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Single-nucleotide polymorphism rs6592645 confers
asthma risk through regulating LRRC32 expression
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Abstract. Asthma is a complex disease, often with evident
genetic predisposition; for example, the single-nucleotide
polymorphism (SNP) rs7130588 was significantly associated
with asthma by genome-wide association study (GWAS).
Analysis of 1000 Genomes Project data suggests that there is
another SNP, rs6592645, in complete linkage disequilibrium
with rs7130588 and should present the same signal in GWAS.
However, the causal SNP and the mechanism for the associa-
tion between rs7130588 and asthma remain to be elucidated. In
the presents study, results from dual-luciferase assays indicated
that the A/G alleles of rs7130588 failed to present significantly
different reporter gene expression. By contrast, A allele of
1$6592645 presented a significant increase in relative luciferase
activity than G allele, thus suggesting that rs6592645 may
be a causal SNP. Using chromosome conformation capture,
the enhancer region containing rs6592645 was observed to
interact with promoter region of leucine-rich repeat-containing
32 (LRRC32). Gene expression quantification suggested that
LRRC32 expression is significantly increased in lung tissue of
patients with asthma and is dependent on the genotype of this
locus, thus verifying that LRRC32 may be involved in asthma
onset and that rs6592645 can regulate LRRC32 expression.
Through chromatin immunoprecipitation, transcription factor
3 (TCF3) was identified to bind to rs6592645 surrounding
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region and the interaction between TCF3 and rs6592645
surrounding region was investigated. Results from the present
study may improve our understanding of the mechanism
by which the genetic variation in this locus might influence
asthma susceptibility.

Introduction

Asthma is a common complex disease characterized by
chronic respiratory tract inflammation, reversible airflow
obstruction and airway hyper-responsiveness (1). Asthma can
be induced by multiple environmental factors, such as cold and
dry air and airborne substances, including chemical fumes,
dust and pollen (1). Additionally, genetics plays an important
role in the onset and the heritability for asthma is as high as
~80% (1). To discover the potential genetic contribution to
asthma, numerous genome-wide association studies (GWASs)
have been performed, and one single-nucleotide polymor-
phism (SNP), rs7130588, located at 11q13.5 was observed to
be associated with asthma, including both adult-onset and
childhood-onset, in Caucasian populations (2-6).

It had been suggested that there are ~80 million genetic
variations in human genome (7). However, owing to the
space limit of the microarray, only a small number (usually
~500,000) can be included and genotyped by GWAS.
Therefore, it cannot be discounted that the real causal SNP(s)
for asthma might not be rs7130588, but the one(s) in linkage
disequilibrium (LD) with it. However, this question has not
yet been scrutinized. In addition, since rs7130588 is located at
the intergenic region between EMSY transcriptional repressor,
BRCA2 interacting (EMSY; also known as Cllorf30) and
leucine-rich repeat-containing 32 (LRRC32; also known as
glycoprotein-A repetitions predominant), with the latter gene
encoding for a protein involved in immune response, it had
been hypothesized that rs7130588 may be associated with
asthma by regulating LRRC32 expression (2). However, owing
to the relative long distance (~110.0 kb) between this SNP
and the LRRC32 promoter, this interaction has never been
demonstrated. As a result, this locus was termed as ‘EMSY (or
Cllorf30)-LRRC32’ in previous studies (8-14).

The present study attempted to reveal the functional
variation(s) in 11q13.5 associated with asthma and its
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mechanism. Through public genotype data analysis, potential
SNPs associated with asthma were identified. Dual-luciferase
assay were used to characterize the causal SNP. Furthermore,
the present study used a functional genomics approach to
investigate the underlying mechanism for asthma.

Materials and methods

1000 Genomes Project (IKGP) data analysis. The upstream
and downstream 500 kb genetic sequence flanking rs7130588
for three representative populations, including CEU (Utah
Residents with European Ancestry), CHB (Han Chinese in
Beijing) and YRI (Yoruba in Ibadan; Nigeria), were down-
loaded from 1KGP website (http://www.internationalgenome.
org). The LD pattern was determined using the Genome
Variation Server version 150 (http://gvs.gs.washington.
edu/GVS150), with r*>0.8.

