with CRC
risk stratified by SNPs genotypes using Cox proportional-hazards
regression models, which considered both the occurrence of CRC
and the duration from exposure to onset of CRC. All statistical
analyses were performed using R version 4.1.0 unless otherwise
noted.

Supplementary Material

Supplementary Material is available at HMG online.
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