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Background: Lung adenocarcinoma (LUAD) is a major cause of cancer-related mortality worldwide. However, its key driver
genes and molecular mechanisms remain insufficiently defined. This study aimed to identify novel oncogenic drivers in LUAD,
focusing on leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4). We analyzed transcriptomic data from The
Cancer Genome Atlas (TCGA) and developed a prognostic model.
Methods: Differentially expressed genes between LUAD and normal lung tissues were identified using TCGA data. An initial
analysis using DESeq2 with a fold-change threshold of ≥4 identified 3100 significantly differentially expressed genes (adjusted
p < 0.05; 2671 upregulated and 429 downregulated). Univariate Cox regression (hazard ratio, HR) and least absolute shrinkage
and selection operator (LASSO) regressionwere employed to construct a prognostic riskmodel, reducing the pool to 28 prognostic
genes. Intersecting these with 19 genes both highly expressed and associated with poor prognosis yielded 10 key prognostic mark-
ers, including LGR4. Experimental validation was performed: LGR4 mRNA expression was quantified by quantitative reverse
transcription polymerase chain reaction (RT-qPCR) in clinical LUAD samples, and functional assays (cell counting kit-8 (CCK-
8) proliferation, wound healing, and Transwell migration/invasion) as well as a nude mouse xenograft model were performed to
assess the role of LGR4.
Results: In vitro assays demonstrated that LGR4 knockdown significantly suppressed proliferation, migration, and invasion of
A549 and H1650 cells (all p< 0.05), whereas LGR4 overexpression in H1299 cells produced the opposite effect (p< 0.05). In vivo,
a subcutaneous xenograft model in nude mice further confirmed that LGR4 promotes tumor growth (p < 0.05). Mechanistic
analyses revealed that LGR4 activates the nuclear factor kappa-B (NF-κB) signaling pathway, leading to the upregulation of
cyclin D1 (CCND1), matrix metalloproteinase 2 (MMP2), and vascular endothelial growth factor (VEGF) (p < 0.05), which
regulate cell cycle progression, extracellular matrix remodeling, and angiogenesis, thereby facilitating LUAD progression.
Conclusion: Collectively, these findings demonstrate that LGR4 serves as a novel prognostic biomarker and potential therapeutic
target in LUAD. This study provides a theoretical framework for further elucidating the molecular mechanisms underlying lung
adenocarcinoma and advancing targeted therapeutic strategies.
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Introduction

Lung adenocarcinoma (LUAD) is one of the most
prevalent subtypes of lung cancer, with an incidence rate
that has continued to rise in recent years [1–4]. Because
early-stage LUAD often lacks obvious clinical symptoms,
many patients are diagnosed at advanced stages, leading to
poor overall prognosis. Despite significant advances in sur-
gical resection, radiotherapy, chemotherapy, and targeted
therapies, overall survival outcomes remain unsatisfactory
[5]. Therefore, identifying novel molecular mechanisms
and potential therapeutic targets is essential to improve clin-
ical management and patient outcomes.

Recent investigations into the tumor microenviron-
ment, signaling pathways, and prognostic biomarkers have
provided valuable insights into the complex molecular
regulatory networks underlying tumorigenesis and disease
progression [6,7]. Numerous studies have demonstrated
that aberrant activation of specific signaling pathways is
strongly associated with key tumor biological behaviors, in-
cluding proliferation, migration, invasion, and drug resis-
tance [8,9]. For example, the nuclear factor kappa-B (NF-
κB) signaling pathway, which plays a pivotal role in regu-
lating inflammation and cell survival, has been implicated
in tumor progression across multiple malignancies [10–
15]. Furthermore, advances in high-throughput sequenc-
ing and large-scale bioinformatics analyses have facilitated
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the identification of differentially expressed genes and the
prognostic model, thereby deepening our understanding of
tumor pathophysiology.

Leucine-rich repeat-containing G protein-coupled re-
ceptor 4 (LGR4), a member of the G protein-coupled recep-
tor family, has recently attracted considerable attention due
to its abnormal expression and functional significance in
multiple cancers [8,9,16–21]. Previous studies have shown
that LGR4 promotes tumor progression by regulating cell
cycle progression, migration, and stemness maintenance in
malignancies such as breast and prostate cancers. How-
ever, its expression profile, clinical relevance, and poten-
tial molecular mechanisms in LUAD remain unclear. No-
tably, whether LGR4 regulates LUAD cell proliferation,
migration, and invasion through interactionwith key signal-
ing pathways such as NF-κB requires further investigation
[8,16,22,23].