Dual luciferase assay. The rs7130588 and rs6592645 flanking
region (~1.5 kb; ~750 bp in each side) was amplified by nested
PCR with primers listed in Table SI, digested by Kpnl and
BgllT (New England Biolabs) and inserted into pGL3-promoter
vector (Promega Corporation). To avoid artificial mutations,
PCR was performed using Phusion High-Fidelity DNA
Polymerase (Thermo Fisher Scientific, Inc.) with the following
thermocycling conditions: 98°C for 30 sec; followed by
35 cycles of 98°C for 10 sec, 56°C for 30 sec and 72°C for
30 sec. Following sequencing by BigDye terminator (Thermo
Fisher Scientific, Inc.), plasmids containing another allele
were generated by mutagenesis using the Q5 Site-directed
Mutagenesis Kit (New England Biolabs) and primers listed in
Table SI. Prior to transfection, all plasmids were sequenced to
verify the sequence and the haplotype orientation.

The human lung bronchial epithelial cell line Beas-2B
was purchased from Conservation Genetics CAS (Chinese
Academy of Science) Kunming Cell Bank (http://www.
kmcellbank.com; cat. no. KCB200922YJ) and maintained in
Dulbecco's modified Eagle's medium (high glucose; HyClone;
Cytiva) with 10% FBS (Biological Industries USA, Inc.) in
5% CO,at 37°C. Beas-2B Cells (~10° cells/well) were plated
into 24-well plate and 475 ng plasmid constructs were trans-
fected by Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 12 h. After transfection, cells were
cultured for additional 36 h at 37°C and harvested. The lucif-
erase activity was determined by Dual-Luciferase Reporter
Assay System (Promega Corporation). A total of six indepen-
dent transfections were performed for each plasmid. In each
transfection, the Renilla luciferase control plasmid pRL-TK
(25 ng; Promega Corporation) plasmid was cot-transfected and
used to normalize the transfection efficiency.

Chromosome conformation capture (3C). Spatial contacts
between the enhancers and the promoters of nearby genes
were examined by 3C and quantitative PCR (QPCR). Briefly,
~108 Beas-2B cells were cross-linked by formaldehyde (1%
final concentration) and lysed by lysis buffer (10 mM Tris-HClI,
10 mM NacCl, 0.2% NP40, pH 8.0), and the chromatin was
digested by restrictive enzyme (Hindlll or EcoRI; see below).
After ligation, DNA was purified by standard phenol-
chloroform method (https://www.thermofisher.cn/cn/zh/

home/references/protocols/nucleic-acid-purification-and-analysis/
dna-extraction-protocols/phenol-chloroform-extraction.html).
Along with the Beas-2B cells, related bacterial artificial
chromosomes (BACs) containing the enhancer and nearby
region were ordered from BACPAC Resources Center
(https://bacpacresources.org/), cultured in E. coli, isolated,
digested, ligated and quantified by qPCR with iQ SYBR
green (Bio-Rad Laboratories, Inc.; cat. no. 1725122) and the
primers in Tables SII and SIII with the following thermocy-
cling conditions: 96°C for 10 min; followed by 40 cycles of
96°C for 10 sec and 60°C for 30 sec. Owing to the distance
between rs6592645 and the promoter of nearby genes, in addi-
tion to the complex restrictive enzyme map, 3C was performed
separately for the upstream and the downstream regions of
156592645. For upstream region 3C, Hindlll (New England
Biolabs) was chosen to digest chromatin. The two BACs
RP11-269F1 and RP11-795A14 (BACPAC Resources Center)
were mixed with the same amount (10 ug for each) and used
as control. By contrast, EcoRI (New England Biolabs) and
BAC RP11-672A2 were utilized in downstream region 3C.
In the current study, unidirectional primers were designed to
anchor three protein-coding genes [GVQW motif-containing 3
(GVQW3), THAP domain-containing 12 (THAPI2) and
EMSY] for the upstream region, and one protein-coding gene
(LRRC32) for the downstream one, this enhancer and several
random genome regions (Tables SII and SIII). GVOQW3 and
THAPI2 utilize different strands of the same fragment as
the promoter. Therefore, these two genes occupied the same
position in the assay.

