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Genome-wide enhancer RNA profiling adds ==

molecular links between genetic variation
and human cancers
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Abstract

Background Dysregulation of enhancer transcription occurs in multiple cancers. Enhancer RNAs (eRNAs) are tran-
scribed products from enhancers that play critical roles in transcriptional control. Characterizing the genetic basis
of eRNA expression may elucidate the molecular mechanisms underlying cancers.

Methods Initially, a comprehensive analysis of eRNA quantitative trait loci (¢RNAQTLs) was performed in The Can-
cer Genome Atlas (TCGA), and functional features were characterized using multi-omics data. To establish the first
eRNAQTL profiles for colorectal cancer (CRC) in China, epigenomic data were used to define active enhancers, which
were subsequently integrated with transcription and genotyping data from 154 paired CRC samples. Finally, large-
scale case-control studies (34,585 cases and 69,544 controls) were conducted along with multipronged experiments
to investigate the potential mechanisms by which candidate eRNAQTLs affect CRC risk.

Results A total of 300,112 eRNAQTLs were identified across 30 different cancer types, which exert their influence
on eRNA transcription by modulating chromatin status, binding affinity to transcription factors and RNA-binding
proteins. These eRNAQTLs were found to be significantly enriched in cancer risk loci, explaining a substantial pro-
portion of cancer heritability. Additionally, tumor-specific eRNAQTLs exhibited high responsiveness to the develop-
ment of cancer. Moreover, the target genes of these eRNAs were associated with dysregulated signaling pathways
and immune cell infiltration in cancer, highlighting their potential as therapeutic targets. Furthermore, multiple
ethnic population studies have confirmed that an eRNAQTL rs3094296-T variant decreases the risk of CRC in popula-
tions from China (OR=0.91, 95%Cl 0.88-0.95, P=2.92x 107’) and Europe (OR=0.92, 95%Cl 0.88-0.95, P=4.61x 107°).
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Mechanistically, rs3094296 had an allele-specific effect on the transcription of the eRNA ENSR00000155786, which
functioned as a transcriptional activator promoting the expression of its target gene SENP/. These two genes syner-
gistically suppressed tumor cell proliferation. Our curated list of variants, genes, and drugs has been made available
in CancereRNAQTL (http://canernagtl.whu.edu.cn/#/) to serve as an informative resource for advancing this field.

Conclusion Our findings underscore the significance of eRNAQTLs in transcriptional regulation and disease heritabil-
ity, pinpointing the potential of eRNA-based therapeutic strategies in cancers.

Keywords Enhancer RNA, eRNA quantitative trait loci (¢€RNAQTLs), Genome-wide association study (GWAS),

ENSR00000155786, SENP7

Background

Large-scale genome-wide association studies (GWASs)
have revealed thousands of genetic variants associated
with human cancers, yet the molecular function of these
variants remains an ongoing challenge [1]. The major-
ity of variants from GWASs are located in non-coding
regions, suggesting their potential role as transcriptional
regulators influencing traits [2]. Quantitative trait locus
(QTL) mapping for genetic variants linked to interme-
diate molecular traits, such as expression QTL (eQTL),
could serve as invaluable tools to bridge the gap between
genotypes and human phenotypes [3]. However, eQTL
analysis explains a moderate fraction of GWAS results, so
there is a need to explore genetic mechanisms from dif-
ferent perspectives.

Among the various factors that regulate transcription,
enhancers play a pivotal role in initiating gene expression
[4]. With advancements in global transcription assays, it
has been demonstrated that active enhancers transcribe
non-coding RNAs known as enhancer RNAs (eRNAs)
[5, 6]. Emerging evidence suggests that eRNAs directly
impact enhancers’ functionality rather than being mere
by-products of their activity. These effects include regu-
lating the chromatin accessibility of target promoters and
subsequently recruiting RNA polymerase II [7, 8]. Addi-
tionally, eRNAs participate in the formation of long-range
loops between enhancer and promoter, thereby repro-
gramming transcriptional regulation [9, 10]. Cap analysis
of gene expression sequencing (CAGE-seq), a sensitive
method used to detect eRNAs, has been systematically
conducted by the Functional Annotation of the Mam-
malian Genome (FANTOM) consortium across approxi-
mately 400 human tissues and cell types [11]. However,
limited access to biospecimens and available molecular
assays hamper the application of CAGE-seq at a popula-
tion level, making it challenging to detect low expression
rates of enhancers. Conversely, RNA sequencing (RNA-
seq) data serve as a convenient resource for quantifying
eRNA [12], while large sample sizes aid in identifying
clinically relevant eRNAs and factors governing their
transcription. Therefore, a combination approach utiliz-
ing RNA-seq data to quantify active enhancers defined

by the FANTOM and Encyclopedia of DNA Elements
(ENCODE) has been proposed [13—15], enabling robust
identification of highly expressed enhancers across diverse
biological samples.

Given the fact that multiple enhancers can regulate
the same gene and that eQTLs are depleted near critical
genes with redundant enhancers, QTL analysis of eRNA
expression is likely to provide additional insights into
disease etiology [16]. Global fine-mapping for 21 autoim-
mune diseases revealed that approximately 60% of causal
variants were mapped to enhancers producing eRNAs
upon immune stimulation [17]. Recent research further
demonstrated that a causal variant of lupus regulated the
expression of interferon regulatory factor 8 by modulat-
ing eRNA expression and cell type-specific enhancer-
promoter loop interactions [18]. Additionally, a robust
set of enhancer regions expressing eRNAs in the human
brain showed enrichment for genetic variants associated
with autism spectrum disorders [19]. Despite a recent
study analyzing the association between genetic variants
and eRNA expression in multiple cancers, the character-
istics and contributions of eRNAs to GWAS loci remain
unexplored [20].

To address these gaps, a robust eRNA quantitative
trait locus (eRNAQTL) analysis was performed to iden-
tify genetic variants that regulate eRNA transcription in
30 different types of cancers using data from The Cancer
Genome Atlas (TCGA). Systematic integration of multi-
omics data was employed to unravel the functional features
of these eRNAQTLs and their related eRNAs. Further-
more, the first eRNAQTL map for a Chinese population
with colorectal cancer (CRC) and adjacent normal tissues
was established, elucidating the distinct role of eRNAQTLs
in the genetic architecture underlying CRC. Through
extensive investigations involving multiple ancestral popu-
lations and diverse multipronged experiments, it is aimed
to uncover functional eERNAQTLs that influence CRC risk.
Moreover, our findings will be presented in an easily acces-
sible online database, providing a curated list of variants,
genes, and drugs as a valuable resource for the scientific
community. Overall, our study enhances the understanding
of the molecular mechanisms by which genetic variations
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impact eRNA expression and ultimately contribute to
tumorigenesis.

Methods

Integrative eRNAQTL analyses in 30 human cancers

from TCGA

eRNA expression profiles were obtained from the eRic data-
base (https://hanlab.uth.edu/eRic), which were generated by
mapping RNA-seq reads to eRNA transcription regions and
filtering out eRNAs with average expression values (reads
per million, RPM)< 1. Furthermore, the following criteria
were applied for filtering eRNAs: (1) eRNA region over-
lapped with known coding genes based on annotation from
ENCODE (hgl9); (2) eRNA expressed in less than 50% of
samples. To minimize the effects of outliers on regression
scores, the expression value for each eRNA across all sam-
ples was quantile normalized. Finally, a total of 4403 eRNAs
were included for analysis (Additional file 1: Table S1).

The genotype data were downloaded from the TCGA
database, which includes 898,620 single nucleotide poly-
morphisms (SNPs) detected by Affymetrix SNP Array 6.0.
To increase the statistical power for eRNAQTL discovery,
we conducted pre-phasing and imputation by IMPUTE2
(version 2.3.2, https://mathgen.stats.ox.ac.uk/impute/
impute_v2.html#download) as described in our previous
study [21]. Imputed genotypes underwent filtering based
on the following criteria: (1) imputation confidence
score (INFO)<0.4; (2) minor allele frequency (MAF)<5%;
(3) SNP missing rate >5%; and (4) Hardy-Weinberg equi-
librium P-value<1x107° After imputation and quality
control, an average of approximately 4,438,885 SNPs per
cancer type remained for subsequent analyses.

The genome-wide cis-acting eRNAQTL analyses, which
evaluate the associations between SNPs and normalized
eRNA expression (1 Mb distance to the candidate SNP),
were performed using a linear model implemented in
FastQTL (version 2.0, http://fastqtl.sourceforge.net/). To
account for potential confounding factors, adjustments
were made for population structures, batch effects, and
clinical status (age, sex, and tumor stage). Significance was
defined as false discovery rate (FDR)<0.05 calculated by
Storey’s g-value method. Then, multi-omics data were used
to comprehensively characterize the features of identified
eRNAQTLs and their target eRNAs. Detailed procedures
regarding these analyses are available in Additional file 2:
Materials and Methods.

Identification of genome-wide eRNAQTLs in Chinese CRC
tissues

Study population

Assay for transposase-accessible chromatin with high
throughput sequencing (ATAC-seq) and H3K27ac
chromatin immunoprecipitation sequencing (ChIP-seq)
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were performed on 10 CRC patients, while RNA-seq
was carried out in 154 CRC patients, including both
primary tumor tissues and adjacent normal tis-
sues. All participants were unrelated Han Chinese
individuals who underwent surgical treatment at
Zhongnan Hospital of Wuhan University and Tongji
Hospital of Huazhong University of Science and Tech-
nology (Hubei Province, China), between January
2019 and February 2023. Peripheral blood samples
and demographic characteristics were also collected at
recruitment. Written informed consent for the usage
of samples in the current study was obtained from
all patients before surgery. The collection procedures
of clinical specimens were approved by the hospitals
responsible for sample collection, the Clinical Research
Institution Review Committee and Ethics Review Com-
mittee of Wuhan University (WHU-LFMD-IRB2023003),
as well as the Institutional Review Board of Tongji Medical
College, Huazhong University of Science and Technology
[2019 IEC (S319)].

Annotation of enhancers

Considering that chromatin accessibility and acetyla-
tion of H3K27 are commonly utilized for the identifica-
tion of enhancer elements, as well as being predictive
of the expression of nearby genes and enhancer activity
in plasmid-based reporter assays [22], a combination of
ATAC-seq and H3K27ac ChIP-seq signals was applied
to annotate enhancers. In brief, peaks of ATAC-seq and
H3K27ac ChIP-seq were called using MACS2 (version
2.2.9.1, https://pypi.org/project/ MACS2/). To control for
mappability, only peaks identified in at least two same
kinds of tissues were retained. Subsequently, the overlaps
between ATAC-seq and ChIP-seq datasets were deter-
mined using BEDtools (version 2.18, https://github.com/
arg5x/bedtools2), with significant enhancers defined as
peaks located outside the £2.5 kb flank region of tran-
scriptional start sites.

Quantification of eRNA expression

According to the methodology described in a previ-
ously published study [14], potential eRNA-transcribing
regions were defined as the +3 kb regions around the
middle point of these annotated enhancers. To ensure
quality control, annotation of protein-coding genes from
ENCODE was downloaded, and any eRNA regions that
overlapped with known coding genes (with 1 kb exten-
sion from both the transcriptional start site and tran-
scriptional end site) were also excluded. Then, RNA-seq
data were mapped to these eRNA regions and eRNA
expression levels were normalized by reads per kilobase
per million mapped reads (RPKM) for each eRNA in each
sample. Those eRNAs expressed in more than 50% of
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samples with an average expression value (RPKM)>0.5
were defined as detectable eRNAs. The quality control
and covariate adjustment pipeline used for mapping
eRNAQTL in Chinese CRC followed a similar approach
to that employed in TCGA.