This study aimed to systematically investigate the bi-
ological function and molecular mechanisms of LGR4 in
LUAD.We hypothesize that LGR4 is upregulated in LUAD
and exerts pro-tumorigenic effects by activating the NF-κB
signaling pathway, thereby promoting tumor cell prolifer-
ation, migration, and invasion. If validated, the findings
from this study will not only provide novel insights into
LUAD pathogenesis but also identify potential prognostic
biomarkers and therapeutic targets for clinical application.

Materials and Methods

Data Acquisition and Differential Expression
Analysis

Transcriptomic profiles and corresponding clinical in-
formation for LUAD were retrieved from The Cancer
Genome Atlas (TCGA) via the Genomic Data Commons
(GDC) portal (https://portal.gdc.cancer.gov). Raw count
data were normalized using the DESeq2 package version
1.38.3 (Bioconductor Project, Seattle, WA,USA). Differen-
tially expressed genes (DEGs) between LUAD and adjacent
normal lung tissues were identified with DESeq2, applying
a cutoff of |log2FC| ≥2 (fold change ≥4) and an adjusted
p-value < 0.05.

Functional Enrichment Analysis
Gene Ontology (GO) and Kyoto Encyclopedia of

Genes andGenomes (KEGG) pathway enrichment analyses
were performed on DEGs using the clusterProfiler R pack-
age version 4.2.0 (Bioconductor Project, Seattle,WA,USA)
to determine their biological significance. Gene Set Varia-
tion Analysis (GSVA) was performed to compare pathway
activity differences between LGR4-high and LGR4-low ex-
pression groups.

Survival Analysis and Prognostic Model
Construction

Univariate Cox regression (hazard ratios, HR) was
used to identify survival-associated genes among theDEGs.
The optimal lambda for least absolute shrinkage and se-
lection operator (LASSO) Cox regression was determined
through cross-validation, and a multivariate Cox model ad-
justing for clinical covariates (e.g., age and tumor stage)
was also evaluated. Kaplan–Meier survival curves with
log-rank tests were employed to validate the prognostic sig-
nificance of candidate genes.

Clinical Sample Collection and RT-qPCR Validation
Paired LUAD and adjacent non-tumor tissues

(n = 9) were collected with informed consent and
ethical approval. Total RNA was extracted and reverse-
transcribed into cDNA. LGR4 mRNA expression was
quantified using quantitative reverse transcription poly-
merase chain reaction (RT-qPCR), with glyceraldehyde
3-phosphate dehydrogenase (GAPDH) as an internal
control. The following primer sequences were used:
LGR4 (F: 5′-TTGTGGGCAACTTCAAGCTG-3′; R:
5′-AACCCCAAAATGCACAGCAC-3′) and GAPDH
(F: 5′-GAAGGTGAAGGTCGGAGTCA-3′; R: 5′-
GAAGATGGTGATGGGATTTC-3′). Each reaction
was performed in triplicate, and relative expression was
calculated using the 2−∆∆Ct method. Written informed
consent was obtained from all participants prior to sample
collection. This study was approved by the Medical Ethics
Committee of Institution (Human Ethics Approval No.
KY2023-139).

Cell Culture and Transfection
Human LUAD cell lines A549 (ATCC CCL-185™),

NCI-H1650 (ATCC CRL-5883™), NCI-H1299 (ATCC
CRL-5803™) were cultured in RPMI-1640 medium, while
PC-9 (ATCC CRL-5925™), and normal human bronchial
epithelial cells (HBE; ATCC PCS-300-010™) were cul-
tured in DMEM. All media were supplemented with 10%
fetal bovine serum (FBS). All cell lines were obtained from
ATCC and authenticated by short tandem repeat (STR) pro-
filing and verified to be mycoplasma-free. The incubation
conditions set in the incubator were as follows: the tem-
perature was maintained at 37 °C, and the carbon diox-
ide concentration inside the incubator was controlled at
5%. For LGR4 silencing, cells were transfected with small
interfering RNAs (siRNAs) targeting LGR4 (RiboBio,
Guangzhou, China). The antisense sequences were as fol-
lows: siRNA-1, 5′-CCUUAAAGAGCUAGGAUUU-3′;
siRNA-2, 5′-CCUGAUAUCUCUAAGGAUU-3′; siRNA-
3, 5′-GGAGAAAGGUACUGCUGAU-3′.