The enrichment for chromatin was evaluated using
the 2-24¢4 method (15). All PCR products were verified by
sequencing. Three repeats were performed for each unidirec-
tional anchor primer.

The potential unknown genes were searched in two
IncRNA databases; NONCODE (http://www.noncode.org)
and GENCODE (https:/www.gencodegenes.org).

Tissue collection and LRRC32 expression quantification.
A total of 46 lung tissues were collected from Department
of Respiratory Critical Care Medicine, the First Affiliated
Hospital of Kunming Medical University (Kunming, China)
between January 2016 and June 2016. The detail of the donors
can be found in Table I. All donors were suspected of lung
cancer and thus tissues were sectioned for pathological exami-
nation. After examination, the remaining tissues were used for
research. Among the donors, 22 individuals were diagnosed
as asthma according to global initiative for asthma (16). None
of the patients were eventually diagnosed with lung cancer
and no other comorbidities were reported. All available
tissues (22 asthma and 24 controls) were included, and no
individuals were excluded. All participants were Han Chinese
and provided written informed consent. The present study was
approved by ethics committee of Shaanxi Normal University
(approval number 20170308).

RNA was isolated by TRIzol® (Thermo Fisher Scientific,
Inc.). cDNA was generated by reverse transcription with
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Inc.). LRRC32 expression was quantified by qPCR
with primer pair 5'-GCATAGCAACGTGCTGATGGA
C-3' and 5-GATGCTGTTGCAGCTCAGGTCT-3'; GAPDH
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Table I. Characteristics of the tissue donors.

Characteristic Asthma group Control group
Sample size 22 24

Sex (M/F) 12/10 14/10
Age distribution 51-70 47-69

M, male; F, female.

expression was also measured as a control with primer pair
5'-GAAGGTGAAGGTCGGAGTC-3' and 5'-GAAGAT
GGTGATGGGATTTC-3". qPCR was performed by relative
standard curve approach (17); that is, a cDNA mixture was
serial diluted and thus a standard curve was generated. Gene
expression was determined by the position of Cq in standard
curve. The reagent and thermocycling condition were the same
as the aforementioned qPCR. A total of three repeats were
performed for each individual.

RNA-seq and expression quantitative trait locus (eQTL)
analysis. RNA-seq data (SRA format) for lymphoblastoid cell
lines (LCL) from two studies (18,19) were obtained from the
SRA database (https:/www.ncbi.nlm.nih.gov/sra; accession
numbers: PRINA357867and PRINA122271)and converted into
fastq format by SRA toolkit (https:/github.com/ncbi/sra-tools).
After alignment with LRRC32 mRNA sequence (GenBank
ID NM_005512.3) by bowtie2 (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml), the expression was calculated by
eXpress (https:/pachterlab.github.io/eXpress) using the default
parameters and reported as fragments per kilobase of tran-
script per million fragments mapped (FPKM). The genotype
for LCL was obtained from the HapMap project (https:/www.
genome.gov/10001688/international-hapmap-project), and
linear regression was performed between genotype and
LRRC32 expression by SPSS 20.0 Statistics (IBM Corp.).