Study populations in three-stage GWASs

The multi-ethnic and multi-stage case-control studies
consist of the initial genome-wide discovery stage, fol-
lowed by two replication stages. After quality control
filtering, 34,585 CRC cases and 69,544 healthy controls
were included in the consortium. Detailed descriptions
of the participating studies and demographic character-
istics of the study subjects can be found in Additional
file 1: Table S2 and Additional file 2: Materials and Meth-
ods. Briefly, the consortium included 27,515 Chinese
participants and 76,614 European participants. The Chi-
nese participants in the discovery stage were recruited
from Beijing (Beijing-1, n=2289) and Wuhan (Wuhan-1,
n=9180), while the replication I phase involved partici-
pants from Beijing (Beijing-2, n=3046), and replication
II phase involved participants from Wuhan (Wuhan-2,
n=13,000). As for European participants in the discovery
stage, they were sourced from the Genetics and Epidemi-
ology of Colorectal Cancer Consortium [23] (GECCO,
n=137,740), whereas replication I and II phases included
individuals Prostate, Lung, Colorectal, and Ovarian
(PLCO) Cancer Screening Trial [24] (n=7398) and the
UK Biobank [25] (UKB, n=31,476). A summary of par-
ticipating studies along with workflow details is provided
in Additional file 2: Fig. S1. The study was approved by
the Clinical Research Institution Review Committee
and Ethics Review Committee of Wuhan University, the
Institutional Review Board of Tongji Medical College,
Huazhong University of Science and Technology, and
the ethics committees of the hospitals involved. Written
informed consent was obtained from all included partici-
pants during recruitment. Genotyping, quality-control
procedures, imputation, and statistical analysis meth-
ods employed by these individual studies are described
comprehensively in the Additional file 2: Materials and
Methods.

Celllines and culture

The normal human intestinal epithelial cells HIEC-6 and
CRC cell lines HCT116, HT15, and SW480 were obtained
from the China Center for Type Culture Collection
(Wuhan, China) in September 2021. They were cultured
in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% fetal bovine serum (Gibco, USA) and 1% anti-
biotics (100 U/ml penicillin and 0.1 mg/ml streptomy-
cin) at 37 °C in a humidified atmosphere containing 5%
CO,. All cell lines used in this study were authenticated
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through short tandem repeat profiling (Applied Biosys-
tems, USA), and they were tested to ensure the absence
of mycoplasma contamination (MycoAlert, USA).

Construction of plasmids and transfection

A total of 1000-bp DNA fragments containing SNP
rs3094296-T or rs3094396-C allele were commercially
synthesized and subcloned into the pGL3-promoter
vector (Promega, USA) by Genewiz Biological Technol-
ogy (Suzhou, China). Transfection of plasmids into the
cells was carried out using Lipofectamine 3000 (Invitro-
gen, USA) according to the manufacturer’s protocol at a
final DNA content of 100 ng per well in 96 well plates.
For RNA interference, siRNA oligonucleotides target-
ing homeobox A5 (HOXAS5), sentrin-specific protease 7
(SENP?7), SENP7-associated eRNA ENSR00000155786,
and non-targeting siRNA control were purchased from
Tsingke (Beijing, China) and transfected using Lipo-
fectamine RNAIMAX (Invitrogen, USA). The sequences
of siRNA are provided in Additional file 1: Table S3 and
the knockdown effect was determined by quantitative
reverse transcription PCR (qRT-PCR).

Dual-luciferase reporter assay

Constructed luciferase vectors containing either the
rs3094296-T or rs3094396-C allele and the pRL-SV40
Renilla luciferase plasmid (Promega, USA) were co-
transfected into cells. The Dual-Luciferase Reporter Kit
(Promega, USA) was utilized to perform the luciferase
reporter assay according to the manufacturer’s recom-
mendations. The luciferase activity was normalized by
the luminescence value of Renilla luciferase relative to
that of firefly luciferase.

Chromatin isolation by RNA purification (ChIRP) assay

The ChIRP probe designer from online biosearch tech-
nologies was used to design antisense oligo probes spe-
cifically targeting eRNA ENSR00000155786 (“odd” and
“even”), with LacZ RNA probes serving as control. The
probe oligos were synthesized with a 3’-Biotin-TEG
modification and purified. ChIRP assays were performed
using the BersinBio " chromatin isolation by RNA purifi-
cation Kit (Cat# Bes5104-1, BersinBio, China), following
the manufacturer’s instructions. qPCR was conducted
with retrieved DNA using the primers to check the
enrichment of eRNA at specific genomic loci. The
sequences of all ChIRP probes and ChIRP-PCR primers
are listed in Additional file 1: Table S3.

qRT-PCR
RNA was extracted from cells or tissues using TRI-
zol reagent (Thermo Fisher Scientific, USA). Subse-
quently, reverse transcription was performed using the
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SuperScript® III First-Strand Synthesis System (Invitro-
gen, USA) with HiScript® II Q Select RT SuperMix for
qPCR (Vazyme, China). qRT-PCR analysis was conducted
on QuantStudio 5 qPCR systems (Applied Biosystems,
Thermo Fisher, USA) utilizing ChamQ SYBR qPCR Mas-
ter Mix (Vazyme, China). The expression levels of the tar-
get gene were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). All specific primers used in
qPCR are listed in Additional file 1: Table S3. The P-values
were calculated by a two-sided Student’s ¢-test.

Western blotting assay

After 48 h of transfection, total protein was extracted
from cells using radioimmunoprecipitation assay buffer
(Beyotime, China) supplemented with protease inhibi-
tors phenylmethanesulfonyl fluoride (Beyotime, China),
cocktail (Sigma, USA), and PhosSTOP (Sigma, USA). Pro-
tein quantification was performed using a BCA reaction
(Beyotime, China) and denatured at 99 °C for 5 min. An
equal amount of protein was separated by electrophoresis
on 10% SDS-PAGE gels and then transferred to 0.45 mm
polyvinylidene difluoride membranes (Millipore, USA).
The protein samples were incubated overnight at 4 °C
with antibodies against SENP7 (1:1000, Cat# ER64927,
HUABIO, China) and GAPDH (1:1000, Cat# ET1601-4,
HUABIO, China). HRP-conjugated anti-rabbit IgG anti-
body (1:5000, Cat# SA00001-2, Proteintech, China) and
HRP-conjugated anti-goat IgG antibody (1:5000, Cat#
SA00001-4, Proteintech, China) was used as the second-
ary antibodies. Chemiluminescence signal detection was
achieved using SuperSignal West Pico PLUS Chemilu-
minescent Substrate (Thermo Fisher Scientific, USA) by
Image Lab software (version 6.1).

Cell proliferation assay

Cells were seeded and transfected with siRNA in 24-well
plates at a density of 5x 10* cells per well. After 36 h, cells
were trypsinized and plated at a density of 2500 cells
with a volume of 100 pl cell suspension in flat-bottomed
96-well plates. Following a specific incubation period,
cell viability was measured using CCK-8 assays (Dojindo,
Japan) according to the manufacturer’s suggestion.

Statistical analysis

Differences in demographic characteristics between cases
and controls were evaluated by Student’s ¢-test or Pear-
son x> test. For the association analysis, unconditional
multivariable logistic regression analyses were adopted
to estimate odds ratios (ORs) and 95% confidence inter-
vals (CIs) for the relationship between SNPs and CRC
risk while adjusting for gender, age, drinking, and smok-
ing status. Multiple genetic models including allelic,
recessive, and additive genetic models were applied to
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assess the risk of eRNAQTLs in CRC, respectively. For
functional assays, data were expressed as mean+SEM
or mean + SD. Statistical analyses were performed using
two-sided independent Student’s ¢-test, paired two-sided
Student’s ¢-test, and Spearman’s correlation analysis. All
statistical analyses were performed by R (4.0.3) or PLINK
(1.9) software. The threshold for statistical significance
was P<0.05.

Results

Systematic landscape of eRNAQTLs across 30 cancer types
eRNAQTL analyses were initially performed based on
the genotypes of germline variants, eRNA expression,
and clinical parameters (age, sex, and tumor stage) of
8757 individuals across 30 cancer types (Fig. la; Addi-
tional file 2: Fig. S2). A total of 300,112 eRNAQTLs
(FDR<0.05) were identified, with a median of 10,004
eRNAQTLs per cancer type, ranging from 7 in cholan-
giocarcinoma (CHOL) to as many as 36,050 in thyroid
carcinoma (THCA). Moreover, 802 survival-associated
eRNAQTLs and 84,431 GWAS-associated eRNAQTLs
were obtained (Additional file 1: Table S4). More
eRNAQTLs were detected as sample sizes and the num-
ber of eRNA increases (Fig. 1b), implying that additional
RNA-seq datasets and enhancer annotations may reveal
more eRNAQTLs in the future.

The features of the identified eRNAQTLs were char-
acterized by generating a set of matched control SNPs
for comparison. According to the definition in SnpEff
(version 5.0, https://pcingola.github.io/SnpEft/) [26],
the position distributions of eRNAQTLs and non-
eRNAQTLs were classified into 11 functional catego-
ries, including 3’ untranslated region (UTR), 5 UTR,
transcription factor (TF) binding site region, gene
downstream region, gene upstream region, splice
region, frameshift region, sequence feature region,
non-coding exon region, intronic region and intergenic
region (Additional file 2: Fig. S3a). Compared with con-
trol SNPs, eRNAQTLs exhibited significant enrichment
in gene upstream and downstream regions, while being
depleted in intergenic and intronic regions (Fig. 1lc).
Consistently, these eRNAQTLs were found to cluster
within a proximity of 10 kb of H3K4mel (enhancer
marker) peaks center (Additional file 2: Fig. S3b). These
results indicate that the identified eRNAQTLs are
highly enriched in enhancer-related features.

eRNAQTLs are enriched in genetic regulatory elements

Recently conducted studies have revealed that the ini-
tiation of eRNA transcription is regulated by chroma-
tin accessibility and TFs [27, 28]. Therefore, we aimed
to explore whether these eRNAQTLs could modulate
eRNA expression by exerting control over epigenetic
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Fig. 1 Systematic identification and functional characterization of eRNAQTLs across 30 human cancers. a Overview of eRNAQTL mapping in TCGA
30 cancer types. Firstly, RNA-seq reads mapped to enhancer regions and imputed genotypes from 8757 tumor samples were included to identify
eRNAQTLs using the FastQTL algorithm. Subsequently, features of eRNAQTLs were characterized based on genomic distribution, functional
annotation, and GWAS enrichment. Moreover, pathway analysis, mutation landscape, immune infiltration, and drug response were integrated

to analyze the functions of target eRNAs in tumorigenesis and clinical application. Finally, to facilitate the exploration of eRNAQTLs by the wider
research community, a database CancereRNAQTL was constructed, which includes three basic modules and extended modules. b Correlation
between sample size, eRNA number after quality control, and identified eRNAQTLs number across multiple cancer types. ¢ Enrichment of eRNAQTLs
in different categories of genomic locations compared with control SNPs. Control SNPs are selected based on the matching number of variants

in LD, MAF, and variant type. P-values were calculated by two-tailed Fisher’s exact test with Bonferroni correction according to the number

of genomic regions analyzed. The color indicates log, transformed OR, with red indicating OR> 1 and blue indicating OR< 1. d Bubble plot

shows the enrichment of eRNAQTLs vs. random control SNPs in regulatory elements. The circle color represents log, OR; the circle size represents
the Bonferroni-corrected P-value considering the number of regulatory elements tested (7 elements). @ Heatmap displays the enrichment

of eRNAQTLs among variants within each TF binding site using ChiP-seq data from ENCODE, only the top significant TF in each cancer type

was chosen for representation. P-values were calculated by two-tailed Fisher’s exact test with Bonferroni correction of the total number of TFs (that
is 801). ‘Bonferroni-corrected P<0.05 and ~ Bonferroni-corrected P< 0.01. The color indicates log, OR, with red indicating OR > 1 and blue indicating
OR< 1. f Enrichment of eRNAQTLs in individual RBPs using enhanced cross-linking immunoprecipitation sequencing (eCLIP-seq) data from ENCODE.
P-values and log, OR were calculated by two-tailed Fisher’s exact test after Bonferroni corrected the number of RBPs subjected to analyses (150
RBPs in total). g Enrichment of cancer-related GWAS signals by mapping eRNAQTLs to tag SNPs and their extended LD block. Results are calculated
by two-tailed Fisher's exact test with P-values corrected by the number of diseases tested. Error bars represent the 95% confidence intervals (Cls).