A non-targeting siRNA duplex (siNC; sense: 5′-
UUCUCCGAACGUGUCACGUTT-3′) served as the neg-
ative control. For knockdown experiments, cells were
transfected with 50 nM siRNA or 2 µg shRNA plasmid
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using Lipofectamine 3000 (Cat. No. L3000008, Thermo
Fisher Scientific, Waltham, MA, USA). Functional assays
were performed 48 hours post-transfection. For LGR4 over-
expression experiments, cells were transfected with 2 µg of
the pcDNA3.1-LGR4 plasmid, while the empty pcDNA3.1
vector was used as a control. Transfection efficiency was
verified by RT-qPCR and western blotting.

Cell Proliferation, Migration, and Invasion Assays
For proliferation assays, cells were seeded into 96-

well plates (2000 cells/well), and viability was measured at
0, 24, 48, 72 and 96 hours using a cell counting kit-8 (CCK-
8) (Cat. No. C0037, Beyotime Biotechnology, Shang-
hai, China) following the manufacturer’s instructions. Ab-
sorbance was recorded at 450 nm. Wound healing assays
were performed by creating a scratch in confluent mono-
layers and monitoring gap closure over 24 hours, with im-
ages captured at 0 and 24 hours. For Transwell migration
and invasion assays, 8-µm pore inserts (Corning Inc., Corn-
ing, NY, USA) were used; 5 × 104 cells were seeded in the
upper chamber in serum-free medium, while medium sup-
plemented with 10% FBS was placed in the lower chamber.
After 24 hours, migrated or invaded cells on the underside
were fixed, stained with crystal violet, and quantified under
a microscope (ECLIPSE Ts2R, Nikon Corporation, Tokyo,
Japan). All assays were performed in ≥3 biological repli-
cates.

In Vivo Tumorigenicity Assay
Female BALB/c nude mice (6–8 weeks old; n = 6 per

group) were anesthetized with isoflurane (3% induction)
and euthanized by cervical dislocation under anesthesia.
LGR4-knockdown A549 cells or LGR4-overexpressing
H1299 cells (1 × 106 cells in 100 µL phosphate-buffered
saline (PBS)) were injected subcutaneously into the flank
of each mouse. Tumor volume and mouse body weight
were measured every 3 days, with tumor volume calcu-
lated as ½ × length × width2. After 4 weeks, mice were
sacrificed, and tumors were excised, photographed, and
weighed. Representative tumor images were recorded. Tu-
mor tissues were fixed, paraffin-embedded, and subjected
to immunohistochemistry (IHC). All animal experiments
were conducted in compliance with the Chinese Animal Li-
cense Regulations and were approved by the Animal Care
and Use Committee of the Second Affiliated Hospital of
Harbin Medical University (Animal Ethics Approval No.
SYDW2023-087).

RNA Sequencing and NF-κB Pathway Validation
Total RNA from LGR4-knockdown and control A549

cells was sequenced on the Illumina platform (NovaSeq
6000, Illumina, Inc., San Diego, CA, USA). Reads were
aligned, counted, and analyzed with DESeq2 for differen-
tial expression. Count data were log2-transformed and nor-
malized, and batch effects were corrected using standard

methods (e.g., ComBat, details not specified). Gene set en-
richment analysis identified enrichment of the NF-κB sig-
naling pathway.

