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ABSTRACT

Background: Asthma is a global chronic respiratory disease with complex pathogenesis. While
current therapies offer some relief, they often fall short in effectively managing symptoms and
preventing exacerbations for numerous patients. Thus, understanding its mechanisms and
discovering new drug targets remains a pressing need for better treatment.

Methods: Using the GEO dataset, we screened differentially expressed genes (DEGs) in asthma
patients’ blood. Employing Summary Data-based Mendelian Randomization (SMR) and Two-
Sample Mendelian Randomization (TSMR), we pinpointed asthma causal genes, causal DNA
methylation sites, and methylation sites affecting gene expression, cross validated with at least 2
large-scale GWAS from each source. We utilized colocalization for genetic associations, meta-
analysis for data integration, two-step MR for methylation-gene-asthma mediation mechanism.
Druggability was evaluated using Open Target, virtual screening, and docking.

Results: Among the 954 DEGs found in asthma patients’ blood, increased expression of CEP95
(discovery, OR_SMR ¼ 0.94, 95% CI: 0.91–0.97), RBM6 (discovery, OR_SMR ¼ 0.97, 95% CI: 0.95–
0.99), and ITPKB (discovery, OR_SMR ¼ 0.82, 95% CI: 0.74–0.92) in the blood decreased the risk of
asthma, higher levels of HOXB-AS1 (discovery, OR_SMR¼ 1.05, 95% CI: 1.03–1.07), ETS1 (discovery,
OR_SMR¼ 1.62, 95%CI: 1.29–2.04), and JAK2 (discovery, OR_SMR¼ 1.13, 95%CI: 1.06–1.21) in the
blood increased the risk of asthma. Additionally, a total of 8 methylation sites on ITPKB, ETS1, and
JAK2 were identified to influence asthma. An increase in methylation at site cg16265553 raised the
risk of asthma partially by suppressing ITPKB expression. Similarly, increased methylation at
cg13661497 reduced the asthma risk totally by suppressing JAK2 expression. The impact of CEP95,
HOXB-AS1, and RBM6expressions on asthmawas further confirmed in lung tissues. Except for HOXB-
AS1, all the other genes were potential druggable targets.

Conclusion: Our study highlighted that specific gene expressions and methylation sites signifi-
cantly influence asthma risk and revealed a potential methylation-to-gene-to-asthma mechanism.
This provided pivotal evidence for future targeted functional studies and the development of
preventive and treatment strategies.
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INTRODUCTION
Asthma is a common lung disease that affects
approximately 262.4 million people worldwide.1 It
results in over 400,000 deaths annually. The
pathogenesis of asthma is complex, being
influenced by both genetic and environmental
factors.2 The exact causes remain not fully
understood. While glucocorticoids are the primary
treatment for asthma, many patients develop
hormone dependence or resistance. Besides,
prolonged use of these drugs can lead to side
effects, including osteoporosis.3 Therefore, a
deeper understanding of the precise causes and
underlying mechanisms of asthma is essential for
developing more effective treatment strategies.

Transcriptome studies play a pivotal role in
disease studies.4 This approach provides a
profound understanding of gene expression. It is
recognized that diseases often coincide with
changes in gene expression patterns. Such
analyses are instrumental in deciphering disease
mechanisms and identifying diagnostic markers.
In conditions such as asthma, transcriptome
studies become invaluable for elucidating the
disease’s molecular intricacies and proposing
potential therapeutic avenues.5

While transcriptomics provides valuable insights,
it alone cannot establish the influence of genes on
diseases. Current randomized controlled trials
(RCTs) and observational studies are not equipped
to rapidly assess causal genes for diseases due to
the extensive time, manpower, financial resources,
and ethical considerations involved. Fortunately,
developments in molecular genetics have provided
new opportunities. Mendelian Randomization (MR),
a prominent epidemiological method, leverages
genetic variations as instrumental variables to
elucidate causal relationships between exposures
and outcomes, almost as credible as RCTs.6

Compared with traditional clinical research, MR
has several benefits: It minimizes biases since
genetic variations are randomly assigned, avoids
reverse causality issues, is ethical without
participant interventions, and quickly assesses
exposure-outcome causal relationship using exist-
ing GWAS data, laying the groundwork for further
clinical research.7 By incorporating expression
quantitative trait loci (eQTL), which represent
associations between genotypes and gene
expression levels, into MR studies, we can
effectively clarify the causal genes for diseases.

DNA methylation, a common chemical modifica-
tion of DNA, plays a significant role in asthma.8

Research has shown that DNA methylation is both
heritable and reversible.9 Consequently,
investigating it is valuable for developing drugs
and diagnostic tools that target sites associated
with asthma. Meanwhile, DNA methylation can alter
gene expression, with increased methylation
typically resulting in reduced gene expression.10

Thus, comprehending DNA methylation patterns is
vital. Including DNA methylation quantitative trait
loci (mQTL) in our research, which link genotypes
to DNA methylation levels, further advances our
understanding of DNA methylation’s impact on
asthma and the factors driving changes in gene
expression.