h LD score regression partitioned heritability analysis for eQTLs and eRNAQTLs with varying FDR thresholds of 5%, 10%, 20%, and 50%. Error bars
represent standard errors. 'P<0.05, "P<0.01. TCGA The Cancer Genome Atlas, SNP single nucleotide polymorphism, LD linkage disequilibrium, MAF
minor allele frequency, OR odds ratio, TF transcription factor, RBPs RNA binding proteins, ACC adrenocortical carcinoma, BLCA bladder urothelial
carcinoma, BRCA breast invasive carcinoma, CESC cervical squamous cell carcinoma and endocervical adenocarcinoma, CHOL cholangiocarcinoma,
CRC colon and rectum adenocarcinoma, DLBC lymphoid neoplasm diffuses large B-cell ymphoma, GBM glioblastoma multiforme, HNSC

head and neck squamous cell carcinoma, KICH kidney chromophobe, KIRC kidney renal clear cell carcinoma, KIRP kidney renal papillary cell
carcinoma, LGG lower grade glioma, LIHC liver hepatocellular carcinoma, LUAD lung adenocarcinoma, LUSC lung squamous cell carcinoma, MESO
mesothelioma, OV ovarian serous cystadenocarcinoma, PAAD pancreatic adenocarcinoma, PCPG pheochromocytoma and paraganglioma, PRAD

prostate adenocarcinoma, SARC sarcoma, SKCM skin cutaneous melanoma, STAD stomach adenocarcinoma, TGCT testicular germ cell tumors,
THCA thyroid carcinoma, THYM thymoma, UCEC uterine corpus endometrial carcinoma, UCS uterine carcinosarcoma, UVM uveal melanoma,
eRNAQTLs eRNA gquantitative trait loci, RNA-seq RNA sequencing, ChIP-seq chromatin immunoprecipitation sequencing, ENCODE Encyclopedia
of DNA Elements, GWAS genome-wide association study, eQTL expression quantitative trait locus, FDR false discovery rate

mechanisms. Using data from the ENCODE project, it was
observed significant enrichment of eRNAQTLs in histone
markers associated with enhancers (H3K4mel, H3K27ac)
and active transcription (H3K4me2, H3K79me2, H3K%ac
and DNase I hypersensitive sites), while there was a notable
depletion in repressive transcription (H3K27me3; Fig. 1d;
Additional file 1: Table S5). Further functional enrichment
analysis of 801 transcriptional factor binding sites (TFBSs)
identified 425 TFs that preferentially bound to regions sur-
rounding eRNAQTLs (Fig. le; Additional file 1: Table S6).
Notably, the CCCTC-binding factor (CTCF), a DNA bind-
ing factor involved in regulating 3D genome organization
and transcriptional regulation, showed extensive enrich-
ment [29]. Motif analysis also indicated the presence of
CTCF within the region surrounding the eRNAQTL
rs6481590-C allele in three cell lines (Additional file 2:
Fig. S3c), indicating that different affinity for TFBSs may
impact eRNA transcription. Additionally, among the tested
set of 150 RNA binding proteins (RBPs), it was found that
73 RBPs exhibited significant enrichment (Fig. 1f; Addi-
tional file 1: Table S7), suggesting their potential roles in
regulating eRNA transcription. These findings provide
further insights into how epigenomic features contribute
to the regulation of eRNA expression.

eRNAQTLs provide an additional layer to functionally
characterize cancer susceptibility

Emerging studies have demonstrated that the heritabil-
ity of complex disease is disproportionately enriched in
functional categories, particularly enhancers. To inves-
tigate whether our discovered eRNAQTLs can provide
insight into the mechanisms underlying currently unex-
plained genome-wide associations, all cancer-related SNPs
were first compiled from the GWAS catalog [30]. Subse-
quently, enrichment analyses were performed in the link-
age disequilibrium (LD, r*>0.2) regions associated with
these SNPs. Remarkably, compared to control SNPs, these
eRNAQTLs were enriched in GWAS loci across 21 different
types of cancer (Fig. 1g).

Considering that eQTLs only explained a moderate
fraction of GWAS signals [2, 3] and that eRNA signals
may better explain quantitative traits because of tissue
or cell-type specificity of enhancers, we further evalu-
ated whether eRNAQTLs could serve as a supplement
to disease heritability estimation. Partitioned herit-
ability estimation based on LD score regression showed
that eRNAQTLs accounted for approximately 2 to 5%
of the overall heritability in CRC, which was compara-
ble to that explained by eQTLs. Interestingly, for bladder
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urothelial carcinoma (BLCA) and prostate adenocarci-
noma (PRAD), eRNAQTLs contributed more signifi-
cantly to heritability than their corresponding eQTLs.
However, eRNAQTLs (2.2%, FDR<0.05) contributed
less to heritability than eQTLs (5.4%, FDR <0.05; Fig. 1h)
in thyroid carcinoma (THCA). These findings suggest
that exploring molecular mechanisms through studying
eRNAQTLs might provide additional insights into disease
vulnerability.

eRNAs facilitate the elucidating of the biological process

of cancers

To further elucidate the functional roles of eRNAs regu-
lated by eRNAQTLs (eRNAQTL-eRNAs) in human
cancers, we initially examined their expression patterns.
Interestingly, a total of 982 (40.98%, n=2396) eRNAs
were expressed exclusively in one cancer type, with
testicular germ cell tumors (TGCT) having the highest
proportion of cancer-type-specific eRNAs. It was noted
that 1117 (46.62%, n=2396) eRNAs showed interme-
diate specificity and were expressed in 2-9 different
cancer types, while 297 (12.40%, n=2396) eRNAs were
ubiquitously expressed across >10 cancer types (Fig. 2a;
Additional file 1: Table S8). These results highlight the
lineage-specific generation of eRNAs in distinct cancer
types, which may offer valuable insights into their physiologi-
cal function.

Based on the current understanding that enhanc-
ers must ultimately converge on their target genes, it
is crucial to establish a link between eRNAs and their
downstream genes to dissect eRNA function [31]. The
prediction of target genes for eRNAs was achieved by
integrating physical distance (<1 Mb) and co-expression
analyses (the absolute value of partial correlation coef-
ficient >0.3 and FDR<0.05). This resulted in a total of
14,670 interactions involving 6551 putative target genes
and 2132 eRNAs (Additional file 1: Table S9). Further-
more, Gene Ontology (GO) [32] and Kyoto Encyclopedia
of Genes and Genomes (KEGG) [33] pathway analyses
revealed that these target genes were predominantly
associated with transcriptional regulation and cancer
immune-related pathways (Additional file 2: Fig. S4). To
investigate the specific pathways in which these target
genes are involved, 50 hallmark gene sets and 17 immu-
nologically relevant gene sets were collected to conduct
gene set enrichment analysis (GSEA) [34]. In samples
from more than 20 cancer types, the genes regulated
by eRNAs were found to be involved in canonical can-
cer pathways, including MYC, KRAS proto-oncogene
(KRAS), and DNA repair pathways (Fig. 2b). Moreover,
an average of 27.49% of these genes showed activity in the
cytokine receptor pathway, which is regarded as a poten-
tial target for immunotherapy treatment (Fig. 2c). These

Page 8 of 24

results demonstrate that eRNAs play an extensive role in
the regulation of oncogenes as well as cellular responses
to external signals like hypoxia or inflammation.

Given that immune responses to cancer are represented
by diverse immune/inflammatory cell infiltrates, evaluat-
ing the factors influencing these immune infiltrates may
provide novel insight into the development of cancers. We
subsequently estimated the abundance of tumor-infiltrat-
ing immune cells using the Tumor Immune Estimation
Resource (TIMER) [35], and identified 6 distinct subsets.
Correlation analyses unveiled a median of 100 eRNA reg-
ulators associated with immune infiltration in each type
of cancer (Fig. 2d; Additional file 1: Table S10), provid-
ing a valuable resource for determining the underlying
mechanisms of the immune regulation of cancer. Overall,
the identification of the targets of eRNAs enhances our
comprehension of their functions and sheds light on how
enhancer activation contributes to tumor progression.

The potential clinical relevance of eRNAs

The uncontrolled proliferation of cells and the promotion
of tumor-related inflammation are two hallmarks of can-
cer that facilitate the acquisition of genomic alterations
by cancer cells, leading to genome instability [36]. There-
fore, we explored the attributes of eRNA target genes in
relation to cancer genomic events and found that these
genes, such as dedicator of cytokinesis 8 (DOCKS8) and
excision repair 6 (ERCC6), exhibit a high burden of muta-
tions and amplifications or deletions change (Fig. 2e;
Additional file 2: Fig. S5). These increased frequencies
of alterations indicate that eRNA target genes tend to
encompass regions with driver events, suggesting their
potential as viable therapeutic targets [37].

Considering the significance of enhancers in therapy-
resistant cancers and the functional role of eRNAs as
units of enhancer activity, we investigated the impacts
of eRNAQTL-eRNAs on drug responses in cancers. A
total of 194,660 eRNA-drug pairs were identified from
the Genomics of Drug Sensitivity in Cancer (GDSC)
database [38], and these drugs were further classified
according to their pharmaceutical targets (Additional
file 1: Table S11). Interestingly, it was found that drugs
targeting phosphoinositide 3-kinase/mammalian target
of rapamycin (PI3K/mTOR) signaling were broadly asso-
ciated with multiple eRNAQTL-eRNAs across different
cancer types (Fig. 2f; Additional file 2: Fig. S6). These
findings are consistent with previous studies demonstrat-
ing that the hyperactivation of PI3K/mTOR signaling
contributes to cancer metastasis and chemoresistance by
regulating the cell cycle and proliferation [39, 40]. Addi-
tionally, the clinical relevance of eRNAQTL-eRNAs was
evaluated and 250 eRNAs associated with patients’ sur-
vival were identified; however, most of them were specific
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Fig. 2 (Seelegend on next page.)



Cai et al. Military Medical Research (2024) 11:36

(See figure on previous page.)

Page 10 of 24

Fig. 2 eRNAQTL-eRNAs play significant roles in tumorigenesis and clinical utility. a Expression profile of eRNAQTL-eRNAs in human cancers. Blue,
red, and green bars denote cancer type-specific, intermediately specific, and ubiquitous eRNAs, respectively. Pie charts reflect the percentage

of eRNAQTL-eRNAs in each category. b Enrichment analysis of the number of eRNAQTL-eRNAs in 50 hallmark gene sets by GSEA based on the rank
score of each eRNA and gene. ¢ Scatter pie plot of the proportion of eRNAQTL-eRNAs enriched in 17 immune-related pathways based on GSEA.

d The number of eRNAQTL-eRNAs associated with immune cell infiltration estimated by TIMER in each cancer type (top Y-axis). The bottom

Y-axis shows the proportion of these immune-related eRNAQTL-eRNAs. e Mutation landscape for target genes of eRNAQTL-eRNAs among 2243
TCGA samples. The top panel shows individual tumor mutation rates while the middle panel details cancer types for each patient. The bottom
panel shows genes with relatively high mutation frequency in multiple cancer types. Mutation types are indicated in the legend at the bottom.

f Proportion of eRNAQTL-eRNAs associated with drug response from GDSC dataset among different cancer signaling pathways. g Number

of prognostic eRNAQTL-eRNAs in different cancer types. eRNAQTL eRNA quantitative trait locus, GSEA gene set enrichment analysis, TIMER Tumor
Immune Estimation Resource, GDSC Genomics of Drug Sensitivity in Cancer, ACC adrenocortical carcinoma, BLCA bladder urothelial carcinoma,
BRCA breast invasive carcinoma, CESC cervical squamous cell carcinoma and endocervical adenocarcinoma, CHOL cholangiocarcinoma, CRC colon
and rectum adenocarcinoma, DLBC lymphoid neoplasm diffuses large B-cell lymphoma, GBM glioblastoma multiforme, HNSC head and neck
squamous cell carcinoma, KICH kidney chromophobe, KIRC kidney renal clear cell carcinoma, KIRP kidney renal papillary cell carcinoma, LGG

lower grade glioma, LIHC liver hepatocellular carcinoma, LUAD lung adenocarcinoma, LUSC lung squamous cell carcinoma, MESO mesothelioma,
OV ovarian serous cystadenocarcinoma, PAAD pancreatic adenocarcinoma, PCPG pheochromocytoma and paraganglioma, PRAD prostate
adenocarcinoma, SARC sarcoma, SKCM skin cutaneous melanoma, STAD stomach adenocarcinoma, TGCT testicular germ cell tumors, THCA
thyroid carcinoma, THYM thymoma, UCEC uterine corpus endometrial carcinoma, UCS uterine carcinosarcoma, UVM uveal melanoma, WNT
wingless-related integration site, RTK receptor tyrosine kinase, PI3K/mTOR phosphoinositide 3-kinase/mammalian target of rapamycin pathway, JNK
and p38 Jun N-terminal kinase and p38 mitogen-activated protein kinase, IGF1R insulin-like growth factor 1 receptor, MAPK/ERK mitogen-activated
protein kinase/extracellular signal-regulated kinase, EGFR epidermal growth factor receptor, ABL abelson

to individual cancer types, indicating a caner-specific
pattern (Fig. 2g; Additional file 1: Table S12). Collectively,
our findings provide compelling evidence supporting
the clinical utility of eRNAs as effective biomarkers and
potential therapeutic targets.