To validate the findings, western blotting was per-
formed. Cells were harvested 48 hours post-treatment,
washed with cold PBS, and lysed on ice for 30 minutes
in radio immunoprecipitation assay (RIPA) buffer contain-
ing protease and phosphatase inhibitors. Lysates were cen-
trifuged at 14,000 ×g for 15 minutes at 4 °C, and the su-
pernatant was collected. Protein concentrations were de-
termined using a bicinchoninic acid (BCA) assay kit (Cat.
No. 23227, Thermo Scientific, Waltham,MA, USA). Equal
amounts (20–30 µg) of protein were separated on 10–12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to polyvinylidene fluo-
ride (PVDF) membranes at 100 V for 90 minutes. Mem-
branes were blocked in 5% bovine serum albumin (BSA)
for 1 hour at room temperature, incubated overnight at 4
°C with primary antibodies (e.g., p65, GAPDH; 1:1000),
washed three times in TBS with Tween-20 (TBST), and
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5000) for 1 hour. Bands were vi-
sualized with enhanced chemiluminescence (ECL) reagent
(Cat. No. 32106; Thermo Fisher Scientific, Waltham, MA,
USA) and imaged. Band intensities were quantified using
ImageJ 1.52j (National Institutes of Health, Bethesda, MD,
USA) and normalized to GAPDH.

Primary antibodies included p65 (rabbit mAb, 1:1000;
Cat. No. 8242, Cell Signaling Technology), phospho-p65
Ser536 (rabbit mAb, 1:1000; Cat. No. 3033, Cell Signaling
Technology), IκBα (rabbit mAb, 1:1000; Cat. No. 4814,
Cell Signaling Technology), phospho-IκBα Ser32 (rabbit
mAb, 1:1000; Cat. No. 2859, Cell Signaling Technology),
IKKα/β (rabbit Ab, 1:1000; Cat. No. 2697, Cell Sig-
naling Technology), phospho-IKKα/β (Ser176/180; rab-
bit, 1:1000; Cat. No. 2697, Cell Signaling Technology),
CCND1 (mouse mAb, 1:500; Cat. No. 2978, Cell Signal-
ing Technology), MMP2 (rabbit mAb, 1:1000; Cat. No.
40994, Cell Signaling Technology), vascular endothelial
growth factor (VEGF) (rabbit mAb, 1:1000; Cat. No.
65373, Cell Signaling Technology), and GAPDH (rabbit
mAb, 1:5000; Cat. No. 5174, Cell Signaling Technol-
ogy). Secondary antibodies were goat anti-rabbit IgG-
HRP (1:5000; Cat. No. 31460, Thermo Fisher Scientific)
and goat anti-mouse IgG-HRP (1:5000; Cat. No. 31430,
Thermo Fisher Scientific).

Signal was developed using ECL Detection Reagent
and analyzed by ImageJ. Secondary HRP-conjugated anti-
bodies were used and bands were detected by ECL. Pyrro-
lidine dithiocarbamate (PDTC, 100 µM) was applied as an
NF-κB inhibitor. Cells were treated for 24 hours before
subsequent assays.
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Immunohistochemistry (IHC)
Paraffin-embedded tissue sections (4 µm) were de-

paraffinized in xylene, rehydrated through graded ethanol,
and subjected to antigen retrieval in citrate buffer (pH 6.0)
using microwave heating for 10 minutes. Sections were in-
cubated with 3% H2O2 for 20 minutes to quench endoge-
nous peroxidase activity, followed by blocking with 5%
BSA for 30 minutes. Slides were incubated overnight at 4
°Cwith anti-Ki-67 antibody (1:200), washed, and incubated
with HRP-conjugated secondary antibody for 45 minutes at
room temperature. 33′-diaminobenzidine (DAB) was ap-
plied for chromogenic detection (2–5 minutes), followed
by hematoxylin counterstaining for 1 minute. After dehy-
dration and mounting, images (LeicaMicrosystems GmbH,
Germany) were captured with a 50 µm scale bar, and stain-
ing was quantified by Hscore (intensity 0–3 × percentage
of positive cells).

Statistical Analysis
Data were presented as mean ± standard deviation

(SD). Comparisons between two groups were performed
using unpaired Student’s t-test or Wilcoxon signed-rank
test, and among multiple groups by one-way analysis of
variance (ANOVA) followed by post hoc tests. Survival
analysis was conducted using the log-rank test. Statistical
analyses were performed using GraphPad Prism 10 (Graph-
Pad Software, LLC, San Diego, CA, USA) and SPSS 20
(IBM Corp., Armonk, NY, USA). Statistical significance
was represented in figures as p< 0.05, p< 0.01, p< 0.001,
p< 0.0001; “ns” indicated not significant. All comparisons
were conducted relative to the baseline group (control or ad-
jacent normal).

