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Abstract

GWAS-identified 10g22.3 loci with lead SNP rs704017 are significantly associated with CRC risk in both Asian and Euro-
pean populations. However, the functional mechanism of this region is unclear. In this study, we performed a fine-mapping
analysis to identify the causal SNPs. To identify potential functional SNPs in linkage disequilibrium with the lead SNP, we
searched for the potential target genes using a Hi-C database and an RNA interfering-based on-chip approach. The results
indicated that rs12263636 (> =0.41) showed the highest potential to be functional. It resided in a region with enhancer
markers and a topologically associating domain. We found that RPS24 was the only gene that significantly promoted the
proliferation rate of CRC cells and might have promoter—enhancer interaction with rs12263636. Dual-luciferase reporter
assays confirmed that the risk alleles of two variants (rs3740253 and rs7071351) in RPS24 promoter could increase the
expression of luciferase. Case control study consisting of 1134 cases and 2039 health controls confirmed that both the two
variants were associated with risk of CRC (rs3740253: P=0.0079, OR=1.15, 95% CI 1.04-1.28; rs7071351: P=0.0085,
OR=1.15,95% CI 1.04-1.28). And plasmid containing mutant haplotypes containing all the three mutations (rs12263636
or rs3740253 and rs7071351) could most significantly increase luciferase expression, compared with any haplotype of the
three mutations. The study explained the functional mechanism for the 10g22.3 loci and provided new insights into the
prevention and treatment of CRC.
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Introduction

Colorectal cancer (CRC) is the third most common type
of cancer among worldwide population in both genders
(Siegel et al. 2018). The incidence and mortality of CRC
keep increasing in China these years with age-standardized
incidence rates of 376.3 per 100,000 and mortality rate of
191.0 per 100,000 in 2015 (Chen et al. 2016; Torre et al.
2015). Evidently, CRC remains an important public health
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genetic loci have not been well characterized (Chang et al.
2018; Gundert et al. 2019), it has been recognized that the
majority of the GWAS-identified SNPs reside in non-coding
gene regions indicating that they might execute their effects
through regulation of gene expression (Zhu et al. 2016; Zou
et al. 2018). Promoter—enhancer interaction is one of the
key gene regulation mechanisms (Ron et al. 2017). Public
databases of several high-throughput experimental methods
like Hi-C(Rao et al. 2015) provided great opportunities to
understand the long-range interaction mechanism of three-
dimensional chromatin organization. And variants resid-
ing in different regulatory elements might have interactive
effects and strengthen the transcriptional activity of genes
and lead to worse result (Chen et al. 2018; Tian et al. 2019;
Visser et al. 2012). However, studies on SNP interactions
are limited.

Here, we performed fine mapping analysis in GWAS-
identified 10q22.3 region. This region is significantly
associated with CRC risk in both Asian and European
populations (Zhang et al. 2014a), but little is known about
the underlying functional mechanism for this signal. We
identified that rs12263636 with enhancer markers was the
most potential functional variant. By prioritizing the candi-
date target genes by performing an on-chip RNA interfere
assay, we successfully identified a risk gene RPS24. The
expression of RPS24 might be upregulated by two SNPs
(rs3740253 and rs7071351) with effect on promoter func-
tion. And we further identified that these two SNPs together
with 112263636 might increase the expression of RPS24
through enhancer—promoter interaction. These three SNPs
may serve as novel biomarkers for early detection and pre-
vention of CRC.

Methods
Study subjects participated in this study

This study consists of 1134 cases and 2039 healthy controls.
There were 61.2% males in cases and 61.9% in controls.
The average age of cases and controls was 55.95 and 61.33
(Table S1). CRC patients were enrolled from Tongji hos-
pital in Wuhan, China. Health controls were selected from
a community cancer screening program for early detection
conducted in the same region during the same period as
cases were collected. Some of whom were included in our
previous studies (Gong et al. 2018; Li et al. 2018). All par-
ticipants were unrelated Han Chinese descent, and the inclu-
sion criteria included histopathologically confirmed primary
CRC, without any radiotherapy or chemotherapy treatment
prior to blood samples collected. The informed consent was
obtained from every participant at recruitment and periph-
eral blood samples and demographic characteristics such as
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sex, age, smoking status, drinking status and ethnicity were
collected by interviewers. This study was conducted under
the approval of the institutional review boards of the Tongji
medical college, Huazhong University of science and tech-
nology. SNPs were genotyped by Tagman SNP Genotyping
Assay (Applied Biosystem).

