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Abstract

Background Current research underscores the need to better understand the pathogenic mechanisms and treatment
strategies for idiopathic pulmonary fibrosis (IPF). This study aimed to identify key targets involved in the progression of IPF.

Methods We employed Mendelian randomization (MR) with three genome-wide association studies and four
quantitative trait loci datasets to identify key driver genes for IPF. Prioritized targets were evaluated for respiratory
insufficiency and transplant-free survival. The therapeutic efficacy of the core gene was validated in cellular and ani-
mal models. Additionally, we conducted a comprehensive evaluation of therapeutic value, pathogenic mechanisms,
and safety through phenome-wide association study (PheWAS), mediation analysis, transcriptomic analyses, shared
causal variant exploration, DNA methylation MR, and protein interactions.

Results Multiple MR results revealed that BRSK2 has a significant pathogenic impact on IPF at both transcriptional and trans-
lational levels, with a lung tissue-specific association (OR=1.596; Cl, 1.300-1.961; Pval=8.290 x 10—6). BRSK2 was associated
with IPF progression driven by high-risk factors, with mediation effects ranging from 34.452 to 69.665%. Elevated BRSK2
expression in peripheral blood mononuclear cells correlated with reduced pulmonary function, while increased circulating
BRSK2 levels suggested respiratory failure and shorter transplant-free survival in IPF patients. BRSK2 silencing attenuated lung
fibrosis progression in cellular and animal models. Transcriptomic integration identified PSMB1, CTSD, and CTSH as significant
downstream effectors of BRSK2, with PSMBT showing robust shared causal variant support (PPH4=0.800). Colocalization anal-
ysis and phenotype scan deepened the pathogenic association of BRSK2 with IPF, while methylation MR analysis highlighted
the critical role of epigenetic regulation in BRSK2-driven IPF pathogenesis. PheWAS revealed no significant drug-related toxici-
ties for BRSK2, and its therapeutic potential was further underscored by protein interaction analyses.

Conclusions BRSK?2 is identified as a critical pathogenic factor in IPF, with strong potential as a therapeutic target. Future
studies should focus on its translational implications and the development of targeted therapies to improve patient
outcomes.
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Background

Idiopathic pulmonary fibrosis (IPF) is a chronic, progres-
sively worsening diease of the lung interstitium, char-
acterized by a marked decline in lung function and an
invariably poor prognosis [1]. Despite increasing preva-
lence, the treatment options for IPF remain severely
limited. Current pharmacological therapies, such as
pirfenidone and nintedanib, offer only modest benefits
in terms of disease progression and survival, and many
patients suffer from significant adverse effects [2], high-
lighting an urgent need for more effective and tolerable
treatments.

Recent large-scale genetic research has highlighted sev-
eral potential drug targets, such as kinesin family mem-
ber 1 (KIF15), mitotic arrest deficient 1 like 1 (MADILI),
DEP domain-containing MTOR interacting protein
(DEPTOR), and mucin 5B (MUCS5B) [3, 4]. Despite these
breakthroughs, the complex etiology of IPF complicates
the transition of these discoveries into practical treat-
ments, impeding the development of innovative thera-
pies and limiting our understanding of IPF’s fundamental
biological mechanisms. This highlights an urgent need
for specialized research approaches that can dissect the
intricate biological processes of IPF. Employing these
advanced methodologies will be crucial in identifying
and validating more effective treatment targets, thereby
accelerating the path from genetic insight to clinical
application.

Mendelian randomization (MR) serves as a robust
method for discerning causal relationships between
genetic variants and disease outcomes, utilizing these
variants as instrumental variables (IVs). This approach
minimizes the confounding influences commonly
encountered in observational studies [5], offering a dis-
tinctive opportunity to clarify the causal pathways impli-
cated in IPF and to identify innovative therapeutic targets
anchored in genetic evidence.

In our study, we employed an exhaustive MR meth-
odology, utilizing genetic proxies derived from expres-
sion quantitative trait loci (eQTLs), protein quantitative
trait loci (pQTLs), and genome-wide association studies
(GWAS) to identify and prioritize therapeutic targets for
IPE. Subsequent validation of the core target was con-
ducted through cellular and animal models. Additionally,
our research included genetic correlation analyses, drug
safety assessments, mediation analyses, phenotypic scan-
ning, transcriptomic analyses, analyses of methylation
and epigenetic regulation, and protein interaction evalua-
tions. These comprehensive analyses underscore the sub-
stantial translational potential and biological significance
of the prioritized target, suggesting its clinical applicabil-
ity in personalized therapeutic strategies for IPF.
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Methods

Study design

Our study design, illustrated in Fig. 1, employs a com-
prehensive approach using multiple data sources and
detailed analytical methods to identify the core causative
molecules of IPF and explore their pathogenic potential
and underlying mechanisms.

Data sources

Detailed information regarding the data sources is pro-
vided in Additional file 1: Table S1. Briefly, we incorpo-
rated QTL data from five sources and outcome GWAS
data from three sources [6-13]. The GWAS data for
potential risk factors (PRFs) were obtained from several
large-scale studies [14—16].