Chromatin immunoprecipitation (ChIP). The online
program Match (http:/www.gene-regulation.com/cgi-bin/
pub/programs/match/bin/match.cgi) was used to identify
potential transcription factors. ChIP was carried out by EZ
ChIP Kit (MilliporeSigma) according to the manufacturer's
protocol. Briefly, ~1x107 Beas-2B cells were cross-linked with
formaldehyde (1% final concentration) at room temperature for
10 min. After washing with phosphate buffered saline (Beijing
Solarbio Science & Technology Co., Ltd.), cells were scraped,
lysed by lysis buffer (MilliporeSigma; cat. no. 20-163),
sonicated (2% magnitude, 60 sec at 4°C) into small frag-
ments (~400-800 bp) and precleared with 60 ul protein A
beads (MilliporeSigma; cat. no. 16-201C) by centrifuge at
3,000 x g for 1 min at 4°C. The protein/chromatin complex
(1 ml) was captured by adding 2 g mouse anti-transcription
factor 3 (TCF3) antibody (Santa Cruz Biotechnology, Inc.;
cat. no. sc-133074) or 2 pug normal mouse IgG (Santa Cruz
Biotechnology, Inc.; cat. no. sc-2025) as a control, and
precipitated with 60 ul protein A beads. Following washing
with 1 ml Low Salt, High Salt, LiCl and TE wash buffers
(MilliporeSigma; cat. nos. 20-154, 20-155, 20-156 and 20-157;
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respectively), the immunoprecipitated protein/chromatin
complex was dissolved and de-crosslinked by adding 8 u1 5SM
NaCl and incubating at 65°C overnight. Protein was removed
by proteinase K (Roche Diagnostics) digestion and DNA was
purified by supplied column in aforementioned EZ ChIP Kit.
In brief, DNA was binding to the spin filter, washed by reagent
A and resolved in reagent B. gPCR was used to evaluate the
enrichment of the obtaining DNA with primer pair 5-ATA
GCATTAGATTGTTGTTCTGC-3' and 5'-ACGGAGATG
ATGGGTGAGA-3'". This primer pair was designed to bind
rs6592645 surrounding region. The qPCR was performed by
relative standard curve method (17). The reagent and ther-
mocycling condition were identical with the aforementioned
gPCR. Three repeats were performed for each experiment.

Electrophoretic mobility shift assay (EMSA). Nuclear
extracts were prepared and quantified using a Nuclear and
Cytoplasmic Protein Extraction kit (Beyotime Institute of
Biotechnology; cat. no. P0027). The probes for both alleles of
rs6592645 are shown in Table SIV; they were synthesized by
Sangon Biotech Co., Ltd., labeled with biotin using an EMSA
probe biotin labeling kit (Beyotime Institute of Biotechnology,
cat. nos. GS008) and incubated with nuclear extracts (5 yg) of
Beas-2B cells at 37°C for 30 min. The probe/protein complex
was separated by electrophoresis in nondenaturing polyacryl-
amide gel (6%) and transferred to nylon membranes (Beyotime
Institute of Biotechnology). For each allele, two controls were
also included. One control was biotin-labeled probes alone
while the other was probe/protein complex incubating with
competitor oligonucleotides (non-labeled probes). After incu-
bating with streptavidin-HRP conjugate (Beyotime Institute of
Biotechnology; cat. no. GS009), the membrane was visualized
in ECL chemiluminescence (MilliporeSigma).

Statistical analysis. One-way ANOVA with Tukey's test was
used to compare the data from multiple groups, including lucif-
erase activity, 3C and partial LRRC32 expression. Independent
Student's t-tests were utilized to compare the difference of
two groups, including gene expression and ChIP results. All
statistical analyses were performed using SPSS 20.0 (IBM
Corp.). P<0.05 was considered to indicate a statistically
significant difference.

Results

Genetic variations near rs7130588. As the causal SNP(s) for
asthma might be those in LD with rs7130588 (20,21), the present
study investigated the LD pattern in representative 1KGP
populations. Within the 500 kb region surrounding rs7130588,
there are 2,253 SNPs for CEU, 2,279 SNPs for CHB and 3,776
SNPs for YRI. Among these SNPs, one was located ~0.3 kb
away, 16592645, and showed complete LD with rs7130588
(r*=1 for all three populations; Fig. S1), which indicated that
16592645 and rs7130588 appear simultaneously. Therefore,
rs6592645 should also present differentially distribution in
case and control groups and be associated with asthma.
Another three SNPs were located ~30.6 kb away, including
1s7926914, rs7927894 and rs7927997, which are in complete
LD with each other (r’=1 for all three populations) and are
associated with Crohn's disease (22) and atopic dermatitis (23),
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presented a strong LD with rs7130588 in CEU (1?=0.937) but
relatively weak LD in CHB (r>=0.373) and YRI (r>=0.309) popu-
lations. All other SNPs had relatively low LD with rs7130588
in these three populations (all r’<0.530). Considering this LD
pattern and that these three SNPs in the microarray (or the tag
one, 1s7927894) fail to reach a genome-wide significance level
in GWAS for asthma (24), we hypothesized that rs7130588 and
rs6592645 may be potential causal SNPs for this disease.