Profiling eRNAQTLs in Chinese CRC patients

Since eRNAQTLs make a significant contribution to
CRC heritability, and the characteristics of eERNAQTLs in
Chinese CRC remain largely unexplored, we conducted
multi-omics analyses including ATAC-seq, H3K27ac
ChIP-seq, RNA-seq, and genotyping with high quality in
Chinese population with CRC (Fig. 3a; Additional file 2:
Figs. S7, S8). In total, there were an average of 150,889
ATAC-seq peaks and 64,316 H3K27ac ChIP-seq peaks
identified in 10 primary tumor tissues, as well as an aver-
age of 116,753 ATAC-seq peaks and 48,233 H3K27ac
ChIP-seq peaks identified in their corresponding adja-
cent tissues (Fig. 3b). By computationally integrating the
data from ATAC-seq and H3K27ac ChIP-seq for these
tissue pairs (primary tumor vs. adjacent), an average of
35,340 enhancers in tumor tissues and 27,798 enhancers
in paired normal tissues were identified (Fig. 3b; Addi-
tional file 1: Tables S13, S14). To obtain the transcrip-
tional data for these identified enhancers, the RNA-seq
reads from 154 CRC tumor/adjacent normal samples
were further overlapped with the enhancer regions, and
excluded the regions that corresponded to known cod-
ing genes. Afterward, eRNAs with relatively high expres-
sion levels (RPKM > 0.5 and expressed in more than 50%
of samples) were considered detectable eRNAs, resulting
in 943 eRNAs being identified in tumor tissues and 814

identified in adjacent normal tissues (Fig. 3¢; Additional
file 1: Tables S15, S16).

We then established the first genome-wide eRNAQTL
map across 154 pairs of CRC and adjacent normal tissues
to reveal the important biological function of eRNAQTLs
in the Chinese population. By leveraging genotype of
germline variants and eRNA expression profiles, a total
of 25,983 eRNAQTLs for the tumor-derived tissues and
34,737 eRNAQTLs for the adjacent normal tissues were
identified (Fig. 3c; Additional file 1: Tables S17, S18).
Consistent with results from the pan-cancer profiles, the
eRNAQTLs in our tumor tissues were predominantly
localized to enhancer-related functional regions (Fig. 3d, e).
There was a significant enrichment of eRNAQTLs in
genomic regions bound by modified histones associ-
ated with active chromatin marks such as H3K79me2
(OR=1.99, 95%CI 1.87-2.11, P=5.67x10"""?), H3K9ac
(OR=1.66, 95%CI 1.56-1.77, P=237x10"") and
H3K4me2 (OR=1.48, 95%CI 1.40-1.56, P=6.99x10™*).
Moreover, a significant enrichment of eRNAQTLs was
observed for 455 TFs (801 TFs in total, Fig. 3f) and 84
RBPs (150 RBPs in total, Fig. 3g). Interestingly, the promi-
nent enrichment in TFBS was observed for C-terminal
binding protein 1 (CTBP1), nuclear receptor subfamily 2
group C member 2 (NR2C2) and activating transcription
factor 1 (ATF1), which are key drivers in CRC (Fig. 3f).
To elucidate the molecular functions of eRNAs in can-
cer development, expression data for eERNAs and mRNAs
from 154 CRC tissues were integrated, and co-expression
analyses were performed to identify candidate target
genes of the eRNAs. Furthermore, pathway enrichment
analysis revealed that the genes regulated by eRNAs were
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Fig. 3 Validation of eRNAQTL profiles in Chinese colorectal cancer (CRC) samples. a Flowchart of enhancer identification and eRNAQTLs mapping
in our CRC discovery set. ATAC-seq and H3K27ac ChlIP-seq signals of 10 pairs of CRC tumor and adjacent normal tissues were integrated to identify
active enhancer elements. Then, RNA-seq data of 154 pairs of tumor and normal tissues were mapped to these enhancer regions for quantifying
eRNA transcription. By combining genotype data, the first Chinese eRNAQTL profiles were established in CRC. b The number of ATAC-seq peaks,
H3K27ac ChIP-seq peaks, and active enhancers in 10 pairs of tumor and adjacent normal tissues. ¢ Venn diagram showing the number of eRNAs
(top) and eRNAQTLs (bottom) identified in 154 pairs of normal and tumor tissues. d Enrichment analysis of tumor eRNAQTL SNPs in different
genomic categories. P-values were calculated by a two-tailed Fisher's exact test. Bars indicate 95%Cl. e Enrichment analysis of tumor eRNAQTLs
among variants within regulatory elements. P-values were calculated by a two-tailed Fisher’s exact test. Bars indicate 95%Cl. f Plots of -log,, P-value
(X-axis) and -log, OR (Y-axis) were obtained from enrichment analysis of tumor eRNAQTLs among variants within TF binding sites. The
red dashed line indicates P=0.05/801 (6.24 x 10~°) (Bonferroni-corrected P-value threshold, binding sites for a total of 801 TFs were tested).

g Enrichment of eRNAQTL SNPs at RBP binding sites by two-tailed Fisher’s exact test. The red dashed line indicates the Bonferroni-corrected P-value
threshold according to the number of RBPs tested (150 RBPs). h KEGG pathway analysis for target genes of eRNAQTL-eRNAs in CRC. The circle size
represents the number of genes enriched in each pathway, and the color indicates the -log,, P-value of enrichment. i Number of eRNAQTL-eRNAs
associated with immune cell fractions, calculated by partial correlation coefficient with tumor purity adjusted. j Circle plot summarized the number
of eRNAQTL-eRNAs associated with pharmaceutical targets in different categories. The count numbers are displayed with different colors

by the cancer signaling pathway. ATAC-seq assay for transposase-accessible chromatin with high throughput sequencing, ChIP-seq chromatin
immunoprecipitation sequencing, Cl confidence interval, RBP RNA binding protein, KEGG Kyoto Encyclopedia of Genes and Genomes, OR odds
ratio, CRC colorectal cancer, SNP single nucleotide polymorphism, eRNAQTL eRNA quantitative trait locus, MAPK/ERK mitogen-activated protein
kinase/extracellular signal-regulated kinase, EGFR epidermal growth factor receptor, RTK receptor tyrosine kinase, PI3K/mTOR phosphoinositide
3-kinase/mammalian target of rapamycin pathway, CAMP cathelicidin antimicrobial peptide, ABC transporters ATP-binding cassette transporters,
AMPK adenosine 5-monophosphate (AMP)-activated protein kinase, mTOR mammialian target of rapamycin

implicated in canonical cancer pathways, including endo-
cytosis, axon guidance, and cathelicidin antimicrobial
peptide (cCAMP), indicating a tendency toward oncogene
regulation (Fig. 3h; Additional file 2: Fig. S9). Additionally,
it was discovered that 267 eRNAQTL-eRNAs (353 eRNAs
in total) were related to substantial immune cell infiltra-
tion, with myeloid dendritic cells, macrophages, CD8* T
cells and CD4™" T cells processing the highest number of
eRNAs (Fig. 3i). A total of 7087 eRNA-drug pairs were
identified using the GDSC drug dataset, with drugs tar-
geting the PI3K/mTOR signaling pathway ranking high-
est. Among them, 158 eRNAQTL-eRNAs were linked to
AZDB8055, an inhibitor targeting the PI3BK/mTOR sign-
aling pathway (Fig. 3j). Our assessment of these eRNAs
regarding immune cell infiltration and pharmaceutical
targets reasserted their potential in clinical utility. These
findings were subsequently replicated in CRC patients
from TCGA (Additional file 2: Figs. S10, S11).

Comparison of eRNAQTLs in CRC tissues

and adjacent normal tissues from Chinese CRC patients
Many associations between genetic variants and tran-
scription do not occur at steady state but in specific
contexts, which may be partially facilitated by func-
tional elements acting in a state-dependent mode, such
as modified histones and TFs [41, 42]. Thus, the identi-
fication of tumor-specific variants through comparative
QTL analysis in both the tumor and the normal state
is an important addition to deciphering the biological
mechanisms underlying cancer development. Here, the
eRNAQTLs identified in our CRC tissues were com-
pared with adjacent normal tissues. It was found that

57.3% of the tumor eRNAQTLs and 68.1% of normal
eRNAQTLs appeared to be tissue-specific, while there
were 11,095 shared eRNAQTLs (Fig. 3c; Additional file 1:
Table S19). Analyses of the effect sizes of eRNAQTLs
showed that the direction of shared eRNAQTL effects
remained conserved after tumorigenesis (Fig. 4a). More-
over, similar patterns were observed for the functional
distribution of state-specific and shared eRNAQTLs
(Fig. 4b). To elucidate whether different regulatory ele-
ments drive the differences between tumor-specific and
shared eRNAQTLs, the enrichment in regions bound
by TFs was examined (Fig. 4c). It was observed that
17 TFs were strongly enriched in the tumor-specific
eRNAQTLs, all of which were also significantly upregu-
lated in CRC (Fig. 4d), including canonical cancer-asso-
ciated TFs such as bromodomain containing 9 (BRD9),
cAMP responsive element binding protein 1 (CREB1)
and CCAAT enhancer binding protein beta (CEBPB).
Correspondingly, there was a significant positive cor-
relation between the ratio of tumor-specific eRNAQTL
enrichment to shared eRNAQTL enrichment and fold
change (FC) in the expression of the corresponding TFs
(r=0.634, P=0.0005; Fig. 4e), indicating that regula-
tory switches might explain some of the tumor-specific
eRNAQTL effects. The tumor-specific eRNAQTLs had
stronger enrichment in active histone modification
(Fig. 4f). Furthermore, the Manhattan plots revealed dis-
tinct distribution patterns for three types of eRNAQTLs,
with prominent loci located on different chromosomes,
prompting further investigation into their various func-
tions in CRC (Fig. 4g). The highest levels of enrichment
for low GWAS P-values were found in tumor-specific
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Fig.4 Comparison between eRNAQTLs in normal and tumor-derived colorectal tissues. a Effect sizes of eRNAQTLs identified in normal samples

vs. tumor samples. b The stacked bar charts indicate the percentage of 10 functional categories for each type of eRNAQTLs. € The enrichment

of tumor-specific eRNAQTLs and shared eRNAQTLs in TF binding sites. The bar plot is ordered by the tumor-specific enrichment. The null (frequency
and variant type matched) is represented as the black horizontal line. d The ratio of the tumor-specific enrichment to the shared enrichment (in

log scale) for significantly differentially expressed transcription factors (TFs) are shown as blue bars. The red line depicts the differential expression
fold change of the TFs. e Correlation between the enrichment in TF binding sites and fold change (FC) of differentially expressed TFs. f Enrichment
analysis of eRNAQTLs among variants within 4 epigenomic marks, including H3K4me1, H3K4me2, H3K27ac, and DNase | hypersensitive sites.
P-values were calculated by a two-tailed Fisher's exact test. g Manhattan plot of -log,, P-value from the results of three types of eRNAQTLs in our
CRC samples (normal-specific eRNAQTLs, shared eRNAQTLs, and tumor-specific eRNAQTLs). The eRNAQTL P-values (-log,) of the SNPs (Y-axis)

are presented according to their chromosomal positions (X-axis). h CRC GWAS P-value distributions and statistics for normal-specific, shared,

and tumor-specific eRNAQTLs. i Enrichment analysis of tumor-specific eRNAQTL SNPs among CRC risk loci in Asian populations. The P-value

was calculated by two-tailed Fisher’s exact tests. OR is depicted on the Y-axis and bars indicate 95%Cls. OR odds ratio, CRC colorectal cancer, Cl
confidence interval, ASN Asian, eRNAQTL eRNA quantitative trait locus, SNP single nucleotide polymorphism, GWAS genome-wide association study

eRNAQTLs (m; of 0.20 vs. 0.10 in shared eRNAQTLs,
0.04 in normal-specific eRNAQTLs; Fig. 4h), indicating
that a proportion of the CRC GWAS signals were cis-reg-
ulatory variants exclusively active in tumors. Addition-
ally, it was discovered that CRC GWAS signals from CRC
patients with Asian ancestry were enriched in tumor-
specific eRNAQTLs compared to normal-specific ones
(Fig. 4i), suggesting that tumor-specific eRNAQTLs con-
tribute significantly more to cancer heritability. Overall,
these results reveal that certain activated functional roles
played by specific tumor-state-associated eRNAQTLs
might contribute to CRC tumorigenesis.