In our study, we aimed to identify potential
causal genes and DNA methylation sites associ-
ated with asthma and elucidate the underlying
mechanisms, as illustrated in Fig. 1. Initially, we
utilized the blood GEO dataset from asthma
patients to analyze differentially expressed genes
(DEGs). We then employed Summary Data-based
Mendelian Randomization (SMR) and Two-
Sample Mendelian Randomization (TSMR) to
investigate the causalities between circulating
gene expression or circulating DNA methylation
and asthma, as well as DNA methylation and gene
expression. These analyses were carried out in
both the discovery and replication phases using
large-scale GWAS data. We also utilized meta-
analysis and colocalization methods to enhance
credibility. Some of these causal genes were vali-
dated in lung tissue. Regarding the mechanistic
aspects, we proceeded to explore which methyl-
ation sites could influence asthma by suppressing
gene expression through a two-step mediation
analysis. Furthermore, we explored whether these
identified targets could potentially serve as viable
therapeutic drug targets for asthma.
MATERIALS AND METHODS

Data resource

For transcriptomic data, we analyzed the whole-
blood gene expression profile (GSE69683) from
theGEOdatabase consisting of 371 asthma patients
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Fig. 1 Study design. FC, fold change; DEGs, differentially expressed genes; SMR, Summary Data-based Mendelian Randomization; TSMR:
Two-Sample Mendelian Randomization; UKB, the UK Biobank; TAGC, Trans-National Asthma Genetic Consortium; eQTL, expression
quantitative trait loci; mQTL, DNA methylation quantitative trait loci.
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and 80 controls of European descent. Using R
packages "GEOquery" for data extraction, "limma"
for DEG analysis, and "ggplot2" for visualization, we
identified DEGs based on criteria: FC > 1.2 and
FDR<0.05, referencing2criteria: 1withFoldChange
(FC) > 1.211,12 and the other based on |logFC|>
[mean(|logFC|)þ2sd(|logFC|)],13 which resulted in
an FC > 1.21 after calculation.

For eQTL data, 3 datasets were utilized: a dis-
covery blood eQTL dataset (n ¼ 31,684) from the
eQTLGen Consortium, a replication blood eQTL
dataset (n ¼ 670) from GTExV8, and an additional
lung eQTL dataset (n ¼ 515) from GTExV8. The
lung tissues were primarily sampled from the
inferior segment of the left upper lobe, 1 cm below
the pleural surface, and can include airways, pa-
renchyma, mesenchyme, etc.
For mQTL data, the study incorporates a dis-
covery blood mQTL dataset (n ¼ 27,750) from
GoMDC, a replication blood mQTL dataset
(n ¼ 4170) from FSH.

For asthma GWAS summary data, the discovery
set came from the UK Biobank (UKB) (ntotal ¼
408,422, ncases ¼ 56,167, ncontrols ¼ 352,255), while
the replication sets were derived from FinnGen
(ntotal¼ 213,293, ncases¼ 32,351, ncontrols¼ 180,942)
and Trans-National Asthma Genetic Consortium
(TAGC) (ntotal ¼ 127,669, ncases ¼ 19,954, ncontrols ¼
107,715).

In these datasets, only eQTLGen and GTEx
originated from predominantly European pop-
ulations, while the rest were from European
populations.



4 Wang et al. World Allergy Organization Journal (2024) 17:101008
http://doi.org/10.1016/j.waojou.2024.101008
Selection of instrumental variables (IVs)

Only QTLs that met the following criteria were
included: 1) showedgenome-wide significance level
(p < 5 � 10�8); 2) positioned outside the major his-
tocompatibility complex region;14 3) were cis-acting
QTLs15 (SNP gene distance<1 Mb for eQTL;16 SNP
DNAm site<1 Mb for mQTL17); 4) with a (MAF)
minor allele frequency>0.01;18 5) with F > 10. An
F, determined by (beta2/se2), assesses the potency
of the SNPs;19,20 6) were both exist in exposure
and outcome. Besides, for TSMR, the default
setting was used, identifying independent
associations through linkage disequilibrium (LD)
clumping with r2 < 0.001 using the R package
"ieugwasr".14,21 For SMR, the default configuration
was used, excluding SNPs in very strong LD
(r2 > 0.9) with the top associated QTL and
removing SNPs in weak LD or not in LD (r2 < 0.05)
with the top associated QTL.

Additionally, CEP95 had no eQTL in lung tissues
with a p-value of 5 � 10�8, so the threshold was
relaxed to 1 � 10�5. For the mQTL from FSH, only
data with a p-value less than 2 � 10�11 was pro-
vided by the authors, so we chose these SNPs.

Summary data-based mendelian randomization
(SMR) and two-sample MR (TSMR)

Mendelian Randomization (MR) is a reliable
method for causal inference that uses genetic
variants as instrumental variables to determine the
causal relationship between exposures (such as
genes/genomic sites) and outcomes (such as
asthma). The instrumental variables, typically single
nucleotide polymorphisms (SNPs), must be
strongly associated with the exposure (p < 5e-8)
and independent of the outcome. These SNPs
should be present in both the exposure and
outcome genome-wide association studies
(GWAS). Therefore, these instrumental variables
can represent the exposure, and by analyzing their
results, we can determine whether there is a causal
relationship between the exposure and the
outcome.

SMR is an advanced method that builds on
traditional Mendelian Randomization. By using
SMR software, we investigated the causal re-
lationships between gene expression, DNA
methylation, and asthma. In the discovery phase,
significance was set at FDR_SMR<0.05, while in
replication, it was defined as FDR_SMR<0.1.
Genes/genomic sites meeting these criteria are
considered causally related in SMR.

