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Abstract
Although genome-wide association studies (GWASs) have identified over 100 colorectal cancer (CRC) risk loci, an under-
standing of causal genes or risk variants and their biological functions in these loci remain unclear. Recently, genomic loci 
10q26.12 with lead SNP rs1665650 was identified as an essential CRC risk loci of Asian populations. However, the functional 
mechanism of this region has not been fully clarified. Here, we applied an RNA interfering-based on-chip approach to screen 
for the genes essential for cell proliferation in the CRC risk loci 10q26.12. Notably, HSPA12A had the most significant effect 
among the identified genes and functioned as a crucial oncogene facilitating cell proliferation. Moreover, we conducted an 
integrative fine-mapping analysis to identify putative casual variants and further explored their association with CRC risk in 
a large-scale Chinese population consisting of 4054 cases and 4054 controls and also independently validated in 5208 cases 
and 20,832 controls from the UK biobank cohort. We identified a risk SNP rs7093835 in the intron of HSPA12A that was 
significantly associated with an increased risk of CRC (OR 1.23, 95% CI 1.08–1.41, P = 1.92 ×  10–3). Mechanistically, the risk 
variant could facilitate an enhancer–promoter interaction mediated by the transcriptional factor (TF) GRHL1 and ultimately 
upregulate HSPA12A expression, which provides functional evidence to support our population findings. Collectively, our 
study reveals the important role of HSPA12A in CRC development and illustrates a novel enhancer–promoter interaction 
module between HSPA12A and its regulatory elements rs7093835, providing new insights into the etiology of CRC.
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Introduction

Colorectal cancer is the third most common cancer with 
the second highest mortality rate worldwide (Sung et al. 
2021). The burden of colorectal cancer incidence and mor-
tality is also rapidly rising in China with the continuous 
improvement of living conditions and diagnosis techniques 
(Chen et al. 2016). With the ascending tendency of CRC, 
it has grown up an urgent need to investigate the patho-
genesis for cancer prevention and diagnosis. Convincing 
evidence is noted that CRC carcinogenesis and progression 
are affected by heredity and environment, in which genetic 
factors play an indispensable role (Gong et al. 2018; Song 
et al. 2015).

Genome-wide association studies have become an effec-
tive research strategy to reveal genetic susceptibility fac-
tors for human cancers and successfully identified over 
100 CRC risk loci so far (Huyghe et al. 2019; Lu et al. 
2019; Zhang et al. 2014). Nevertheless, most of GWAS-
identified single-nucleotide polymorphisms (SNPs) are 
located in non-coding regions and at large distances from 
nearby annotated genes (Kopp and Mendell 2018). It 
remains a huge challenge to explore the potential func-
tional mechanism of genetic variants and their target genes 
on cancer development, which are critical for translating 
GWAS findings into clinical application (Gong et al. 2016; 
Wang et al. 2013). Therefore, first, identifying the causal 
genes in these loci, which are different from traditional 
fine-mapping analysis, appears to be a feasible way to 
elucidate targets for prevention and therapy. Extensive 
research has shown that functional genomic screen using 
high-throughput RNA interference (RNAi) is regarded as 
an effective method for the recognition of massive key 
cancer-related genes (Fulco et al. 2016; McDonald et al. 
2017; Meyers et al. 2017; Zhao et al. 2017). This approach 
may also be a helpful tool for systematic identification of 
causal genes in GWAS loci.

In light of our previous comprehensive researches 
focusing on the CRC risk locus 12q13.12, we elucidated 
the mechanism of ATF1 and its regulatory elements 
dbSNP: rs61926301 and dbSNP: rs7959129 in the devel-
opment of CRC (Tian et al. 2019a). However, there are 
also many genomic loci identified by GWASs whose exact 
functional mechanisms have not been fully elucidated. Pre-
vious studies pointed out that genomic region 10q26.12 
with lead SNP rs1665650 was significantly relevant to 
CRC risk in east Asian population, but little is known 

about the underlying functional mechanism for this sig-
nal (Jia et al. 2013). In this study, we integrated an RNA 
interfering-based on-chip approach, a large-scale popula-
tion study and multiple biological experiments to reveal 
the potential role of genes located in 10q26.12 loci during 
CRC progression and investigate the underlying regula-
tory mechanisms. Our results indicated that HSPA12A 
was verified to be an important oncogene in the CRC risk 
loci 10q26.12 promoting CRC cell proliferation. We also 
found that a risk SNP rs7093835, resided in the intron of 
HSPA12A, facilitated an enhancer–promoter interaction 
mediated by GRHL1 and upregulated HSPA12A expres-
sion, thus significantly predisposing to CRC risk (OR 1.23, 
95%CI 1.08–1.41, P = 1.92 ×  10–3). These findings might 
deepen our understanding of the CRC etiology and provide 
a new insight into precision prevention for CRC.

