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Abstract: Lung adenocarcinoma (LUAD) remains a leading cause of cancer-related mortality worldwide, and al-
though targeted therapy and immunotherapy have improved clinical outcomes, their long-term efficacy is frequently 
limited by therapeutic resistance, underscoring the need to identify additional biologically relevant and potentially 
actionable targets. In this study, we applied summary-data-based Mendelian randomization (SMR) by integrating 
lung cancer genome-wide association study (GWAS) summary statistics with cis-expression quantitative trait locus 
(cis-eQTL) and cis-methylation quantitative trait locus (cis-mQTL) datasets to prioritize candidate genes associated 
with LUAD risk. The robustness of SMR-significant signals was further evaluated using the heterogeneity in depen-
dent instruments (HEIDI) test and Bayesian colocalization analysis. Independent transcriptomic datasets from the 
Gene Expression Omnibus (GEO), together with multiple public databases, were used for expression and prognostic 
validation, while protein-protein interaction (PPI) and functional enrichment analyses were performed to provide 
mechanistic context. Among 13 genes prioritized by integrative genetic analyses, PSMA4 (Proteasome 20S Subunit 
Alpha 4) emerged as the leading LUAD-relevant candidate on the basis of convergent multi-omics evidence, colocal-
ization support, reproducible overexpression (OE) across independent cohorts, and adverse prognostic association. 
Functional experiments demonstrated that PSMA4 knockdown (KD) suppressed LUAD cell proliferation, migration, 
invasion, and xenograft tumor growth, whereas PSMA4 overexpression produced the opposite effects. Mechanis-
tically, PSMA4 interacted with p53 and facilitated the proteasome-dependent turnover of ubiquitinated p53, as 
supported by co-immunoprecipitation, immunofluorescence, ubiquitination, proteasome inhibition, and cyclohexi-
mide chase assays, thereby attenuating p53 signaling. Collectively, these findings support PSMA4 as a biologically 
relevant and potentially actionable target in LUAD and provide a mechanistic rationale for further translational 
investigation.
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analysis, proteasome, therapeutic target

Introduction

Lung cancer is a common lethal malignant 
tumor in China, adding a burden to medicine 
and society. In 2022, data from the National 
Cancer Center showed that there were 
1,060,600 new cases of lung cancer and 
733,300 death cases, with both the inciden- 
ce rate and mortality rate ranking first [1]. 
Aging, smoking, second-hand smoke, cooking 
fumes, and air pollution have increased the 
burden of lung cancer [2]. More than 80%  
of lung cancer cases are non-small cell lung 

cancer (NSCLC), and about 75% are diagnosed 
at an advanced stage [3]. The 5-year survival 
rate of lung cancer patients is about 15%, and 
the prognosis is poor [4]. Lung adenocarcinoma 
(LUAD) belongs to the main subtype of non-
small cell lung cancer (NSCLC), with a high inci-
dence and mortality rate [3, 5]. Recently, the 
treatment model of lung adenocarcinoma has 
been improved, and there have been key break-
throughs in targeted and immunotherapy [6].

For lung adenocarcinoma patients with driver 
gene mutations, targeted therapy is the key. 
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The population with specific genomic abnor-
malities gets obvious clinical benefits from 
molecular targeted drugs [7], and nearly 69% 
of advanced NSCLC patients have clinically 
actionable targets [8]. Approved targeted dr- 
ugs cover the situations of gene mutations 
such as EGFR, ALK, ROS1, BRAF, etc. As a first-
line treatment, EGFR-TKIs such as osimertinib 
can prolong the median progression-free sur-
vival (PFS) to 18.9 months, which is better than 
chemotherapy [7, 9].

Immunotherapy is a key means of cancer treat-
ment. PD-1/PD-L1 inhibitors are beneficial for 
patients with advanced cancer [10]. In the 
KEYNOTE-024 trial, Reck et al. the report says 
that the 6-month survival of high PD-L1 pa- 
tients treated with pembrolizumab is higher 
than the overall survival (OS) of the chemother-
apy group [11].

There is progress in this regard, but the effi- 
cacy of targeted and immune therapies is still 
not very good. The challenge for key efficacy 
improvement is due to the immunosuppression 
of the tumor microenvironment (infiltration of 
regulatory T cells, expansion of myeloid-derived 
suppressor cells), and problems in antigen  
presentation (for example. The situation of HLA 
loss occurs, and the interferon-γ signaling path-
way is dysregulated [12]). Recently, some stud-
ies have explored combination immunotherapy 
such as PD-1 and CTLA-4 inhibitors, or chemo-
therapy regimens, but some patients still have 
disease progression due to the occurrence of 
drug resistance [13]. Immunotherapy failure 
lacks standardized rescue regimens, so there 
is an urgent need for predictive biomarkers 
(such as tumor mutation burden TMB, STK11 
mutation) to guide precision therapy [14]. New 
therapeutic targets need to be sought to over-
come limitations, thereby proposing new lung 
cancer therapies.

Summary-data-based Mendelian randomiza-
tion (SMR) is a method to improve Mendelian 
randomization (MR) causal inference by inte-
grating genome-wide association study (GWAS) 
and quantitative trait locus (QTL) data. This 
method strictly analyzes genetic associations 
and also enhances statistical power. Using ge- 
netic variations (mainly single nucleotide poly-
morphisms (SNPs)) as instrumental variables 
(IVs), regression techniques are employed to 
evaluate the causal relationship between expo-

sure factors (such as gene expression or DNA 
methylation [DNAm]) and disease outcomes 
[15, 16]. A key advantage of SMR is to reduce 
confounding factors in observational studies, 
reverse causal bias, and greatly improve the 
reliability of causal inference [17]. The frame-
work assumes that the IV only affects out-
comes through specific exposures. The HEIDI 
(Heterogeneity in Dependent Instruments) test 
is used to remove SNPs with pleiotropy to 
ensure the specificity of detecting associations 
[18]. SMR is often used in the study of com- 
plex diseases, such as cardiovascular diseas-
es, cancers, immune diseases, etc. For exam-
ple, Zhu et al. used SMR to show the causal 
effect of FTO gene expression on obesity risk 
[19], and Yang et al. analyses combining single-
sample Mendelian randomization (SMR) with 
single-cell RNA sequencing (RNA-seq) revealed 
that the expression of LGALS9, which is associ-
ated with the onset of sepsis, was decreased 
[20]. SMR has been confirmed to have cer- 
tain roles in drug target discovery. Integrating 
genome-wide association studies (GWAS) of 
plasma proteomes and disease outcome data 
can rapidly determine the causal association 
between the PCSK9 gene and low-density lipo-
protein cholesterol (LDL-C), providing genetic 
verification for the development of PCSK9 in- 
hibitors such as alirocumab [21]. Recently, Lin 
et al. used SMR to integrate data of expression 
quantitative trait loci (eQTL) and methylation 
quantitative trait loci (mQTL) to identify RELT, 
TNFSF12, ICAM5, and ERAP2 as new thera- 
peutic targets for intracranial aneurysms [22].

In this context, this study first combines SMR 
with batch RNA-seq data to explore the roles of 
gene expression and DNAm in the pathogene-
sis of lung cancer. The analytical framework 
includes multi-omics verification, colocalization 
analysis, and Gene Expression Omnibus (GEO) 
datasets confirmation. In vitro and in vivo ex- 
periments are also carried out for functional 
verification. This multi-level strategy aims to 
find new therapeutic targets and construct a 
genetic evidence chain for the pathogenesis of 
lung cancer.

Materials and methods

This study adopted a multi-omics integrative 
analysis strategy (Figure 1). First, we syste- 
matically compiled the aggregated data from 
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GWAS, eQTL, and mQTL datasets from various 
sources. Next, we performed SMR association 
analyses for eQTL-GWAS and mQTL-GWAS. 
Subsequently, the HEIDI test was applied to 
remove pleiotropic interference. Finally, colo-
calization analysis was conducted on the sig-
nificant loci to screen for candidate genes 
exhibiting a potential causal relationship with 
lung cancer.

To validate the screening results, we leveraged 
bulk RNA-seq transcriptome data and other 
authoritative online databases for cross-valida-
tion. We constructed protein-protein interac-
tion (PPI) networks for the key candidate ge- 
nes and performed Gene Ontology (GO)/Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses to elucidate their 
molecular mechanisms. The final candidate 

blood transcriptome measurements, this study 
incorporated lung tissue-specific expression 
data from the GTEx database. DNAm data ori- 
ginated from a large-scale blood mQTL meta-
analysis conducted by McRae et al. (sample 
size n = 614) (Table 2). All summary-level da- 
tasets were derived from European ancestry 
populations.

To ensure analytical rigor, the following quality 
control standards were implemented: (1) for 
eQTL and mQTL data, SMR analysis incorpo-
rated only probes with at least one cis-QTL 
exceeding the genome-wide significance thre- 
shold (P < 5 × 10-8); (2) the cis-regulatory re- 
gion was defined as the genomic interval 
extending 2 Mb upstream and downstream of 
each probe; and (3) all datasets were har- 
monized to genome build hg38 by using the 

Figure 1. Summary of study design, methods of analysis, and critical pro-
cess. Abbreviations: SMR, summary data-based Mendelian randomization; 
GWAS, the genome-wide association study; eQTL, expression quantitative 
trait loci; mQTL, methylation Quantitative Trait Loci; HEIDI test, heterogene-
ity in dependent instruments test; PP.H4, the posterior probability of hy-
pothesis 4; GEO, the Gene Expression Omnibus; TCGA_GTEx, The Cancer 
Genome Atlas database combined with Genotype-Tissue Expression data-
base; PPI, Protein-Protein Interaction Network; IHC, immunohistochemistry; 
PSMA4, Proteasome 20S Subunit Alpha 4.

genes were then validated by 
immunohistochemical (IHC) an- 
alysis of clinical specimens, in 
vitro phenotypic assays, and in 
vivo nude mouse tumor forma-
tion experiments.

SMR analysis

Research design and data 
sources: To investigate the po- 
tential causal links between 
candidate genes and lung can-
cer susceptibility, we adopted 
the SMR method for systemati-
cally combining eQTL, mQTL, 
and pooled GWAS data in rela-
tion to LUAD. 