Results

Screening and Functional Annotation of
Differentially Expressed Genes in Lung
Adenocarcinoma

To further characterize expression differences be-
tween LUAD and adjacent normal lung tissues, we ex-
tracted tumor samples and corresponding normal tissues
from the TCGA database and repeated differential expres-
sion analysis using DESeq2. With a fold-change thresh-
old of≥4, 3100 significantly differentially expressed genes
were identified, including 2671 upregulated and 429 down-
regulated genes (Supplementary Fig. 1A,B).

Gene Ontology (GO) enrichment analysis was then
performed to investigate the biological significance of these
DEGs. Results showed that, within Biological Processes,
genes were primarily enriched in humoral immune re-
sponse, immunoglobulin-mediated immune responses, and
B cell-mediated immune responses. In terms of molecu-
lar function, enrichment was observed in immune receptor
activation, antigen binding, and G protein-coupled recep-
tor activation. For cellular components, genes were signif-

icantly enriched in immune complexes, collagen, and the
extracellular matrix (Fig. 1A,B), highlighting their central
role in immune regulation and shaping the tumor microen-
vironment.

Furthermore, univariate Cox regression analysis was
used to evaluate the correlation between differentially ex-
pressed genes and patient survival, identifying 88 genes
significantly associated with prognosis. Among these, 19
genes correlated with poor prognosis (HR >1), while 69
were linked to longer survival (HR <1) (Supplementary
Fig. 1C). LASSO regression was applied to refine the prog-
nostic panel, reducing it to 28 candidate genes for construct-
ing a LUAD mortality risk prediction model (Fig. 1C). By
intersecting these 28 model genes with the 19 previously
identified high-expression poor prognosis genes, 10 key
prognostic markers were identified, including LGR4. RT-
qPCR validation further confirmed significantly elevated
LGR4 expression in tumor tissues (Fig. 1D,E).

LGR4 Expression and Clinical Relevance in Lung
Adenocarcinoma

Bioinformatics analysis of the TCGA-LUAD dataset
revealed that LGR4 expression was significantly elevated
in LUAD tissues compared to adjacent normal tissues
(Fig. 2A). Additionally, its expression was positively corre-
lated with lymph node metastasis, tumor–node–metastasis
(TNM) stage, and pathological grade (Fig. 2B), suggesting
a potential role for LGR4 in tumor progression.

To validate these findings, we collected paired tumor
and adjacent normal tissues from nine LUAD patients. RT-
qPCR analysis confirmed that LGR4 mRNA levels were
significantly elevated in tumor tissues (Fig. 2C). Immuno-
histochemistry further revealed that LGR4 was primarily
localized to the cell membrane and exhibited higher expres-
sion inmetastatic lymph nodes (Fig. 2D). In vitro, LGR4 ex-
pression was significantly upregulated in LUAD cell lines
(A549, H1650, H1299, PC-9) compared with normal hu-
man bronchial epithelial cells (HBE). Among these, A549
and H1650 exhibited the highest expression, while H1299
exhibited relatively lower levels (Fig. 2E,F).