TSMR is a traditional Mendelian Randomization
method for causal analysis. In this study, TSMR was
performed by the "TwoSampleMR" in R software.
Referencing previous literature,14 when only 1 IV
was present, the wald ratio was applied. If 2 or
more IVs were available, the IVW method was
adopted. In the discovery phase, significance was
set at FDR<0.05, while in replication, it was
defined as FDR<0.1. Genes/genomic sites that
meet these criteria are regarded as having a
causal relationship in TSMR.

Results were visually presented using forest
plots by R package "forestploter".
Colocalization analysis

We used Bayesian colocalization to investigate
genetic associations between exposure-outcome
pairs within the corresponding genetic locus by R
package "coloc".22,23

For significant MR results, we conducted co-
localization analyses considering SNPs within
�100 kb for gene expression and asthma,
methylation and asthma, methylation and gene
expression. When the posterior probability for H4
(PPH4) >0.5,24 it suggests colocalization,
reinforcing the MR findings.

Sensitivity analysis

We used the heterogeneity in dependent in-
struments (HEIDI) test by the SMR software to
identify potential linkage heterogeneity, where a
p < 0.0125 indicated their presence. For TSMR
analysis, we employed Cochran’s Q test to assess
heterogeneity, with p < 0.05 indicating its
presence. To evaluate pleiotropy, we utilized the
MR-Egger regression test, considering a p < 0.05
as an indicator of pleiotropy.

We used the R package "phenoscanner" to
perform phenotype scanning the SNPs related to
asthma and its confounding factors for positive
genes and sites in discovery phase. Significant
SNPs met these criteria: they shared the same ef-
fect allele as our results, reached GWAS signifi-
cance (p < 5 � 10�8), had an absolute effect
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size(b)>0.01, and originated from a European
ancestry population.26

Druggability annotation, virtual screening, and
molecular docking

Using Open Targets data (release 2023-06), we
annotatedgeneswithdrugsusceptibility information
mainly as previously employed:27 1) Licensed drugs
(bucket 1) for small molecules, antibodies, PROTAC,
andothers; 2)Drugs inclinicaldevelopment (buckets
2 and 3) for small molecules, antibodies, PROTAC,
and others; 3) Compounds in the preclinical phase
(buckets 4 and 5) for small molecules; and 4)
Predicted druggable (buckets 6 to 8) for small
molecules, (buckets 4 and 5) for antibodies, and
(buckets 4 to 6) for PROTAC.

We obtained protein structures from the
AlphaFold Database and used the FDA-approved
drug library from Selleckchem. After screening
for bioavailability and physicochemical descriptors
following Lipinski-Veber rules, we selected 1147
compounds.These, along with receptor molecules,
were prepared using AutoDockTools. Blind dock-
ing screenings were conducted using AutoDock
Vina, with automation through in-house scripts.28

Details of the pocket parameters can be found in
Supplementary Table. S3.

Meta-analysis

In meta-analysis, 2 models were used: fixed-
effect and random-effect. The choice depends on
observed heterogeneity, assessed using Cochran’s
Q test and I2 statistic. If no significant heteroge-
neity (Q test p � 0.05, I2 � 50%), we used the fixed-
effect model. Significant heterogeneity (Q test
p < 0.05 or I2>50%) led to the random-effect
model. We conducted meta-analysis using "meta"
R package, with significance defined as FDR<0.05
in discovery and <0.1 in replication.

Mediation analysis

We used a two-step MR to explore the potential
mediating role of gene expression in the causal
effect of DNA methylation on asthma. This in-
volves: 1) assessing the causal effect of DNA
methylation on gene expression(b1), and 2)
determining the causal effect of gene expression
on asthma(b2). The mediation effect is the product
of these 2 estimates(b1 � b2). We obtained the
overall effect of DNA methylation on asthma(b3).
To quantify the proportion of mediation, we
divided the indirect effect by the total
effect(b1 � b2/b3).29,30 To assess the mediation’s
significance, we used the Sobel test,31 and when
FDR<0.05 in discovery and <0.1 in replication,
we considered it significant.
Data details

All the detailed information of R package, soft-
ware, and database, along with their relevant refer-
ences, were provided in Supplementary Table. S1,
and information of GEO, QTL, and asthma GWAS
datasets, along with their relevant references, were
provided in Supplementary Table. S2.
RESULTS

Causal effect of gene expression on asthma

After analyzing the largest whole-blood GEO
dataset with 371 European patients and 80 con-
trols, we identified 954 DEGs (Fig. S1,
Supplementary Table. S4). To identify causal
DEGs in asthma, we utilized SMR, TSMR, and
colocalization analyses, mutually validating them
between the discovery and replication phases.
Only genes meeting all these stringent criteria
were considered as positive causal genes for
asthma.

In the discovery phase, we utilized eQTL data
from eQTLGen and asthma GWAS data from UKB.
Initially, we conducted an SMR analysis and iden-
tified 17 potential causal DEGs for asthma
(FDR_SMR<0.05, p_HEIDI>0.01) (Supplementary
Table. S5). Subsequently, a TSMR analysis was
conducted, confirming that 14 out of the initial
17 DEGs were potential causal genes (FDR<0.05,
excluding with pleiotropy) (Supplementary Table.
S6).