Genetic association data for 
lung cancer were sourced fr- 
om several authoritative GWAS 
databases, including FinnGen 
(version R10), UK Biobank, and 
IEU OpenGWAS (Table 1). Ge- 
ne expression quantitative tra- 
it data were obtained from  
the following eQTL resources: 
eQTLGen (n = 31,684), Geno- 
type-Tissue Expression (GTEx, 
version R8; n_blood = 670, n_
lung = 515), Cap Analysis of 
Gene Expression (n = 2765), 
and Westra (n = 3511) (Table 
2). In addition to peripheral 
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Table 1. Summary of GWAS data information

Data sources Filename Year Tissue Ancestry Number of 
SNPs Build

FinnGen_R10 C3_NSCLC_ADENO_EXALLC 2023 Blood European 19,814,823 hg38
C3_NSCLC_SQUAM_EXALLC 2023 Blood European 19,814,815 hg38
C3_BRONCHUS_LUNG_EXALLC 2023 Blood European 19,814,950 hg38
C3_LUNG_NONSMALL_EXALLC 2023 Blood European 19,814,916 hg38

UKBB LUNG_CANCER 2018 Blood European 10,455,414 hg19
IEU ukb-b-20176 illnesses of mother: Lung cancer 2018 Blood European 9,851,867 hg19

ukb-b-14521 illnesses of father: Lung cancer 2018 Blood European 9,851,867 hg19
ieu_b_4955 2021 Blood European 11,078,115 hg19

Note: Abbreviations: GWAS, genome-wide association studies; SNPs, single nucleotide polymorphisms.

Table 2. Source and detailed information of QTL data
Data category Data sources Ancestry Tissue Number of SNPs Build
Cis-eQTL QTLGen European Blood 10,078,879 hg19

GTEx European Blood 1,609,254 hg19
GTEx European Lung 1,565,899 hg19
CAGE European Blood 6,322,664 hg19

Westra European Blood 519,879 hg19
Cis-mQTL McRae European Blood 30,985,683 hg19
Note: Abbreviations: QTL, quantitative trait loci; Cis-eQTL, cis-expression quantitative trait locus; Cis-mQTL, cis-methylation 
quantitative trait locus; SNPs, single nucleotide polymorphisms.

“hg19ToHg38.over.chain.gz” R package to ma- 
intain genomic coordinate consistency. 

SMR and HEIDI test for detecting pleiotropic 
associations: The SMR method uses a single 
genetic variant - usually an SNP - as an IV to 
evaluate the relationship between an exposure 
and an outcome. The two-sample MR analysis 
assumes that Z is the tool variable (genetic 
variation), X is the exposure, and Y is the out-
come. bzx represents the influence of the tool 
variable on the exposure, bzy represents the 
influence of the tool variable on the outcome, 
and bxy represents the influence of the expo-
sure on the outcome. According to the two-
stage least squares method, bXY is calculated 
as follows:

XY
ZX

ZYb b
b=                                         (Formula 2-1)

In the SMR method, the SNP effect of the QTL 
data on X, denoted as βZX, is regarded as an 
unbiased estimate of bZX. Subsequently, bXY is 
determined as follows:

XY
ZX

ZYb b=
b

                                         (Formula 2-2)

By using the delta method [23, 24], the vari-
ance of bXY is estimated using the following 
formula:
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The significance of bXY was tested using the  
statistic TSMR, which was estimated as follows 
[23]:

T var (b )
b2
XY

SMR
XY

=                             (Formula 2-4)

We utilized lung cancer as the outcome vari-
able, QTLs as the exposure variable, and SNPs 
as the IV in a causal inference analysis. No- 
tably, because SMR analysis based on a single 
genetic variation cannot effectively differenti-
ate between authentic causal relationships 
and pleiotropic effects, the identified associa-
tion results in this study should be regarded as 
inferential evidence of causal relationships.

To strengthen causal inference, we conducted 
the HEIDI test to assess IV validity under the 
null hypothesis of a single causal variant. Strict 
quality control measures were implemented as 
follows: 1. A 2 Mb window was defined around 
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each probe. 2. eQTLs/mQTLs significant at P < 
5.0 × 10-8 were selected for SMR analysis. 3. In 
the HEIDI test, a P-value threshold of 1.57 × 
10-3 (equivalent to χ2 = 10) was considered for 
QTL. 4. SNPs in high linkage disequilibrium (LD) 
(r2 > 0.90 or r2 < 0.05) with the lead QTL were 
excluded.

We confined our analyses of DNAm and gene 
expression to cis-regulatory regions (< 2 Mb). 
The Benjamini - Hochberg method was used to 
control the false discovery rate (FDR) in all SMR 
tests by employing the 1000 Genomes Project 
European data as the LD reference.

Trajectory visualization analysis: On the basis 
of the SMR results, we applied stringent statis-
tical criteria (FDR < 0.05 and p_HEIDI > 0.05) 
for gene selection. Genes exhibiting significant 
associations in both eQTL-GWAS and mQTL-
GWAS SMR analyses were prioritized for fur- 
ther validation. Visual confirmation was subse-
quently performed using the SMR online analy-
sis platform (SMR Portal, https://yanglab.west-
lake.edu.cn/smr-portal). We uploaded curated 
lung cancer GWAS summary statistics to the 
platform and selected the corresponding eQTL 
datasets (eQTL_eQTLGen, eQTL_GTEx_Whole_
Blood, and eQTL_GTEx_Lung) along with mQTL 
data (mQTL_McRae). The parameters p_SMR 
and p_HEIDI were set to 1e-05 and 5e-02, 
respectively. The genes with significant correla-
tions obtained from the platform analysis were 
systematically recorded and organized for sub-
sequent in-depth analysis.

Colocalization analysis: To elucidate potential 
causal relationships between genes and lung 
cancer while accounting for confounding fac-
tors by LD, we performed Bayesian colocaliza-
tion analysis using the “coloc” R package. This 
approach evaluates five competing hypothe-
ses: H0 (null hypothesis): there is no causal 
variation between the gene and lung cancer; 
H1: there is only a single causal variation in the 
gene; H2: there is only a single causal variation 
in lung cancer; H3: there are two independent 
causal variations between the gene and lung 
cancer; and H4: SNPs within the co-location 
region and the two traits have a significant cor-
relation and are driven by the same causal 
locus. The posterior probability for H4 (PP.H4) 
serves as the primary metric for colocalization 
evidence, where higher values indicate greater 
confidence that gene expression and lung can-

cer risk share standard causal mechanisms. 
We considered results with PP.H4 ≥ 0.75 as 
strong evidence for colocalization according to 
the established standards in the field.

Assumptions and limitations of SMR/colocal-
ization analyses: This study uses SMR analysis 
with cis-QTLs as instrumental variables to infer 
latent associations between exposures (e.g. 
gene expression or DNA methylation) and out-
comes (e.g. disease risk), based on aggregat- 
ed statistical data. The validity of this method 
depends on two key assumptions. First, the 
selected genetic instrumental variables must 
be strongly correlated with the exposure fac-
tors. Second, the instrumental variable must 
primarily influence disease risk through the 
exposure factor rather than through other path-
ways, such as pleiotropy. It should be noted 
that, due to LD, correlated genetic variants  
may represent different causal signals. Conse- 
quently, observed SMR associations may origi-
nate from shared causal variation, or they may 
merely reflect two adjacent yet independent 
causal variants within the LD interval. To miti-
gate the risk of misinterpretation, we employed 
the HEIDI heterogeneity test to filter out in- 
consistent signals and conducted a Bayesian 
co-localisation analysis to determine whether 
GWAS and QTL signals might be driven by the 
same causal variant.

Nevertheless, we are aware that neither the 
HEIDI test nor co-localisation analysis can rule 
out the influence of pleiotropy or LD-related 
confounding factors entirely. The efficacy of 
both methods is constrained by factors includ-
ing sample size, the selected LD reference 
panel and model prior settings. Therefore, 
when interpreting our findings, we treat the 
genetic evidence provided by SMR as a basis 
for prioritising candidate genes rather than 
drawing definitive causal conclusions. This ge- 
netic prioritisation was ultimately supported 
and supplemented by subsequent indepen- 
dent transcriptomic validation and systematic 
functional experiments.

Bulk RNA-seq analysis and online database 
validation

To systematically validate the SMR-derived 
candidates, we implemented a multiplatform 
verification approach. First, transcriptomic da- 
tasets related to lung cancer were obtained 
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from the GEO database. The “GEOquery” pack-
age in R Studio (v4.2.3) was then used to per-
form differential expression analysis to assess 
variation in the expression of SMR-identified 
genes. Second, we utilized the online plat- 
forms GEPIA (Gene Expression Profiling Inte- 
ractive Analysis) and TIMER (Cistrome Data 
Portal) to validate differences in gene expres-
sion between tumor and normal tissues, iden-
tify subtype differences, and conduct survi- 
val analyses. Finally, the online Kaplan-Meier 
Plotter database (kmplot.com) was used to 
input the desired genes, OS analysis was con-
ducted according to the lung cancer stage,  
and differentially expressed genes with a sig-
nificant prognostic value were identified.

PPI

As the main executors of cellular functions, the 
protein interaction networks play a central role 
in life processes. Proteins form complex regu- 
latory networks through specific interactions, 
and deciphering these interaction-based rela-
tionships is crucial for understanding protein 
functions [25]. We utilized the STRING data-
base (https://cn.string-db.org/) to analyze the 
interaction network of the candidate target  
proteins and used Cytoscape software version 
3.10.3 to visualize the links between them.

Experimental verification

Collection of clinical specimens: Ten patholo- 
gical specimens of LUAD and their correspond-
ing adjacent normal lung tissues were collect- 
ed from the First Affiliated Hospital of Anhui 
Medical University in 2025. The study was 
approved by the hospital’s ethics committee 
(Approval No.: PJ2025-07-41), and informed 
consent was obtained from patients and their 
families. The specimens were formalin-fixed 
and paraffin-embedded for subsequent IHC 
analysis.