Identification of functional SNPs in LD with tag SNP

SNP in linkage disequilibrium (LD) with the tag SNP
(r*>0.2) was made as function annotation using Hap-
loreg4.1. The LD was calculated based on 1000 Genome
Phase 3 population of Asian. For the physical interaction
prediction of the promoter and enhancer region, we used
an online database 3D Genome Browser (http://promoter.
bx.psu.edu/hi-c/). Hi-C data were generated from HCT116_
RAD21-mAC_no_auxin from Rao SSP (Rao et al. 2017).

Candidate gene selection and RNA
interfering-based on-chip assays

We first found the potential target gene of rs12263636
according to Hi-C data. Since rs12263636 resided in
enhancer region and a topologically associating domain as
well, all of the genes within the boundaries of the domains
were predicted to have enhancer—promoter interaction with
rs12263636. We reviewed the gene functional annotation in
NCBI database and excluded genes encoding small nuclear
RNAs or pseudo genes. The remaining genes were chosen
for the function interrogation on CRC cell proliferation rate.
An RNA interfering-based on-chip approach was used to
screen out the potential target genes that may affect the pro-
liferation rate of CRC cells. The CCK-8 assay was used to
evaluate the cell proliferation of cell lines after transfection
with siRNAs. The GAPDH expression was used as control
for siRNA knock down experiment. Both criteria of P <0.05
and fold change > 1.2 or < 0.8 were selected as the threshold
of significance. Data were generated from three independ-
ent experiments and each independent experiment has three
replications. We used GTEx (https://www.gtexportal.org/
home/) to extract eQTLs of the functional genes identified
from RNA interfering experiment. The gene expression data
were generated from GEPIA (http://gepia.cancer-pku.cn/).

Luciferase reporter assays

The mut-type DNA sequence centering on rs3740253 and
rs7071351 was inferred to affect the promoter function of
RPS24. We first constructed PGL3 plasmid (Promega, Madi-
son, WI, USA) with a 1.5 kb region containing the promoter
of RPS24 and both rs3740253 and rs7071351 polymor-
phic sites (C at rs3740253 and C at rs7071351) as control
plasmid. And then T-A haplotype (T at rs3740253 and A
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at rs7071351) plasmid was generated based on the control
plasmid. To examine whether the rs12263636 variant might
affect RPS24 enhancer activity, a 750 bp region centered
on 1512263636 was synthesized and added to the above-
described vector with T-A or C-C haplotype of rs3740253
and rs7071351. This region was inferred as enhancer of
RPS24 and constructed to the downstream region of the
luciferase gene to mimic the real structure. Additionally, we
further identified the function of rs3740253, rs7071351 and
rs12263636 separately. Each of the three SNPs was site-
specifically mutated. The plasmid was co-transfected with
pRL-SV40 into SW480 and Lo Vo cells using Lipofectamine
3000 (Invitrogen, Waltham, MA, USA).

Cell lines

LoVo, SW480 and HCT116 cell lines were obtained from
the China Center for Type Culture Collection (Wuhan, PR
China). Cells were tested for the absence of mycoplasma
contamination (MycoAlert, Lonza Rockland, ME, USA)
and were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NJ, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco) and 1% antibi-
otics (100 U/ml penicillin and 0.1 mg/ml streptomycin) at
37 °C in a humidified atmosphere of 5% CO,. All cell lines
were tested and authenticated by DNA sequencing using the
AmpF/STR method (Applied Biosystems).

Statistical analyses

Unconditional multivariate logistic regression analysis
adjusted for age, sex, smoking and drinking status was used
to assess the associations between two functional polymor-
phisms and CRC risk. All statistical analyses were per-
formed using R (3.6.0) with a significance level of 0.05 and
all tests were two-sided. Genotype data in 1 Mb flanking the
tag SNP were downloaded from 1000 genome (http://grch3
7.ensembl.org/index.html) and LD analysis was performed
using PLINK. We imputed rs3740253 and rs7071351 for
all CRC samples from TCGA with IMPUTE2, and we used
1000 Genomes Phase 3 as the reference panel.