In the replication phase, we utilized eQTL data
from GtexV8 and asthma GWAS data from both
FinnGen and TAGC. However, we noticed dispar-
ities in the results between FinnGen and TAGC. To
enhance the reliability of our findings, we con-
ducted a meta-analysis by combining their results.
Out of the 14 identified causal genes, only 9 were
available in GtexV8. To ensure comprehensive
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coverage, we obtained eQTL data for the remain-
ing 5 genes from eQTLGen. Among these 14
genes, 10 showed significant results in the meta-
analysis (FDR_SMR<0.1) (Supplementary Table.
S7), with 5 from GtexV8 and 5 from eQTLGen. In
the subsequent TSMR analysis, 9 out of these 10
genes met the TSMR criteria (FDR<0.1)
(Supplementary Table. S8).

For colocalization analysis, 6 out of the 9 positive
resultsmet thecriteriawithPPH>0.5 (Supplementary
Table. S9), including CEP95, HOXB-AS1, RBM6,
ITPKB, ETS1, and JAK2 (Fig. 2). Since the results from
SMR and TSMR were highly consistent, we have
presented the SMR results below, detailed TSMR
results are available in Fig. 2. Specifically, increased
CEP95 (discovery, OR_SMR ¼ 0.94, 95% CI: 0.91–
0.97, FDR ¼ 0.001; replication, OR_SMR ¼ 0.87,
95% CI:0.78–0.96, FDR ¼ 0.03; PPH4 ¼ 0.96), RBM6
(discovery, OR_SMR ¼ 0.97, 95% CI:0.95–0.99,
FDR ¼ 0.01; replication, OR_SMR ¼ 0.96, 95%
CI:0.93–0.98, FDR ¼ 0.003; PPH4 ¼ 0.67), ITPKB
(discovery, OR_SMR ¼ 0.82, 95% CI:0.74–0.92,
FDR ¼ 0.02; replication, OR_SMR ¼ 0.83, 95%
CI:0.71–0.97, FDR ¼ 0.04; PPH4 ¼ 0.66) decreased
the risk of asthma, while elevated HOXB-AS1 (dis-
covery, OR_SMR ¼ 1.05, 95% CI:1.03–1.07,
FDR<0.001; replication, OR_SMR ¼ 1.04, 95%
CI:1.00–1.09, FDR ¼ 0.09; PPH4 ¼ 0.95), ETS1 (dis-
covery, OR_SMR ¼ 1.62, 95% CI:1.29–2.04,
Fig. 2 Causal effect of gene expression in blood on asthma. SMR, Sum
Mendelian Randomization; eQTL, expression quantitative trait loci; OR
TSMR; Discovery, exposure from eQTLGen, and outcome from UK Bio
Finngen; TAGC, exposure from Gtex and outcome from Trans-Nationa
from Gtex/Finngen and Gtex/TAGC; Finngen_2, exposure from eQT
and outcome from TAGC; F_T_2, meta-analysis of results from eQTLG
FDR ¼ 0.001; replication, OR_SMR ¼ 1.43, 95%
CI:1.14–1.78, FDR ¼ 0.004; PPH4 ¼ 0.98), JAK2
(discovery, OR_SMR ¼ 1.13, 95% CI:1.06–1.21,
FDR ¼ 0.01; replication, OR_SMR ¼ 1.13, 95%
CI:1.05–1.21, FDR ¼ 0.004; PPH4 ¼ 0.57) increased
the risk of asthma. Among these, ITPKBexhibited the
strongest protective effect against asthma, while
ETS1 displayed the most potent causative effect.
Using PhenoScanner for the positive genes, we
discovered that only the ETS1 eQTL rs55836957,
used in both SMR and TSMR analyses, is associated
with Eosinophil—a key component in asthma
(Supplementary Table. S29). This suggests that this
specific eQTL might directly impact asthma,
affecting our conclusion’s credibility. To address
this, before performing the MR, we removed this
eQTL associated with asthma and carried MR
again. The results remained still significant with
similar odds ratio values (SupplementaryTable. S30).

Causal effect of DNA methylation on asthma

To explore the causal effect of DNA methylation
on asthma, we employed the same approach we
used for identifying positive genes, aiming to
pinpoint positive causal methylation sites related
to asthma.

Among the 6 positive genes, in the discovery
phase, mQTL was derived from GoDMC, while
asthma GWAS dataset came from UKB. Out of the 6
mary Data-based Mendelian Randomization; TSMR: Two-Sample
, odds ratio; CI, confidence interval; _S, by using SMR; _T, by using
bank (UKB); Finngen, exposure from Gtex and outcome from
l Asthma Genetic Consortium (TAGC); F_T, meta-analysis of results
LGen and outcome from Finngen; TAGC, exposure from eQTLGen
en/Finngen and eQTLGen/TAGC.
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positive genes, 4 were identifiable within the mQTL
dataset. Initially, we conducted an SMR analysis and
identified 17 potential causal methylation sites of
these 4 positive genes for asthma (FDR_SMR<0.05,
p_HEIDI>0.01) (Supplementary Table. S10).
Following this, we executed a TSMR analysis. Of
the initial 17 sites, 15 potential sites of these the 4
positive genes had a significant association with
asthma (FDR<0.05, excluding with pleiotropy)
(Supplementary Table. S11).