Cell culture and establishment of knockdown 
and overexpression systems: The following 
human lung cancer cell lines were obtained 
from the American Type Culture Collection 
(ATCC, Manassas, VA, USA): A549, PC-9, NCI-
H1299, NCI-H838, SPC-A1, and SK-LU-1. The 
nonmalignant lung cancer cell line BEAS-2B 
was also obtained from the ATCC. All cell lines 
were cultured in Dulbecco’ modified Eagle’s 
medium supplemented with 10% fetal bovine 

serum (FBS, Gibco), 100 µg/mL chlorampheni-
col, and 100 U/mL penicillin (Shanghai Betain 
Biotechnology Co., Ltd.) at 37°C in a 5% CO2 
environment. All cell lines used in this study 
were obtained from ATCC and authenticated by 
short tandem repeat (STR) profiling. The identi-
ty of the cell lines was confirmed by comparing 
their STR profiles with the reference profiles 
maintained by ATCC. Mycoplasma detection 
was carried out using a PCR-based assay, and 
the results confirmed that the cell lines were 
mycoplasma-negative prior to experimenta- 
tion.

To develop PSMA4 knockdown and overexpres-
sion cell systems, specific shRNA lentiviral vec-
tors targeting PSMA4 and scramble shRNA 
negative control vectors (Qingke Biotechnolo- 
gy Company) without homologous sequences, 
PSMA4 overexpression lentiviral vectors, and 
empty vector controls (Qingke Biotechnology 
Company) were transfected into logarithmic 
growth phase cells. After 72 h of transfection, 
puromycin was added to screen for stably 
transfected cell lines.

Western blotting (WB) assay: Cellular prote- 
ins were solubilized in RIPA buffer (Beyotime, 
China), and their concentrations were deter-
mined using a bicinchoninic acid protein quan-
tification kit (Beyotime). An equal amount of 
protein (30 µg per lane) was then electropho-
retically resolved on sodium dodecyl sulfate-
polyacrylamide gels and transferred onto poly-
vinylidene fluoride membranes through el- 
ectroblotting. The membranes were blocked 
with 5% nonfat milk and incubated overnight at 
4°C with primary antibodies against PSMA4 
(Proteintech, Cat# 11943-2-AP, 1:2000), p53 
(Proteintech, Cat# 10442-1-AP, 1:10000), p21 
(Proteintech, Cat# 82669-2-RR, 1:1000), α-tu- 
bulin (Proteintech, Cat# 11224-1-AP, 1:10000), 
or vinculin (Proteintech, Cat# 26520-1-AP, 1: 
10000), followed by incubation for 1 h at room 
temperature with Multi-rAb® HRP-Goat Anti-
Rabbit Recombinant Secondary Antibody (H+L) 
(Proteintech, Cat# RGAR001, 1:2000) or Multi-
rAb® HRP-Goat Anti-Mouse Recombinant Se- 
condary Antibody (H+L) (Proteintech, Cat# 
RGAM001, 1:2000), as appropriate. Protein 
bands were visualized using Western Bright 
ECL reagent (Advansta, USA), and band inten-
sity was quantified using ImageJ software.
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RNA extraction and quantitative real-time PCR 
(qPCR): Total RNA was extracted from trans- 
genic A549 and PC-9 LUAD cells (including KD 
and OE variants) according to the manufactur-
er’s instructions. RNA concentration and purity 
were measured using a NanoDrop spectropho-
tometer, and RNA samples were diluted to 200 
ng/μL for reverse transcription. cDNA was syn-
thesized using SweScript All-in-One RT Super- 
Mix for qPCR (One-Step gDNA Remover) in a  
20 μL reaction system containing 4 μL 5× 
SweScript All-in-One SuperMix, 1 μL gDNA 
Remover, 10 μL total RNA, and RNase-free 
water to a final volume of 20 μL. The reverse 
transcription program was as follows: 25°C for 
5 min, 42°C for 30 min, and 85°C for 5 s. 

qPCR was performed using 2× Universal Blue 
SYBR Green qPCR Master Mix on a real-time 
PCR system. Each 15 μL reaction contained 7.5 
μL 2× Universal Blue SYBR Green qPCR Master 
Mix, 1.5 μL gene-specific primers, 2.0 μL cDNA 
template, and 4.0 μL nuclease-free water. The 
amplification conditions were as follows: initial 
denaturation at 95°C for 30 s, followed by 40 
cycles of 95°C for 15 s and 60°C for 30 s. A 
melting curve analysis was performed from 
65°C to 95°C, with fluorescence signal acqui- 
sition at each 0.5°C increment. Each sample 
was analyzed in triplicate. Gene expression lev-
els were normalized to α-tubulin (TUBA1B) and 
calculated using the 2-ΔΔCT method. The primer 
sequences were as follows: PSMA4 forward: 
GATAAGCACTATGGCTTTCAGC; PSMA4 reverse: 
CTGCAGCGCTATTATTTCCAAT; TUBA1B forward: 
GTGCGTTACTTACCTCGACTCTT; TUBA1B rever- 
se: AGCAGTAGTGGCTAGGGATTAG.

Cell function experiments: Cell Counting Kit-
8(CCK-8) proliferation assay: A total of 3000 
cells per well were seeded into a 96-well plate. 
After 0, 24, 48, and 96 h of culture, 10 µL of 
CCK-8 assay reagent was added to each well, 
and the samples were incubated for an addi-
tional 2 h. The absorbance value was measured 
at 450 nm by using a microplate reader. 

Proliferation detection with 5-Ethynyl-2’-deoxy- 
uridine (EdU) assay: Cell proliferation was as- 
sessed using the EdU detection kit (Abbkine). 
Cells were cultured in 96-well plates and incu-
bated with 10 mM EdU (diluted 1:1000) for 2 h. 
After cell fixation, the Click-iT reaction mixture 
was prepared and applied (100 μL/well), fol-
lowed by 30 min of incubation in the dark. The 

nuclei were stained with Hoechst 33342 (1×), 
and EdU-positive cells were visualized using a 
fluorescence microscope. The percentage of 
EdU-positive cells was then calculated. 

Scratch healing experiments: Cells were cul-
tured in 6-well plates until they reached conflu-
ence of over 90%. A straight scratch in the cell 
layer was then created using a sterile 200-µL 
pipette tip. Images of scratch wound healing 
were captured under a microscope at 0, 24, 
and 48 h after scratch creation, and changes in 
the wound area were quantified. 

Clonogenic assay: A total of 500 cells were  
plated in a 6-well plate and cultivated for 2 
weeks. Subsequently, the cells were fixed with 
4% paraformaldehyde and stained with 0.1% 
crystal violet. The number of visible cell clus-
ters containing more than 50 cells was then 
counted. 

Transwell invasion assay: A Matrigel layer was 
placed in the upper chamber of the Transwell 
cell culture system. Next, cell suspension was 
added to the upper chamber containing a 
serum-free medium, and the lower chamber 
was filled with a medium containing 20% FBS. 
Following a 24-h incubation period, the nonin-
vasive cells located in the upper chamber were 
extracted using a cotton swab. Under a micro-
scope, the invasive cells attached to the lower 
membrane surface were meticulously fixed, 
stained, and enumerated in five randomly 
selected fields of view.

In vivo tumor formation experiments in nude 
mice: Six- to 8-week-old male nude mice were 
obtained from Hefei Qingyuan Biotechnology 
Co., Ltd. and housed under specific pathogen-
free (SPF) conditions. LUAD cells (5 × 106) sta-
bly transfected with shPSMA4 or shControl 
were subcutaneously injected into the axillary 
region of nude mice (n = 5 per group). Tumor 
volume was measured twice each week by 
using the following formula: volume (mm3) = 0.5 
× length × width2. After 30 days, we euthanized 
the mice, anesthetizing each one with pento-
barbital sodium (0.1 ml/kg body weight) and 
taking photos. Then we performed cervical dis-
location to kill the mice, removed the tumors 
and measured their weights. The mouse car-
casses were placed together in an ice box  
for temporary storage, and then were collec-
tively incinerated. All animal procedures were 
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approved by the Anhui Provincial Center for 
Disease Control and Prevention’s Experimen- 
tal Animal Welfare and Ethics Committee and 
were conducted in accordance with their gui- 
delines.

Immunohistochemistry (IHC) analysis and im- 
munofluorescence (IF) assay: Paraffin-embe- 
dded human and mouse tumor tissue sections 
were dewaxed, rehydrated, and subjected to 
antigen retrieval. Endogenous peroxidase ac- 
tivity was blocked with 3% hydrogen peroxide, 
and the sections were subsequently blocked 
with serum. For IHC, the sections were incu- 
bated overnight at 4°C with anti-PSMA4 pri- 
mary antibody (Proteintech, Cat# 11943-2-AP, 
1:200), followed by incubation with S-vision im- 
munohistochemistry polymer secondary anti-
body (mouse/rabbit universal; Servicebio, Cat# 
G1303-10ML; ready to use, 100 μL per sec- 
tion). Signals were visualized using a DAB sub-
strate, followed by hematoxylin counterstain-
ing. The staining results were evaluated mi- 
croscopically according to the intensity and pro-
portion of positive cells. For IF, the sections 
were incubated overnight at 4°C with primary 
antibodies against PSMA4 (Proteintech, Cat# 
11943-2-AP, 1:200), Ki-67 (Proteintech, Cat# 
28074-1-AP, 1:300), E-cadherin (Proteintech, 
Cat# 20874-1-AP, 1:500), vimentin (Proteintech, 
Cat# 10366-1-AP, 1:500), or p53 (Proteintech, 
Cat# 10442-1-AP, 1:400), followed by incuba-
tion with Cy3-conjugated goat anti-rabbit IgG 
(Servicebio, Cat# GB21303, 1:300) or Cy3-
conjugated goat anti-mouse IgG (Servicebio, 
Cat# GB21301, 1:300), as appropriate. Nuclei 
were counterstained with DAPI prior to imaging 
with a confocal microscope.

Co-immunoprecipitation (Co-IP) assay: The col-
lected A549 and PC-9 cells were resuspended 
in 1 ml of IP lysis buffer containing 1% protease 
inhibitor and incubated on ice for 30 minutes. 
After centrifugation, the supernatants were col-
lected, and a fraction was reserved as input. 
The remaining lysates were incubated over-
night at 4°C with anti-PSMA4 or anti-p53 anti-
bodies, followed by incubation with protein A/G 
agarose beads to precipitate the immune com-
plexes. After washing three times with cold lysis 
buffer, the bound proteins were eluted by boil-
ing in loading buffer and analyzed by Western 
blotting.

Ubiquitination assay: After co-transfecting  
the stable cell lines of A549 and PC-9 with the 
His-Ub and p53-Flag plasmids for 42 hours, 10 
μm MG132 (proteasome inhibitor, APExBIO, 
Cat# A2585) was added and the cells were 
treated for 6 hours. After collecting the cells 
and extracting the proteins, they were suspend-
ed in SDS buffer diluted to a 1× SDS concen- 
tration and boiled to ensure complete protein 
denaturation. Ubiquitinated p53 was detected 
by Western blot using an anti-Flag antibody.