Function of rs7130588 and rs6592645. Since both rs7130588
and rs6592645 are located in intergenic region of EMSY
and LRRC32, it was hypothesized that they might regulate
gene expression by altering enhancer activity (21). To inves-
tigate this, the present study cloned the segment containing
rs7130588 and rs6592645 (~1.5 kb) , created plasmids with
the corresponding alleles, performed transient transfections
and subsequent dual-luciferase assays. ANOVA indicated that
there was significant difference among the luciferase activity
of these three plasmids (P=0.000049; Fig. 1). To explore the
functional SNP, the present study further pairwisely compared
the luciferase activity by ANOVA with Tukey's test. As shown
in Fig. 1, the mutagenesis at rs7130588 failed to alter the
relative luciferase activity when compared with the original
plasmid construct (P=0.839), thus indicating that rs7130588 is
not functional in lung cell and unlikely to be the causal SNP
for asthma. By contrast, the A allele of rs6592645 presented
a significant increase in relative luciferase activity compared
with the G allele (P=0.000093), thus suggesting that rs6592645
may be a causal SNP for asthma. Since the risk allele is G
of rs7130588 in GWAS (2) and that G of rs7130588 was in
complete LD with A of 16592645, the causal variation for
asthma should be A of rs6592645.

Gene interaction with the enhancer containing rs6592645.
Since rs6592645 is within the intergenic region of EMSY and
LRRC32, it was hypothesized that this mutation might be
within an enhancer region and may have the ability to modify
enhancer activity (21). In addition, the histone modification
for 1s6592645 surrounding region was searched in ENCODE
project (https://www.encodeproject.org), which includes
different ChIP-seq results for multiple cell lines. Since
Beas-2B cell line was not included in ENCODE, lung cancer
cell line A549 was searched due to the similar origin of these
two cell lines. As shown in Fig. S2, there are evident histone
3 lysine 4 (H3K4) monomethylation and H3K27 acetylation
signals, which are two common histone modifications on
active enhancers (25), surrounding rs6592645 region in lung
cell. However, the regulatory target remained undetermined.
To investigated this, 3C was performed to determine the
potential spatial contacts. Owing to the long distance between
156952645 and nearby gene (EMSY and LRRC32) promoter,
it was hard to perform 3C in one experiment. Therefore, the
nearby region was divided into upstream and downstream
regions and these were investigated separately.

As shown in Fig. 2A, in the upstream region, the
GVQW3/THAPI2 (the fifth point on the x-axis, ~179.1 kb
away from rs6592645) and the EMSY (the eighth point on the
x-axis, ~115.0 kb away from rs6592645) promoters failed to
show any increases in ligation efficiency, thus indicating that
none of them are the target of this enhancer. By contrast, the

rs6592645 rs7130588

G A

mg@rs7130588 [Luc]] *
G G

mg@ reashents _H_m_

000 100 200 300 400 500
Relative luciferase activity

Figure 1. Relative luciferase activity for rs7130588 and rs6592645 alleles in
Beas-2B cells. The top plasmid is the original construct, and the middle and
bottom plasmids are from mutagenesis. All data are normalized to pRL-TK
(internal control) and the empty vector (pGL3-promoter; external control)
and are presented as the mean =+ standard deviation. "P<0.05. Luc, luciferase;
mg, mutagenesis.

fourth, sixth and seventh point on the x-axis displayed some
increase in ligation frequency (Fig. 2A). However, no known
protein-coding genes are within these three restriction frag-
ments. Previous studies have suggested that long non-coding
RNA (IncRNA; RNA with length >200 base pairs but without
protein-coding function) are also involved in the onset of
asthma (26,27). Therefore, we hypothesized that there might
be a novel IncRNA within this region. To reveal the potential
gene, this segment was searched in two IncRNA databases;
NONCODE and GENCODE. However, no IncRNAs were
observed to be within this segment. Therefore, it was consid-
ered that this interaction in space between this segment and
the enhancer containing rs6592645 might be a random one
and without biological sense, which might result from the
affinity between these two genome regions and the same
protein complex.