Results

The rs12263636 variant was predicted to have
enhancer function

We performed function annotation for 22 SNPs in high
LD (r*>0.2) with the lead SNP rs704017 in the 10q22.3
region. The results suggested that most of them resided in
the region with enhancer histone markers (Table S2). None
of these SNPs had cis-eQTL hit in the colon tissues from

GTEx database. The rs12263636 (LD r*=0.41, D’=0.86)
showed the highest functional potential with enhancer his-
tone markers in 23 tissues and DNase in 22 tissues. Chroma-
tin immunoprecipitation sequencing (ChIP-seq) data from
the CistromDB generated in different CRC cell lines showed
that rs12263636 resided in a region with strong signal of
enhancer markers (Fig. 1a). Therefore, we focused on this
SNP in the following study.

Functional interrogation identified RPS24
as the susceptibility gene

To identify tumor-related genes regulated by rs12263636,
we first used a Hi-C database to find gene promoters which
might have interaction with rs12263636. After excluding
genes encoding small nuclear RNAs or pseudo genes, we
finally selected 15 genes including 12 protein-coding genes
and 3 large intergenic non-coding RNAs (Fig. 1b). The
siRNA sequences specific to the candidate genes are shown
in Table S3 and the knock down efficiency for each gene was
shown in Fig S1. Four genes were not effectively knocked
down due to low expression in CRC cells (Fig S2). We then
used an RNA interfering-based on-chip approach to screen
out potential target genes that might affect the proliferation
rate of CRC cells. The result showed that only RPS24 had
an enhancer—promoter interaction with rs12263636 and
was significantly associated with cell proliferation rate in
both HCT116 and SW480 cell lines. When knocking down
RPS24, the proliferation rate of HCT116 and SW480 cell
lines were significantly enhanced with P values of 0.0010
and 0.0078, respectively (Fig. 2 and Table S4).

Two variants were predicted to affect the promoter
activity of RPS24

We then explored whether there were SNPs affecting the
promoter activity of RPS24 and function together with
rs12263636. Cis-eQTL data of 169 human Colon-Transverse
tissues were obtained from the GTEx database (Carithers
et al. 2015) (downloaded at November, 22ed, 2016). The
result showed that the RPS24 expression was correlated
with 15 SNPs with P values ranging from 2.9x 107° to
3.4% 1073 (Table S5 and Fig. 3a). These variants were all in
a LD block (Fig S3). We then predicted whether these vari-
ants have effect on RPS24 expression according to chromatin
modification data from the HaploReg 4.1 database. Among
these 15 variants, two SNPs (rs3740253 and rs7071351) in
perfect LD were strongly predicted to affect the promoter
function of RPS24, and data of 24 different tissues sug-
gested that transcription factors motif changed at both two
sites (Table S6). eQTL analysis of the association between
rs3740253/rs7071351 and the expression of RPS24 using the
genotype and expression data from TCGA also showed that
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Fig.1 rs12263636 with enhancer markers resided in a TAD region.
a Chromatin modification of H3K4mel, H3K27ac at the region of
interest which contains rs12263636. The position of rs12263636 was
indicated by dashed lines. Data were downloaded from CistromDB. b

samples with the T/A allele of rs3740253/rs7071351 had
significantly higher expression of RPS24 than samples with
the C allele (Fig S4). ChIP-seq data from the CistromDB
also showed that rs3740253 and rs7071351 resided in a
region with strong signal of H3K4me3 (Fig. 3b). GATAI
was predicted to bind to the sequence with the A allele at
rs3740253 according to the JASPAR database online predic-
tion (Fig. 3c), and a GATA 1 ChIP-seq peak was also found in
the SNP region (Fig. 3b). Similarly, /[RF2 was predicted to
bind to the sequence with the T allele at rs7071351 (Fig. 3d)
and /RF2 ChIP-seq peak was also found in the SNP region
(Fig. 3b). These results suggested that these two SNPs might
influence transcription factor binding at the promoter region
of RPS24 and then affect RPS24 expression.
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Hi-C data generated in HCT116_RAD21-mAC_no_auxin from Rao
SSP indicated that promoters of several genes might interact with
rs12263636 resided in the intron of ZMIZI (the black triangle show
two instances of the candidate genes)

The rs3740253 and rs7071351 variant affected
the promoter activity of RPS24

We then tested the function of these two promoter vari-
ants through a dual-luciferase reporter assay. As these
two variants were in perfect LD, we constructed four dif-
ferent luciferase reporter gene constructs including plas-
mids with C-C haplotype, T-A haplotype (T at rs3740253
and A at rs7071351), C>T transition at rs3740253 and
C> A transition at rs7071351. We observed a significantly
twofold higher level of promoter activity derived from
transfection of the construct containing T-A haplotype
compared with those of the construct containing C-C hap-
lotype (Fig. 4a, both P <0.0001 for LoVo and SW480
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Fig.2 Knock down of RPS24 with siRNA inhibits the cell prolifera-
tion in both two colorectal cancer cell lines. CCK8 assay was used
to evaluate the cell proliferation of HCT116 and SW480 cell lines
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chr10