Mendelian randomization analysis

TSMR analysis was performed using the TwoSampleMR
R package with default parameters. Separate datasets
were used for exposures and outcomes to avoid signifi-
cant sample overlap. The instrumental variables (IVs)
were selected based on the following criteria: (1) QTL
data confirmed as protein-coding by the Ensembl web-
site; (2) IVs with a minor allele frequency (MAF)>0.01;
(3) correlation Pval of IVs with traits<5e—38;(4) IVs
located outside the major histocompatibility complex
[17]; (5) IVs pruned through linkage disequilibrium
(#*>0.001, kb=1000); (6) IVs with an F statistic> 10 [18];
(7) Cis-variant loci (IVs within 1MB upstream or down-
stream of the gene) used as Cis-QTLs. IVs for IPF and
PRFs strictly adhered to criteria (2), (3), (5), and (6). Het-
erogeneity and horizontal pleiotropy were assessed using
Cochran’s Q test and the MR Egger intercept method
(Pval<0.05 indicating statistical significance). The con-
strained maximum likelihood and model averaging
(cML-MA) method was used to control for correlated
and uncorrelated horizontal pleiotropy [19]. Goodness-
of-fit (GOF) tests used the BIC (Bayesian information
criterion) method for Pvals<0.05, and the BIC-DP (data
perturbation) method otherwise. Directionality tests
were conducted to assess reverse causality, with the result
“TRUE” indicating that no statistical reverse causality
was present in the TSMR results. To evaluate the overall
effects of TSMR analyses at transcriptional and transla-
tional levels, we assessed heterogeneity using the I2 sta-
tistic, with values >50% indicating statistically significant
heterogeneity, and applied a random-effects meta-analy-
sis to integrate effect estimates.

Our main findings were validated using summary data-
based Mendelian randomization (SMR) analysis [20].
Additionally, we examined the relationship between
BRSK?2 transcriptional and translational levels and
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Fig. 1 Overall study design and analysis flowchart. Comprehensive TSMR analysis was performed using eQTL, pQTL, and GWAS data from multiple
sources, followed by the application of the HEDI test to identify BRSK2 as a core therapeutic target for IPF. Causal and correlation analyses revealed
the detrimental effects of BRSK2 on respiratory function, IPF complications, and prognosis. Subsequently, in vitro and in vivo experiments were
conducted to further elucidate the anti-pulmonary fibrosis potential of BRSK2. Additionally, we conducted a series of supplementary analyses,
including meta-analysis, mediation analysis, colocalization analysis, transcriptomic analysis, DNA methylation analysis, protein association analysis,
PheWAS analysis, and phenotype scanning, to further investigate the therapeutic mechanisms and clinical value of BRSK2. TSMR, two-sample
Mendelian randomization; SMR, summary data-based Mendelian randomization analysis; HEIDI, heterogeneity in the dependent instrument;
PheWAS, phenome-wide association study; GWAS, Genome-Wide Association Studies; eQTL, expression quantitative trait loci; pQTL, protein
quantitative trait loci; mQTL, methylation quantitative trait loci; IPF, idiopathic pulmonary fibrosis; lGC, International IPF Genetics Consortium; GBMI,

Global Biobank Meta-analysis Initiative

respiratory insufficiency in interstitial lung disease (ILD)
and transplant-free survival. We also assessed causal links
between DNA methylation levels and both the onset and
progression of the disease, in conjunction with BRSK2
expression levels [21, 22]. A Pval>0.01 for the heteroge-
neity in dependent instruments (HEIDI) test indicated
that the gene expression causality was not driven by link-
age disequilibrium in SNPs [23]. Our study strictly fol-
lows the previously published reporting guidelines for
observational studies in epidemiology using Mendelian
randomization [24].

Other analysis

In 470,000 participants of the UK Biobank cohort [25],
a phenome-wide association study (PheWAS) was con-
ducted to ensure the exclusivity of MR and to detect
potential adverse effects of the target. We also performed

a phenotype scan using the IEU Open GWAS project
web tool (https://gwas.mrcieu.ac.uk/) for IVs of the core
target, and to avoid pleiotropy, these features should not
include IPF confounders.

Posterior probabilities (PP) for five hypotheses were
calculated using Bayesian colocalization analysis in the
COLOC package. Positive outcomes of the colocaliza-
tion analysis included PPH4>0.5 and PPH3+4>0.8,
with PPH4> 0.8 being strong evidence, indicating a high
likelihood that the exposure and outcome are influenced
by shared genetic variants in the same region [26, 27].
Furthermore, the strong association (Pval<5x107%)
between IV and IPF-related characteristics in the results
of the phenotype scan also suggests potential evidence of
shared causal variation.

Normalized, log-transformed transcriptomic data
from the GSE213001 [28] and GSE38958 [29] datasets
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were analyzed to assess BRSK2 expression in lung tis-
sue and peripheral blood mononuclear cells (PBMCs)
from idiopathic pulmonary fibrosis (IPF) patients and
healthy controls. The GSE38958 dataset also included
quantitative phenotypic measures such as DLCO and
FVC%pred, enabling detailed analysis. Spearman cor-
relation was used to examine the association between
BRSK2 expression and pulmonary function metrics,
with statistical significance set at Pval<0.05. Addition-
ally, BRSK2 expression and its downstream targets were
analyzed in IPF lung tissue data from Furusawa et al.
[30], identifying significant targets with an absolute cor-
relation coefficient > 0.4.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
visualization was performed using the OmicShare tool
(https://www.omicshare.com/tools/).

Although the actions of targeted drugs in clinical tri-
als are well-documented, interactions between core mol-
ecules and therapeutic targets in IPF remain unclear.
To investigate, we retrieved IPF drug target data from
clinical trials (https://clinicaltrials.gov) and performed
protein—protein interaction (PPI) analysis using Gene-
MANIA (https://genemania.org) to clarify links between
BRSK2, known IPF targets, and additional targets identi-
fied in this study.

In vitro and in vivo experiments

Cell culture

MLE-12 and A549 cells from the Shanghai Cell Bank
of the Chinese Academy of Sciences were cultured in
DMEM with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cells were maintained at 37 °C in a humid-
ified atmosphere with 5% CO,,.