Cycloheximide (CHX) chase assays: The cells 
were treated with 10 μg/mL CHX (aladdin, Cat# 
C112766) to block the synthesis of new pro-
teins. At the specified time points (0 h, 2 h, 4 h, 
6 h, 8 h), the cells were collected and proteins 
were extracted for WB assay.

Statistical analysis

Statistical analysis was completed by Graph- 
Pad Prism 9. All quantitative results were pre-
sented as mean ± SD, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, ns: non-signif-
icant, P > 0.05. All experiments were conduct-
ed in triplicate. Statistical comparisons be- 
tween groups were conducted using unpaired 
or paired Student’s t-test, or one-way analysis 
of variance (ANOVA) as appropriate for the spe-
cific experimental design and comparison being 
made.

Results

Data analysis results

SMR and HEIDI tests: First, the associations 
among gene expression, DNAm, and lung can-
cer were systematically explored using the SMR 
and HEIDI methods. To minimize interference 
from multiple effect factors and enhance caus-
al inference reliability, genetic variations in cis-
regulatory regions were exclusively selected as 
IVs. The summary analysis based on the cis-
eQTL and cis-mQTL data revealed that 55 tran-
scriptional probes (corresponding to 55 genes) 
were significantly associated with lung cancer 
at the transcriptional level (FDR < 0.05 and p_
HEIDI > 0.05, Table 3). Moreover, at the meth-
ylation level, 313 DNAm probes (correspond- 
ing to 125 neighboring genes) showed a sig- 
nificant association with lung cancer (FDR < 
0.05 and p_HEIDI > 0.05, Table 3). Notably,  
13 of these genes showed significant associa-
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Table 3. Summary of SMR calculation results for each GWAS dataset
Data 
sources Filename eQTL mQTL

finngen_
R10

C3_NSCLC_ADENO_ 
EXALLC

PSMA4, HYKK PSMA4, CHRNA3

C3_NSCLC_SQUAM_ 
EXALLC

PSMA4, HYKK, KIAA1614-AS1 --

C3_BRONCHUS_LUNG_
EXALLC

PSMA4, WDR61, HYKK, AMT, PDCD6IP, TCTA, 
NICN1, POC1A, PROB1, SPATA24, SKIC8, 
DNAJA4, QRICH1

WDR6, DALRD3, KLHDC8B, TCTA, 
RHOA, BSN, RHOA, CLPTM1L, SLC23A1, 
LOC389333, CHRNA5, CHRNA4

C3_LUNG_NONSMALL_
EXALLC

PSMA4, HYKK CLPTM1L, CHRNA5

ukbb LUNG_CANCER PSMA4, IREB2 IREB2, CHRNA3
ieu ukb-b-20176 PSMA4, HYKK, IRF4, HCG11, C4A, 

LOC110384692, CYP21A2, MAP1A, STRCP1, 
CATSPER2P1, PDIA3, AC011330.5, STRC

TGM7

ukb-b-14521 PSMA4, VRK2, CLPTM1L, SEMA6A-AS1, 
ZSCAN16, ZKSCAN4, ZNF311, HLA-K, HLA-E, 
SKIC2, C4B….

PSMA4, CAMTA1, PTPRF, KDM4A, 
PIK3C2B, MDM4, ESPNL, SCLY, BSN, 
UROC1, ZAR1, TERT, CLPTM1L….

ieu_b_4955 PSMA4, HYKK, IREB2 PSMA4, CLPTM1L, IREB2
Note: Abbreviations: SMR, Summary-Data-Based Mendelian Randomization; GWAS, genome-wide association studies; eQTL, expression quantita-
tive trait locus; mQTL, methylation quantitative trait locus.

tions with lung cancer at both transcriptional 
and DNAm levels. The analysis results of dif- 
ferent GWAS datasets are shown in Figures 
2A-H, S1 and Tables S1, S2, S3, S4, S5, S6, S7, 
S8. Importantly, the SMR analysis results of the 
“ukb-b-14521” dataset are relatively compre-
hensive, and the precise data are provided in 
Table S9.

Trajectory visualization analysis: By integrating 
the analysis results of eQTL-GWAS SMR and 
mQTL-GWAS SMR (through selection of the in- 
tersection), we identified 13 genes exhibiting a 
significant association with lung cancer, name-
ly PSMA4, TCTA, IREB2, CLPTM1L, ZKSCAN4, 
HLA-E, HLA-DQB1, HLA-J, CYP21A2, TAPBP, 
MDM4, NEU1, and B3GALT4. Table 4 shows  
the specific GWAS and QTL data corresponding 
to these genes. Of these 13 genes, we exclud-
ed IREB2, CLPTM1L, HLA-E, and CYP21A2 as 
their relationship with lung cancer is previously 
established and MDM4, NEU1, and B3GALT4 
genes as they lack corresponding transcrip-
tome data in the SMR Portal database. For  
the remaining candidate genes, we conduct- 
ed multi-omics trajectory visualization analysis 
(parameter settings: p_SMR = 1e-05, p_HEIDI 
= 0.05). The results showed revealed that the 
PSMA4 gene alone displayed a significant cor-
relation with both transcriptome and methyla-
tion groups, and this result was consistent 

across multiple independent datasets (Figure 
2I-L). 

Based on SMR findings, we comprehensively 
characterized the relationship between PSMA4 
and lung cancer through integrated DNAm and 
transcription analyses using LUAD GWAS data 
(FinnGen R10: NSCLC, adenocarcinoma, and 
cancer-free controls), eQTLGen data, and Mc- 
Rae mQTL results. A significant association  
was observed between the DNAm site cg041- 
40906 and lung cancer risk, corresponding to 
the PSMA4 expression level. As illustrated in 
Figure 2I, the integrated analysis revealed that 
the methylation probe cg04140906 resides 
within the promoter region of PSMA4 (ENSG- 
00000041357) across multiple cell types and 
tissues. Genetic proximity analysis showed th- 
at cg04140906 is located 6557 bp from the 
lead SNP in mQTL-GWAS analysis, while the 
ENSG00000041357 transcript is positioned 
11,000 bp from the top SNP in eQTL-GWAS 
analysis. These findings suggest that genetic 
variants in the PSMA4 promoter region may 
influence the DNAm status, thereby modulating 
PSMA4 expression. Next, we validated this con-
clusion by conducting colocalization and corre-
lation analyses.

Colocalization analysis: For the PSMA4-asso- 
ciated datasets summarized in Table 4, we per-
formed Bayesian colocalization analysis and 
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Figure 2. SMR results across multiple GWAS datasets and Trajectory visualization of PSMA4 in lung cancer. (A-H) Manhattan plots of significant results from summa-
ry data-based Mendelian randomization in overall lung cancer. (A-H) represent the aggregated results of SMR calculations conducted separately by each GWAS data-
set (finngen_R10:C3_NSCLC_ADENO_EXALLC, C3_NSCLC_SQUAM_EXALLC, C3_BRONCHUS_LUNG_EXALLC, C3_LUNG_NONSMALL_EXALLC, ukbb: LUNG_CANCER, 
ieu: ukb-b-20176, ukb-b-14521, ieu_b_4955) with different eQTL datasets(QTLGen, GTEx_Blood, GTEx_Lung, CAGE, Westra). The green solid line indicates P-value 
threshold after false discovery rate is 0.05, FDR < 0.05, p_HEIDI > 0.05. (I-L): The omics SMR plots of PSMA4 in different datasets. (I) shows the omics SMR plots 
of PSMA4 in the finngen_R10:C3_NSCLC_ADENO_EXALLC, QTLGen, and McRae datasets. (J) shows the omics SMR plots of PSMA4 in the ieu:ieu_b_4955, QTLGen 
and McRae datasets. (K) shows the omics SMR plots of PSMA4 in the ieu: ukb-b-14521, QTLGen and McRae datasets. (L) shows the omics SMR plots of PSMA4 in 
the ieu: ukb-b-14521, GTExBlood and McRae datasets. Each gray solid dot represents a SNP in the GWAS data, each blue solid dot represents a SNP in the eQTL 
data, each green solid dot represents a SNP in the mQTL data, the red dot represents the top SNP, the blue diamond represents the transcriptome probe site, the 
green diamond represents the methylation probe site, and the red line represents the pSMR threshold of 5e-08. Abbreviations: SMR, summary data-based Mende-
lian randomization; GWAS, the genome-wide association study; SNPs, single nucleotide polymorphisms; eQTL, expression quantitative trait loci; mQTL, methylation 
Quantitative Trait Loci; FDR, false discovery rate; HEIDI test, heterogeneity in dependent instruments test.
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generated corresponding correlation plots. 
Because the GTEx_Blood and Westra eQTL 
datasets lack effect allele frequency informa-
tion, colocalization analysis was separately 
conducted between the GWAS datasets (Finn- 
Gen_R10:C3_NSCLC_ADENO_EXALLC, ieu:ukb- 
b-14521, and ieu_b_4955) and the QTLGen 
data (Figure 3). As depicted in Figure 3A, 
PSMA4 expression exhibited a positive correla-
tion with LUAD development, whereas PSMA4 
methylation showed a negative association wi- 
th tumor occurrence. Furthermore, an inverse 
association was observed between PSMA4 
expression and its methylation level. Colocali- 
zation analysis further indicated that SNPs re- 
gulating PSMA4 expression may concurrently 
influence LUAD susceptibility. Consistent find-
ings were obtained from the ukb-b-14521 (PP.
H4 = 0.786) and ieu_b_4955 (PP.H4 = 0.99) 
datasets (Figure 3B, 3C). Based on these tra-
jectory visualization results, we propose a 
mechanistic hypothesis: elevated PSMA4 ex- 
pression increases lung cancer risk, whereas 
genetic variations in the PSMA4 promoter re- 
gion induce DNAm - potentially by disrupting 
transcription factor binding - thereby downre- 
gulating PSMA4 expression and reducing lung 
cancer risk. Additionally, PSMA4 appears to 
exhibit a stronger disease-specific association 
with LUAD. 