In the replication phase, we selected mQTL
from FSH and asthma data from both FinnGen
and TAGC. Out of 15 identified causal sites, only
11 were present in FSH (group 1). To ensure
comprehensive coverage, we sourced mQTL
data for the remaining 4 sites from GoDMC
(group 2). Of these 14 sites, 11 showed signifi-
cant results in the meta-analysis (FDR_SMR<0.1),
7 were derived from FSH and 4 from GoDMC
(Supplementary Table. S12); In the subsequent
TSMR analysis, all 11 sites passed the TSMR
criteria (FDR<0.1) (Supplementary Table. S13).
In the colocalization analysis using mQTL data
from GoDMC and asthma GWAS data from
UKB, 8 sites met the required thresholds, 6
from FSH and 2 from GoDMC (PPH>0.5)
(Supplementary Table. S14).

However, we observed notable discrepancies in
the OR values when comparing the MR results when
mQTL from GoDMC and FSH. We noted that when
FSH was employed as the exposure database,
several results exhibited large se, which may poten-
tially compromise the reliability of the results. Given
that GoDMC has a significantly larger sample size
than FSH, we conducted another round of SMR and
TSMR analyses for the 6 potential causal sites
sourced from FSH. For this analysis, we used mQTL
data from GoDMC and asthma data from FinnGen
and TAGC.The findings affirmed the significance of
these6 sites, and theirOR values closely alignedwith
those identified in the discovery phase
(Supplementary Table. S12 and S13). Specifically,
increased methylation levels of cg08458745 (ETS1,
discovery, OR_SMR ¼ 0.92, 95% CI:0.87–0.96,
FDR ¼ 0.004; replication, OR_SMR ¼ 0.93, 95%
CI:0.88–0.98, FDR ¼ 0.006; PPH4 ¼ 0.6),
cg23774988 (ETS1, discovery, OR_SMR ¼ 0.85,
95% CI:0.77–0.93, FDR ¼ 0.004; replication,
OR_SMR ¼ 0.85, 95% CI:0.77–0.94, FDR ¼ 0.004;
PPH4 ¼ 0.7), cg02405213 (JAK2, discovery,
OR_SMR ¼ 0.97, 95% CI:0.96–0.99, FDR ¼ 0.002;
replication, OR_SMR ¼ 0.98, 95% CI:0.97–0.99,
FDR ¼ 0.004; PPH4 ¼ 0.80); cg13661497 (JAK2,
discovery, OR_SMR ¼ 0.72, 95% CI:0.59–0.88,
FDR ¼ 0.008; replication, OR_SMR ¼ 0.85, 95%
CI:0.70–1.03, FDR ¼ 0.10; PPH4 ¼ 0.52) decreased
the risk of asthma, whereas elevated methylation
level of cg14718848 (ETS1, discovery,
OR_SMR ¼ 1.02, 95% CI:1.01–1.04, FDR ¼ 0.004;
replication, OR_SMR ¼ 1.02, 95% CI: 1.01–1.03,
FDR ¼ 0.006; PPH4 ¼ 0.60), cg16265553 (ITPKB,
discovery, OR_SMR ¼ 1.29, 95% CI: 1.12–1.47,
FDR ¼ 0.004; replication, OR_SMR ¼ 1.23, 95%
CI:1.06–1.42, FDR ¼ 0.02; PPH4 ¼ 0.84),
cg23717186 (ITPKB, discovery, OR_SMR ¼ 1.15,
95% CI:1.07–1.22, FDR ¼ 0.002; replication,
OR_SMR ¼ 1.11, 95% CI:1.03–1.19, FDR ¼ 0.006;
PPH4 ¼ 0.93), cg20394284 (JAK2, discovery,
OR_SMR ¼ 1.04, 95% CI:1.02–1.07, FDR ¼ 0.002;
replication, OR_SMR ¼ 1.04, 95% CI:1.01–1.06,
FDR ¼ 0.004; PPH4 ¼ 0.76) increased the risk of
asthma (Fig. 3). Among these, cg13661497 of JAK2
exhibited the strongest protective effect against
asthma, while cg16265553 of ITPKB displayed the
most potent causative effect. Using PhenoScanner
for the positively identified sites, we discovered that
only the cg02405213 of JAK2 mQTL rs11789744,
used in TSMR analyses, is associated with
Eosinophil (Supplementary Table. S29). To address
this, before performing the MR, we removed
mQTLs associated with asthma and carried MR
again. The results remained still significant with
similar odds ratio values as before (Supplementary
Table. S30).

Besides, using the same method, we also iden-
tified 23 potential causal sites across 9 DEGs.
Detailed information can be found in
Supplementary Table. S18-S22.

Causal effect of DNA methylation on gene
expression

To ascertain whether the 8 DNAmethylation sites
modulate the expression of 3 genes, we sourced
mQTL data from GoDMC and eQTL data from
eQTLGen. Our SMR analysis pinpointed 2 DNA
methylation sites with notable impacts on their
respective gene expression (FDR<0.05,
p_HEIDI>0.01). Specifically, a rise in the methylation
at site cg16265553 (SMR_b ¼ �0.46, 95%CI: 0.63
to �0.28, FDR<0.001) decreased ITPKB expression.