The eRNAQTL rs3094296 contributes to a decreased risk

of CRC in multiple populations

To validate the role of eRNA as a crucial link between
genetics and cancer risk, we conducted a comprehensive
analysis involving eRNAQTLs, a large-scale population
study and a series of functional experiments in CRC tis-
sues (Fig. 5a). A total of 25,983 eRNAQTLs identified in
our CRC tissues were included in the population study
(Fig. 5b). In the discovery stage, a large-scale genome-
wide analysis of 4293 cases and 7176 controls from
China was performed (Additional file 2: Fig. S1). Interest-
ingly, there were 11 SNPs in strong LD (+*>0.8) located
in the 3q12.3 region (Additional file 2: Fig. S12), which
was the most significant loci associated with CRC risk
(P<1x107% Fig. 5¢). This locus was also discovered in a
European population study encompassing 17,789 cases
and 19,951 controls from GECCO cohort [23] (Fig. 5d).
To prioritize the variant with potentially greater regula-
tory function, a functional annotation was performed for
eRNAQTLs in this LD block using bioinformatic tools,
including Haploreg, RegulomeDB and CistromeDB. It was
found that the eRNAQTL variant rs3094296 was enriched
within classic enhancer features and active histone modi-
fication peaks (Fig. 5e). Hence, rs3094296 was selected as
a candidate for subsequent validation.

Replication stage I was conducted in independent Chi-
nese and European populations, consisting of 1524 cases
and 1522 controls from Beijing, and 1233 cases and 6165
controls from PLCO [24], respectively. It was illustrated
that the T allele of the eRNAQTL rs3094296 conferred a
decreased risk of CRC. These associations were further
validated in replication stage II with 4500 cases and 8500
controls from Wuhan, and 5246 cases and 26,230 controls
from UKB (Additional file 2: Fig. S1). Finally, through the
combined analysis of data from the discovery and repli-
cation stages, convincing evidence was presented for the
link between rs3094296 and CRC risk in both Chinese
(OR=0.91, 95%CI 0.88-0.95, P=2.92x1077 in additive
model) and European populations (OR=0.92, 95%CI
0.88-0.95, P=4.61 x 10~° in additive model, Table 1).

eRNAQTL rs3094296 promotes eRNA ENSR00000155786
expression mediated by HOXA5

Next, we investigated the potential molecular mecha-
nisms underlying the contribution of eRNAQTL
rs3094296 to CRC risk. It was found that eRNAQTL
rs3094296 was robustly correlated with the expression
of eRNA ENSR00000155786 in tumor tissues, while
no significant correlation was found in normal tissues
(Fig. 5f). Moreover, cell lines carrying the rs3094296-
TT genotype (SW480 and HCT116) demonstrated
higher expression levels of ENSR00000155786 com-
pared to HCT15 cells carrying the rs3094296-TC geno-
type (Additional file 2: Fig. S13a). Subsequently, a
luciferase vector containing different alleles was con-
structed to assess the enhancer activity. The results
indicated that the rs3094296-T allele group exhibited
higher luciferase activity than the rs3094296-C allele
in HCT116 and SW480 cell lines, while this difference
was not statistically significant in HIEC-6 cells (Fig. 5g;
Additional file 2: Fig. S13b), suggesting an allele-
specific effect eERNAQTL rs3094296 on regulating eRNA
ENSR00000155786 expression in CRC.
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Fig.5 eRNAQTL rs3094296 promotes eRNA ENSR00000155786 expression mediated by TF HOXAS. a Workflow to identify the candidate variant
by integrating eRNAQTL analysis and CRC GWAS data, the target gene was selected by combining co-expression analysis and eQTL result

in CRC. b Manhattan plot of eRNAQTL results in 154 CRC samples. The red line shows the FDR < 0.05 threshold. ¢ Manhattan plot for associations
between eRNAQTLs and CRC risk from the Chinese population consisting of 4293 cases and 7176 controls. d Validation in European populations
from GECCO, with a combined sample size of 17,789 cases and 19,951 controls. P-values were calculated by an unconditional logistical regression
analysis with an additive model adjusting for gender, age, smoking, and drinking status. P < 0.05 was considered statistically significant (indicated
by the red line). e Epigenetic tracks obtained from the Cistrome database show the enrichment of enhancer markers (H3K4me1 and H3K27ac
peaks) in the rs3094296 region. f eRNAQTL analysis demonstrates the correlation between the rs3094296 genotype and the expression

of ENSR00000155786 in the TCGA CRC samples and our own CRC tissues. Data were shown as the median (minimum to maximum). g Relative
reporter gene activity of the vectors containing the rs3094296-T or rs3094296-C allele in HCT116 cell. h The rs3094296-T allele resides

within the HOXAS binding motif. i The effect of HOXA5 knockdown on the relative luciferase activity of vectors containing the rs3094296-T

or rs3094296-C allele in HCT116 cell. Data were presented as the median (minimum to maximum) from three repeated experiments, each

has three technical replicates. P-values were calculated by a two-sided Student’s t-test. j Scatter plots show the correlations between HOXA5

and ENSR00000155786 expression in our CRC tumor tissues and stratified by SNP rs3094296 genotype. All P-values and correlation coefficients
were calculated by Spearman’s correlation analysis. k Histogram displays the effect of HOXA5 knockdown on the expression of ENSRO0000155786
in SW480 and HCT116 cells. Data were presented as the mean =+ SD from three repeated experiments with three technical replicates. All P-values

xxx

were calculated using a two-sided Student’s t-test. "P<0.05,

P<0.001. CRC colorectal cancer, FDR false discovery rate, GECCO Genetics

and Epidemiology of Colorectal Cancer Consortium, LD linkage disequilibrium, FPKM fragments per kilobase of exon model per million mapped
fragments, RPKM reads per kilobase per million mapped reads, HOXA5 homeobox A5, SD standard deviation

Growing evidence indicates that the transcription
of eRNAs is primarily regulated by the binding of TF
to enhancer elements [6, 31]. Simultaneously, the
above analyses also revealed a significant enrichment
of TFBSs in eRNAQTLs, suggesting that TF binding
affinity may influence eRNA expression. To verify our

hypothesis, we conducted TF motif analysis using JAS-
PAR (https://jaspar.elixir.no/), and identified that the
HOXA5 motif specifically binds to the rs3094296-T
allele (Fig. 5h). Furthermore, the knockdown of HOXAS5
remarkably attenuated enhancer activity of rs3094296-
T allele in a dose-dependent manner in HCT116 and

Table 1 Association analyses between individual SNP and colorectal cancer risk in the three phases and combined samples

Stages Asian/Chinese (n=27,515) European population (n=76,614)
Cases/Control OR (95%Cl) P Cases/Control OR (95%(Cl) P

Discovery stage (n=49,209)

cC 458/603° 1 996/998° 1

Recessive (TT) 1960/3494° 0.89 (0.82-0.96) 1.90x 1073 11,633/13,430° 0.93 (0.89-0.97) 581107

Additive model 0.88 (0.83-0.94) 269%10™ 0.94 (0.90-0.97) 245%x107
Replication stage | (n=10,444)

CcC 274/228° 1 124/570¢ 1

Recessive (TT) 614/705¢ 0.74 (0.64-0.86) 1.02x 1074 577/3253¢ 0.78 (0.69-0.88) 133x107

Additive model 0.84 (0.75-0.92) 3.74%x107 0.85 (0.78-0.94) 845x 107
Replication stage Il (n=44,476)

cc 872/1633¢ 1 677/3065' 1

Recessive (TT) 1800/3611¢ 0.89 (0.83-0.96) 381x107° 2152/11,317f 0.92 (0.86-0.97) 444x1073

Additive model 0.94(0.90-099)  1.76x1072 093 (0.89-097)  1.01x1073
Combined study (n=104,129)

CcC 1604/2464 1 1797/4633 1

Recessive (TT) 4374/7810 0.90 (0.86-0.95) 649x107° 14,362/28,000 0.89 (0.84-0.94) 9.76x107°

Additive model 0.91 (0.88-0.95) 292x1077 0.92 (0.88-0.95) 461x107°

2 Chinese individuals collected from the Chinese Academy of Medical Sciences, Tongji Hospital of the Huazhong University of Science, and Technology, Zhongnan
Hospital of Wuhan University, and Renmin Hospital of Wuhan University

b European individuals in GECCO

¢ Chinese individuals collected from Chinese Academy of Medical Sciences

9 European individuals from PLCO

€ Chinese individuals collected from Tongji Hospital of Huazhong University of Science and Technology

fEuropean individuals from UKB. OR and 95%Cl calculations were conducted under the assumption that variant alleles were risk alleles
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SW480 cell lines, but had no effect on HIEC-6 cells
(Fig. 5i; Additional file 2: Fig. S14), indicating prefer-
ential binding of HOXAS5 to rs3094296-T allele in the
tumor states. Moreover, it was observed that HOXA5
was positively correlated with ENSR00000155786
expression in an allele-specific manner in both our CRC
samples (Fig. 5j) and TCGA CRC samples (Additional
file 2: Fig. S15). Additionally, knockdown of HOXAS5 in
SW480 and HCT116 cell lines resulted in decreased
expression of ENSR00000155786, whereas there was
no significant difference in HIEC-6 cells (Fig. 5k; Addi-
tional file 2: Fig. S16). These results collectively suggest
that the allele-specific effect of eRNAQTL rs3094296
on eRNA ENSR00000155786 expression is mediated by
HOXAS.

eRNA ENSR00000155786 inhibits cell proliferation
by activating SENP7 expression
To elucidate the molecular functions of eRNA in can-
cer development, we performed a co-expression analy-
sis to dissect downstream target genes regulated by
eRNA ENSR00000155786. The expression levels of
ENSR00000155786 and HOXAS5 were significantly asso-
ciated with SENP7 expression in our dataset (Fig. 6a) as
well as TCGA CRC samples (Additional file 2: Fig. S17).
Notably, there was also a positive correlation between
the eRNAQTL rs3094296 and the expression of SENP7
in both cohorts (Fig. 6b). Consistent with this result, the
cell lines (HCT116 and SW480) carrying rs3094296-
TT genotype exhibited higher SENP7 expression, com-
pared to the HCT15 cell line carrying rs3094296-TC
genotype (Additional file 2: Fig. S18). Furthermore,
ChIRP analysis revealed significant enrichment of
ENSR00000155786 at active enhancer and promoter
regions of SENP7 in both probe groups compared to the
LacZ probe group (Fig. 6¢, d). To further understand the
functional role of eRNA and validate its regulation on
SENP7 transcription, knockdown experiments target-
ing ENSR00000155786 showed a significant decrease
in both mRNA and protein levels of SENP7 (Fig. 6e;
Additional file 2: Fig. S19a). Similarly, the knockdown
of HOXAS also resulted in a significant reduction in
SENP7 expression in CRC cell lines, but had no effect
on HIEC-6 cells (Fig. 6f, g; Additional file 2: Fig. S19b).
Altogether, these results provide evidence that eRNA
ENSR00000155786 acts as a transcriptional activator
regulating the expression of neighboring gene SENP7.
Subsequently, we explored the functional roles of
ENSR00000155786 and SENP7 in CRC pathogenesis. In
both our and TCGA CRC patients, tumor tissues exhib-
ited significant downregulation of ENSR00000155786 and
SENP7 compared to normal tissues (Fig. 6h; Additional
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file 2: Fig. S20). Furthermore, the knockdown of either
ENSR00000155786 or SENP7 remarkably enhanced the
proliferation rates of SW480, HCT116, and HIEC-6 cells
(Fig. 6i; Additional file 2: Fig. S21). Interestingly, these
two genes displayed a synergistic effect on cell prolif-
eration. Consistent with these findings, genome-wide
CRISPR/Cas9-based loss-of-function screening data of
the COLO205 CRC cell line confirmed the essential role of
SENP?7 in cell proliferation (Fig. 6j) [43]. Collectively, these
results indicate that ENSR00000155786 and SENP7 func-
tion as potential tumor suppressor genes in CRC tumori-
genesis and hold promise as therapeutic targets (Fig. 6k).