We further analyzed the association of MDM4, 
NEU1, and B3GALT4 with lung cancer risk th- 

rough correlation and colocalization tests. 
Among these candidates, B3GALT4 alone de- 
monstrated significant colocalization evidence 
(Figure S2). Both transcription expression and 
methylation levels of B3GALT4 were positively 
associated with lung cancer development. A 
noteworthy finding is a clear link between the 
expression pattern of the genes and their me- 
thylation status. Colocalization analysis fur- 
ther indicated that genetic variants regulating 
B3GALT4 expression may simultaneously influ-
ence LUAD susceptibility, as supported by a 
PP.H4 value of 0.85. These findings suggest 
that B3GALT4 may also be a potential thera-
peutic target associated with lung carcino- 
genesis.

Bulk RNA-seq analysis and online database 
validation

From the GEO database, we selected the LUAD 
RNA-seq dataset GSE159857 involving only 
European subjects (specific grouping infor- 
mation is shown in Table S10). A differential 
expression analysis of the transcriptome genes 
screened by SMR (Figure 4A-C; full results in 
Table S11) revealed that among the 55 tran-
scriptome genes in GSE159857, 9 genes were 
significantly upregulated, 3 genes were signifi-
cantly downregulated, and 28 genes had a sta-
ble expression level. Notably, PSMA4 was sig-
nificantly overexpressed (P < 0.05), whereas 
B3GALT4 expression remained intact. These 

Table 4. The 13 intersecting genes obtained from the SMR analysis correspond to the respective 
databases
Data sources GWAS eQTL mQTL Intersection gene
finngen_R10 C3_NSCLC_ADENO_EXALLC QTLGen McRae PSMA4

GTEx_Blood
Westra

C3_BRONCHUS_LUNG_EXALLC QTLGen McRae TCTA
ukbb LUNG_CANCER CAGE McRae IREB2

Westra
ieu ukb-b-14521 QTLGen McRae PSMA4, CLPTM1L, ZKSCAN4, HLA-E, HLA-DQB1

GTEx_Blood PSMA4, HLA-J, CYP21A2, TAPBP
GTEx_Lung HLA-J
CAGE MDM4, NEU1, B3GALT4
Westra PSMA4, MDM4

ieu_b_4955 QTLGen McRae PSMA4
CAGE IREB2
Westra PSMA4, IREB2

Note: Abbreviations: SMR, Summary-Data-Based Mendelian Randomization; GWAS, genome-wide association studies; eQTL, expression quantita-
tive trait locus; mQTL, methylation quantitative trait locus.
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Figure 3. Based on the results of SMR, a correlation analysis and co-localization analysis were conducted between the GWAS datasets and the QTL datasets cor-
responding to PSMA4. (A) shows the correlation analysis and colocalization analysis results of the GWAS dataset of finngen_R10:C3_NSCLC_ADENO_EXALLC with 
the eQTL dataset of QTLGen and the mQTL dataset of McRae. From left to right, they are the correlation diagrams of eQTL-GWAS, mQTL-GWAS, eQTL-mQTL, and 
colocalization analyses. (B) shows the correlation analysis and colocalization analysis results of the GWAS dataset of ieu: ukb-b-14521 with the eQTL dataset of 
QTLGen and the mQTL dataset of McRae. From left to right, they are the correlation diagrams of eQTL-GWAS, mQTL-GWAS, eQTL-mQTL, and colocalization analyses. 
(C) shows the correlation analysis and colocalization analysis results of the GWAS dataset of ieu:ieu_b_4955 with the eQTL dataset of QTLGen and the mQTL dataset 
of McRae. From left to right, they are the correlation diagrams of eQTL-GWAS, mQTL-GWAS, eQTL-mQTL, and colocalization analyses. Abbreviations: SMR, summary 
data-based Mendelian randomization; GWAS, the genome-wide association study; SNPs, single nucleotide polymorphisms; eQTL, expression quantitative trait loci; 
mQTL, methylation Quantitative Trait Loci; PP.H4, the posterior probability of hypothesis 4.
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Figure 4. The combination diagram of bulk RNA-seq analysis and the verification results of the online database. A. The volcano map of differential gene analysis in 
the GSE159857 dataset, blue represents down-regulated gene, orange represents up-regulated gene, and gray represents no significant gene; B. Heat map of dif-
ferential gene analysis in the GSE159857 dataset; C. The expression of PSMA4 in the GSE159857 dataset; D. The volcano map of differential gene analysis in the 
GSE87410 dataset, blue represents down-regulated gene, orange represents up-regulated gene, and gray represents no significant gene; E. Heat map of differential 
gene analysis in the GSE87410 dataset; F. The expression of PSMA4 in the GSE87410 dataset; G. The differential expression of PSMA4 in the TIMER database; H. 
The survival analysis curve of PSMA4 in the TIMER database and GEPIA database; I. Survival analysis curve of PSMA4 in patients at different stages in Kaplan-Meier 
Ploter. Abbreviations: RNA-seq, RNA sequencing; GEPIA, Gene Expression Profiling Interactive Analysis.
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findings were further validated in an indepen-
dent Asian cohort (GSE87410; Table S10), 
where 3 genes were upregulated, 2 genes were 
downregulated, and 35 genes exhibited a sta-
ble expression level (Figure 4D-F; Table S12). 
Consistent with the European dataset, PSMA4 
was significantly overexpressed (P < 0.05), 
while B3GALT4 showed no differential expres-
sion; this finding confirmed the reproducibility 
of PSMA4 association with lung cancer risk 
across ethnic populations. 

By conducting an integrated analysis with 
TIMER and GEPIA databases, we evaluated 
both the expression patterns and prognostic 
significance of PSMA4 in LUAD. TIMER analysis 
confirmed PSMA4 overexpression in tumor tis-
sues (P < 0.05; Figure 4G). Consistent survival 
assessments from both platforms demonstrat-
ed that patients with elevated PSMA4 levels 
had significantly shorter OS than those with  
low PSMA4 levels (P < 0.05; Figure 4H). Fur- 
ther validation with the Kaplan-Meier Plotter 
revealed stage-specific prognostic impact: ac- 
ross stages II, III, II + III, and II + III + IV of LUAD, 
high PSMA4 expression was consistently corre-
lated with reduced patient survival (P < 0.05; 
Figure 4I). Collectively, these results establish 
that PSMA4 is significantly associated with 
LUAD progression, and its elevated expression 
appears to promote disease development.

PPI evaluation

To map the functional interactions of SMR-
identified candidates and the currently known 
lung cancer-related targets, we constructed a 
PPI network using the STRING database with 
the interaction significance threshold set to  
P < 0.05 (Figure S3). The obtained network was 
imported into Cytoscape (v3.10.3) for visua- 
lization and topology analysis. Each node’s 
importance was measured using the Between- 
ness Centrality (BC) metric (Figure 5 and Table 
S13). PSMA4 exhibited a high BC value, rank- 
ing 13th among all nodes, including the es- 
tablished lung cancer targets; this finding indi-
cates the central role of PSMA4 in the network. 
It significantly interacts with multiple core on- 
coproteins, including TP53, TNF, AKT1, NF1, 
CD274, EGFR, RPS18, KRAS, and TERT. Notably, 
PSMA4 showed the strongest association with 
TP53, and its high ranking among previously 
validated targets highlights its potential func-
tional importance in LUAD pathogenesis.

Experimental results

PSMA4 is highly expressed in LUAD tissues  
and cell lines: We conducted immunohisto-
chemical staining on 10 pairs of LUAD samples 
to assess the expression level of PSMA4. The 
detailed clinical and pathological characteris-
tics of the patient are presented in Table S14. 
We performed semi-quantitative evaluation of 
PSMA4 expression using the H-score method 
and found that the expression of PSMA4 in  
lung adenocarcinoma tissues was significantly 
higher compared to the matched normal tis-
sues (Figure 6A, 6B). Complementary WB as- 
says demonstrated consistent upregulation of 
PSMA4 expression across multiple lung cancer 
cell lines, with A549 and PC-9 cells showing the 
highest expression levels among the six tested 
lines; moreover, the PSMA4 expression levels 
in all these cells lines exceeded that observed 
in normal BEAS-2B cells (Figure 6C, 6D).

PSMA4 promotes the growth, proliferation,  
and invasion of LUAD cells: To investigate the 
role of PSMA4 in LUAD malignancy, we es- 
tablished stable KD and OE cell lines through 
lentiviral transduction. qPCR analysis and WB 
assay confirmed effective PSMA4 suppression 
with shRNA constructs, with shPSMA4-2 and 
shPSMA4-3 demonstrating the most promi- 
nent reduction in both mRNA (Figure S4A, S4D) 
and protein levels (Figure S4B, S4C, S4E, S4F) 
in A549 and PC-9 cells, shPSMA4-2 and shPS-
MA4-3 were selected for functional assays 
based on their superior knockdown efficiency 
at both mRNA and protein levels. Conversely, 
PSMA4-overexpressing A549 cells exhibited 
significant upregulation at both transcriptional 
(Figure S4G) and translational levels (Figure 
S4H, S4I). Functional assessment with CCK-8 
and EdU assays revealed that PSMA4 KD im- 
paired the viability of LUAD cells, whereas its 
OE enhanced the cells’ proliferative capacity 
(Figure 6E-L). 

Colony formation assay demonstrated that 
PSMA4 KD substantially impaired the clono-
genic capacity of LUAD cells (Figure 7A), where-
as PSMA4 OE significantly enhanced this abi- 
lity in A549 cells (Figure 7B). These results  
substantiate the role of PSMA4 as an onco- 
gene that promotes LUAD cell proliferation. 

Wound healing assay also showed that PSMA4 
KD markedly impaired the migratory capacity  
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(Figure 8A). PSMA4 depletion substantially re- 
duced tumor growth and tumor mass size 
(Figure 8B, 8C). IF assay confirmed successful 
PSMA4 knockdown in the experimental group 
(Figure 8D). Concomitant molecular analyses 
of PSMA4-deficient tumors revealed downregu-
lation of the proliferation marker Ki-67 and the 
mesenchymal marker vimentin and upregula-
tion of the epithelial marker E-cadherin (Figure 
8E-G), which indicated attenuated cell prolifer-
ation and a reversal of epithelial-mesenchymal 
transition. These in vivo experimental findings, 
consistent with our in vitro experimental data, 
establish that PSMA4 is critical for LUAD growth 
and progression.

of A549 and PC-9 cells (Figure 7C), whereas 
PSMA4 OE enhanced this ability in A549 cells 
(Figure 7D). Consistent with these findings, 
Transwell invasion assays revealed that PSMA4 
depletion suppressed cellular invasion (Figure 
7E, 7F), whereas PSMA4 OE promoted the 
cell’s invasive potential (Figure 7G). Collec- 
tively, these results establish PSMA4 as an 
oncogenic driver that facilitates both migration 
and invasion of LUAD cells.