Animal model construction

Male C57BL/6 mice were divided into three groups
(N=4 per group): PBS group, control group (PEI/siCtrl),
and treatment group (PEI/si-BRSK2). PEI/siCtrl and PEI/
si-BRSK2 group were anesthetized with 1% pentobarbital
sodium (60 mg/kg) and given 50 pL of intratracheal bleo-
mycin (MERCK, #HY-17565A) in PBS [31]. After 7 days,
Polyethylenimine/small interfering RNA (PEI/siRNA)
complexes were prepared using low molecular weight
branched PEI in HN buffer [32] per established methods
[33]. The study was approved by the Institutional Animal
Care and Use Committee at Soochow University Medical
Center (the Fourth Affiliated Hospital of Soochow Uni-
versity, Suzhou Dushu Lake Hospital) Laboratory Ani-
mal Center (Application 1D:241,136). The work has been
reported in line with the ARRIVE criteria [34].
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ELISA analysis

ELISA plates were coated with capture antibodies and
incubated overnight at 4 °C. After blocking and washing,
100 pL of homogenized sample was added to each well,
followed by a diluted detection antibody. Streptavidin-
HRP was then added and incubated for 20 min at room
temperature. Absorbance was measured at 450 nm using
a spectrophotometer.

Analysis of lung tissue homogenate

Lung tissue was homogenized in 1 mL PBS and centri-
fuged at 2000 rpm for 10 min. The supernatant was col-
lected, and inflammatory cytokine concentrations were
measured using Mouse IL-1p and TNFa ELISA Kits
according to the manufacturer’s instructions.

Hydroxyproline assay

Lung tissue was hydrolyzed in 1 mL of solution in a
boiling water bath for 20 min. The pH was adjusted
to 6.0-6.8, followed by the addition of 10 mL distilled
water and thorough mixing. Activated charcoal was then
added to the diluted hydrolysate. After centrifugation,
the clear supernatant was collected for further analy-
sis. The hydroxyproline concentration in the lung tissue
was measured using a specific kit following the provided
instructions.

Statistical analysis

The GenomicSEM R package uses a built-in linkage dis-
equilibrium score regression (LDSC) algorithm to cal-
culate genetic correlations between traits (Pval<0.05
indicates significance) and assess sample overlap between
PRFs and IPF via the genetic covariance intercept. An
intercept value close to zero suggests negligible sample
overlap between the phenotypes.

Harmonized data for single and multiple I'Vs were ana-
lyzed using the wald ratio and inverse variance weighted
(IVW) methods. Drug targets that remain statistically
significant after Bonferroni correction were considered
positive drug targets. Statistically significant results were
defined as Pval<0.05 after Bonferroni correction, while
suggestive findings had Pval between the significance
threshold and 0.05. The number of each correction is
equal to the product of the number of species of exposure
and the number of species of outcome in a single analysis.
Odds ratios (OR) for increased risk of IPF were expressed
as per standard deviation (SD) increase in mRNA or
plasma protein levels, and the presence of PRFs.

Since multi-factor MR analysis needs to integrate mul-
tiple exposed proxy variants, and there are very few cis-
IVs of genes, the construction of a mediation network
through multivariate MR analysis may lead to the loss
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of IVs and result distortion. Therefore, we adopted two-
step TSMR to estimate the mediation effect of plasma
protein in the occurrence of IPF [35], and on the premise
of reducing pleiotropy interference, MR analysis is less
affected by confounding factors, so the mediation analy-
sis combined with ¢cML-MA analysis relatively reduces
the potential impact of confounding bias. TSMR path-
ways with effect values () less than 0 and those with
reverse causality were excluded. TSMR results with sug-
gestive Pval were used to construct mediating pathways
to detect more pathogenic effects. Confidence inter-
vals and the significance of mediating effects were esti-
mated using a bootstrap method with 1000 iterations. A
Pval<0.05 indicated a valid mediator.

All statistical analyses were performed using SPSS
(version 22.0). Data visualization was done with Graph-
Pad Prism (version 8.0) and R (version 4.3.3). Two-group
comparisons used an unpaired, two-tailed Student’s
t-test. Data are expressed as mean+SD. A two-tailed
Pval below 0.05 was considered statistically significant.

Results

Screening candidate druggable genes for IPF

The screening methodology for identifying potential IPF
drug targets is illustrated in Additional file 2: Fig. S1, and
relevant IV information for the TSMR analyses is detailed
in Additional file 3: Supplementary Material. Our analy-
sis encompassed 4615 Cis-eQTLs and 2716 Cis-pQTLs
(Additional file 1: Tables S2—-S7). The IVW or Wald ratio
analysis identified 17 IPF drug targets, including DECR2,
MRM?2, POLR2L, STN1, ZFYVEI9, ARLI7A, BRSK2,
DEPTOR, DSCC1, KANSLI, LRRC37A, LRRC37A2,
MAPT, PIDDI1, WNT3, MUC2, and USP28 (Fig. 2A-D).
In a joint replication analysis combining multiple expo-
sures and outcomes, these targets were further validated
using 15 MR combinations and additional methods such
as cML-MA and SMR. At a significant level with a Pval
threshold of 0.05/34 (1.471x107%), BRSK2 emerged
with the highest number of positive causal associations
(Additional file 2: Figs. S2—S4), with its elevated expres-
sion levels strongly linked to increased IPF risk at both
the transcriptional and translational levels, LRRCI7A2
has also been implicated in IPF-protective effects at the
mRNA and translational levels, and the remaining tar-
gets have been verified to varying degrees in different MR
combinations. Subsequent analyses showed no evidence
of heterogeneity, pleiotropy, or reverse causality (Addi-
tional file 1: Tables S8-S12). Significantly, SMR results
indicated that BRSK2 expression in lung tissue and data
from two IPF sources passed the HEIDI test (Fig. 2E,
Additional file 1: Table S13), suggesting that BRSK2
expression in lung tissue and the occurrence of IPF may
be driven by shared causal variants, and the occurrence
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of BRSK2 and IPF may be more worthy of attention.
Furthermore, a meta-analysis of TSMR results integrat-
ing transcriptional and translational levels consistently
demonstrated a significant pathogenic effect of BRSK2
(Pval significance threshold=1.471x% 1073) (Additional
file 2: Figs. S5-S6). Previous studies have associated risk
factors such as smoking, gastro-esophageal reflux dis-
ease, and high BMI with elevated IPF risk [36-38], with
both LDSC and TSMR analyses supporting these asso-
ciations (Table 1, Additional file 1: Tables S14-S15).
The low genetic covariance intercept from LDSC sug-
gests a relatively minor bias in MR results due to sample
overlap. To explore the potential pathogenic role of the
core molecules in IPF high-risk populations, we further
revealed the pathogenic potency of BRSK2 in the popula-
tion of PRFs by constructing a plasma protein network,
and mediation analysis highlighted that plasma BRSK2
protein plays a pathogenic role in mediating PRFs to IPF,
with effect percentages ranging from 34.452 to 69.665%
(Additional file 1: Tables S14-S15, Fig. 2F, Additional
file 2: Fig. S7). In summary, MR analysis showed that
BRSK?2 obtained a high level of evidence for the patho-
genic effects of IPF at different levels.