Establishment of LGR4 Knockdown and
Overexpression Models in LUAD Cells

To investigate the functional role of LGR4 in LUAD
cells, we established LGR4 knockdown models in A549
and H1650 cells using siRNA transfection and LGR4
overexpression models in H1299 cells. RT-qPCR and
western blot analyses confirmed effective silencing by si-
LGR4-2 and si-LGR4-3, with si-LGR4-3 demonstrating the
strongest knockdown efficiency and thus selected for sub-
sequent experiments. Conversely, overexpression of LGR4
in H1299 cells significantly increased both mRNA and pro-
tein levels (Fig. 3A–D).
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Fig. 1. Screening and functional annotation of differentially expressed genes in lung adenocarcinoma (LUAD). (A,B) Gene On-
tology (GO) enrichment analysis of differentially expressed genes (DEGs) in LUAD. The top enriched terms for biological processes,
molecular functions, and cellular components are shown. DEGs were significantly associated with immune regulation and tumor mi-
croenvironment remodeling. (C) LASSO regression analysis identified 28 prognosis-related genes for constructing a LUAD mortality
risk prediction model. (D,E) RT-qPCR validation showing significantly elevated LGR4 mRNA expression in LUAD tumor tissues com-
pared with adjacent normal tissues. Data are presented as mean ± SD; *p < 0.05; **p < 0.01; ***p < 0.001. RT-qPCR, quantitative
reverse transcription polymerase chain reaction; LGR4, leucine-rich repeat-containing G protein-coupled receptor 4; INHA, inhibin sub-
unit alpha; EREG, epiregulin; VGF, VGF nerve growth factor inducible; NTS, neurotensin; FGF5, fibroblast growth factor 5; RAET1L,
retinoic acid early transcript 1L; S100P, S100 calcium-binding protein P; IFNE, interferon epsilon; INSL4, insulin-like 4; LASSO, least
absolute shrinkage and selection operator; SD, standard deviation.

LGR4 Regulates LUAD Cell Proliferation

CCK-8 assays demonstrated that LGR4 knockdown
significantly suppressed proliferation in A549 and H1650
cells, as indicated by slower growth curves compared
with controls (Fig. 4A,B; ***p < 0.001 at day 4). Con-
versely, LGR4 overexpression enhanced proliferation rates

in H1299 cells (Fig. 4C; ###p< 0.001). These findings sup-
port an oncogenic role of LGR4 in promoting LUAD cell
growth.
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Fig. 2. LGR4 expression and clinical relevance in LUAD. (A) The Cancer Genome Atlas (TCGA)-LUAD data showing higher LGR4
expression in tumor tissues compared with normal tissues. (B) LGR4 expression correlates with advanced tumor–node–metastasis (TNM)
stage and lymph node metastasis. (C) RT-qPCR analysis of LGR4mRNA levels in tumor versus normal tissues (n = 9). (D) Immunohis-
tochemistry (IHC) showing LGR4 (brown) with predominant membrane localization and higher expression levels in tumor (metastatic
lymph node) (scale bar = 50 µm). (E,F) RT-qPCR analysis of LGR4 in LUAD cell lines versus human bronchial epithelial (HBE) (normal
bronchial epithelial) cells. a2: a lung adenocarcinoma cell line, used only for screening purposes and not employed in subsequent exper-
iments. Data are presented as mean± SD from three replicates; *p< 0.05 vs. HBE; **p< 0.01; ***p< 0.001; ****p< 0.0001. TPM,
transcripts per million; FPKM, fragments per kilobase of transcript per million mapped reads; H-score, histochemical score; num(T)
number of tumor samples; num(N), Number of normal samples; ns, not significant.
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Fig. 3. Establishment of LGR4 knockdown and overexpression models. (A,B) Western blot analysis showing efficient LGR4 knock-
down in A549 and H1650 cells using siRNA-3 (***p< 0.001 vs. siNC) and successful overexpression in H1299 cells (###p< 0.001 vs.
vector). (C,D) RT-qPCR analysis of LGR4mRNA levels in A549/H1650 cells (si-NC vs. si-LGR4) and H1299 cells (NC vs. LGR4-OE).
Data are presented as mean ± SD; **p < 0.01; ***p < 0.001; ###p < 0.001. siRNA, small interfering RNA; OE, overexpression; NC,
negative control group.

LGR4 Promotes LUAD Cell Migration and Invasion
To evaluate the role of LGR4 in cell motility, wound

healing and Transwell assays were performed. In A549
and H1650 cells, LGR4 knockdown significantly reduced
wound closure and decreased both migration and inva-
sion compared with controls (Fig. 5A,B; p < 0.05). Con-
versely, in H1299 cells, LGR4 overexpression enhanced
wound healing and markedly increased migration and in-
vasion (Fig. 5C,D; p < 0.05). Collectively, these findings
suggest that LGR4 plays a crucial role in driving LUAD cell
motility and invasiveness.