PSMA4 KD inhibits LUAD cell growth in vivo: To 
validate the oncogenic function of PSMA4 in 
vivo, control and PSMA4-KD A549 cells were 
subcutaneously implanted into nude mice 

Figure 5. PPI network diagram (sorted by BC value), the size of the circles represents the BC value. Abbreviations: 
PPI, protein-protein interaction; BC, Betweenness Centrality.
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Figure 6. PSMA4 is highly expressed in LUAD tissues and promotes LUAD cell proliferation. (A) Representative im-
ages of PSMA4 expression in LUAD and adjacent normal tissues determined by IHC staining. Original magnification, 
50× (left) or 200× (right). Scale (left) = 200 μm, Scale (right) = 50 μm. (B) Comparison of the H-score of PSMA4 in 
the IHC staining results of 10 pairs of samples, with three sights recorded for each sample. Statistical comparisons 
were made using a paired two-tailed Student’s t-test; **P < 0.01, ***P < 0.001, ****P < 0.0001. (C, D) Western 
blotting analysis of the PSMA4 protein expression levels in one normal lung cell lines (BEAS-2B) and six NSCLC cell 
lines. Data is presented as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001 by One-way ANOVA). (E-G) 
CCK-8 assay analysis of the impact of PSMA4 knockdown (E, F) or overexpression (G) on LUAD cell growth. shControl: 



PSMA4 prioritization and functional validation in LUAD

1527	 Am J Cancer Res 2026;16(4):1509-1539

shRNA control, shPSMA4-2: shRNA2 targeting PSMA4, shPSMA4-3: shRNA3 targeting PSMA4. Vector: Control for 
overexpression, oePSMA4-2: Lentivirus targeting PSMA4 for overexpression. Data is presented as the mean ± SD 
(**P < 0.01, ***P < 0.001, **** P < 0.0001 by repeated measures ANOVA). (H-L) The effect of PSMA4 knockdown 
(H) or overexpression (I) on the growth of LUAD cells was detected using EdU assay. Original magnification, 200×, 
Scale = 100 μm. Data is presented as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001, (J and K) were 
analyzed using One-way ANOVA, while (L) were analyzed using unpaired Student’s t-test). Abbreviations: LUAD, 
lung adenocarcinoma; H-score, Histochemistry score; IHC, immunohistochemistry; CCK-8, Cell Counting Kit-8; EdU, 
5-Ethynyl-2’-deoxyuridine.

GO and KEGG enrichment analysis: We per-
formed a transcriptome sequencing analysis 
using PSMA4 KD cell lines. GO enrichment 
analysis revealed that, in the biological pro- 
cess category, PSMA4 primarily promoted ribo-
some biogenesis (GO:0042254) but predo- 
minantly inhibited fatty acid beta-oxidation 
(GO:0006635) and catabolism of fatty acids 
(GO:0009062). In the cellular component ca- 
tegory, PSMA4 was primarily associated with 
ribosomal and mitochondrial functions; it posi-
tively regulated the preribosome (GO:0030684) 
and the mitochondrial inner membrane (GO: 
0005743) and negatively regulated the peroxi-
some (GO:0005777). In the molecular function 
category, PSMA4 promoted ribonucleoprotein 
complex binding (GO:0043021) and ribosome 
binding (GO:0043022) and inhibited guanyl-nu- 
cleotide exchange factor activity (GO:0005085) 
and GTPase activator activity (GO:0005096) 
(Figure 9A, 9B). 

The KEGG pathway enrichment analysis (Figure 
9C) showed that PSMA4 was associated with 
ubiquitin-mediated proteolysis (hsa04120) and 
also exhibited a high degree of correlation with 
the p53 signaling pathway (hsa04115); this 
finding is consistent with the earlier reported 
PPI results.

PSMA4 promotes LUAD cell proliferation by 
inhibiting the p53 pathway: To confirm that 
PSMA4 influences the p53 pathway, we per-
formed WB assay to detect p53 pathway-relat-
ed proteins. PSMA4 KD increased p53 and  
p21 expression levels in A549 and PC-9 cells 
(Figure 9D), whereas PSMA4 OE had an oppo-
site effect on the expression of these proteins 
in A549 cells (Figure 9E). Additionally, immuno-
fluorescence confirmed that p53 expression 
was upregulated in PSMA4-knockdown nude 
mouse tumors compared to the control group 
(Figure 9F, 9G). Furthermore, Western blotting 
revealed increased levels of p53 and p21  
in PSMA4-knockdown tumors in nude mice 
(Figure 9H, 9I). Therefore, these findings sug-

gest that PSMA4 promotes LUAD cell prolife- 
ration by suppressing the p53 pathway. This 
result validated the accuracy of the PPI analysis 
and sequencing results.

PSMA4 facilitates proteasome-dependent tur- 
nover of ubiquitinated p53: To further clarify 
how PSMA4 regulates the p53 pathway, we 
investigated whether PSMA4 affects p53 pro-
tein turnover through the ubiquitin-proteaso- 
me system. Co-IP assays showed that PSMA4 
physically interacted with p53 (Figure 10A). In 
addition, IF staining demonstrated that PSMA4 
and p53 were predominantly co-localized in  
the nucleus (Figure 10B), supporting a spatial 
basis for their functional interaction. We next 
examined the ubiquitination status of p53. 
PSMA4 knockdown increased the abundance 
of ubiquitinated p53, whereas PSMA4 overex-
pression reduced the abundance of ubiquiti-
nated p53 (Figure 10C, 10D). Given the pro- 
teasomal role of PSMA4, these findings likely 
reflect altered turnover of ubiquitinated p53 
rather than direct regulation of the ubiqui- 
tination reaction itself. To determine whether 
PSMA4-mediated regulation of p53 is pro- 
teasome-dependent, cells were treated with 
the proteasome inhibitor MG132 (10 μm). In 
PSMA4-knockdown A549 cells, p53 protein lev-
els were significantly higher than those in con-
trol cells and were further increased after 
MG132 treatment (Figure 10E). A similar pat-
tern was observed in PC-9 cells. Conversely,  
in PSMA4-overexpressing A549 cells, p53  
protein levels were markedly reduced com-
pared with those in vector control cells, where-
as MG132 treatment restored p53 accumula-
tion (Figure 10F). Furthermore, CHX chase 
assays showed that PSMA4 knockdown mark-
edly slowed the degradation of p53 protein 
(Figure 10G), indicating that PSMA4 facilitat- 
es p53 protein turnover. Taken together, these 
results suggest that PSMA4 interacts with p53 
and promotes the proteasome-dependent de- 
gradation of ubiquitinated p53, thereby sup-
pressing p53 signaling.
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Figure 7. PSMA4 promotes the clonogenicity, migration, and invasion of LUAD cells. (A, B) Colony formation assay 
showing the effects of PSMA4 knockdown (A) or overexpression (B) on LUAD cell growth. (C, D) Cell scratch assay 
showing the effects of PSMA4 knockdown (C) or overexpression (D) on the migration ability of LUAD cells. (E-G) Tran-
swell invasion assay showing the effects of PSMA4 knockdown (E, F) or overexpression (G) on the invasion ability of 
LUAD cells. Data is presented as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001, (A, C and E) were 
analyzed using One-way ANOVA, while (B, D and G) were analyzed using unpaired Student’s t-test). Abbreviations: 
LUAD, lung adenocarcinoma.
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Discussion

In the present SMR study, we utilized multiple 
GWAS and QTL databases to screen 13 po- 
tential genes related to lung cancer (PSMA4, 
TCTA, IREB2, CLPTM1L, ZKSCAN4, HLA-E,  
HLA-DQB1, HLA-J, CYP21A2, TAPBP, MDM4, 
NEU1, and B3GALT4) from several databases. 
Previous studies have confirmed that IREB2, 
CLPTM1L, HLA-E, and CYP21A2 are associated 
with lung cancer development, which indirectly 
validates the reliability of our research results. 
Importantly, our findings extend beyond the 
established association at the 15q25.1 sus-
ceptibility locus: by combining SMR with colo-
calization evidence, we more precisely attribu- 
te the GWAS risk signal at the gene level and 
prioritize PSMA4 as a leading LUAD-relevant 
candidate. Independent validation across GEO 
transcriptomic cohorts and complementary 
public resources further supports PSMA4’s 
consistent dysregulation and clinical relevan- 
ce, strengthening the integrative gene-level 
inference.

IREB2 (also known as iron response element 
binding protein 2, also called IRP2) is an RNA-
binding protein. It controls the iron level in cells 
by regulating iron homeostasis-related mRNAs, 
especially in people with iron deficiency. Pre- 
vious studies have reported that IREB2 gene 
variation is related to the development of lung 
cancer and chronic obstructive pulmonary dis-
ease (COPD) [26]. Moreover, IREB2 promotes 
the proliferation of lung cancer cells by regu- 
lating iron metabolism, and high-level IREB2 
expression is related to tumor progression and 
poor prognosis [27].

The gene CLPTM1L (also called CRR9) encodes 
a membrane protein and plays a role in cispla-
tin resistance. Although CLPTM1L overexpres-
sion causes apoptosis in cisplatin-sensitive 
cells, it is highly expressed in cisplatin-resistant 
ovarian cancer cell lines [28]. Genome-wide 
association studies (GWAS) associate genes 
with the 5p15.33 locus (TERT - CLPTM1L) in 

lung cancer risk [29, 30]. Studies by James et 
al. indicate that CLPTM1L interacts with PI3K, 
activates AKT, up - regulates Bcl - xL, and then 
inhibits apoptosis of Ras - driven lung tumor 
cells [31].

The non-classical MHC class I molecule HLA-E 
belongs to important immune checkpoints. Liu 
et al.’s research shows that the HLA-E:CD94-
NKG2A axis is involved in the interaction be- 
tween circulating tumor cells (CTC) and natural 
killer cells (NK cells). Disrupting this pathway 
can enhance NK cell - mediated tumor killing  
in vitro and can also inhibit tumor metastasis  
in vivo. In addition, in pancreatic cancer mod-
els, an increase in HLA-E levels can promote 
liver metastasis [32]. In lung adenocarcinoma 
(LUAD), high expression of HLA-E is associated 
with lower OS, and low expression is beneficial 
to the survival of patients [33].