A user-friendly database for integrative analysis

of eRNAQTLs in cancer

To facilitate extensive research in the exploration of
eRNAQTL function, we have developed a user-friendly
database called CancereRNAQTL (http://canernaqtl.whu.
edu.cn/#/). This comprehensive resource consists of three
interactive modules: eRNAQTLs, survival-eRNAQTLs,
and GWAS-eRNAQTLs (Fig. 7a, b). Users can perform
both “single search” and “batch search” for comprehen-
sive queries (Fig. 7c). In the eRNAQTL module, users can
explore eRNAQTL results based on cancer types, SNP
ID, and specific eRNA (Fig. 7d). The survival-eRNAQTL
module displayed eRNAQTLs associated with patient
survival (Fig. 7e). We embedded boxplots to illustrate the
association between eRNAQTL genotypes and eRNA
expression for each record (Fig. 7f). Additionally, KM
plots are utilized to depict survival correlation (Fig. 7g).
Furthermore, extension pages provide a list of eRNAQTLs
that can impact mRNA expression while merging with
existing eQTL results. The CancereRNAQLT database
also incorporates target genes, clinical relevance, and
drug targets of identified eRNAs, which are analyzed from
multi-omics data, such as transcriptome information,
clinical data sets, and pharmacogenomics data. In sum-
mary, CancereRNAQTL is an all-encompassing resource
for researchers in genetic and cancer studies.

Discussion

In complex genetic traits such as cancers, most genetic
risk variants are located in non-coding regions, indicating
that transcriptional regulatory mechanisms may mediate
the effects of these genetic variations on traits [44]. Given
that enhancers outnumber genes and multiple enhancers
can regulate the same gene, eQTL analysis might over-
look crucial information regarding the genetic mecha-
nisms mediated by enhancers [45, 46]. Therefore, gaining
a deeper understanding of eRNA expression regulation
could enhance our understanding of complex genetic traits.
In this study, we leveraged eRNA expression profiles and
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Fig. 6 eRNA ENSR00000155786 inhibits colorectal cancer (CRC) cell proliferation by activating SENP7 expression. a Scatter plots show

the correlations between ENSR00000155786 and SENP7 expression, as well as the correlations between HOXA5 and SENP7 expression in our CRC
tumor tissues both of them, are stratified by SNP rs3094296 genotype. All P-values and correlation coefficients were calculated by Spearman’s
correlation analysis. b eQTL analyses demonstrate the correlation between the rs3094296 genotype and the expression of SENP7 in the TCGA
CRC samples and our own CRC tissues. Data were shown as the median (minimum to maximum). ChIRP assay was performed using two different
sets of antisense probes (‘even group”and “odd group”) that detected ENSR00000155786 or control probes (anti-LacZ) in CRC cell lines. The
enrichment of genomic DNA in the ChIRP and input samples was measured by gPCR (c) and agarose gel electrophoresis (d). Data were shown

as the mean = SD. P-values were calculated by a two-sided Student’s t-test. The histogram displays the effect of ENSR00000155786 knockdown

on the expression of SENP7 (e) and the effect of HOXA5 knockdown on the expression of SENP7 (f) in SW480 and HCT116 cells. Data were presented
as the mean +SD from three repeated experiments with three technical replicates. All P-values were calculated using a two-sided Student's t-test.
g Western blotting analysis shows that the knockdown of HOXA5 and ENSR00000155786 reduced the protein expression level of SENP7 in SW480
and HCT116 cells. h ENSR00000155786 and SENP7 are significantly decreased in tumor tissues compared with normal tissues from our own CRC
tissues. P-values were calculated by a paired two-sided Student's t-test. i Cell proliferation assay with knockdown of ENSR00000155786 and SENP7
in SW480 and HCT116 cells. Results were shown as the means + SEM from three experiments, each with six replicates. P-values were calculated
from a two-sided Student’s t-test by comparing with controls in 96 h. j SENP7 is essential for cell growth with higher CERE scores in COLO205 CRC
cell lines from the data of genome-wide CRISPR/Cas9-based loss-of-function screen. Higher CERE scores demonstrate an elevated dependency
of cell viability on given genes. k The graph shows the mechanism that eRNAQTL rs3094296 contributes to a decreased risk of CRC by playing
allele-specific effect to transcribe eRNA ENSRO0000155786, which further exerts a transcriptional activator promoting target gene SENP7 expression,
then these two genes display a synergistic effect to inhibit tumor cells proliferation. P <0.05, "P<0.01, P <0.001. FPKM fragments per kilobase
of exon model per million mapped fragments, RPKM reads per kilobase per million mapped reads, HOXA5 homeobox A5, SENP7 sentrin-specific
protease 7, ChIRP chromatin isolation by RNA purification, CERES CRISPR enrichment-based screening, SEM standard error of the mean

genotypes from 8757 samples obtained from TCGA to
identify 300,112 eRNAQTLs across 30 cancer types. Our
integration with multi-omics data comprehensively con-
firmed that eRNAQTLs were enriched in transcriptional
features, and explained a significant portion of cancer her-
itability. Notably, we expanded this eRNAQTL profile to
Chinese CRC patients and identified 25,983 eRNAQTLs in
tumor tissues and 34,737 eRNAQTLs in adjacent normal
tissues. Furthermore, through large-scale cross-ancestry
studies involving 34,585 CRC patients and 69,544 con-
trols, an eRNAQTL rs3094296-T was found to signifi-
cantly decrease the risk of CRC. Mechanistically speaking,
rs3094296 modulated the binding of TF HOXA5 in an
allele-dependent manner to promote the expression of
eRNA ENSR00000155786 and mRNA SENP7, which syn-
ergistically suppressed tumor cell proliferation. Moreo-
ver, a user-friendly database called CancereRNAQTL was
established to enable future study in this field. Overall,
the comprehensive analyses presented here provide new
evidence supporting the notion that eRNA transcription
may bridge the gap between genetic variation and complex
phenotypes.

QTL analysis has linked genetic variants to eRNA
expression, prompting our research into the potential
regulatory mechanisms by which these SNPs exert their
functions. Our observation that eRNAQTLs were sub-
stantially enriched in enhancer-related genomic features
and epigenetic markers, such as DNase I hypersensitivity
site, H3K4mel, and H3K27ac markers [47], support the
connection between chromatin status and transcriptional
activation of eRNAs. Moreover, the significant enrich-
ment of eRNAQTLs in TFBSs indicated that TFs played

important roles in regulating enhancer transcription.
Importantly, we have demonstrated that TF HOXA5 can
regulate eRNA expression in an allele-specific manner in
CRC. These findings suggest that variants within enhancer
regions may lead to either loss or gain of enhancer activity
by modulating chromatin accessibility, histone modifica-
tions, and the binding affinity of TFs, thereby influencing
the transcriptional regulation of eRNAs.

Emerging studies have found that associations between
genotypes and eRNA transcription offered a potential
mechanism for gene regulation, providing important
insights into disease susceptibility [17, 19]. Similarly, our
integration analysis of eRNAQTLs and GWAS showed
that eRNAs play a critical role in bridging genetics and
human cancers. Given that eRNA levels can gener-
ally maintain cell type-specific signals, whereas mRNA
expression levels from bulk RNA-seq data reflect the
average signal across numerous cell types within a
tumor, the defined eRNA loci map presented here can
serve as an essential supplement for studying disease
heritability. Our subsequent investigation on heritabil-
ity demonstrated that eRNAQTLs can explain a sub-
stantial proportion of cancer heritability independently
from eQTLs. Moreover, the eRNAQTL mapping in our
matched tumor and normal CRC samples demonstrated
that eRNAQTLs that were activated in the tumor state
were more likely to contribute to CRC tumorigenesis.
Collectively, our findings indicate that eRNAQTLs cap-
ture different aspects of cancer genetics, and add to
growing evidence that a proportion of GWAS risk vari-
ants contribute to disease risk through their involvement
in regulating eRNAs.
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Fig. 7 Overview and functional modules of CancereRNAQTL database. a Browser bar in CancereRNAQTL. b Three modules in CancereRNAQTL,
including eRNAQTLs, survival-eRNAQTLs, and GWAS-eRNAQTLs. ¢ The single and batch search boxes in CancereRNAQTL. d The eRNAQTL search
module in CancereRNAQTL. e The survival-eRNAQTL search module in CancereRNAQTL. f An example of eRNAQTL results on the “eRNAQTL" page
and the corresponding boxplot. g An example of survival-eRNAQTL results in the “survival-eRNAQTL’ page and the corresponding KM plot. BLCA
bladder urothelial carcinoma, KIRC kidney renal clear cell carcinoma, KM Kaplan-Meier, eRNAQTL eRNA quantitative trait locus, SNP single nucleotide

polymorphism, GWAS genome-wide association study

The identification of enhancer-gene regulatory networks
holds significant importance in both mechanistic and
translational research [48]. Most eRNAQTL-eRNAs we
identified functioned as regulators of clinically actionable
genes and immune checkpoints, particularly in canoni-
cal cancer-immune pathways. This provides additional
evidence for the functional role of eRNAs in oncogene
dysregulation during cancer development. Moreover,
eRNAQTL-eRNAs exhibited a strong expression pattern
specific to each cancer type and had active connections
with immune cell infiltration and response to anticancer
drugs, pinpointing that they have potential as biomark-
ers or therapeutic targets in cancers. More specifically, we
demonstrated that ENSR00000155786, an eRNA regulated
by eRNAQTL rs3094296, functioned as a transcriptional
activator that promotes the expression of the target gene
SENP7. These two genes synergistically suppressed the
malignant phenotypes of CRC. SENP7 (SUMO-specific
peptidase 7) encodes a protease involved in deconjugat-
ing SUMOs from their substrates and regulating DNA
repair and innate immune responses [49]. Recent find-
ings also revealed that SENP7 plays an antitumor role
by sensing oxidative stress to maintain the metabolic fit-
ness and effector function of CD8" T cells [50]. Similarly,
ENSR00000155786 and SENP7 were found to be down-
regulated in both the TCGA dataset and our CRC tissues,
exhibiting a synergistic effect on tumor cell proliferation.
These findings uncover that enhancer overactivation can
contribute to oncogenesis and suggest the potential of tar-
geting eRNAs as a novel anticancer therapeutic strategy.

Several challenges need to be addressed before
eRNAQTLs can be effectively utilized for elucidat-
ing the genetic basis of diseases. Firstly, conventional
RNA-seq techniques only have the capability to detect
a subset of polyadenylated eRNAs at their steady
state due to limitations in polyA selection and rela-
tively low sequencing depth. Moreover, there is still a
lack of understanding regarding non-polyadenylated
eRNAs. Therefore, it is imperative to explore alterna-
tive technologies such as global run-on sequencing
(GRO-seq) and precision run-on sequencing (PRO-
seq) to achieve a more comprehensive view of eRNAs
in the future. Secondly, although our study has iden-
tified a set of tumor-specific eRNAQTLs, the under-
lying mechanisms driving these specific eRNAQTL

effects remain unexplored. Considering that 3D chro-
matin topology and accessibility play crucial roles in
regulating gene expression during development and
disease progression, it becomes essential to investi-
gate genomic topology and local chromatin accessi-
bility at different stages to illustrate how variations in
regulatory elements impact gene expression plastic-
ity. Additionally, it is necessary to focus on mapping
eRNAQTLs across various cell types by utilizing sin-
gle-cell technology.