Colon transverse eQTL of rs3740253
78033700

0.2

N ---

Rank Normalized Gene
Expression

Colon transverse eQTL of rs7071351

0.2

001 -
- I

Rank Normalized Gene
Expression

o C rs3740253
Risk: GCAGATAACTG
Non-risk: GCAGATGACTG

SW480
25
204 e
q, RPS24
=) °
T 15
g 15 .
Q.
3
2 1.0-
(@]
g ' 4
= [
0.5
°
°
0.0 ; . Q : T
03 02 041 0.0 0.1 0.2 0.3

Log2(fold change)

independent experiments and each have three replications. log, trans-
formed fold change and log,, transformed P values for each gene
were showed in x and y axis, respectively

q22.3
78033800 78033900 78034000 78034100
I RPS24 [ —
rs3740253 rs7071351 "'--.......

-0.14 HCT116-H3K4me3
-0.24 LoVo-H3K4me3
o3 " T " LoVo-GATA1 I I
GG(n=27) AG(n=84) AA(n=58)
LoVo-IRF2 I

d rs7071351
Risk: TGGCAAGTGAAACCATTCC
Non-risk: GGGCAAGTGAAACCATTCC

GG(n=26) TG(n=85) TT(n=58)
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have promoter function with alteration of GATA family transcription
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and rs7071351 with RPS24 expression in colon tissues. Data were
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rs7071351 increases the relative luciferase activity in both LoVo
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experiments with assays conducted in 3 replications. Comparisons
were conducted by unpaired Wilcoxon rank-sum test. b rs3740253

cells). Intriguingly, either C>T transition at rs3740253 or
C>A transition at rs7071351 displayed higher promoter
activity and significantly increased the expression of
luciferase in both CRC cell lines (Fig. 4b).

and rs7071351 was then site-specifically mutated in the template
sequence and the results indicated that either C>T transition at
rs3740253 or C>A transition at rs7071351 significantly increased
the expression of luciferase in both two CRC cell lines. Data are from
three independent transfection experiments with assays conducted in
three replications. Comparisons were conducted by unpaired 7 test

Both rs3740253 and rs7071351 are associated
with increased risk of CRC

We further tested whether rs3740253 and rs7071351 were
associated with susceptibility to CRC through a case—con-
trol study consisting of 1134 cases and 2039 health con-
trols. Through a logistic regression analysis, we identified
that rs3740253 was significantly correlated with increased

Table 1 Association between

. . SNP Genotype Case (%) Control (%) OR (95% CI) P
two variants and risk of
colorectal cancer rs3740253 CC 300 (26.5) 628 (30.8) 1.00 (Reference)
CT 561 (49.5) 975 (47.8) 1.24 (1.04-1.48) 0.0187
TT 273 (24.1) 436 (21.4) 1.31 (1.06-1.61) 0.0134
Addictive model 1.15 (1.04-1.28) 0.0079
rs7071351 CcC 301 (26.5) 629 (30.8) 1.00 (Reference)
CA 560 (49.4) 974 (47.8) 1.23 (1.03-1.47) 0.0211
AA 273 (24.1) 436 (21.4) 1.30 (1.06-1.61) 0.0140
Addictive model 1.15 (1.04-1.28) 0.0085

P values were calculated using logistic regression under adjustment of sex, age, smoking and drinking sta-

tus

OR odds ratio, CI confidence interval
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risk of CRC with odds ratio (OR) being 1.15 in an addi-
tive model (95% CI 1.04-1.28, P=0.0079). Compared with
CC genotype carriers, CT genotype and TT genotype car-
riers were associated with increased risk of CRC with OR
being 1.24 (95% CI 1.04-1.48, P=0.0187) and 1.31 (95%
CI 1.06-1.61, P=0.0134), respectively. Significant asso-
ciations were also observed for rs7071351. The results are
shown in Table 1. Then we performed a stratified analysis to
determine the association between the two SNPs (rs3740253
and rs7071351) and CRC risk (Fig S5). Significant asso-
ciation between the SNPs and risk of CRC was observed
for subgroup patients of female, age < 60, non-smoker and
non-drinker.