Members of the P450 superfamily encoded  
by CYP21A2, this member also acts as CPS1, 
which is the rate-limiting enzyme in the urea 
cycle. This enzyme is located in mitochondria 
and catalyzes the formation of carbamoyl  
phosphate from ammonia and bicarbonate to 
excrete nitrogenous waste. In KRAS/LKB1 mu- 
tant (KL-type) lung cancer, CYP21A2 is overa- 
ctivated and also transfers mitochondrial car-
bamoyl phosphate to purine synthesis to pro-
vide nucleotides for tumor growth [34].

Following the exclusion of previously docu- 
mented genes, we conducted trajectory vis- 
ualization and colocalization analyses, which 
marked PSMA4 and B3GALT4 as candidate tar-
gets. These genes were subsequently evaluat-
ed using bulk RNA-seq data from European and 
Asian populations. PSMA4 exhibited signifi-
cantly differential expression in LUAD cells in 
both cohorts. In contrast, B3GALT4 expression 
exhibited no significant alterations in both data-
sets. Although B3GALT4 demonstrated strong 
colocalization evidence, it did not exhibit con-
sistent differential expression across indepen-
dent bulk RNA-seq datasets. Therefore, within 

Figure 8. PSMA4 knockdown suppresses LUAD tumor growth and EMT-related phenotypes in vivo. (A) The xeno-
graft tumors formed in the underarm of nude mice after injection of A549 control cells (shControl) and PSMA4 
knockdown cells (shPSMA4-2) on the 30th day after injection. (B, C) Measure and compare the volume sizes (B) 
and weights (C) of the tumors in the two groups. (D-G) IF was used to detect the expression levels of PSMA4, Ki67, 
Vimentin and E-Cadherin proteins in the two groups of tumors. Original magnification, 400×, Scale bar = 20 μm. 
Data is presented as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001 by unpaired Student’s t-test). 
Abbreviations: LUAD, lung adenocarcinoma; EMT, Epithelial-mesenchymal transition.
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Figure 9. PSMA4 is associated with p53 signaling in LUAD cells and xenograft tumors. (A) The up-regulated path-
ways in GO enrichment analysis. (B) The down-regulated pathways in GO enrichment analysis. (C) KEGG enrichment 
analysis results. (D) Using A549 and PC-9 control and knockdown cells, the proteins were extracted and WB was 
used to detect the expression of p53 and p21 proteins. (E) Using control and overexpressed A549 cells, the proteins 
were extracted and WB was used to detect the expression of p53 and p21 proteins. (F, G) IF was used to detect the 
expression levels of p53 in the two groups of tumors. Original magnification, 400×, Scale bar = 20 μm. (H, I) WB was 
used to detect the expression of p53 and p21 proteins in the tumor tissues of the two groups of nude mice. Data is 
presented as the mean ± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001, D were analyzed using One-way ANOVA, 
while (E, G and I) were analyzed using unpaired Student’s t-test). Abbreviations: LUAD, lung adenocarcinoma; GO, 
Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; IF, immunofluorescence; WB, Western blotting.
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our multi-layer prioritization framework inte-
grating genetic, transcriptomic, and clinical evi-
dence, PSMA4 was selected as the leading 
candidate for functional validation. 

Integrative trajectory and colocalization analy-
ses indicated that an elevated PSMA4 expres-
sion level is associated with an increased risk 
of lung cancer development. Conversely, genet-
ic variants in the PSMA4 promoter possibly 
mediate DNAm, downregulating its expression 
and correspondingly attenuating LUAD risk. 
Additional studies using public online databas-
es consistently confirmed elevated PSMA4 ex- 
pression in lung cancer tissues, which further 
supported its role as a candidate oncogene. 

PSMA4 forms part of a highly ordered ring-
shaped complex comprising 28 nonidentical 
subunits arranged into four stacked rings, and 
it is located on the chromosome 15q25.1 
locus. Previous studies have confirmed that 
PSMA4 participates in various pathological pro-
cesses. By using MR, Chen et al. found that an 
elevated PSMA4 expression level is correlated 
with abdominal aortic aneurysm risk, with colo-
calization supporting a shared genetic basis for 
the role of PSMA4 in both abdominal and intra-
cranial aneurysms [35]. In immune and inflam-
matory contexts, Zhao et al. conducted tran-
scriptomic analysis of Affymetrix data and 
identified PSMA4 - along with PSMA6 - as a 
potential modulator of ankylosing spondylitis 
progression [36]. Similarly, based on GWAS 
analysis, Sakornsakolpat et al. linked PSMA 
expression in blood and lung tissue to severe 
COPD [37], whereas Xia et al. used MR to cor-
relate increased PSMA4 expression with sepsis 
susceptibility, suggesting a causal role and 
potential of PSMA4 as a therapeutic target 
[38]. In oncology, PSMA4 is associated with tu- 
mor immune escape. Phosphorylation of serine 
at position 188 of PSMA4 leads to the degra- 
dation of cGAS (a key cytosolic DNA sensor in 

innate immunity), which helps tumor growth by 
inhibiting interferon production and anti-tumor 
immunity [39]. Early GWAS by Amos et al. 
O’Brien et al. identified 15q25.1 and PSMA4  
as lung cancer risk loci [40, 41]. Recently, Luan 
et al. used blood expression quantitative trait 
locus data in Mendelian randomization and 
proposed that PSMA4 is a promising thera- 
peutic target for lung cancer [42], which is con-
sistent with our study. After SMR and colocal-
ization analysis, our study found that there is 
an association between PSMA4 at 15q25 and 
lung cancer risk, which goes beyond the previ-
ous locus associations, providing mechanistic 
insights and genetic value for its role in lung 
cancer development. To verify the association 
between PSMA4 and LUAD, IHC was perform- 
ed on clinical samples, confirming that partial 
overexpression of PSMA4 in tumors compar- 
ed with paired normal tissues. Subsequently, 
PSMA4 knockdown and overexpression models 
were constructed in LUAD cells. Functional ex- 
periments such as cell counting kit-8 (CCK-8), 
EdU, colony formation, wound healing, and 
Transwell showed that PSMA4 expression en- 
hances the proliferation, migration, and inva-
sion of LUAD cells in vitro. Xenograft experi-
ments in vivo support these findings, and 
PSMA4 knockdown significantly inhibits tumor 
growth. IF detection of xenograft tissues sh- 
ows that the expression of Ki-67 and vimentin 
is decreased in the knockdown group, and the 
expression of E-cadherin is increased, confirm-
ing that PSMA4 has a phenotype of promoting 
proliferation and invasion in vivo and is of great 
significance for the progression of LUAD.

PSMA4 encodes the proteasome core subunit 
and plays a core role in regulating inflam- 
mation, signal transduction and cell stress 
response [43]. As the main part of intracellular 
protein degradation, the proteasome controls 
multiple important processes, such as tran-
scription, cell cycle progression and apoptosis 

Figure 10. PSMA4 interacts with p53 and facilitates the proteasome-dependent turnover of ubiquitinated p53. (A) 
Co-IP analysis showing the interaction between PSMA4 and p53. (B) IF staining showing the nuclear co-localization 
of PSMA4 and p53. Original magnification, 1000×, Scale bar = 10 μm. (C, D) Ubiquitination assays showing that 
PSMA4 knockdown increases, whereas PSMA4 overexpression decreases, the abundance of ubiquitinated p53. 
(E) WB analysis showing that p53 accumulation in PSMA4-knockdown A549 and PC-9 cells is further enhanced by 
MG132 treatment. (F) WB analysis showing that MG132 restores p53 accumulation in PSMA4-overexpressing A549 
cells. (G) CHX chase assay showing that PSMA4 knockdown delays p53 degradation. Data is presented as the mean 
± SD (**P < 0.01, ***P < 0.001, ****P < 0.0001, (E and F) were analyzed using One-way ANOVA, while (G) were 
analyzed using repeated measures ANOVA). Abbreviations: LUAD, lung adenocarcinoma; Co-IP, Co-immunoprecipita-
tion; IF, immunofluorescence; WB, Western blotting; MG132, proteasome inhibitor; CHX, Cycloheximide.
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would delay the degradation of p53. Collec- 
tively, these data support a model in which 
PSMA4 facilitates the proteasome-dependent 
turnover of ubiquitinated p53, thereby restrain-
ing p53 signaling. 

Notably, our data do not demonstrate that 
PSMA4 directly catalyzes p53 ubiquitination or 
specifically targets a p53-E3 ligase complex for 
degradation. Rather, PSMA4 more likely con-
tributes to the downstream degradation step 
after p53 has been ubiquitinated by upstream 
E3 ligases such as MDM2. This interpretation  
is more consistent with the established bio- 
logy of the p53-MDM2-proteasome axis. It sh- 
ould also be noted that p53 degradation can 
occur through both ubiquitin-dependent and, in 
some contexts, ubiquitin-independent protea-
somal mechanisms. Nevertheless, the combi-
nation of increased ubiquitinated p53 after 
PSMA4 knockdown, restoration of p53 accu-
mulation by MG132, and delayed p53 turnover 
in CHX chase assays strongly supports a pro- 
teasome-dependent mechanism in our model. 
Future studies are warranted to determine 
whether PSMA4 affects the recruitment or pro-
cessing of ubiquitinated p53 within the pro- 
teasome complex and whether canonical p53 
regulators such as MDM2 are required for this 
effect.