PheWAS analysis

To address potential pleiotropic bias in MR and evaluate
adverse drug reactions, we conducted a PheWAS using
significant variations in BRSK2 extracted by the same
method as in MR analysis. The analysis included 5294
dichotomous and 6915 continuous variables across 14
phenotypic categories. No associations exceeded the sig-
nificance threshold of Pval<4.095x 107, with the most
significant phenotype being the volume of gray matter in
the right temporal pole (Pval=1.405x10"°) (Additional
file 1: Tables S16—S17, Additional file 2: Fig. S8). PheWAS
results suggested that the causal association of BRSK2
and IPF receiving pleiotropic effects may be modest and
that treatments targeting BRSK2 are potentially safe.

BRSK2’s role in IPF complications and prognosis

To further explain the association between BRSK2
expression and complications and prognosis during the
development of IPF as well as the possibility of shared
variant driving, we evaluated the relationship between
BRSK2 expression and ILD-associated respiratory insuf-
ficiency and transplant-free survival in patients with
IPE. Following Bonferroni correction (Pval<0.05/4),
SMR results indicated that elevated BRSK2 protein lev-
els (deCODE study, rs4881748 proxy) are associated
with ILD-related respiratory insufficiency (OR=3.879;
CL, 2.058-7.311; Pval=2.754x107°) and reduced
transplant-free survival (OR=0.481; CI, 0.240-0.964;
Pval=3.909x107?%) in IPF patients. Additionally, BRSK2
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Fig. 2 Finding potential therapeutic targets for IPF. TSMR analyses were conducted to assess the association between blood mRNAs from GTEX
(A), lung mRNAs from GTEX (B), plasma proteins from deCODE (C), plasma proteins from UKBPPP (D), and the risk of developing IPF. A beta value
greater than 0 indicates that an increase in gene expression level promotes the occurrence of the disease. The gene names annotated in the figure
represent IPF therapeutic targets that remain statistically significant (Pval < 0.05) after Bonferroni correction (Pval <0.05/4615 for eQTLs TSMR

and Pval < 0.05/2716 for pQTLs TSMR). E Forest plots of BRSK2 and IPF risk by three MR methods. * means Pval (HEIDI) > 0.01. F Mediation effect

of plasma protein BRSK2 in promoting IPF in PRFs. TSMR, two-sample Mendelian randomization; IPF, idiopathic pulmonary fibrosis; IVW, inverse
variance weighted; cML-MA, constrained maximum likelihood and model averaging; BIC, Bayesian information criterion; DP, data perturbation SMR,
summary data-based Mendelian randomization; HEIDI, heterogeneity in the dependent instrument; OR, odds ratios; Cl, confidence interval; IIGC,
International IPF Genetics Consortium; GBMI, Global Biobank Meta-analysis Initiative

expression levels (eQTLGen-rs11603658) (OR=5.802; External validation using RNA-seq analysis revealed sig-
CI, 1.118-30.105; Pval=3.634x 107%) and translation lev-  nificantly higher BRSK2 expression levels in lung lesions
els (UKBPPP-rs7395567) (OR=1.191; CI, 1.006-1.411; and PBMCs of IPF patients compared to controls. More-
Pval=4.200x 10~2) were also linked to respiratory insuf-  over, BRSK2 expression levels in PBMCs of IPF patients
ficiency in IPF patients at suggestive significance levels.  were significantly negatively correlated with DLCO and
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Table 1 LDSC analysis results of PRFs and IPFs
Exposure Outcome (IPF) Correlation Se Pval Genetic
coefficient covariance
intercept
Body mass index GBMI 0.318 0.049 8460E—-11 —1.360E—-02
Body mass index FinnGen 0.132 0.058 2222E-02 —8.000E—-03
Body mass index I1GC 0.123 0.030 5.033E-05 2.400E—-03
Gastroesophageal reflux disease GBMI 0.394 0.048 3612E-16 1.200E—-02
Gastroesophageal reflux disease FinnGen 0.231 0.054 1.662E—-05 —-1.010E-02
Gastroesophageal reflux disease I1GC 0.154 0.038 6.095E—-05 3.000E-04
Smoking initiation GBMI 0.266 0.051 2.339E-07 5.200E-03
Smoking initiation FinnGen 0.180 0.053 7.502E-04 2.600E—-03
Smoking initiation I1GC 0.075 0.035 3.378E-02 —7.800E-03

LDSC linkage disequilibrium score regression, /IGC International IPF Genetics Consortium, GBMI Global Biobank Meta-analysis Initiative, PRFs potential risk factors, IPF

idiopathic pulmonary fibrosis

FVC%pred values (Additional file 2: Fig. S9). These find-
ings align with the main analyses and suggest a poten-
tially harmful role for BRSK2 in IPF progression (Table 2).