Materials and methods

A functional genomic screen with an RNA 
interfering‑based on‑chip assay in 10q26.12 GWAS 
loci

We focused on the 10q26.12 loci which is significantly 
associated with CRC risk in the Asian population. To select 
candidate genes in this region for functional screening, we 
performed fine mapping by extending 1 Mb upstream and 
downstream of the tag SNP rs1665650. In total, we select 
11 protein-coding genes in this loci for a proliferation meas-
urement of CRC cells by a large-scale RNAi interrogation, 
excluding microRNAs, non-coding RNAs, and pseudogenes. 
The screening threshold value is P < 0.05 and an n-fold 
change > 1.1 or < 0.9. Details can be viewed in our previous 
study (Tian et al. 2019a).

Integrative expression quantitative trait locus 
(eQTL) analysis and genotype imputation

SNPs in LD (r2 > 0.2, MAF > 0.05) with tag SNP rs1665650 
were downloaded from the HaploReg database. HSPA12A 
mRNA expression and individual genotypes were down-
loaded from the TCGA (The Cancer Genome Atlas) 
database. To improve the ability of eQTL analysis, we 
imputed the variants for all CRC samples from TCGA 
with IMPUTE2, using 1000 Genomes Phase 3 as the refer-
ence panel (Ardlie et al. 2015; Howie et al. 2009). Then, 
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integrative eQTL analysis evaluating the association 
between these SNPs and HSPA12A mRNA expression was 
conducted by adjusting for the effect of population structures 
(principal components) and clinical parameters (age, sex, 
and tumor stage) on gene expression. The details of principal 
components analysis and the imputation can be viewed in 
our previous study (Tian et al. 2019b).

Next, we performed a functional annotation for eQTLs 
with multiple bioinformatic tools, including HaploReg, Reg-
ulomeDB, and CistromeDB, and this annotation integrated 
multiple histone modification ChIP-seq peaks, TF ChIP-
seq peaks, and DNase hypersensitive site data. Finally, we 
selected functional variants with the highest potential in the 
LD block (r2 ≥ 0.8) for further population and experimental 
validation.

Cell lines and culture

HCT116 and SW480 cells were obtained from the China 
Center for Type Culture Collection (Wuhan, China). Cells 
were cultured in Dulbecco's modified eagle's medium 
(DMEM; Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS; Gibco, USA) and 1% antibiotics (100 U/mL 
penicillin and 0.1 mg/mL streptomycin) at 37 °C in a humid-
ified atmosphere containing 5%  CO2. Both cell lines used in 
this study were authenticated by short tandem repeat (STR) 
profiling (Applied Biosystems, USA) and tested for the 
absence of mycoplasma contamination (MycoAlert, USA); 
the latest date of test was October 1, 2021.

Construction of plasmids and RNA interference

A total of 1000-bp DNA fragments containing SNP 
rs7093835 C or T allele were commercially synthesized and 
subcloned into the pGL3-promoter vector (Promega, USA). 
The full-length cDNA of HSPA12A was subcloned into the 
pcDNA3.1 (+) vector (Invitrogen). All plasmids were com-
mercially synthesized by Genewiz Biological Technology 
(Shuzhou, China).

For RNA interference, the siRNA oligonucleotides target-
ing GRHL1 and the non-targeting siRNA control were pur-
chased from RiboBio (Guangzhou, China) and transfected 
using Lipofectamine RNAiMAX (Invitrogen, USA). The 
siRNA sequences are shown in Table S1 and the knockdown 
effect was determined by qRT-PCR (Fig. 4H).