In this study, we integrated SMR, colocalization 
analysis, bulk RNA-seq validation, and in vitro/
in vivo experiments to prioritize and charac- 
terize PSMA4 as a LUAD-relevant candidate 
gene. To improve the robustness of our find-
ings, we combined HEIDI testing, Bayesian 
colocalization, cross-cohort transcriptomic va- 
lidation, and complementary analyses using 
multiple public databases. By leveraging large-
scale GWAS datasets together with blood- and 
lung-derived QTL resources, our study provided 
broad data coverage and enhanced statistical 
power for gene prioritization. Importantly, the 
computational evidence was further support- 
ed by clinical IHC analysis, functional assays, 
xenograft experiments, and mechanistic stud-
ies demonstrating that PSMA4 facilitates the 
proteasome-dependent turnover of ubiquitinat-
ed p53. Although PPI analysis suggested po- 
tential associations between PSMA4 and other 
oncogenic drivers such as EGFR and KRAS, 
these interactions were not supported by con-
sistent multi-omics or functional evidence in 

[44, 45]. The ubiquitin-proteasome system 
(UPS) can selectively regulate p53, regulate  
cell cycle arrest and apoptosis, and finally af- 
fect tumor progression [46]. Orlowski et al. 
pointed out that proteasome inhibitors can in- 
hibit pro-apoptotic proteins such as p53 and 
Bax, and also reduce anti-apoptotic proteins 
such as Bcl-2, which then induces apoptosis  
in tumor cells [47]. In clinical practice, protea-
some inhibitors such as. Bortezomib has obvi-
ous curative effects in hematological malig- 
nancies such as multiple myeloma. It also has 
anti-tumor activity in advanced solid tumors 
such as breast cancer, ovarian cancer, and 
prostate cancer, demonstrating the relevance 
of proteasomes in tumor treatment [48].

Our analysis of protein interactions also re- 
vealed a strong correlation between PSMA4 
and TP53. Transcriptome sequencing results 
further demonstrated that PSMA4 is highly  
significantly and negatively correlated with the 
p53 signaling pathway. WB assay confirmed 
that PSMA4 modulates the expression of p53 
pathway-related proteins. The p53 protein is a 
critical tumor suppressor and inhibits carcino-
genesis by regulating cell cycle, apoptosis, me- 
tabolism, and DNA repair [49]. The p53 gene is 
highly prone to mutation in cancer. The mutat-
ed p53 gene is detected in approximately 50% 
of NSCLC cases and in more than 80% of small 
cell lung cancer cases [50]. Mutant p53 accel-
erates LUAD progression, whereas restoration 
of wild-type p53 suppresses advanced tumor 
growth [51]. p53 stability is precisely regulated 
by the UPS [52]. Under normal conditions, p53 
is ubiquitinated through its negative regulator, 
the E3 ubiquitin ligase MDM2, and is degraded 
by the 26S proteasome [53, 54]. However, in 
certain tumors, UPS dysfunction induces exces-
sive proteasome activation, leading to the over-
degradation of tumor suppressor proteins such 
as p53 [55]. The UPS is involved in degrading 
most proteins in mammalian cells, with more 
than 19% of mutated oncogenic driver genes 
implicated in this process [56, 57]. Our Co-IP 
and immunofluorescence results demonstrat-
ed that PSMA4 interacts with p53 and co-local-
izes with it in the nucleus. In addition, PSMA4 
knockdown increased the abundance of ubi- 
quitinated p53, whereas PSMA4 overexpres-
sion reduced it. Importantly, MG132 treatment 
restored p53 accumulation, and CHX chase 
assays showed that the knockdown of PSMA4 
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needed to determine the specific phases of the 
cell cycle affected by PSMA4. Although overex-
pression experiments were mainly performed 
in A549 cells, consistent knockdown effects 
observed in both A549 and PC-9 cells support 
the general role of PSMA4 in LUAD. Future stu- 
dies should further validate these findings in 
additional cell lines. In summary, we propose 
that PSMA4 should be regarded as a candi- 
date therapeutic target, supported by gene- 
tic and functional experimental evidence. Fu- 
ture studies should investigate the effects of 
PSMA4 inhibition, including pharmacological 
approaches and synergistic interactions with 
existing treatments such as EGFR-TKIs. Given 
that proteasome inhibitors (e.g., bortezomib) 
have demonstrated anti-tumor effects, target-
ing specific proteasome subunits such as 
PSMA4 may represent a more selective thera-
peutic strategy. Its definitive therapeutic value 
and clinical translation pathways require fur-
ther exploration in subsequent studies.

Conclusions

Leveraging SMR analysis, multi-omics valida-
tion, and functional experiments, this study  
prioritizes PSMA4 as a genetically supported 
candidate target in lung adenocarcinoma. In- 
tegrated transcriptomic, in vitro, in vivo, and 
mechanistic analyses indicate that PSMA4 
exerts oncogenic effects by promoting prolifer-
ation, migration, and invasion of LUAD cells. 
Importantly, our findings further suggest that 
PSMA4 interacts with p53 and facilitates the 
proteasome-dependent turnover of ubiquitinat-
ed p53, thereby suppressing p53 signaling. 
Together, these results support PSMA4 as a 
candidate therapeutic target and provide a 
mechanistic rationale for further translational 
investigation in LUAD.
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our dataset. Future studies incorporating mu- 
tation-stratified models are needed to further 
investigate these potential regulatory relation-
ships. Collectively, these results provide con-
vergent genetic, transcriptomic, functional, and 
mechanistic evidence supporting PSMA4 as a 
biologically relevant and potentially actionable 
target in LUAD.

However, this study also has several limita-
tions. Firstly, both SMR and colocalisation an- 
alyses rely on aggregated statistical data, and 
their inferential validity depends heavily on the 
quality and statistical power of the underlying 
GWAS and QTL data. If the original studies 
exhibit sample overlap, population structure 
bias or insufficient statistical power, this may 
introduce estimation bias. Furthermore, as the 
genetic data included in this study primarily 
originate from European populations, the gen-
eralisability of these findings to other ancestry 
groups requires validation through more diver- 
se cohorts. Secondly, while our HEIDI test and 
colocalisation analysis aimed to minimise the 
risk of false associations due to LD or horizon-
tal pleiotropy, it is not possible to entirely rule 
out the presence of multiple independent ca- 
usal variants within LD regions or confounding 
associations through unmodelled pleiotropic 
pathways. Furthermore, colocalisation results 
are influenced by prior settings, LD references 
and systematic differences across data sourc-
es, meaning that low PP.H4 values do not 
entirely rule out genuine colocalisation relation-
ships. Thirdly, due to limitations in current pub-
lic data resources (e.g. the absence of eQTL 
data in the SMR Portal), the regional visua- 
lisation of certain genetic signals was incom-
plete. Furthermore, this study primarily focused 
on cis-regulatory variants, potentially overlook-
ing biologically meaningful trans-regulatory sig-
nals. Finally, although functional experiments 
support PSMA4’s role in promoting lung can- 
cer progression, the specific upstream mecha-
nisms by which it regulates the p53 pathway 
require further investigation. Although chan- 
ges in E-cadherin and vimentin expression sug-
gest a potential role of PSMA4 in Epithelial-
mesenchymal transition (EMT), additional EMT-
related markers (such as N-cadherin, Snail, and 
Slug) were not evaluated in this study. While 
PSMA4 was shown to regulate p53 and p21 
expression, direct analysis of cell cycle distri- 
bution was not performed. Future studies are 
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Figure S1. Manhattan plots of significant results from summary data-based Mendelian randomization in overall lung cancer. A-H represent the aggregated results of 
SMR calculations conducted separately by each GWAS dataset (finngen_R10:C3_NSCLC_ADENO_EXALLC, C3_NSCLC_SQUAM_EXALLC, C3_BRONCHUS_LUNG_EX-
ALLC, C3_LUNG_NONSMALL_EXALLC, ukbb: LUNG_CANCER,ieu: ukb-b-20176, ukb-b-14521, ieu_b_4955) with mQTL datasets(McRae _Blood).The green solid line 
indicates P-value threshold after false discovery rate is 0.05, FDR < 0.05, p_HEIDI > 0.05. Abbreviations: SMR, summary data-based Mendelian randomization; 
GWAS, the genome-wide association study; mQTL, methylation Quantitative Trait Loci; FDR, false discovery rate; HEIDI test, heterogeneity in dependent instruments 
test.



PSMA4 prioritization and functional validation in LUAD

2	

Figure S2. Based on the results of SMR, a correlation analysis and co-localization analysis were conducted between 
the GWAS datasets of ieu: ukb-b-14521 with the eQTL dataset of CAGE and the mQTL dataset of McRae correspond-
ing to B3GALT4. A-D. The correlation diagrams of eQTL-GWAS, mQTL-GWAS, eQTL-mQTL, and colocalization analyses. 
Abbreviations: SMR, summary data-based Mendelian randomization; GWAS, the genome-wide association study; 
eQTL, expression quantitative trait loci; mQTL, methylation Quantitative Trait Loci.
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Figure S3. The PPI network of proteins identified by SMR. Lines represent interactions between proteins. Green line 
indicates gene neighborhood and predicted interaction; Blue line indicates known interaction from curated data-
bases; Fuchsia line indicates known interaction that is experimentally determined. Black line indicates co-expres-
sion. Data information was from STRING database. Abbreviations: PPI, protein-protein interaction; SMR, summary 
data-based Mendelian randomization.
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Figure S4. The efficiency of knockdown and overexpression of PSMA4 in LUAD cells. A. The qRT-PCR was used to 
detect the mRNA expression levels of PSMA4 in A549 cells with normal genotype (WT), control cells (shControl), and 
PSMA4 knockdown cells (sh PSMA4-1, sh PSMA4-2, and sh PSMA4-3). B, C. Western blot analysis of PSMA4 expres-
sion in A549 cells with normal genotype (WT), control cells (shControl), and PSMA4 knockdown cells (sh PSMA4-1, 
sh PSMA4-2, and sh PSMA4-3). D. qRT-PCR was used to detect the mRNA expression levels of PSMA4 in PC-9 cells 
with normal genotype (WT), control cells (shControl), and PSMA4 knockdown cells (sh PSMA4-1, sh PSMA4-2, and 
sh PSMA4-3). E, F. Western blot analysis of PSMA4 expression in A549 cells with normal genotype (WT), control 
cells (shControl), and PSMA4 knockdown cells (sh PSMA4-1, sh PSMA4-2, and sh PSMA4-3). G. qRT-PCR was used 
to detect the mRNA expression levels of PSMA4 in A549 cells with normal genotype (WT), control cells (Vector), and 
PSMA4 overexpression cells (oePSMA4). H, I. Western blot analysis of PSMA4 expression in A549 cells with normal 
genotype (WT), control cells (Vector), and PSMA4 overexpression cells (oePSMA4). Data is presented as the mean ± 
SD (**P < 0.01, ***P < 0.001, ****P < 0.0001 by One-way ANOVA). Abbreviations: LUAD, lung adenocarcinoma; 
qRT-PCR, Quantitative Real-time PCR; WB, Western blotting.