LGR4 Enhances Tumor Growth In Vivo
To validate the in vitro findings, a subcutaneous

xenograft model was established in nude mice by injecting
LGR4-knockdown A549 cells and LGR4-overexpressing
H1299 cells. Tumor growth was significantly reduced in
the LGR4-knockdown group, whereas LGR4 overexpres-

sion markedly accelerated tumor expansion (Fig. 6A–D).
Immunohistochemistry further demonstrated weaker Ki67
staining in tumors from the LGR4-knockdown group and
stronger Ki67 staining in the LGR4-overexpression group
(Fig. 6E,F), supporting the conclusion that LGR4 promotes
tumor proliferation in vivo.

LGR4 Activates the NF-κB Pathway to Promote
LUAD Progression

Western blot analysis revealed that LGR4 overexpres-
sion in H1299 cells significantly increased phosphorylation
of p65, IκBα, and IKKα/β, while LGR4 knockdown in
A549 and H1650 cells reduced phosphorylation of these
proteins (Fig. 7A,B). To verify the functional role of NF-κB
activation, LGR4-overexpressing cells were treated with
the NF-κB inhibitor PDTC (100 µM). PDTC effectively
suppressed LGR4-induced NF-κB activation and reversed
the enhanced proliferation (Fig. 7C,D; p< 0.05). At higher
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Fig. 4. LGR4 regulates LUAD cell proliferation. (A,B) CCK-8 assays showing that LGR4 knockdown significantly inhibits prolifera-
tion in A549 and H1650 cells (***p< 0.001 vs. control). (C) LGR4 overexpression promotes proliferation in H1299 cells (###p< 0.001
vs. control). Data are presented as mean ± SD from three independent replicates; ***p < 0.001; ###p < 0.001. CCK-8, cell counting
kit-8; OD, optical density.

concentrations, PDTC may further suppress the prolifera-
tion of LGR4-overexpressing cells via non-specific mech-
anisms, and when combined with our normalization pro-
cedure, this can result in a relative proliferation rate lower
than that of untreated H1299 control cells.

Additionally, RT-qPCR showed that LGR4 overex-
pression upregulated NF-κB target genes CCND1, MMP2,
and VEGF, whereas PDTC treatment reverses these effects
(Fig. 7E; p < 0.05). Collectively, these findings indicate
that LGR4 promotes LUAD progression at least in part by
activating the NF-κB pathway, thereby enhancing CCND1,
MMP2, and VEGF expression, leading to accelerated cell
cycle progression, ECM degradation, and angiogenesis.

Discussion

This study systematically investigated the role of
LGR4 in lung adenocarcinoma and demonstrated that
LGR4 is significantly upregulated in tumor tissues com-
pared with normal lung samples, as confirmed by TCGA
data and clinical specimen analyses. Elevated LGR4 ex-
pression correlated with adverse clinicopathological fea-
tures, including lymph node metastasis, higher TNM stage,
and poorer pathological grade, suggesting that LGR4 may
serve as an important prognostic marker and contribute to
tumor progression.

In vitro experiments further revealed that LGR4 plays
a pivotal role in regulating lung adenocarcinoma cell be-
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Fig. 5. LGR4 promotes LUAD cell migration and invasion. (A,B) Wound-healing and transwell assays demonstrating reduced
migration and invasion in LGR4-knockdown A549 and H1650 cells (***p < 0.001 vs. control; scale bar = 100 µm). (C,D) LGR4
overexpression enhances wound closure, migration, and invasion in H1299 cells (###p < 0.001 vs. control). Data are presented as mean
± SD from three independent experiments; scale bar = 100 µm; ***p < 0.001; ###p < 0.001.

havior [8]. Specifically, knockdown of LGR4 in A549 and
H1650 cell lines resulted in marked reductions in cell pro-
liferation, migration, and invasion, while overexpression in
H1299 cells enhanced proliferative and metastatic poten-
tial. These findings were corroborated by in vivo xenograft
models, where LGR4 knockdown significantly suppressed

tumor growth, while overexpression accelerated tumor de-
velopment, thereby underscoring its oncogenic potential.