Conclusion

We conducted a systematic analysis of the genetic effect of
eRNA expression across 30 different cancer types, result-
ing in the creation of a comprehensive eRNAQTL resource
that can facilitate the interpretation of plausible variants
associated with cancers. Our in-depth depiction highlights
the importance of eRNAQTLs and their target eRNAs in
tumorigenesis and clinical application. Importantly, we
quantified the expression of enhancer regions in CRC tis-
sues from Chinese patients and established the first Chi-
nese eRNAQTL profiles. Furthermore, we identified an
association between the eRNAQTL rs3094296 and risk of
CRC through large-scale, multi-ethnic population studies
comprising 34,585 cases and 69,544 controls. Mechanisti-
cally, this variant exhibits an allele-specific effect in pro-
moting transcription of both the eRNA ENSR00000155786
and mRNA SENP7, which synergistically suppress tumor
cell proliferation. Our study uncovers that genetic varia-
tion influencing eRNAs expression further enhances our
understanding of transcriptional regulatory mechanisms,
and provides additional insights into disease etiology.

Abbreviations

ATAC-seq Assay for transposase-accessible chromatin with high through-
put sequencing

BLCA Bladder urothelial carcinoma

ChlIP-seq Chromatin immunoprecipitation sequencing

CAGE-seq Cap analysis of gene expression sequencing

CRC Colorectal cancer

ChIRP Chromatin isolation by RNA purification

CHOL Cholangiocarcinoma

eRNA Enhancer RNA

eRNAQTL eRNA quantitative trait locus

ENCODE Encyclopedia of DNA elements

FANTOM Functional annotation of the mammalian genome

FDR False discovery rate
GECCO Genetics and epidemiology of colorectal cancer consortium



Cai et al. Military Medical Research (2024) 11:36

GWAS Genome-wide association study

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GSEA Gene set enrichment analysis

GO Gene ontology

GDSC Genomics of drug sensitivity in cancer

KEGG Kyoto encyclopedia of genes and genomes
LD Linkage disequilibrium

MAF Minor allele frequency

OR Odds ratio

PI3K/mTOR  Phosphoinositide 3-kinase/mammalian target of rapamycin
PLCO Prostate, lung, colorectal, and ovarian cancer screening trial
PRAD Prostate adenocarcinoma

QTL Quantitative trait locus

RBP RNA binding protein

RPM Reads per million

RPKM Reads per kilobase per million mapped reads
RNA-seq RNA sequencing

SENP7 SUMO specific peptidase 7

SNP Single nucleotide polymorphism

TGCT Testicular germ cell tumors

TCGA The cancer genome atlas

THCA Thyroid carcinoma

TF Transcription factor

TIMER Tumor immune estimation resource

TFBS Transcription factor binding site

UKB UK Biobank

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540779-024-00539-2.

Additional file 1: Table S1 List of eRNAs in 30 cancer types from TCGA.
Table S2 Summary of characteristics of individuals in the replication stage.
Table S3 Probes or primers sequence used in the study. Table S4 Sum-
mary of eRNAQTLs in 30 cancers. Table S5 Enrichment of eRNAQTLs in
the histone modification peaks. Table S6 Enrichment of eRNAQTLs in the
binding site of transcription factors. Table S7 Enrichment of eRNAQTLs
in the binding site of RNA binding proteins. Table S8 Expression pat-
terns of eRNAs in 30 cancers from TCGA. Table S9 Putative target genes
of eRNAs in 30 cancers from TCGA. Table S10 Correlations between
eRNAs and immune infiltration in 30 cancers from TCGA. Table S11 Cor-
relations between eRNAs and drug response in 30 cancers from TCGA.
Table S12 Correlations between eRNAs and patients’survival in 30
cancers from TCGA. Table S13 Enhancers identified in our colorectal
cancer tissues. Table S14 Enhancers identified in our adjacent normal
tissues. Table S15 Enhancer RNAs identified in our colorectal cancer
tissues. Table S16 Enhancer RNAs identified in our adjacent normal
tissues. Table S17 eRNAQTLs identified in our colorectal cancer tis-

sues. Table S18 eRNAQTLs identified in our adjacent normal tissues.
Table S19 Tissue specificity of eRNAQTLs identified in our tissues.

Additional file 2: Materials and methods. Fig. S1 The three-stage
studies design and workflow. Fig. S2 Overview of methods and quality
control pipeline for eRNAQTL identification, integrative annotation, and
validation. Fig. S3 Characterization of eRNAQTLs in TCGA 30 cancer types.
Fig. S4 Pathway enrichment analyses for putative target genes of eRNAs.
Fig. S5 The frequencies of amplification and deletion in eRNAQTL-eRNAS’
putative target genes. Fig. S6 Enrichment analysis on the proportion of
eRNAQTL-eRNAs associated with drug response. Fig. S7 Quality assess-
ment of the high-throughput sequence data in 10 matched colorectal
cancer and normal samples. Fig. S8 Quality assessment of the RNA-
sequencing data in 154 matched colorectal cancer and normal samples.
Fig. S9 GO analysis for target genes of eRNAQTL-eRNAs in our CRC
tissues. Fig. S10 Genomic and functional characterization of identified
eRNAQTLs in colorectal cancer from TCGA dataset. Fig. S11 Characteriza-
tion of eRNAQTL-eRNAs and putative target genes in colorectal cancer
from TCGA dataset. Fig. S12 LD block plot (7 >0.8) showing the r* value
of candidate variants. Fig. S13 Relative expression of ENSR00000155786

Page 22 of 24

in three cell lines. Fig. S14 Effect of HOXAS5 knockdown on the relative
luciferase activity of vectors containing the rs3094296-T or rs3094296-C
allele in SW480 and HIEC-6 cell lines. Fig. S15 The correlations between
ENSR00000155786 and HOXAS5 expression in all TCGA CRC samples
stratified by SNP rs3094296 genotype. Fig. $16 The effect of HOXAS
knockdown on the expression level of ENSR00000155786 in HIEC-6 cells.
Fig. S17 Correlations of SENP7 expression with ENSR00000155786 and
HOXAS5 expression in TCGA CRC samples. Fig. S18 Relative expression
of SENP7 in HCT116 (rs3094296-TT) and SW480 (rs3094296-TT) cell lines
compared to HCT15 (rs3094296-TC) cell line. Fig. S19 The expression
level of SENP7 and ENSR00000155786 in HIEC-6 cells. Fig. S20 Differential
expression of ENSR00000155786 and SENP7 in TCGA CRC samples.
Fig. S21 Cell proliferation assay with knockdown of ENSR00000155786 and
SENP7 in HIEC-6 cells.

Acknowledgements

We acknowledge the TCGA database for providing their platforms and
contributors to share their meaningful data on tumor profiling cohorts. We
are grateful to every patient, their families, and referring physicians who have
participated in these studies, and the numerous members of our laboratories
for their valuable contributions over many years. We also gratefully acknowl-
edge Weilin Nie and Wuhan Matrix Union Information Technology Co,, Ltd., for
helping design the website and build the database.

Authors’ contributions

YMC performed data analyses, conducted experiments, and wrote the
paper. ZQL and BL conducted experiments and interpreted the results.
JYH downloaded the data. MZ, CC, LYF, QYM, CYH, SNC, YJ, YML, CBN,
FWZ, WZW, YZL, HZ, MJ, and XYW were responsible for the investigation,
sample collection, and data consolidation. JXH, ZX, MC, CQH, XJY, XZ, and
YZ recruited patients. XPM, SKZ, and YCW supervised the whole project.
JBT conceived the study and revised the paper. All authors approved the
final report for publication.

Funding

This work was supported by the National Science Fund for Excellent

Young Scholars (NSFC-82322058), the Program of National Natural Sci-

ence Foundation of China (NSFC-82103929, NSFC-82273713), the Young
Elite Scientists Sponsorship Program by CAST (2022QNRC001), the National
Science Fund for Distinguished Young Scholars of Hubei Province of China
(2023AFA046); the Fundamental Research Funds for the Central Universities
(WHU:2042022kf1205) and the Knowledge Innovation Program of Wuhan
(whkxjsj011, 2023020201010073) for Jian-Bo Tian; the Science and Tech-
nology Innovation Seed Fund of Zhongnan Hospital of Wuhan University
(znpy2019060) for Yong-Chang Wei; the Distinguished Young Scholars

of China (NSFC-81925032), the Key Program of National Natural Science
Foundation of China (NSFC-82130098), and the Fundamental Research Funds
for the Central Universities (2042022rc0026, 2042023kf1005) for Xiao-Ping
Miao; the Youth Program of National Natural Science Foundation of China
(NSFC-82003547), the Program of Health Commission of Hubei Province
(WJ2023M045), and Fundamental Research Funds for the Central Universities
(WHU: 2042022kf1031) for Ying Zhu.

Availability of data and materials

Enhancer RNA expression profile of TCGA samples is available in the eRic
database (https://hanlab.uth.edu/eRic). GWAS summary results were obtained
from the NHGRI GWAS catalog (http://www.ebi.ac.uk/gwas/). ChIP-seq peaks,
TF-binding sites, and eCLIP-seq data among human cancer cell lines were
downloaded from the ENCODE portal (https://www.encodeproject.org/data/
annotations/). Expression profile data and drug sensitivity data of cancer cell
lines were obtained from the GDSC (https://www.cancerrxgene.org/). Geno-
type data of GECCO was downloaded from dbGaP under accession numbers
phs001078.v1.p1, phs001315.v1.p1, and phs001415.v1.p1. Genotype data of
PLCO was downloaded from dbGaP under accession numbers phs000346.
v2.p2, phs001554.v1.p1, phs001286.v2.p2, and phs001524.v1.p1. Genotype
data from UK Biobank (http://www.ukbiobank.ac.uk/) was obtained under
application No. 94939. Data supporting the findings of the study are uploaded


https://doi.org/10.1186/s40779-024-00539-2
https://doi.org/10.1186/s40779-024-00539-2
https://hanlab.uth.edu/eRic
http://www.ebi.ac.uk/gwas/
https://www.encodeproject.org/data/annotations/
https://www.encodeproject.org/data/annotations/
https://www.cancerrxgene.org/
http://www.ukbiobank.ac.uk/

Cai et al. Military Medical Research (2024) 11:36

to our online data portal or presented in the Additional file 2: Materials and
methods. All software and R packages used in the study are publicly available
as described in the methods and Additional file 2: Materials and methods.

Declarations

Ethics approval and consent to participate

Written informed consent was obtained from each subject and the study

was conducted under the approval of by the hospitals responsible for sample
collection, the Institutional Review Board of Tongji Medical College, Huazhong
University of Science and Technology [2019 IEC (S319)], and the Clinical
Research Institution Review Committee and Ethics Review Committee of
Wuhan University (WHU-LFMD-IRB2023003).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Epidemiology and Biostatistics, School of Public Health,
Research Center of Public Health, Renmin Hospital of Wuhan University, Tai-
Kang Center for Life and Medical Sciences, Wuhan University, Wuhan 430071,
China. ?Department of Gastrointestinal Oncology, Zhongnan Hospital

of Wuhan University, Wuhan University, Wuhan 430071, China. >Department
of Cancer Epidemiology, Henan Engineering Research Center of Cancer
Prevention and Control, Henan International Joint Laboratory of Cancer
Prevention, the Affiliated Cancer Hospital of Zhengzhou University & Henan
Cancer Hospital, Zhengzhou 450008, China. “Department of Oncology, Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technol-
ogy, Wuhan 430030, China. °Department of Gastrointestinal Surgery, Union
Hospital, Tongji Medical College, Huazhong University of Science and Tech-
nology, Wuhan 430022, China. °Department of Gastrointestinal Surgery,
Zhongnan Hospital of Wuhan University, Wuhan University, Wuhan 430071,
China.’Department of Gastrointestinal Surgery, Renmin Hospital of Wuhan
University, Wuhan 430060, China. ®Department of Epidemiology and Biosta-
tistics, School of Public Health, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan 430022, China. °Jiangsu Collaborative
Innovation Center for Cancer Personalized Medicine, Nanjing Medical Uni-
versity, Nanjing 211166, China. '°Department of Gastrointestinal Oncology,
Hubei Cancer Clinical Study Center, Zhongnan Hospital of Wuhan University,
Wuhan 430071, China.