Quantitative reverse transcription PCR (qRT‑PCR)

Total RNA of cells and patients' tissues were extracted with 
TRIzol reagent (Thermo Fisher Scientific, USA). Reverse 
transcription was performed using the  SuperScript®III First-
Strand Synthesis System (Invitrogen, USA) and quantitative 
PCR was performed with Power SYBRTM Green PCR Mas-
ter Mix (Applied Biosystems, USA). Target gene expression 
was normalized to that of GAPDH. All specific primers used 
for qPCR are listed in Table S1.

154 pairs of CRC tumor and normal tissues and blood 
samples were collected from Tongji Hospital of Huazhong 
University of Science and Technology. The expression levels 
of two candidate genes, HSPA12A and GRHL1, were meas-
ured using qRT-PCR assays in our own CRC discovery set. 
The P values were calculated by a two-sided Student’s t test. 
Written informed consent was obtained from each subject 
and the study was conducted under the approval of partici-
pating hospitals.

Dual‑luciferase reporter assay

We co-transfected constructed luciferase vector contain-
ing either the rs7093835[C] or rs7093835[T] allele and the 
pRL-SV40 Renilla luciferase plasmid (Promega, USA) into 
cells. The luciferase reporter assays were performed using 
the Dual-Luciferase Reporter Kit (Promega, USA) as the 
manufacturer’s recommendations. The luciferase activities 
were normalized by the luminescence value of Renilla lucif-
erase to that of firefly luciferase.

Chromatin immunoprecipitation qPCR (ChIP‑qPCR)

ChIP assays were performed by ChIP assay kit (Cat# 10086, 
Millipore, USA) according to the manufacturer’s instruc-
tions. Genomic DNA was extracted from the fixed-chroma-
tin cells and sheared by sonication. Next, an antibody against 
GRHL1 (Novus Biologicals, NBP1-81321) and a nonspecific 
rabbit IgG ((Santa Cruz, as control) were, respectively, incu-
bated with cross-linked protein/DNA overnight for immuno-
precipitation using protein A/G magnetic beads; the purifica-
tion and collection of DNA fragments using the Dr. GenTLE 
Precipitation Carrier Kit (Takara, Japan). The purified DNA 
library was analyzed by qPCR. The primers used in ChIP-
qPCR are shown in Table S1.
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Cell proliferation and colony‑formation assays

In cell proliferation assays, cells were seeded and transfected 
in 24-well plates (5 ×  104 cells per well). The cells were 
harvested by trypsin digestion after 24 h and then seeded 
in 96-well plates (2500 cells in 100 μL of cell suspension 
per well). Cell viability was measured using CCK-8 assays 
(Dojindo) in four time points (24, 48, 72, and 96 h).

In colony-formation assays, cells were seeded in 6-well 
cell culture plates (2000 cells per well). After 10 days, the 
cells were washed with cold PBS twice, fixed with 3.7% for-
maldehyde, and were stained with crystal violet. The colony 
number in each well was counted.

SNP genotyping for our own CRC samples

Genomic DNA was extracted from peripheral blood samples 
using the Relax Gene Blood DNA System Kit (Tiangen, 
China) according to the protocol. SNPs were genotyped 
using the TaqMan SNP Genotyping system in both stages. 
Quality control was implemented as previously described 
(Tian et al. 2020).

Study subjects in association analyses 
between the candidate eQTL and CRC risk

To evaluate the association between the candidate eQTL 
and CRC risk, we first conducted a two-stage case–control 
study in our own samples. The characteristics of the study 
subjects are described in Table S2. The first stage contained 
1000 CRC patients and 1000 cancer-free controls recruited 
from the cancer hospital of Chinese Academy of Medical 
Sciences in Beijing, China. The second stage consisting of 

3054 cases and 3054 cancer-free controls were recruited 
from Tongji Hospital of Huazhong University of Science 
and Technology (HUST), Wuhan, China. All controls were 
cancer-free individuals selected from a community nutri-
tional survey in the same region during the same period 
when patients were recruited. Peripheral blood samples and 
demographic characteristics, including age, gender, smoking 
status, and drinking status, were obtained from the medi-
cal records and interviews. Written informed consent was 
obtained from each subject and the study was conducted 
under the approval of the Chinese Academy of Medical Sci-
ences Cancer Institute and the Institutional Review Board of 
Tongji hospital of HUST.