For the downstream region, the promoter of LRRC32
showed a strong increase in ligation efficiency (the seventh
point on the x-axis, ~110.0 kb away from rs6592645; Fig. 2B).
Using ANOVA to compare the interaction efficiency of this
point with nearby ones, a significant difference can be observed
(P<0.001), which indicated that the putative regulation target
of this enhancer may be LRRC32.

LRRC32 expression between asthma and controls. Results
from the luciferase assay indicated that the putative causal
allele, A of 16592645, may induce high gene expression. If
LRRC32 is indeed involved in asthma onset, then this gene
should be overexpressed in patients with asthma. To validate
this, lung tissues from 22 patients with asthma and 24 healthy
controls were collected, and LRRC32 expression levels were
quantified. As shown in Fig. 3, LRRC32 expression in patients
with asthma was significantly higher compared with that in
controls (P=0.0095), thus confirming this hypothesis.
Previous GWAS analysis has suggested that rs7130588
is significantly associated with atopic asthma, thus indi-
cating that this locus may be a risk factor mainly for allergic
asthma (2). Therefore, it is useful to compare LRRC32 expres-
sion among allergic asthma and controls. Among the cohort
of the present study, only six individuals were diagnosed with
allergic asthma. ANOVA indicated that there was significant
difference among LRRC32 expression of these three groups
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The promoters for GVQW3 and THAPI2 are overlapped but in different
strands. All data are presented as the mean + standard deviation. Chrll,
chromosome 11; BAC; bacterial artificial chromosome; GVQW3, GVQW
motif-containing 3; LRRC32, leucine-rich repeat-containing 32; THAPI2,
THAP domain-containing 12.

(P=0.030). Further ANOVA with Tukey's test indicated that
no significant difference was observed in LRRC32 expression
between allergic asthma and non-allergic asthma (P=0.55) or
control (P=0.25; Fig. S3). By contrast, LRRC32 expression in
non-allergic asthma was significantly higher compared with
the control patients (P=0.0060; Fig. S3). However, there must
be caution in interpreting this result, as the sample size was
too small for allergic asthma.

LRRC32 expression upon stimulation. A number of envi-
ronmental factors, including house dust mites (HDMs) and
rhinoviruses (RVs), can induce asthma. To investigate whether
LRRC32 may be involved in the response of these two envi-
ronmental factors, two RNA-seq datasets were downloaded
from SRA database (accession number PRINA379624 and
PRINA700069) and LRRC32 expression was analyzed
as aforementioned. In one dataset, the authors collected
peripheral blood mononuclear cells (PBMCs) from a number

in the non-stimulated group (P=0.000034). These data indi-
cated that LRRC32 may be involved in the immune response
to HDM or RV.