BRSK2 deficiency alleviates bleomycin-induced pulmonary
fibrosis in vitro and in vivo

Our findings identified BRSK2 as a potential driver in IPF
progression. To explore its role further, we conducted
experiments to confirm its function in IPF. We used the
TGF-B1 signaling pathway, a key regulator in fibrogen-
esis, to induce fibroblast differentiation in MLE-12 cells
with 10 ng/mL TGEF-P1 (Fig. 3A). By day three, Masson’s
trichrome staining confirmed successful differentia-
tion, shown by notable morphological changes (Fig. 3B).
BRSK2-siRNAs effectively reduced BRSK2 expression in
these TGF-B1-treated cells (Fig. 3C). Additionally, BRSK2
inhibition decreased TGF-B1-induced cellular prolifera-
tion, as shown by CCK-8 and EdU fluorescence assays,
and lowered a-SMA and Col1A1 expression (Fig. 3D, E).
ELISA results showed increased IL-1p and IL-6 secre-
tion following TGF-B1 treatment, but siRNA treatment
reduced these cytokine levels, indicating that BRSK2

modulates TGF-B1-driven fibroblast differentiation
(Fig. 3H, I). In addition, we validated our findings in A549
cells to enhance the robustness of our study (Additional
file 2: Fig. S10).

We examined the therapeutic potential of BRSK2 in
a murine model of pulmonary fibrosis. Mice received
aerosolized PBS, PEI/siCtrl, or PEI/si-BRSK2 every 2
days for seven doses (Fig. 3]). While significant weight
loss was noted post-bleomycin (BLE) administration
in both PEI/siCtrl and PEI/si-BRSK2 groups, the lat-
ter showed less weight reduction (Fig. 3K). On day
21, the lungs were harvested and analyzed. Ashcroft
scores confirmed that BLE induced pulmonary fibro-
sis in mice, showing severe structural distortion and
enlarged fibrotic areas, whereas inhalation of PEI/
si-BRSK2 mitigated these fibrotic levels (Fig. 3L). His-
tological analysis showed marked alveolar wall thick-
ening, inflammatory cell infiltration, and increased
collagen deposition in the PEI/siCtrl group. In con-
trast, PEI/si-BRSK2 treatment significantly reduced
a-SMA and CollAl levels (Fig. 3M). The hydroxy-
proline assay indicated a significant decrease in

Table 2 SMR analysis results for BRSK2 and IPF complication and prognosis

Exposure (BRSK2) Outcome TopSNP OR Lower ORCi95 Upper ORCi95 Pval Nsnp Pval (HEIDI)
GTEX-Lung ILD-related respiratory insufficiency  rs7395567  1.437 0.998 2.070 5131E-02 8 2478E-03
GTEX-Lung Transplant-free survival rs4255564  0.782 0518 1.179 2409E-01 7 1462E-01
UKBPPP-Blood ILD-related respiratory insufficiency  rs7395567  1.191 1.006 1411 4200E-02 20 8.124E-11
UKBPPP-Blood Transplant-free survival rs7932863  0.859 0.709 1.042 1.233E-01 20 1.028E—-02
deCODE-Blood ILD-related respiratory insufficiency  rs4881748  3.879 2.058 7311 2.754E-05 20 6.552E—-05
deCODE-Blood Transplant-free survival rs4881748 0481 0.240 0.964 3909E-02 20 4.104E—-02
eQTLGen-Blood ILD-related respiratory insufficiency  rs11603658 5.802 1.118 30.105 3.634E-02 20 7.281E-02
eQTLGen-Blood Transplant-free survival rs11603658 0.249 0.047 1317 1.018E-01 20 7445E-02

ILD, interstitial lung disease; OR, odds ratios; Cl, confidence interval; SMR, summary data-based Mendelian randomization; HEIDI, heterogeneity in the dependent

instrument
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Fig. 3 BRSK2 deficiency alleviates bleomycin-induced pulmonary fibrosis in vitro and in vivo. A Schematic diagram illustrating the experimental
setup. B Masson's trichrome staining of MLE-12 cells observed at various time points. C Validation of BRSK2 mRNA expression by quantitative RT-PCR
(gRT-PCR). D, E Assessment of cell viability using CCK-8 and EdU incorporation assays. F, G gRT-PCR analysis confirming mRNA expression levels

of a-SMA and Col71AT. H, I Measurement of IL-1(3 and IL-6 secretion via ELISA. J Schematic illustration depicting the design of the animal experiments.
K Graph showing weight changes in mice across different experimental groups. L Ashcroft score analysis for evaluating fibrosis severity in mice
from various groups. M Histological staining (HE, a-SMA, and Col1AT) demonstrating that treatment with BRSK2 mitigates BLE-induced lung
morphological alterations and fibrotic area expansion (scale bars: 2mm and 200 um). (N) Quantitative assessment of hydroxyproline (HYP) levels

in mice following various treatments, conducted using HYP assays. O Measurement of IL-1(3 concentrations in lung tissues of mice post-treatment.
P Analysis of TNF-a concentrations in lung tissues of mice across different groups. Statistical significance between groups was determined using
two-sided unpaired t-tests. * means Pval < 0.05, and ** means Pval < 0.01. Data are presented as mean + standard deviation (SD)

hydroxyproline levels in the PEI/si-BRSK2 group,
highlighting its therapeutic effects (Fig. 3N). ELISA
results also showed elevated IL-1p and TNF-« levels
in pulmonary fibrosis mice, which were significantly
reduced following PEI/si-BRSK2 treatment, suggesting
its efficacy in mitigating the cytokine storm associated
with pulmonary fibrosis (Fig. 30, P).