Furthermore, we also screened participants in the UK 
Biobank (UKBB) cohort to strengthen the finding in our own 
samples (Bycroft et al. 2018). CRC cases were defined as 
subjects with primary invasive CRC diagnosed (1020–1023), 
or CRC deaths according to ICD9 (1530–1534, 1536–1541) 
or ICD10 (C180, C182-C189, C19, C20) codes. For each 
case, we selected 4 eligible controls from subjects without 
invasive CRC by nearest neighbor matching in R pack-
age MatchIt, with enrollment age, race/ethnicity, and sex 
as matching criteria. Finally, 5,208 CRC cases and 20,832 
matched controls were included. Demographic characteris-
tics are demonstrated in Table S3.

Statistical analysis

Differences in demographic characteristics between cases 
and controls were assessed by two-sided Student's t test or 
Pearson’s χ2 test. For the association analysis, unconditional 
multivariate logistic regression was employed to estimate 
odds ratios (ORs) and 95% confidence intervals (CIs) for 
the association between the candidate eQTL and the CRC 
risk, with adjustments for gender, age group, smoking sta-
tus, and drinking status. Additive genetic model was applied 
to assess the genetic susceptibility of eQTLs to CRC. For 
functional assays, figure legends denoted the statistical 
details of experiments, including the statistical tests used, 
the numbers of replicates, and the data presentation type 
in relevant figures. All statistical analyses were performed 
by R (3.30) or SAS (9.4) and P < 0.05 was considered as 
statistical significance.

Fig. 1  Flowchart of a comprehensive strategy to identify the causal 
gene and its regulatory variants in CRC risk loci. First, a high-
throughput RNA-interference functional screen was conducted to 
identify the genes essential for proliferation in the CRC risk loci 
10q26.12. Next, by integrating a fine-mapping analysis and large-
scale population studies, we systematically screened functional risk 
variants associated with CRC risk. Furthermore, multipronged bio-
logical experiments were conducted to elucidate the critical role of 
HSPA12A and a novel carcinogenic mechanism between HSPA12A 
and its regulatory variants in CRC development

◂



2020 Archives of Toxicology (2023) 97:2015–2028

1 3



2021Archives of Toxicology (2023) 97:2015–2028 

1 3

Results

HSPA12A was identified as a potential oncogene 
in CRC based on an RNA‑interference functional 
genomic screen

As shown in Fig. 1, we systematically integrated an RNAi-
based on-chip approach and bioinformatics analysis to 
screen for vital casual genes in CRC GWAS loci 10q26.12. 
Among 11 protein-coding genes, HSPA12A was identified to 
have the most significantly effect on cell proliferation in both 
HCT116 and SW480 cell lines (Tian et al. 2019a) (Fig. 2A, 
B). The potential role of HSPA12A in cell proliferation was 
also verified in the CRC SW948 cell line from the genome-
wide CRISPR-Cas9-based loss-of-function screening data 
(Fig. 2C and Fig. S1). Additionally, we also compared the 
HSPA12A mRNA expression in tumor and adjacent normal 
tissues using data from TGCA and GEO datasets (Fig. 2D–F 
and Fig. S2A). We observed that HSPA12A was significantly 
overexpressed in tumor tissues than those in normal tissues, 
in consistent with these results in our own samples (Fig. 2G). 
Data from the Cancer Cell Line Encyclopedia (CCLE) also 
indicated that HSPA12A was highly expressed in CRC cell 
lines, which ranks ahead of 1158 human cancer cell lines 
(Fig. S2B). Furthermore, we overexpressed HSPA12A in 

CRC cell lines to investigate the function of HSPA12A on 
cell malignant phenotypes. The results demonstrated that 
upregulation of HSPA12A could significantly increase cell 
proliferation rates and colony-formation abilities of CRC 
cells, compared with control vector (Fig. 2H–K). Collec-
tively, these findings provide multiple lines of evidence, 
supporting that HSPA12A might act as a potential oncogene 
promoting CRC progression.