eQTL analysis. If rs6592645 can indeed influence LRRC32
expression, this locus could be an eQTL for this gene (21).
Since enough lung tissues with known genotype and
expression data were not available for the present study, the
well-established model using LCL (30) cells was used to eluci-
date this. Therefore, two published RNA-seq data for LCL
were downloaded for analysis (18,19) and the results are shown
in Fig. 4. Since the individuals are not included in 1KGP and
156592645 genotype is not available in HapMap project for one
study (19), rs7130588 genotype was retrieved from HapMap
for analysis. This study includes three populations, CEU, YRI
and CHS (Southern Han Chinese) (19). Since the genotype for
the CHS individuals from that study are not available from
1KGP or HapMap, only the CEU and YRI patient data were
included for the present study analysis. In CEU, no association
was observed between rs7130588 genotype (A/A and A/G) and
LRRC32 expression (P=0.45; data not shown). In YRI, owing
to the low frequency (~20%) of rs7130588 G allele, no individ-
uals were identified as homozygous for this allele. Therefore,
the present study used independent samples t-test to compared
LRRC32 expression levels between A/A and A/G groups. As
shown in Fig. 4A, LRRC32 expression in A/G group (n=34)
was significantly higher compared with that in the A/A group
(n=11; P=0.003), which indicated that G allele of rs7130588
was associated with higher LRRC32 expression. Since G of
rs7130588 is in complete LD with A of rs6592645 (Fig. S1),
it can be concluded that A of rs6592645 is also associated
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Figure 4. Association between rs7130588 genotype and relative LRRC32
expression in YRI population from literature. The raw data of (A) is from (19)
while (B) is from (18). In each part, LRRC32 expression is displayed and
separated by rs7130588 genotype. The x-axis indicated rs7130588 genotype
while y-axis represented relative LRRC32 expression. LRRC32 expression
is in FPKM unit and log-transformed. The data are shown in box plot. The
circles represented outliers. "P<0.05 and “P<0.01. LRRC32, leucine-rich
repeat-containing 32; YRI, Yoruba in Ibadan.

with higher LRRC32 expression, which is consistent with our
luciferase assay (Fig. 1). In another YRI RNA-seq dataset (18),
LRRC32 expression in A/G group (n=31) was significantly
higher compared with that in A/A group (n=13; P=0.03;
Fig. 4B), which verified that this locus may be an eQTL for
LRRC32, at least in YRI population.

Transcription factor binding rs6592645. Considering the
location of rs6592645, it was hypothesized that this mutation
might be within a transcription factor binding site and thus
may alter interaction affinity (21). Only TCF3 was predicted
to reside in the surrounding region of rs6592645. To verify
this, ChIP was performed with anti-TCF3 antibodies and
the relative chromatin enrichment quantified for rs6592645
surrounding region. As shown in Fig. 5, the amount of immu-
noprecipitated chromatin samples were significantly higher in
the TCF3 antibody experiment compared with IgG (P=0.025),
thus suggesting that TCF3 may interact with rs6592645
surrounding region in lung cells.

TCF3 binding affinity difference between rs6592645 alleles.
To investigate the binding efficiency between two alleles
of rs6592645, EMSA was performed. As shown in Fig. 6,
the two alleles of 16592645 showed bands with evidently
different density, which indicated apparent different affinity
with nuclear proteins from Beas-2B cells. The high expression
allele, A of rs6592645, possesses a much higher band density,
which suggested a stronger binding affinity.

Association between rs11236797 genotype and LRRC32
expression. In the ~10.6-31.1 kb downstream region of
rs6592645, there was another LD block containing 16 SNPs
(rs2212434, rs61893460, rs7126418, rs7110818, rs7114362,
rs7936070, rs7936312, rs7936323, rs7936434, rs4494327,
rs11236791, rs10160518, rs2155219, rs11236797, rs7931483
and rs7930763; pairwise r>>0.85; Fig. S1) in CEU. This LD
block displays a moderate LD with rs6592645 (1?<0.62 for
all SNPs; Fig. S1) in CEU. In recent GWAS for Caucasians,

0.60

0.40

Relative enrichment

0.20 -

0.00 -

Anti-TCF3 1gG

Figure 5. Chromatin enrichment of the region surrounding rs6592645 by
TCF3 antibody in Beas-2B cells. The x axis indicates the different immu-
noprecipitated sample. The y axis represents relative enrichment and the
unit is fold change between immunoprecipitated sample and input. Data are
presented as the mean + standard deviation. "P<0.05. TCF3, transcription
factor 3.
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NE - 4+ + - o+
Competitor - - + - -
Probe + + o+ 4+
- . - -
— h
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Figure 6. Different binding affinity between rs6592645 alleles with NE. G
and A indicated different alleles of rs6592645. The arrow indicates the posi-
tion of protein/probe complex. NE, nuclear extract.