Association of BRSK2 downstream molecules with IPF

Based on previous findings, we investigated the mediat-
ing role of plasma protein components from the deCODE
and UKBPPP studies in IPF risk using mRNA expression
levels of BRSK2 in lung tissues from GTEX and eQTLGen
blood tissues. Mediator analyses of IVW and cML-MA
identified 20 mediators (BRSK2, COLEC12, CTRL, CTSD,
CTSH, DLL4, GSTA3, GZMM, ICAMS, IFNARI, ILIRN,
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LILRAS, MIA, NTN1, PON3, PRSS2, PSMBI, TALDOI,
TREM?2, VEGFA) that may act as downstream patho-
genic molecules for BRSK2 (Additional file 1: Tables S18—
S19, Fig. 4A). Besides the BRSK2 protein, the remaining
mediators contributed to 0.537-22.106% of the media-
tion effect. Our colocalization analysis of the three pro-
tein sources and three endpoint sources indicated that 11
BRSK2 downstream facilitators (BRSK2, CTRL, CTSD,
CTSH, DLL4, ILIRN, NTN1, PON3, PSMBI1, TALDOI,
VEGFA) could be driven by the same causal variant in
IPF development, with strong colocalization support
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for PSMBI in the deCODE study and IPF data from
the FinnGen study (PPH4=0.800, PPH3+4=0.890)
(Additional file 1: Table S20, Fig. 4B—C). In GSE150910
(n=103 samples), BRSK2 expression in lung tissues from
IPF patients correlated with the expression levels of 12
BRSK2 mediators, with strong association coefficients for
PSMBI, CTSD, and CTSH (Additional file 1: Table S21,
Fig. 4C). Additionally, in both animal and human-derived
cellular models, we validated the expression changes of
eight downstream molecules, including PSMBI1, upon
BRSK2 silencing (Additional file 2: Fig. S11).
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This confirmed that the plasma protein mechanism we
identified is strongly correlated and consistent with the
lung mechanism. Moreover, PSMBI, CTSD, and CTSH
may serve as significant downstream molecules of BRSK2
in promoting the progression of IPF. Further enrichment
analyses suggested that BRSK2 potentially impacts over-
all plasma protein levels, showing that changes in BRSK2
in blood and lung tissue affecting plasma proteins were
predominantly enriched in cytokine-cytokine receptor
interactions (Fig. 4D, E).

Potential role of BRSK2 Cis-mQTLs in IPF

To further explore how BRSK2 might influence IPE,
we investigated its regulation through DNA meth-
ylation. The analysis included 77 methylation probes
and five outcomes, and after Bonferroni correction
(Pval<1.299%x10™%) and HEIDI test, we identified seven
specific loci in the BRSK2 gene (cg03156651, cg07652408,
cgl1772193, cgl4306344, cgl6022876, cgl6274762,
and ¢gl6793525) whose methylation levels were asso-
ciated with IPF risk as well as BRSK2 transcriptional or
translational levels (Additional file 1: Table S22). From
methylation to transcription to translation, a series of
biological processes from epigenetic regulation to altered
gene expression may be involved in the pathogenic effect
of BRSK2 on IPFE.

PPl analysis and phenotype scan of IVs for BRSK2

A total of 31 drugs targeting 52 therapeutic pathways
for IPF were identified (Additional file 1: Table S23). PPI
analysis indicated that the therapeutic effects of clini-
cally developed drugs, including Belumosudil, Taladegib,
CC-90001, and ORIN1001, may involve the regulation of
BRSK2. Additionally, BRSK2 exhibited physical interac-
tions with MAPT and co-expression relationships with
MUC?2 (Additional file 1: Table S24 and Additional file 2:
Fig. S12).

To assess the extent to which BRSK2-related IVs were
associated with IPF-related traits and confounders, we
performed a phenotype scan of 11 related IVs. While
no significant associations with IPF confounders were
found, five SNPs (rs4881748, rs56321310, rs72849425,
rs7932863, and rs10794293) were significantly linked to
IPF-related traits (Additional file 2: Fig. S12), suggesting
that the pathogenic effect of BRSK2 in IPF may be driven
by multiple causal sites.

Discussion

Identifying and validating disease progression targets
through multi-omics approaches is essential for preci-
sion medicine. Recent studies underscore the importance
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of multi-omics in discovering disease-specific therapeu-
tic targets, which can aid in the development of targeted
treatment strategies for disease progression [39—41]. This
study initially screened 17 potential IPF treatment tar-
gets, with BRSK2 emerging as the most promising due to
its supportive evidence and shared causal variants with
IPF at the tissue-specific level. BRSK2 may also be linked
to complications and reduced survival in IPF patients.
The antifibrotic potential of BRSK2 silencing was vali-
dated in both cellular and animal models, confirming its
therapeutic value. The study also uncovered the potential
pathogenic mechanism of BRSK2 through plasma protein
analysis and validated it in IPF tissues. PSMBI1, CTSD,
and CTSH were identified as key downstream targets in
IPF development. Furthermore, altering BRSK2 expres-
sion through epigenetic manipulation of methylation lev-
els in the lung or plasma presents promising therapeutic
prospects.