Fine mapping identifies a putative functional 
variants affecting HSPA12A expression

rs1665650 was identified as the tag SNP in 10q26.12 region 
based on east Asian population and causal variants in this 
region have not been fully clarified. Therefore, we compre-
hensively conducted an eQTL analysis between all SNPs in 
LD (r2 ≥ 0.2) with the tag SNP rs1665650 and HSPA12A 
mRNA expression. The result indicated that an LD block 
(r2 ≥ 0.6) showed significant eQTLs with HSPA12A expres-
sion (Fig. 3A, B). Subsequently, we performed functional 
annotation for SNPs in this LD block using Haploreg 
database, ANNOVAR, CistromeDB, RegulomeDB, and 
3DGenome Browser database. Notably, rs7093835 showed 
the highest potential to be functional in this LD block and 
was selected as the candidate causal variant. We found that 
rs7093835, resided in HSPA12A intron, was significantly 
enriched in active histone modification peaks (H3K4me1 
and H3K27ac) and open chromatin accessibility (ATAC-
seq peaks and DNase-seq) (Fig. 3C). Moreover, this variant 
has a statistically significant eQTL with HSPA12A expres-
sion level in GTEx transverse colon samples (Fig. 3D), 
which was consistent with the result from our CRC samples 
(Fig. 3E).

To further determine the effect of rs7093835 on target 
gene expression, we performed dual-luciferase reporter 
assays in two CRC cell lines and found that the construct 
containing the rs7093835[T] allele exhibited higher 
enhancer activity than that containing the rs7093835[C] 
allele (Fig. 3F, G). Overall, these results demonstrated that 
rs7093835 might exert an allele-specific enhancer activity, 
thus affecting HSPA12A expression.

Effect of rs7093835 on transcriptional activity 
was mediated by GRHL1

Having demonstrated that rs7093835 was capable of 
influencing HSPA12A mRNA expression level, we next 
sought to elucidate the underlying regulatory mechanisms. 

Fig. 2  Functional genomic screening reveals that HSPA12A is an 
oncogene in CRC. A, B Functional genomic screening based on high-
throughput RNAi interrogation was used to identify genes impor-
tant for cell proliferation in the CRC risk loci 10q26.12 in HCT116 
and SW480 cells. C The data of genome-wide CRISPR/Cas9-based 
loss-of-function screen showed that HSPA12A was essential for cell 
growth in the CRC cell line. Negative scores imply cell growth inhi-
bition or death following gene knockout and higher absolute scores 
indicated an elevated dependency of cell viability on given genes. 
D–G HSPA12A was overexpressed in tumor tissues than adjacent nor-
mal tissues from TCGA (D), Gaedcke (GEO: GSE20842) (E), Gas-
par (GEO: GSE9689) (F), and our own CRC tissues (G). Data were 
presented as the median (minimum to maximum). All P values were 
calculated by a two-sided Student's t test in TCGA and Gaspar tis-
sues, whereas were calculated by a paired two-sided Student's t test in 
Gaedcke and our own CRC tissues. H, I The effect of HSPA12A over-
expression on the proliferation rates in HCT116 (H) and SW480 (I) 
cells. Data were shown as the mean ± SEM from three experiments, 
each with six replicates. All *P < 0.05 and **P < 0.005 values were 
derived from comparison with controls by a two-sided Student's t 
test. J, K The effect of HSPA12A overexpression on colony-formation 
abilities in HCT116 (J) and SW480 cells (K). The results presented 
colony-formation ability relative to control cells (set to 100%). Data 
were shown as the mean ± SD from three experiments, each with 
three replicates. All ****P < 0.00005 values were calculated by a 
two-sided Student’s t test

◂
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Considering that the allele-specific activity of SNPs in regu-
latory regions might be due to the different binding affinity 