The rs12263636 variant interacts with rs3740253
and rs7071351 in the promoter of RPS24

We constructed plasmids containing all the three vari-
ants including rs12263636 (G>A), rs3740253 (C>T) and
rs70701351 (C>A) (Fig. 5a). The plasmids containing
the C-C-A haplotype (P=0.0369 in SW480, P=0.0003
in LoVo), the T-A-G haplotype (P=0.0014 in SW480,
P <0.0001 in LoVo), and the T-A-A haplotype (P <0.0001

in SW480, P <0.0001 in LoVo) significantly increased the
activity of luciferase, compared with the C-C-G haplotype.
The plasmid with all mutant types for the three SNPs (T-A-
A) showed the highest luciferase activity (Fig. 5b).

Discussion

GWAS has so far identified numbers of susceptibility loci
related to complex traits (Karaderi et al. 2015; Patel and
Ye 2011). However, most of the identified variants are
tag SNPs, with a limitation in elucidation of the disease-
related genes and the biological relevance of those sus-
ceptibility loci (Wang and Chatterjee 2017). In the present
study, by fine-mapping analysis of GWAS loci 10q22.3, we
identified that the function of rs12263636 was exerted by
enhancer—promoter interaction. The rs12263636, rs3740253,
and rs7071351 variants function together to influence the
expression of RPS24 and were associated with CRC risk.
The 10g22.3 region is one of the CRC GWAS loci iden-
tified in East Asians and is also associated with CRC risk
in individuals of European descent (Zhang et al. 2014a).
This region is tagged by the rs704017 which resides in the
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3rd intron of ZMIZ1-AS1 gene. However, ZMIZ1-AS1 is a
miscellaneous RNA gene with unknown function and both
ZMIZ1 and ZMIZ1-AS1 failed to affect cell growth in our
functional interrogation. More experiments are needed to
find out more of the function of those genes.

In this study, we found rs12263636 might work together
with two variants (rs3740253 and rs7071351) to increase
RPS24 gene expression, and contributed to CRC risk. Pre-
vious studies have reported that RPS24 was a multiple can-
cer-related gene (Choesmel et al. 2008; Inoue et al. 2015).
RPS24 is known to encode a ribosomal protein that is a com-
ponent of the 40S ribosomal subunits and co-expressed with
family of ribosomal proteins (Fig S6). Mutations in riboso-
mal protein genes might cause cellular stress and activate
cell cycle inhibitors. It has been reported that knockdown of
RPS24 could significantly inhibit cell proliferation, colony
formation, cell migration in CRC cell lines HCT116 and
HT-29 cells by arresting cells in S phase (Wang et al. 2015).
RPS24-deficient fibroblasts cells showed increased levels
of the cell cycle inhibitor p21 and a seemingly opposing
increase of p21 target genes in Cyclin-E, CDK4 and CDK6
(Badhai et al. 2009) and which might explain the reduced
growth. In this study, we successfully replicated the previous
results and further demonstrated that RPS24 was an impor-
tant susceptibility gene for CRC.

By integrating Hi-C data and eQTL analysis, we success-
fully determined the potential cis-regulated genes that physi-
cally interacted with predicted functional SNPs in GWAS
loci. Our results demonstrated that the Hi-C data along with
eQTL will facilitate identification of functional variants and
candidate genes responsible for CRC risk.

There are still some limitations in our study. First, we
only selected genes in a restricted region for functional inter-
rogation. And those genes have no effect on CRC cell prolif-
eration might have other functions and might also affect the
susceptibility of CRC. Second, the results of case—control
study are needed to be replicated in larger samples in the
future. Third, the SNP identification was only conducted
in the Chinese, and Chinese populations may be different
from other populations, such as Caucasian, in terms of
genetic predisposition to cancer. Thus, whether rs3740253/
rs7071351 were risk SNPs in other populations needs to be
replicated in the future.

In conclusion, we provided a feasible method to identify
potentially functional SNPs to distally regulate their target
gene underlying the pathogenesis of CRC using bioinfor-
matics data analyses and experimental validation. We first
identified a functional SNP rs12263636 at GWAS-iden-
tified 10g22.3 region. We further found that two variants
(rs3740253 and rs7071351) together with rs12263636 might
upregulate RPS24 expression via enhancer—promoter inter-
action. Knocking RPS24 down could significantly inhibit
proliferation in both LoVo and SW480 cells which suggested

@ Springer

the important role of RPS24 in CRC. These results expanded
our understanding of the etiology of CRC and might be used
in the precise prevention of CRC in the future.
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