Fig. 3 Causal effect of DNA methylation in blood on asthma. SMR, Summary Data-based Mendelian Randomization; TSMR: Two-Sample
Mendelian Randomization; eQTL, expression quantitative trait loci; OR, odds ratio; CI, confidence interval; _S, by using SMR; _T, by using
TSMR; Discovery, exposure from GoDMC, and outcome from UK Biobank (UKB); Finngen, exposure from FSH and outcome from Finngen;
TAGC, exposure from FSH and outcome from Trans-National Asthma Genetic Consortium (TAGC); F_T, meta-analysis of results from
FSH/Finngen and FSH/TAGC; Finngen_2, exposure from GoDMC and outcome from Finngen; TAGC, exposure from GoDMC and
outcome from TAGC; F_T_2, meta-analysis of results from GoDMC/Finngen and GoDMC/TAGC.
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Likewise, an increase in methylation at site
cg13661497 (SMR_b ¼ �2.57, 95%CI: �3.27
to �1.91, FDR<0.001) decreased JAK2 expression
(Supplementary Table. S15). Further TSMR analysis
validated these findings, with both methylation
sites meeting the established criteria (FDR<0.1),
and the beta values being similar in magnitude
(Supplementary Table. S16). Colocalization analysis
further supported these findings (PPH>0.5)
(Supplementary Table. S17). Collectively, our data
implied that cg16265553 downregulated ITPKB
expression, while cg13661497 inhibited JAK2
expression.

Mediation analysis

We used the Sobel method in a mediation
analysis to study the effect of DNA methylation on
asthma through gene expression levels. For
exposure, we selected mQTL data from GoDMC,
mediation data (eQTL) came from eQTLGen, and
for the discovery phase, asthma GWAS dataset
was from the UKB, with FinnGen and TAGC used in
the replication phase.

In both discovery and replication phases, our
SMR results indicated that an increase in methyl-
ation at site cg16265553 raised the risk of asthma
by suppressing ITPKB expression (discovery,
mediation proportion ¼ 35.3%, 95% CI:10.8%–

59.8%, FDR ¼ 0.005; replication, mediation pro-
portion ¼ 41.2%, 95% CI:3.3%–79.1%,
FDR ¼ 0.033). Similarly, increased methylation at
cg13661497 reduced the asthma risk by sup-
pressing JAK2 expression (discovery, mediation
proportion ¼ 96.7%, 95% CI:39.2%–154.3%, FDR ¼

https://doi.org/10.1016/j.waojou.2024.101008


Fig. 4 Mediation analysis. (A), ITPKB mediated the causal effect of cg16265553 on asthma risk using Summary Data-based Mendelian
Randomization (SMR) method in discovery phase. (B), JAK2 mediated the causal effect of cg13661497 on asthma risk using SMR method in
discovery phase

Volume 17, No. 12, Month 2024 9
0.002; replication, mediation proportion ¼
187.8%, 95% CI: 65.5%–310.2%, FDR ¼ 0.005)
(Fig. 4, Supplementary Table. S23 and S25). TSMR
results were consistent with these findings,
showing significant mediation effects for both
sites (FDR<0.05) (details in Supplementary Table.
S24 and S26). In summary, our data suggested
that cg16265553 could raise asthma risk in part
by suppressing ITPKB expression, while
cg13661497 could reduce the risk nearly
completely by inhibiting JAK2 expression.
External validated in lung

To further substantiate our conclusions, we used
eQTL data in lung tissues obtained from GtexV8.
Fig. 5 Causal effect of gene expression in lung tissues on asthma. eQT
interval; _S, by using Summary Data-based Mendelian Randomization (
Out of the 6 positive genes, only 3 were identifi-
able. The asthma GWAS datasets were sourced
from UKB, FinnGen, and TAGC. We performed
both SMR and TSMR analyses and consolidated
the results using meta-analysis. Specifically, an in-
crease in CEP95 (OR_SMR ¼ 0.83, 95%CI:0.75–
0.92, FDR<0.001) and RBM6 (OR_SMR ¼ 0.94,
95%CI:0.92–0.96, FDR<0.001) in lung tissues
decreased risk of asthma. While a rise in HOXB-
AS1 (OR_SMR ¼ 1.04, 95%CI:1.01–1.08,
FDR ¼ 0.01) in lung tissues increased asthma risk.
In summary, our analysis revealed that in lung tis-
sues, CEP95 and RBM6 functioned as protective
factors for asthma, whereas HOXB-AS1 emerged
as a risk factor (Fig. 5, Supplementary Table. S27
and S28).
L, expression quantitative trait loci; OR, odds ratio; CI, confidence
SMR); _T, by using Two-Sample Mendelian Randomization (TSMR).



Fig. 6 Virtual screening and molecular docking of potential positive genes. (A-D), Molecular docking of the top 5 compound in Virtual
screening ranking by docking score. The number below the compound represents its docking score.
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Drug target analysis

Out of the 6 positive genes, 5 genes, namely
JAK2, ITPKB, ETS1, RBM6 and CEP95, had the
potential to be drug target by druggability
annotation. Specifically, JAK2 had been identified
as "licensed drugs". And ITPKB had been identi-
fied as "Compounds in preclinical". The rest 3
genes had been identified as "predicted drug-
gable" (Supplementary Table. S31).

https://doi.org/10.1016/j.waojou.2024.101008
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However, except JAK2, the other 4 candidates
lacked existing target drug. To assist in drug dis-
covery, we conducted virtual screening combined
with molecular docking. We selected 1147 com-
pounds from the FDA-approved drug library to
investigate whether these drugs could potentially
target these 4 candidates. Compounds with the
docking score (binding energy) of less than -5 kcal/
mol were considered more likely candidates. We
displayed the top 5 compounds for each candidate
based on their minimum binding energies (Fig. 6).
Notably, Peimine and Panaxatriol both appeared
among the top 5 compounds for CEP95, ETS1,
and RBM6, suggesting they might influence
asthma through these 3 candidates
simultaneously. Ruscogenin and Asiatic Acid both
ranked among the top 5 for CEP95 and RBM6,
implying their potential influence on asthma
through these 2 candidates. Besides, further
research is required to validate these findings.