of TFs, we first conducted TF motif analysis using multiple 
databases, including Cistrome and JASPAR, and identified 
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GRHL1 as a candidate factor that might specifically bind to 
the rs7093835[T] allele (Fig. 4A). Furthermore, ChIP-seq 
data from the ENCODE database also provided supporting 
evidence that GRHL1 maps within the region surrounding 
SNP rs7093835 in CRC LoVo cells (Fig. 3C). GRHL1, as a 
member of Grainyhead-like family of transcription factors, 
plays an essential role in cancer development (Frisch et al. 
2017). GRHL1 was significantly overexpressed in tumor tis-
sues compared to their normal tissues from multiple datasets, 
such as TCGA, Hong, and Skrzypczak (Fig. 4B–D), which 
was in line with the result in our own samples (Fig. 4E). 
Moreover, positive correlations between the expression of 
GRHL1 and HSPA12A expression were observed in TCGA 
CRC samples (Fig. 4F), GTEx colon tissues (Fig. S3A), 
and our own CRC cohort (Fig. 4G and Fig. S3B). Intrigu-
ingly, higher correlations were observed in carriers with the 
rs7093835[T] allele (Fig. S3), indicating that the regulatory 
effect of GRHL1 on HSPA12A expression might occur in an 
allele-specific manner.

To experimentally validate whether the effect of 
rs7093835 C > T was mediated by the predicted TF GRHL1, 
we performed reporter gene assays with the knockdown 
of GRHL1 by siRNAs in HCT116 and SW480 cell lines. 
The knockdown efficiencies in the two cells lines after 
36 h reached approximately 73% (Fig. 4H). As the GRHL1 

expression was knocked down by specific siRNAs, the lucif-
erase activity of plasmids containing rs7093835[T] allele 
reduced to the similar level of the C allele in two cell lines 
(Fig. 4I, J). Additionally, we further validated the binding 
of GRHL1 to the region surrounding SNP rs7093835 by 
ChIP-qPCR assays in cell lines with different rs7093835 
genotypes (SW480[CC] and HCT116[CT]). As illustrated 
in Fig. 4K, a stronger GRHL1 binding is enriched in this 
region and the binding is more statistically significant in 
HCT116 cells carrying rs7093835[T] allele than in SW480 
cells lacking this allele. Intriguingly, these binding signals 
are significantly attenuated when GRHL1 is knocked down. 
Collectively, these findings revealed that rs7093835 modu-
lates GRHL1 binding to affect regulatory element activity 
and then upregulate HSPA12A expression.

The variant rs7093835 is associated with the risk 
of CRC 

To robustly demonstrate the association between the func-
tional variant rs7093835 and CRC risk, we performed a 
two-stage case–control study, consisting of 4054 cases and 
4054 controls in our own CRC samples. The demographic 
characteristics of the study subjects are detailed in Table S2. 
As shown in Table 1, rs7093835 conferred a significant 
genetic predisposition to CRC in both stages after adjusting 
for gender, age group, smoking status, and drinking status. 
Moreover, we combined the results from the two stages, and 
observed that the rs7093835[T] allele was still associated 
with an increased risk of CRC with an OR of 1.23 (95% CI 
1.08–1.41, P = 1.92 ×  10–3 in the additive model).

Following this, we further adopted CRC genotype data 
from the UK biobank cohort, which includes 5208 CRC 
patients and 20,832 controls to strengthen the findings in 
our own samples. The demographic characteristics are 
listed in Table S3. Results are summarized in Table S4 
and the candidate eQTL rs7093835 was also validated to 
be associated with CRC risk in UKBB CRC samples (OR 
1.08, 95% CI 1.03–1.13, P = 2.69 ×  10–3 in the additive 
model).

Discussion

Although genome-wide association studies have identified 
thousands of loci associated with human traits and dis-
eases, the underlying mechanisms of risk variants or genes 
in GWAS-identified loci have not been fully elucidated (Jia 