BRSK2 is a serine/threonine protein kinase located
in the centrosome and endoplasmic reticulum, playing
roles in cell apoptosis and cell polarity [42, 43], which are
crucial for normal physiology and disease development.
As part of the AMPK family, BRSK2 influences cellular
metabolism, cancer progression, and other biological
processes. Research identifies BRSK2 as a downstream
mediator of mTORCI signaling and an indirect activator
of the AKT pathway [44, 45]. Alterations in these path-
ways may contribute to IPF progression [46—48]. In IPF,
BRSK2 serves as a key pathogenic factor and is located
adjacent to TOLLIP, a known susceptibility locus, which
itself neighbors MUCS5B, a well-established genetic deter-
minant of IPF [49, 50]. This chromosomal proximity sug-
gests potential interactions between BRSK2, TOLLIP, and
MUCSB in the pathogenesis of IPF, warranting further
investigation. Additionally, PheWAS analysis revealed a
potential association between BRSK2 and neurological
phenotypes, such as gray matter changes in the tempo-
ral pole, aligning with prior studies linking deleterious
BRSK2 variants to neurodevelopmental disorders [51].
While BRSK2 shows significant therapeutic potential in
IPF, its possible neurological side effects require careful
consideration in future research, particularly through the
development of targeted strategies that avoid crossing
the blood-brain barrier, to balance therapeutic efficacy
and safety. Future research should focus on developing
targeted therapies that modulate BRSK2 expression, such
as small molecule inhibitors or gene therapy. Addition-
ally, investigating the interactions between BRSK2 and
key pathways like mTORC1 and AKT may lead to the
development of combination therapies that enhance effi-
cacy while reducing side effects. Clinical trials to trans-
late BRSK2-targeted therapies into practical applications
for IPF are crucial to realizing its clinical potential.
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Previous studies align with our findings, emphasizing
key pathways in IPF pathogenesis. Reduced DEPTOR
expression is associated with increased IPF susceptibility
[3]. MR analyses have linked the regulation of MAPT and
USP28 to IPF progression [52, 53], while the non-coding
variant rs7934606 in MUC2 has been identified as an IPF
risk locus in European populations [54]. POLR2L is con-
sidered a candidate gene for IPF-related genetic mecha-
nisms [55], and the STN1-CTC1 complex may influence
ILD via telomere regulation [56]. Protein interaction
analyses revealed that BRSK2 is associated with MAPT
and MUC2 and interacts with multiple known IPF thera-
peutic targets. Among BRSK2 downstream molecules,
the IFNARI family is involved in immune condition-
ing during pulmonary fibrosis [57], genetic polymor-
phisms in ILIRN play a role in IPF pathogenesis [58],
macrophages drive pulmonary fibrosis progression via
NTNI [59], and TREM?2 insufficiency attenuates fibrosis
through macrophage polarization via STAT6 activation
[60]. VEGEA'’s different expression patterns result in var-
ied preventive or progressive outcomes in IPF [61]. Col-
lectively, these findings identify BRSK2 as a central node
in IPF signaling, warranting further investigation into its
regulatory mechanisms and therapeutic potential.

Pleiotropy has always been a crucial potential fac-
tor affecting MR analysis results [62]. Interestingly,
a previous comment highlighted that positive out-
comes of colocalization analysis might not necessarily
strengthen the meaningful conclusions derived from
the IVW method in MR studies. Instead, it is more
likely to introduce pleiotropy, violating the exclusiv-
ity assumption of MR analysis [63]. Additionally, using
the MR Egger intercept method to assess pleiotropy
encounters issues of low efficiency and limited applica-
bility. Therefore, it is important to extensively explore
pleiotropy in MR research to ensure the robustness of
the conclusions. Our study has employed various meth-
ods to reduce research bias caused by this factor. The
cML-MA analysis method efficiently controls horizon-
tal pleiotropy while managing Type I errors, and the
c¢cML-MA-BIC analysis results of this study also align
with the IVW results. Furthermore, we conducted a
phenotypic scan to explore the potential pleiotropy of
BRSK2. The analysis found no evidence that the major
IVs for BRSK2 were associated with IPF confounders.
It also revealed that multiple variants collectively influ-
ence IPF-related traits and BRSK2 abundance. While
this might subjectively suggest pleiotropy, when inte-
grated with findings from other pleiotropy assessments,
it more likely indicates additional colocalization sites
between BRSK2 expression levels and IPF occurrence.
These results complement the colocalization analyses
and HEIDI tests, further supporting the presence of
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shared causal variants between BRSK2 and IPF in this
study. The strategy of predicting gene expression levels
with SNPs in cis-regulatory sites minimizes the impact
of horizontal pleiotropy caused by SNPs in non-regula-
tory regions. In summary, our analysis provides a mul-
tidimensional exploration of the pleiotropy issue in the
main analysis results, thereby strengthening the cred-
ibility of our findings.

Several limitations warrant consideration in interpret-
ing our findings. Firstly, our data predominantly originate
from European population, which may not universally
represent the genetic variations and environmental inter-
actions inherent to other ethnicities. This highlights the
need for replicating studies across diverse demographic
groups to validate and generalize our conclusions. Sec-
ondly, a lack of overlap in QTLs data poses significant
challenges, such as isolated positive eQTLs results with-
out corroborative pQTLs findings could lead to spurious
associations, thus affecting the reliability of gene-disease
linkages identified in our study. Thirdly, discrepancies
between QTLs across transcriptomic and proteomic
datasets, as well as variability within the same omics layer
across different studies, add complexity to the interpre-
tation. Differences in gene expression profiles between
plasma and tissues or organs, influenced by factors
affecting transcription and translation, may contribute to
inconsistencies, aligning with the substantial heterogene-
ity observed in our meta-analysis. Nevertheless, BRSK2
demonstrated robust pathogenic effects in IPF under the
random-effects model, further highlighting its significant
therapeutic potential. Fourthly, despite efforts to con-
trol pleiotropy, the possibility of false positives remains.
Fifthly, stringent variable screening and correction meth-
ods may inadvertently exclude viable therapeutic targets.
Genes significant in multiple replication analyses before
correction remain valuable for future research. Finally,
we preliminarily explored the function of BRSK2 and
did not fully investigate its impact on inflammatory cell
recruitment and function. In the future, more in-depth
experiments, such as flow cytometry (FACS), immuno-
histochemistry (IHC), and immunofluorescence (IF),
will be necessary to study these effects. Additionally,
advanced nanocarrier delivery techniques should be uti-
lized to enhance the efficiency, stability, and specificity of
siRNA-BRSK?2 delivery to lung tissues, further improving
therapeutic outcomes for targeting BRSK2 in IPF.