DISCUSSION

To our knowledge, this is the first study inte-
grating transcriptomic data, eQTL, and mQTL
multi-omics to identify causal genes and methyl-
ation sites for asthma and their mechanisms. We
based our data selection on European descent
populations for consistency. Specifically, we uti-
lized the largest available whole blood asthma
GEO dataset of European origin and incorporated
3 eQTL, 2 mQTL, and 3 asthma GWAS datasets.
For the design, we used both discovery and
replication phase, with a meta-analysis to bolster
our findings’ reliability. For analysis, we applied
SMR, TSMR, and co-localization. Only genes or
sites that were validated by all 3 methods and
remained consistent across both the discovery and
replication phases were considered as positive
target candidates.

In this study, we identified 6 positive causal
genes. JAK2 and ETS1 are already known in the
asthma context, whereas CEP95, HOXB-AS1,
RBM6, and ITPKB are novel targets, which have
not been studied in asthma. JAK2 encodes a non-
receptor tyrosine kinase, currently widely consid-
ered a risk molecule for asthma. Studies have
shown that inhibiting JAK2 prevents antigen-
induced eosinophil recruitment into the air-
ways.32 Administration of JAK2 inhibitors has been
proven to reduce inflammatory factors and
oxidative stress levels in vitro, and to mitigate
airway inflammation and enhance lung function
in vivo33,34. In subsequent druggability
annotation, we identified it as "licensed drug".
However, current clinical studies on JAK
inhibitors for asthma mainly emphasize pan-JAK
inhibition.35 There is no direct clinical evidence
for exclusive JAK2 research yet. Our MR analysis
identified JAK2 as a risk factor for asthma using
clinical evidence. Thus, targeting JAK2, either
individually or combined with other molecules
(like pan-JAK inhibition), may offer a promising
therapeutic strategy for asthma.

ETS1, an ETS family transcription factor, has
been reported to be a risk factor for asthma
in vitro. Overexpressing ETS1 in CD4þ T cells in-
duces TH2 cell polarization and elevates the
expression of cytokines IL-5 and IL-13, thus
aggravating asthma.36 In vitro, knockdown of ETS1
has been reported to reduce IL-6, VEGF,37 MMP9,
and tenascin expression.38 However, compelling
evidence is missing in animal and clinical trials.
Our MR analysis identified ETS1 as a risk factor
for asthma using clinical evidence. Subsequent
druggability annotation categorizes ETS1 under
"Predicted_druggable". This suggests its potential
as a therapeutic target, even though a specific
drug is yet to be developed.

Of the 4 newly identified target genes in this
study, 3 demonstrate protective effects and 1 serves
as a risk factor.The first gene, CEP95, belongs to the
CCDC protein family. Research suggests that its
expression is associated with immune infiltration
levels,39 which are crucial in asthma. Through MR
analysis, we determined CEP95 acts as a
protective factor against asthma. Subsequently, in
druggability annotation, it was categorized as
"Predicted_druggable". The second gene, HOXB-
AS1, is a long noncoding RNA (lncRNA). Although
lncRNAs have a pivotal role in asthma, research into
their involvement remains nascent. Through MR
analysis, we identified HOXB-AS1 as a risk factor for
asthma. Though HOXB-AS1 has not been desig-
nated as druggable, interventions can be applied
via RNAi, CRISPR/Cas9, or antisense oligonucleo-
tides. RBM6, the third gene, is a lesser-studied
gene, involved in modulating gene expression
and alternative splicing linked to diverse cellular



Fig. 7 Causal genes, methylation sites, and corresponding pathways in Asthma. This figure illustrates 6 causal genes, 8 causal methylation
sites, and 2 methylation-gene-asthma pathways. Green represents genes, blue represents methylation sites, and yellow represents asthma.
Sharp arrows indicate promotion, while blunt arrows indicate inhibition.
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processes.40 Through MR analysis, we found RBM6
to be a protective factor for asthma. Subsequent
druggability annotation categorizes RBM6 under
"Predicted_druggable". The fourth gene is ITPKB.
Despite the absence of research focusing on
ITPKB in asthma, its function appears intricately
linked to the disease. On one hand, ITPKB can
impede ER-to-mitochondria calcium transport,
which reduces intracellular calcium levels41 — a
mechanism tied to asthma symptom alleviation.
On the other hand, ITPKB is pivotal in shaping the
development and functionality of both T cells and
B cells,42,43 entities fundamental to asthma’s
pathogenesis. In our study, MR analysis indicated
ITPKB as a potential protective gene against
asthma. Subsequent druggability annotation
categorizes ITPKB under
"Compounds_in_preclinical". Therefore, these 4
genes are causal genes for asthma and offer a
new angle for understanding its pathogenesis and
treatment.
Subsequently, we conducted virtual screening
and molecular docking for ETS1, CEP95, RBM6,
and ITPKB, identifying some potential target
drugs, and further research is required to validate
their function in asthma.