Mechanistically, our data indicate that LGR4 pro-
motes tumor progression at least in part through activation
of the NF-κB signaling pathway [11,13,15,22]. GSVA and
RNA-seq analyses showed that high LGR4 expression was
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Fig. 6. LGR4 enhances tumor growth in vivo. (A–D) Xenograft tumor growth curves. LGR4 knockdown reduces tumor volume,
whereas LGR4 overexpression increases tumor volume (***p < 0.001 vs. control; ###p < 0.001 vs. control) (cells injected: 1 × 106;
body weights monitored). (E,F) Ki67 IHC (brown) on tumor sections. LGR4-knockdown tumors exhibit fewer Ki67+ cells, whereas
LGR4-overexpressing tumors show increased Ki67 staining (scale bar = 50 µm). Data are presented as mean ± SD; **p < 0.01 vs.
control; ***p < 0.001 vs. control; ###p < 0.001 vs. control. shRNA, short hairpin RNA; Ki67, Ki-67 antigen.

associated with increased NF-κB pathway activity. This
was further validated by the upregulation of phosphory-
lated proteins, including p-p65, p-IκBα, and p-IKKα/β, in
LGR4-overexpressing cells, effects that were effectively re-
versed by the NF-κB inhibitor PDTC. Additionally, down-

stream effectors such as CCND1, MMP2 [24], and VEGF
were elevated upon LGR4 overexpression but diminished
following PDTC treatment, reinforcing the notion that NF-
κB activation is a critical mediator of LGR4-driven onco-
genic processes [25–27].
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Fig. 7. LGR4 activates the NF-κB pathway to promote LUAD progression. (A,B) Western blot analysis showing increased phospho-
rylation of p65, IκBα, and IKKα/β with LGR4 overexpression, and decreased phosphorylation with LGR4 knockdown. Quantification
of band intensities confirms these changes (##p < 0.01; ###p < 0.001; *p < 0.05; **p < 0.01; ***p < 0.001). (C) Treatment with
the NF-κB inhibitor PDTC reverses LGR4-induced NF-κB activation (#p < 0.05; ##p < 0.01). (D) CCK-8 assay showing that PDTC
reverses the pro-proliferative effect of LGR4 overexpression (##p< 0.01; ###p< 0.001). (E) RT-qPCR analysis showing that LGR4 over-
expression upregulates CCND1, MMP2, and VEGF, whereas PDTC reverses this effect (###p < 0.001 vs. LGR4-OE without PDTC).
Data are presented as mean ± SD from three independent assays; *p < 0.05; #p < 0.05 vs. control; **p < 0.05; ***p < 0.001; ##p <

0.01; ###p < 0.001. CCND1, cyclin D1; MMP2, matrix metalloproteinase 2; VEGF, vascular endothelial growth factor; PDTC, pyrroli-
dine dithiocarbamate; p65, p65 subunit of NF-κB; p-p65, phosphorylated p65 subunit of NF-κB; IκBα, inhibitor of κB alpha; p-IκBα,
phosphorylated inhibitor of κB alpha; IKKα/β, IκB kinase alpha/beta; p-IKKα/β, phosphorylated IκB kinase alpha/beta.

Despite these compelling findings, several limitations
need to be acknowledged. The precise molecular mecha-
nism by which LGR4 activates NF-κB signaling remains
incompletely understood, and it is plausible that LGR4 also

engages other signaling pathways to promote tumorigene-
sis [28–30]. Moreover, the subcutaneous xenograft model
employed in this study does not fully replicate the complex
lung microenvironment, highlighting the need for further
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validation using orthotopic models. Overall, our study pro-
vides novel insights into the role of LGR4 in lung adeno-
carcinoma and supports its potential utility as a prognostic
biomarker and a therapeutic target.

Conclusion

This study identifies LGR4 as a critical driver pro-
moter of LUAD progression. LGR4 is markedly overex-
pressed in LUAD and is associated with adverse clinical
features. Functional experiments demonstrated that LGR4
promotes LUAD cell proliferation, migration, and invasion
in vitro and accelerates tumor growth in vivo. Mechanisti-
cally, LGR4 activates the NF-κB signaling pathway, lead-
ing to upregulation of CCND1, MMP2, and VEGF, which
drive tumorigenesis. Collectively, these findings suggest
that LGR4 serves as a novel prognostic biomarker and po-
tential therapeutic target in LUAD. Future research should
elucidate the upstream regulation of LGR4 and explore tar-
geted inhibition of the LGR4–NF-κB axis as a promising
treatment strategy.
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