Conclusions

Comprehensive MR analyses highlighted the potential of
the genetic agent BRSK2 for treating IPF and improving
prognosis, with preliminary safety assessed via PheWAS.
In vivo experiments confirmed BRSK2’s therapeutic
efficacy as an anti-fibrotic agent. Further mechanistic
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studies indicated that PSMBI, CTSD, and CTSH may
contribute to BRSK2’s effects on pulmonary fibrosis, with
DNA methylation playing a crucial role in its pathogenic
mechanism. These findings suggest additional experi-
mental designs for future research and offer new direc-
tions for developing therapies for pulmonary fibrosis.
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IGC International IPF Genetics Consortium

DLCO Diffusing capacity of the lung for carbon monoxide
FVC Forced vital capacity

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-025-03848-y.

Supplementary Material 1.

Supplementary Material 2: Figure S1. Screening MR flowchart for IPF drug
target. IPF: idiopathic pulmonary fibrosis; eQTL: expression quantitative
trait loci; pQTL: protein quantitative trait loci; IGC: International IPF Genet-
ics Consortium; GBMI: Global Biobank Meta-analysis Initiative. Figure S2.
Heatmaps of 17 potential IPF targets in 15 MR analysis combinations by
IVW or wald ratio methods. MR: mendelian randomization; IPF: idiopathic
pulmonary fibrosis; IVW: inverse variance weighted; lIGC: International

IPF Genetics Consortium; GBMI: Global Biobank Meta-analysis Initiative.

* means Pval < 0.05, and ** means Pval< 0.05 after Bonferroni correc-
tion. Figure S3. Heatmaps of 17 potential IPF targets in 15 MR analysis
combinations by cML-MA methods. MR: mendelian randomization; IPF:
idiopathic pulmonary fibrosis; cML-MA: constrained maximum likelihood
and model averaging; IIGC: International IPF Genetics Consortium; GBMI:
Global Biobank Meta-analysis Initiative. * means Pval< 0.05, and ** means
Pval < 0.05 after Bonferroni correction. Figure S4. Heatmaps of 17 potential
IPF targets in 15 MR analysis combinations by SMR methods. MR: men-
delian randomization; IPF: idiopathic pulmonary fibrosis; SMR: summary
data-based mendelian randomization; IIGC: International IPF Genetics
Consortium; GBMI: Global Biobank Meta-analysis Initiative. * means Pval<
0.05, and ** means Pval < 0.05 after Bonferroni correction. Figure S5. Forest
plot of the meta-analysis results of the TSMR analysis between BRSK2 and
IPF at the transcriptomic level. (A) Meta-analysis of IVW/wald ratio results.
(B) Meta-analysis of IVW/wald ratio results. TSMR: two sample mende-

lian randomization; IPF: idiopathic pulmonary fibrosis; SMR: summary
data-based mendelian randomization; lIGC: International IPF Genetics
Consortium; GBMI: Global Biobank Meta-analysis Initiative; OR: odds ratios;
Cl: confidence interval. Figure S6. Forest plot of the meta-analysis results
of the TSMR analysis between BRSK2 and IPF at the translation-level. (A)
Meta-analysis of IVW/wald ratio results. (B) Meta-analysis of IVW/wald
ratio results. TSMR: two sample mendelian randomization; IPF: idiopathic
pulmonary fibrosis; SMR: summary data-based mendelian randomization;
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IIGC: International IPF Genetics Consortium; GBMI: Global Biobank
Meta-analysis Initiative; OR: odds ratios; Cl: confidence interval. Figure S7.
Schematic diagram of the principle of two-step mediation analysis. TSMR:
two sample mendelian randomization; IPF: idiopathic pulmonary fibrosis.
Figure S8. PheWAS manhattan plots of BRSK2 with binary and continuous
traits. In the figure, different colors represent different types of pheno-
types, with each point or triangle representing a specific phenotype.
Upward-facing triangles indicate that an increase in gene expression level
is associated with an increased risk of the corresponding phenotype.
When a point lies above the dashed line corresponding to the suggested
threshold, it indicates that the Phewas result exceeds the recommended
significance level. Phewas: phenome-wide association study. Figure S9.
Expression of BRSK2 in IPF patients and association with respiratory func-
tion indices. (A) Comparison of BRSK2 expression in IPF lung tissue and
normal tissue. (B) BRSK2 expression comparison in PBMCs between IPF
patients and healthy controls. (C) Correlation between BRSK2 expression
in PBMCs and DLCO in IPF patients. (D) Correlation between BRSK2 expres-
sion in PBMCs and FVC%pred in IPF patients. DLCO: Diffusing capacity

of the lung for carbon monoxide; FVC: Forced vital capacity. Figure S10.
Knockdown BRSK2 alleviates fibrosis in A549 cells. (A) Assessment of cell
viability using CCK-8 assays. (B) Validation of BRSK2 mRNA expression by
quantitative RT-PCR (qRT-PCR). (C-D) gRT-PCR analysis confirming mRNA
expression levels of a-SMA and Col1AT. (E-F) Measurement of IL-1( and
IL-6 secretion via ELISA. Statistical significance between groups was
determined using two-sided unpaired t-tests. * means Pval< 0.05, and **
means Pval < 0.01. Figure S11. Verify the downstream molecules of BRSK2.
(A) gRT-PCR analysis confirming mRNA expression levels of downstream
molecules in A549 cells. (B) gRT-PCR analysis confirming mRNA expression
levels of downstream molecules in animal model. Statistical significance
between groups was determined using two-sided unpaired t-tests. n.s
means no significance, * means Pval < 0.05, and ** means Pval< 0.01.
Figure S12. PPl analysis and phenotypic scanning network for BRSK2.
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