DNA methylation, a central facet of epigenetic
regulation, plays a significant role in asthma.
Changes in DNA methylation can be passed down
to future generations, and it is reversible.
Advancing our comprehension in this field offers
potential new avenues for therapeutic targets,
medication.10 Consequently, we concentrated on
the methylation status of genes. We identified
total 8 positive causal sites linked to asthma,
including 3 sites in ETS1, 2 in ITPKB, and 3 in
JAK2. These findings were never reported before.
Targeting these methylation sites may provide a
new therapeutic strategy for asthma.

It is well known that DNA methylation often typi-
cally inhibits gene expression. Therefore, we

https://doi.org/10.1016/j.waojou.2024.101008


Methylation
sites
(blood)
/ Asthma

Genes (blood)
/ Asthma

Methylation
sites (blood)
/ Genes
(blood)

Methylation
sites

/Genes
/Asthma

Genes (lung)
/Asthma

Methylation
sites

OR
(95% CI) FDR Genes OR

(95% CI) FDR b (95%CI) FDR Proportion
mediated

OR
(95% CI) FDR

– – – CEP95 0.94
(0.91–0.97)

0.001 – – – 0.83
(0.75–0.92)

<0.001

– – – HOXB-AS1 1.05
(1.03–1.07)

<0.001 – – – 1.04
(1.01–1.08)

0.01

– – – RBM6 0.97
(0.95–0.99)

0.01 – – – 0.94
(0.92–0.96)

<0.001

cg16265553
ITPKB

1.29
(1.12–1.47)

0.004 ITPKB 0.82
(0.74–0.92)

0.02 �0.457
(�0.63 to �0.28)

<0.001 35.3% – –

cg23717186
ITPKB

1.15
(1.07–1.22)

0.002 – – – – – – – –

– – – ETS1 1.62
(1.29–2.04)

0.001 – – – – –

cg08458745
ETS1

0.92
(0.87–0.96)

0.004 – – – – – – – –

cg14718848
ETS1

1.02
(1.01–1.04)

0.004 – – – – – – – –

cg23774988
ETS1

0.85
(0.77–0.93)

0.004 – – – – – – – –

cg13661497
JAK2

0.72
(0.59–0.88)

0.008 JAK2 1.13
(1.06–1.21)

0.01 �2.572
(�3.24 to �1.91)

<0.001 96.7% – –

cg02405213
JAK2

0.97
(0.96–0.99)

0.002 – – – – – – – –

cg20394284
JAK2

1.04
(1.02–1.07)

0.002 – – – – – – – –

Table 1. Mendelian randomization analysis results for causal genes and methylation sites of asthma, along with corresponding pathways.The table was based Summary Data-based Mendelian
Randomization (SMR) method in discovery phase. OR, odds ratio; CI, confidence interval
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analyzed the 8 methylation sites for potential gene
regulatory effects. We found that cg16265553
inhibited ITPKB expression, and cg13661497 sup-
pressed JAK2. Within this framework, there are
causal relationships betweenmethylation and gene
expression, gene expression and asthma, as well as
methylation and asthma. We further explored if
methylation could influence asthma through its
impact ongeneexpression.Our results showed that
cg16265553 could aggravate asthma via inhibiting
ITPKB expression, with 35.3% mediation propor-
tion, suggesting that other factors at this site might
influence asthma or the site itself directly impacts
the condition. On the other hand, cg13661497
could protect asthma through JAK2, with 96.7%
mediation proportion, suggesting that the func-
tionality of this site on asthma nearby entirely de-
pends on JAK2. Hence, these results sheds light on
the intricate mechanistic interplay between the
methylation, gene expression and asthma, deep-
ening our understanding of the pathogenesis.

Our study has several limitations. Firstly, we
recognize that our study predominantly focuses on
European populations, which may limit the general-
izabilityofourfindings tonon-Europeanpopulations.
Despite our efforts to include data from other pop-
ulations, we were unable to perform Mendelian
randomization analysis due to the lack of suitable
instrumental variables. Additionally, there have been
no studies conducted on other racial groups to date.
Our results still need to be explored in diverse pop-
ulations in future research. Secondly, many priori-
tized genes andmethylation sites exhibited a limited
number of cis-acting SNPs.This limitation constrains
the scope of our analyses, including heterogeneity
tests and pleiotropy tests. This choice was made
based on current research suggesting that utilizing
cis-acting data might be preferable, as opposed to
using a larger number of SNPs.14 Therefore, to
enhance the reliability of our results, we opted to
select only robust instrumental variables with an F-
value greater than 10 as described before.14
CONCLUSION

In summary, our integrative analysis reveals that
the expression of 2 known asthma-related genes
JAK2 and ETS1, 4 new genes CEP95, HOXB-AS1,
RBM6, ITPKB and 8 specific DNA methylation
sites is causally associated with asthma risk. We
have identified 2 potential methylation-gene-
asthma pathways (Fig. 7 and Table 1). Moreover,
CEP95, RBM6, ITPKB, ETS1, and JAK2 may be
prioritized as potential drug targets for asthma.
Further research is needed to delve deeper into
the roles these candidates play in asthma.
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