this LD block is proposed to be associated with grass
sensitization, self-reported allergy, allergic sensitization,
eosinophilic esophagitis, alopecia areata, giant cell arteritis,
atopic march, gut microbiome, food allergy, asthma and
the aforementioned autoimmune disorders (https:/www.
ebi.ac.uk/gwas/variants/rs11236797). Through functional
genomics work, rs11236797 was proposed to be a causal SNP
that can also regulate LRRC32 expression in T, cells (31),
which is similar with the function of rs6592645. Considering
the LD pattern and the 28.6 kb distance between rs6592645
and rs11236797, rs11236797 may be within an independent
cis-regulatory element for LRRC32 with rs6592645. However,
eQTL analysis was not conducted in a previous study (31).
Notably, the GTEx search also failed to verify the association
between this locus and LRRC32 expression (data not shown).
Therefore, the present study also used the aforementioned
LCL RNA-seq datasets to perform eQTL analysis. Since
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the genotype of rs11236797 is not available in HapMap, the
genotype of tag SNP rs2155219 was retrieved for analysis. In
one cohort (19), there was no significant association between
152155219 genotype and LRRC32 expression in CEU (P=0.776)
or YRI (P=0.332; data not shown). In another cohort (18),
rs2155219 genotype is strongly associated with LRRC32
expression (linear regression analysis, r=0.895, P<1x10°;
Fig. S6). In addition, the risk allele, T of rs2155219 (or A in
reverse strand; see GWAS catalog), is associated with a higher
LRRC32 expression (Fig. S6), which is similar to the results of
the present study.

Discussion

The present study identified a potential causal SNP for
asthma at 11q13.5 by population genetics and dual luciferase
assay. Using multiple functional genomics approaches, the
regulation target and underlying mechanism of the putative
enhancer were identified. These data established a putative
connection between a genetic marker in this locus and asthma
susceptibility.

TGF-f is a pleiotropic cytokine involved in immune
response, cell proliferation and differentiation, apoptosis, carci-
nogenesis and other physiological processes (32). Considering
the role of immune response in asthma onset, TGF-f has
been suggested to be a risk factor and therapeutic target for
asthma (33). LRRC32 is a transmembrane cell surface protein
and the docking receptor for latent TGF-f (non-covalently
bound of mature TGF-f and latency-associated peptide; the
latent form of TGF-f§ cannot bind with TGF-f3 receptor) (34).
Upon binding, LRRC32 can tether latent TGF-f§ and enhance
the activation of mature TGF-f (29). Overexpression of
LRRC32 can enhance TGF-f bioactivity, especially in regu-
latory T lymphocytes (T,,) (35-37). These data suggest an
essential role of LRRC32 in immune system (38,39). In this
locus, the risk allele A of rs6592645, can induce a signifi-
cantly higher LRRC32 expression level, which may result in
an exaggerated response and further asthma susceptibility.
In this regard, it was reported that rs7130588 is significantly
associated with serum IgE level (14), which was consistent
with the hypothesis of the present study.

eQTL analysis from the present study indicated that this
locus is significantly associated with LRRC32 expression only
in YRI population. Therefore, we hypothesized that there
might be some negative regulatory element(s) in CEU but
not in YRI population which can attenuate the association.
Notably, a search in GTEx database (https://gtexportal.org) and
one previous study (40) also failed to verify this association
(data not shown), which might be due to the origin of tissues
in the cohorts. Indeed, only European individuals were used to
investigate the association between rs7130588 and LRRC32 or
EMSY expression (40).

A number of asthma-related loci have been suggested
to produce their effect by influencing the immune system
and are thus proposed to be associated with some other
autoimmune diseases, such as allergic diseases and atopic
dermatitis (26,41,42). In recent GWAS, the rs7130588 locus
has been reported to be associated with increased white
cell count or percentage (43-45), inflammatory bowel
disease (4,46-48), Crohn's disease (46-49), ulcerative
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colitis (46-49), eczema or atopic dermatitis (4,42,50) and
allergic rhinitis (4,51), which probably result from the
cis-regulation of LRRC32.
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