Fig. 3  The variant rs7093835 is identified by integrative eQTL analy-
sis and associated with the expression of HSPA12A. A Regional plots 
of eQTL results and recombination rates of rs1665650 LD SNPs 
(r2 ≥ 0.2) and HSPA12A expression. The eQTL P values [− log10 (P 
value)] of the SNPs (y axis) are presented according to their chro-
mosomal positions (x axis). The genetic recombination rates (cM/
Mb) estimated using the 1000 Genomes June 2014 ASN samples are 
illustrated with a blue line. The SNPs within the interested region are 
annotated. The r2 values of these SNPs with the tag SNP rs1665650 
are represented by different colors. B LD block plot (r2 ≥ 0.6) show-
ing the  r2 values of SNPs having a significant eQTL with HSPA12A 
expression. The r2 values between variants were based on the 1000 
Genomes June 2014 ASN samples. The most potentially functional 
variant in the LD block (r2 ≥ 0.6) is labeled in red, for further popu-
lation and experimental validation. C Epigenetic annotation for the 
region surrounding SNP rs7093835 in CRC cell lines. Data includ-
ing ATAC-seq peaks, DNase peaks, TF (GRHL1) peaks, and multiple 
histone (H3k4me1 and H3k27ac) modification peaks were obtained 
from the ENCODE database. D eQTL results of rs7093835 geno-
types with HSPA12A expression in the GTEx database. Data were 
shown as the mean ± SD. ***P value < 0.0005 was calculated by lin-
ear regression analysis. E eQTL results of rs7093835 genotypes with 
HSPA12A expression from our CRC patients. Data were presented as 
the median (minimum to maximum), and ***P value < 0.0005 was 
calculated by linear regression analysis. F, G Relative reporter gene 
activity of the constructs containing the SNP rs7093835[T]/[C] allele 
in CRC HCT116 and SW480 cell lines. All ****P < 0.00005 values 
were calculated by a two-sided Student’s t test

◂
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et al. 2013; Wang et al. 2016; Zeng et al. 2016). Here, by 
utilizing an RNAi functional genomic screen, our study sub-
stantiated that HSPA12A, located in GWAS loci 10q26.12, 
might function as an important oncogene and facilitate CRC 
cell proliferation. Moreover, we performed an integrative 
fine-mapping analysis to explore the potential functional 
variant and further examined its association with CRC 
risk in a large-scale Chinese population consisting of 4054 
cases and 4054 controls and also independently validated 
in 5208 cases and 20,832 controls using GWAS-chip data 
from the UKBB cohort. We identified a risk SNP rs7093835 
located within an intron of HSPA12A that contributed to 
an increased risk of CRC (OR 1.23, 95% CI 1.08–1.41, 
P = 1.92 ×  10–3). Mechanistically, the risk variant could facil-
itate an enhancer–promoter interaction mediated by GRHL1, 
thus upregulating HSPA12A mRNA expression (Fig. 5).

Heat shock protein A12A (HSPA12A) as a novel member 
of the HSP70 family is widely involved in multiple cancer 
development through several different mechanisms, such 
as regulation of angiogenesis, proliferation, and migration 
(Wu et al. 2017). Recent evidence indicated that HSPA12A 
could promote CRC migration and invasion by stabilizing N‐
cadherin mRNA and inducing EMT progression (Pan et al. 
2022). Based on the published studies discussed above, the 
role of HSPA12A in CRC was further examined in our study. 
Similarly, we observed that HSPA12A is overexpressed in 
CRC tumor tissues compared with normal tissues in mul-
tiple independent databases as well as in our own CRC 
samples and HSPA12A overexpression could substantially 

Fig. 4  Effect of rs7093835 on transcriptional activity was mediated 
by GRHL1. A The rs7093835[T] allele resides within a GRHL1-bind-
ing motif. B–E GRHL1 is significantly overexpressed in tumor tis-
sues compared with normal tissues from multiple independent data-
base, including TCGA (B), Hong (GEO: GSE9348) (C), Skrzypczak 
(GSE20916) (D), and our own CRC tissues (E). Data were shown as 
the median (minimum to maximum). All P values were calculated by 
a two-sided Student’s t test in TCGA, Hong, and Skrzypczak tissues, 
whereas they were calculated by a paired two-sided Student’s t test in 
our own CRC tissues. F, G The correlations between GRHL1 expres-
sion with HSPA12A expression were measured in TCGA CRC tissues 
(F) and our own CRC patients (G). All P values and r values were 
calculated by Pearson’s correlation analyses. H Relative expression 
levels of GRHL1 in HCT116 and SW480 cell lines transfected with 
siRNA. Data shown were representative of three independent experi-
ments, each with three technical replicates. Data were presented 
as the mean ± SD and ****P < 0.00005 values were calculated by a 
two-sided Student’s t test. I, J Effect of GRHL1 knockdown on the 
luciferase activity of combined constructs containing rs7093835 in 
HCT116 (I) and SW480 (J) cells. All experiments were performed 
in triplicate and each with three technical replicates. Data were shown 
as the mean ± SD and **P < 0.005 and ****P < 0.00005 were calcu-
lated by a two-sided Student’s t test. (K) ChIP-qPCR results show 
that GRHL1 binds rs7093835[T] allele in allele-specific manner in 
CRC cells carrying different rs7093835 genotypes (HCT116[CT] and 
SW480[CC]). Data were presented as the median (minimum to maxi-
mum) from three repeated experiments, each with three replicates. 
****P < 0.00005 were calculated by a two-sided Student’s t test
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promote CRC cell proliferation. Taken together, these find-
ings provide multiple lines of evidence, supporting that 
HSPA12A might act as a potential oncogene promoting CRC 
progression.