Received: 21 July 2023 Accepted: 17 May 2024
Published online: 11 June 2024

References

1. Sud A, Kinnersley B, Houlston RS. Genome-wide association studies
of cancer: current insights and future perspectives. Nat Rev Cancer.
2017;17(11):692-704.

2. Yao DW, O'Connor LJ, Price AL, Gusev A. Quantifying genetic effects
on disease mediated by assayed gene expression levels. Nat Genet.
2020;52(6):626-33.

3. Hormozdiari F, Gazal S, van de Geijn B, Finucane HK, Ju CTJ, Loh PR, et al.
Leveraging molecular quantitative trait loci to understand the genetic

architecture of diseases and complex traits. Nat Genet. 2018;50(7):1041-7.

4. Murakawa Y, Yoshihara M, Kawaji H, Nishikawa M, Zayed H, Suzuki H, et al.
Enhanced identification of transcriptional enhancers provides mechanis-
tic insights into diseases. Trends Genet. 2016;32(2):76-88.

5. KimTK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, et al. Wide-
spread transcription at neuronal activity-regulated enhancers. Nature.
2010;465(7295):182-7.

6.  Wang D, Garcia-Bassets |, Benner C, Li W, Su X, Zhou Y, et al. Reprogram-
ming transcription by distinct classes of enhancers functionally defined
by eRNA. Nature. 2011;474(7351):390-4.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 23 of 24

Mousavi K, Zare H, Dell'orso S, Grontved L, Gutierrez-Cruz G, Derfoul A,

et al. eRNAs promote transcription by establishing chromatin accessibility
at defined genomic loci. Mol Cell. 2013;51(5):606-17.

Maruyama A, Mimura J, Itoh K. Non-coding RNA derived from the

region adjacent to the human HO-1 E2 enhancer selectively regulates
HO-1 gene induction by modulating Pol Il binding. Nucleic Acids Res.
2014,42(22):13599-614.

CaiZ,Cao G, JiL, Ye R,Wang D, Xia C, et al. RIC-seq for global in situ profil-
ing of RNA-RNA spatial interactions. Nature. 2020;582(7812):432-7.

. LiW, Notani D, Ma Q, Tanasa B, Nunez E, Chen AY, et al. Functional roles

of enhancer RNAs for oestrogen-dependent transcriptional activation.
Nature. 2013;498(7455):516-20.

. Andersson R, Gebhard C, Miguel-Escalada |, Hoof |, Bornholdt J, Boyd M,

et al. An atlas of active enhancers across human cell types and tissues.
Nature. 2014;507(7493):455-61.

. Djebali s, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, et al.

Landscape of transcription in human cells. Nature. 2012;489(7414):101-8.

. Chen H, Li C, Peng X, Zhou Z, Weinstein JN, Cancer Genome Atlas

Research N. A pan-cancer analysis of enhancer expression in nearly 9000
patient samples. Cell. 2018;173(2):386-99.e12.

. Zhang Z, Lee JH, Ruan H, Ye Y, Krakowiak J, Hu Q, et al. Transcriptional

landscape and clinical utility of enhancer RNAs for eRNA-targeted
therapy in cancer. Nat Commun. 2019;10(1):4562.

. Chen H, Liang H. A high-resolution map of human enhancer RNA

loci characterizes super-enhancer activities in cancer. Cancer Cell.
2020;38(5):701-15.e5.

. Wang X, Goldstein DB. Enhancer domains predict gene pathogenic-

ity and inform gene discovery in complex disease. Am J Hum Genet.
2020;106(2):215-33.

. Farh KKH, Marson A, Zhu J, Kleinewietfeld M, Housley WJ, Beik S, et al.

Genetic and epigenetic fine mapping of causal autoimmune disease
variants. Nature. 2015;518(7539):337-43.

. Peng Q,Wan D, Zhou R, Luo H, Wang J, Ren L, et al. The biological func-

tion of metazoan-specific subunit nuclear factor related to kappaB bind-
ing protein of INO80 complex. Int J Biol Macromol. 2022,203:176-83.
Yao P, Lin P, Gokoolparsadh A, Assareh A, Thang MWC, Voineagu I. Coex-
pression networks identify brain region-specific enhancer RNAs in the
human brain. Nat Neurosci. 2015;18(8):1168-74.

Zhang Z, Luo M, Li Q, LiuY, Lussier C, Zhang J, et al. Genetic, pharma-
cogenomic, and immune landscapes of enhancer RNAs across human
cancers. Cancer Res. 2022;82(5):785-90.

Tian J, CaiY, LiY, Lu Z, Huang J, Deng Y, et al. CancerlmmunityQTL: a data-
base to systematically evaluate the impact of genetic variants on immune
infiltration in human cancer. Nucleic Acids Res. 2021;49(D1):D1065-73.
Fulco CP, Nasser J, Jones TR, Munson G, Bergman DT, SubramanianV,

et al. Activity-by-contact model of enhancer-promoter regulation from
thousands of CRISPR perturbations. Nat Genet. 2019;51(12):1664-9.
Huyghe JR, Bien SA, Harrison TA, Kang HM, Chen S, Schmit SL, et al.
Discovery of common and rare genetic risk variants for colorectal cancer.
Nat Genet. 2019;51(1):76-87.

Peters U, Hutter CM, Hsu L, Schumacher FR, Conti DV, Carlson CS, et al.
Meta-analysis of new genome-wide association studies of colorectal
cancer risk. Hum Genet. 2012;131(2):217-34.

Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK
Biobank resource with deep phenotyping and genomic data. Nature.
2018;562(7726):203-9.

Cingolani P, Platts A, Wang Le L, Coon M, Nguyen T, Wang L, et al. A
program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly (Austin). 2012;6(2):80-92.

Lai F, Gardini A, Zhang A, Shiekhattar R. Integrator mediates the biogen-
esis of enhancer RNAs. Nature. 2015;525(7569):399-403.

Bal E, Park HS, Belaid-Choucair Z, Kayserili H, Naville M, Madrange M, et al.
Mutations in ACTRT1 and its enhancer RNA elements lead to aberrant
activation of hedgehog signaling in inherited and sporadic basal cell
carcinomas. Nat Med. 2017;23(10):1226-33.

Braccioli L, de Wit E. CTCF: a swiss-army knife for genome organization
and transcription regulation. Essays Biochem. 2019;63(1):157-65.
Buniello A, Macarthur JAL, Cerezo M, Harris LW, Hayhurst J, Malangone

C, et al. The NHGRI-EBI GWAS catalog of published genome-wide



Cai et al. Military Medical Research (2024) 11:36

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

association studies, targeted arrays and summary statistics 2019. Nucleic
Acids Res. 2019;47(D1):D1005-12.

SartorelliV, Lauberth SM. Enhancer RNAs are an important regulatory
layer of the epigenome. Nat Struct Mol Biol. 2020;27(6):521-8.

Gene Ontology Consortium. Gene Ontology Consortium: going forward.
Nucleic Acids Res. 2015;43(Database issue):D1049-56.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res. 2000;28(1):27-30.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad SciU S A.
2005;102(43):15545-50.

LiT, Fan J,Wang B, Traugh N, Chen Q, Liu JS, et al. TIMER: a web server for
comprehensive analysis of tumor-infiltrating immune cells. Cancer Res.
2017,77(21):¢108-10.

Sayles LC, Breese MR, Koehne AL, Leung SG, Lee AG, Liu HY, et al.
Genome-informed targeted therapy for osteosarcoma. Cancer Discov.
2019,9(1):46-63.

Despierre E, Moisse M, Yesilyurt B, Sehouli J, Braicu |, Mahner S, et al.
Somatic copy number alterations predict response to platinum therapy in
epithelial ovarian cancer. Gynecol Oncol. 2014;135(3):415-22.

Yang W, Soares J, Greninger P, Edelman EJ, Lightfoot H, Forbes S, et al.
Genomics of Drug Sensitivity in Cancer (GDSC): a resource for therapeutic
biomarker discovery in cancer cells. Nucleic Acids Res. 2013;41(Database
issue):D955-61.

Chen J, Shao R, Li F, Monteiro M, Liu JP, Xu ZP, et al. PI3K/Akt/mTOR path-
way dual inhibitor BEZ235 suppresses the stemness of colon cancer stem
cells. Clin Exp Pharmacol Physiol. 2015;42(12):1317-26.

Tan X, Chen S,Wu J, Lin J, Pan C, Ying X, et al. PI3K/Akt-mediated upregu-
lation of WDR5 promotes colorectal cancer metastasis by directly target-
ing ZNF407. Cell Death Dis. 2017;8(3):e2686.

Ongen H, Andersen CL, Bramsen JB, Oster B, Rasmussen MH, Ferreira

PG, et al. Putative cis-regulatory drivers in colorectal cancer. Nature.
2014;512(7512):87-90.

Zhang M, Lykke-Andersen S, Zhu B, Xiao W, Hoskins JW, Zhang X,

et al. Characterising cis-regulatory variation in the transcriptome of
histologically normal and tumour-derived pancreatic tissues. Gut.
2018,67(3):521-33.

Meyers RM, Bryan JG, McFarland JM, Weir BA, Sizemore AE, Xu H, et al.
Computational correction of copy number effect improves specific-

ity of CRISPR-Cas9 essentiality screens in cancer cells. Nat Genet.
2017;49(12):1779-84.

Mu Z, Wei W, Fair B, Miao J, Zhu P, Li YI. The impact of cell type and con-
text-dependent regulatory variants on human immune traits. Genome
Biol. 2021;22(1):122.

Maurano MT, Humbert R, Rynes E, Thurman RE, Haugen E, Wang H, et al.
Systematic localization of common disease-associated variation in regu-
latory DNA. Science. 2012;337(6099):1190-5.

Hnisz D, Abraham BJ, Lee Tl, Lau A, Saint-Andre V, Sigova AA, et al.
Super-enhancers in the control of cell identity and disease. Cell.
2013;155(4):934-47.

Shlyueva D, Stampfel G, Stark A. Transcriptional enhancers: from properties
to genome-wide predictions. Nat Rev Genet. 2014;15(4):272-86.

Li W, Notani D, Rosenfeld MG. Enhancers as non-coding RNA transcrip-
tion units: recent insights and future perspectives. Nat Rev Genet.
2016;17(4):207-23.

Seeler JS, Dejean A. SUMO and the robustness of cancer. Nat Rev Cancer.
2017;17(3):184-97.

Wu Z, Huang H, Han Q, Hu Z, Teng XL, Ding R, et al. SENP7 senses oxida-
tive stress to sustain metabolic fitness and antitumor functions of CD8* T
cells. J Clin Invest. 2022;132(7):e155224.

Page 24 of 24



	Genome-wide enhancer RNA profiling adds molecular links between genetic variation and human cancers
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Integrative eRNAQTL analyses in 30 human cancers from TCGA​
	Identification of genome-wide eRNAQTLs in Chinese CRC tissues
	Study population
	Annotation of enhancers
	Quantification of eRNA expression

	Study populations in three-stage GWASs
	Cell lines and culture
	Construction of plasmids and transfection
	Dual-luciferase reporter assay
	Chromatin isolation by RNA purification (ChIRP) assay
	qRT-PCR
	Western blotting assay
	Cell proliferation assay
	Statistical analysis

	Results
	Systematic landscape of eRNAQTLs across 30 cancer types
	eRNAQTLs are enriched in genetic regulatory elements
	eRNAQTLs provide an additional layer to functionally characterize cancer susceptibility
	eRNAs facilitate the elucidating of the biological process of cancers
	The potential clinical relevance of eRNAs
	Profiling eRNAQTLs in Chinese CRC patients
	Comparison of eRNAQTLs in CRC tissues and adjacent normal tissues from Chinese CRC patients
	The eRNAQTL rs3094296 contributes to a decreased risk of CRC in multiple populations
	eRNAQTL rs3094296 promotes eRNA ENSR00000155786 expression mediated by HOXA5
	eRNA ENSR00000155786 inhibits cell proliferation by activating SENP7 expression
	A user-friendly database for integrative analysis of eRNAQTLs in cancer

	Discussion
	Conclusion
	Acknowledgements
	References