In view of the critical role of HSPA12A in CRC, greater 
efforts are needed to investigate the precise regulatory mech-
anisms of HSPA12A-enhanced tumor activity. Extensive 
research has shown that the allele-specific binding of tran-
scription factor to the regulatory elements such as enhancers 
or promoters is a general model of gene expression modula-
tion (Weintraub et al. 2017). Enhancer–promoter interaction, 
one of major transcriptional regulation mechanisms, has 
been proven to be vital in cancer proliferation and invasion 
(Zhang et al. 2013). In this study, by integrating multiple 
bioinformatical tools and experimental validations, we iden-
tified that SNP rs7093835 could facilitate an enhancer–pro-
moter interaction mediated by GRHL1, which ultimately 
upregulated the HSPA12A expression and thus conferred 
susceptibility to CRC. This finding was also consistent with 
the eQTL results, revealing that HSPA12A expression was 
gradually elevated as the number of risk alleles increased. 
GRHL1 has been recently characterized as an essential pio-
neer transcription factor that could access DNA-binding 
sites within typically inaccessible chromatin to drive the 
direct target gene transcription, which is closely related 
with cell growth and differentiation of tumors (Gasperoni 
et al. 2022; He et al. 2021). Similarly, we found that GRHL1 

was overexpressed in tumors compared with normal tissues 
derived from various databases and predicted to bind to the 
rs7093835. Moreover, the luciferase activity of plasmids 
containing rs7093835[T] allele was significantly reduced 
by the knockdown of GRHL1. The genotype-specific ChIP-
qPCR results also showed that the binding of GRHL1 to the 
region containing rs7093835 is more statistically significant 
in HCT116 cells carrying rs7093835[T] than in SW480 cells 
lacking this allele. Taken together, these results elucidated 
that the risk SNP rs7093835, as an allele-specific enhancer, 
facilitated enhancer–promoter interactions mediated by 
GRHL1 to modulate HSPA12A expression, which provided 
functional evidence to support our population findings.

However, some limitations are still present in our study. 
First, we only chose the candidate genes in GWAS-identi-
fied loci of Asian population, and those genes and genetic 
variants in other genomic regions may also have potential 
effects on CRC susceptibility. Second, non-coding RNAs, 
which have been suggested to play important roles in can-
cers, are not involved in this study and the extensive work 
will be carried out in future. Thirdly, more experiments 
in vitro and in vivo need to be done to clarify the mecha-
nism of the interaction in gene regulation regulated by 
non-coding variants.

In conclusion, by integrating an RNAi-based functional 
interrogation, large-scale epidemiological studies, and mul-
tipronged biological experiments, we demonstrated that 

Fig. 5  Graphical representation of the regulation and function of 
HSPA12A in CRC. Compared with the SNP rs7093835[C] allele, 
the CRC risk SNP rs7093835[T] allele enhances the binding of tran-
scription factor GRHL1 to the promoter of HSPA12A, facilitating an 

enhancer–promoter interaction that upregulates HSPA12A expression. 
Subsequently, the overexpression of HSPA12A promotes CRC cell 
proliferation, thus leads to an increasing risk of CRC 
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HSPA12A might function as an essential oncogene in GWAS 
loci 10q26.12 and further provided a regulatory circuit in 
CRC development by which a functional variant rs7093835 
facilitated enhancer–promoter interaction mediated by 
GRHL1 to promote the expression of HSPA12A, ultimately 
contributing an increased CRC risk. Overall, our findings 
not only deepen the understanding of the genetic suscepti-
bility of CRC, but also shed light on the biological basis for 
cancer etiology.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00204- 023- 03494-4.
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