Bzl SPANDIDOS
7] ,§, PUBLICATIONS

ONCOLOGY LETTERS 30: 558, 2025

Leucine-rich repeat-containing G protein-coupled receptor 4
promotes proliferation, invasion and migration, and
inhibits apoptosis in non-small cell lung cancer cells

XIAOYU DUAN'?, XIANGSEN LIU?, YUCHEN SHAN?, SONGFU ZHOU?,
MING LOU?, ZHAOJIA GAO? and KAI YUAN??

!School of Medicine, Dalian Medical University, Dalian, Liaoning 116044, P.R. China; 2Department of Cardiothoracic Surgery,
The Third Affiliated Hospital of Nanjing Medical University, Changzhou Second People's Hospital, Changzhou, Jiangsu 213161, P.R. China;
3Heart and Lung Disease Laboratory, The Third Affiliated Hospital of Nanjing Medical University, Changzhou Second People's Hospital,
Changzhou, Jiangsu 213161, P.R. China

Received April 10, 2025; Accepted August 21, 2025

DOI: 10.3892/01.2025.15304

Abstract. Leucine-rich repeat-containing G protein-coupled
receptor 4 (LGR4/GPCR48) belongs to subfamily B of the
GPCR superfamily. LGR4 is a transmembrane signaling
molecule involved in organogenesis across multiple tissue
systems and contributes to cancer progression. To the best
of our knowledge, however, the specific involvement of
LGR4/GPR48 in non-small cell lung cancer (NSCLC) has
not been comprehensively studied. The present study aimed
to elucidate the mechanisms by which LGR4 promotes the
progression of NSCLC. First, the expression and survival
of LGR4 were analyzed by downloading relevant data from
The Cancer Genome Atlas database. Subsequently, immu-
nohistochemistry was conducted to evaluate the association
between LGR4 expression levels and prognostic outcomes
in tissue samples from NSCLC. LGR4 levels were further
determined across NSCLC cell line subtypes via western
blotting and reverse transcription-quantitative PCR.
LGR4 expression was silenced in the A549 and H226 cell
lines using small interfering RNA. Flow cytometry, Cell
Counting Kit-8 assays and Transwell assays were then used
to study the effects on tumor cells after LGR4 knockdown.
Finally, to elucidate the oncogenic mechanisms of LGR4,
Gene Set Enrichment Analysis (GSEA) 4.3.3 software
was utilized to identify signaling pathways potentially
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activated by the elevated expression of LGR4 in NSCLC
tumor samples. The present findings indicated that LGR4
was significantly overexpressed in NSCLC and associated
with worse clinical outcomes. Additionally, silencing LGR4
promoted apoptosis in A549 and H226 cells, while also
suppressing cell proliferation, invasion and metastasis in
NSCLC. Moreover, GSEA indicated that elevated expres-
sion of LGR4 in NSCLC may trigger activation of critical
signaling pathways, such as the Wnt/B-catenin, TGF-f
and PI3K/AKT/mTOR pathways. Therefore, LGR4 could
represent a promising biomarker and a potential target for
therapy in the management of NSCLC.

Introduction

According to GLOBOCAN statistics, lung cancer is the most
frequently diagnosed cancer globally and a major contributor
to cancer-related deaths worldwide, accounting for ~12.4% of
all new cancer cases and 18.7% of all cancer deaths in 2022 (1).
Non-small cell lung cancer (NSCLC), primarily consisting of
lung adenocarcinoma (LUAD) and lung squamous cell carci-
noma (LUSC), is the predominant form of lung cancer (2). In
previous years, substantial strides have been made in the treat-
ment of lung cancer, including advancements in screening,
diagnosis and minimally invasive treatments. Additionally,
progress in radiotherapy, including stereotactic ablative radio-
therapy, has become an effective approach for treating lung
cancer (3-5). Meanwhile, the emergence of new targeted thera-
pies and immunotherapies has markedly improved the survival
rate of patients with NSCLC (6,7). Patients with NSCLC who
are eligible for targeted therapy and immunotherapy now have
a longer survival time, with a 5-year survival rate ranging from
15.0 to 62.5%, depending on the biomarkers (8). This under-
scores the importance of identifying new molecular markers
and therapeutic targets for NSCLC.

Leucine-rich repeat-containing G protein-coupled
receptor 4 (LGR4/GPCR48) belongs to the GPCR family
and can regulate developmental pathways through typical
G protein signaling (9). LGR4 is also involved in cell


https://www.spandidos-publications.com/10.3892/ol.2025.15304

2 DUAN et al: LGR4 PROMOTES PROLIFERATION, INVASION AND MIGRATION, AND INHIBITS APOPTOSIS IN NSCLC

proliferation and organ development. For example, LGR4
deficiency decreases the migration and proliferation of
eyelid epidermal keratinocytes, and it also disrupts postnatal
intestinal crypt development, leading to defective epithelial
proliferation and abnormal Paneth cell differentiation (10).
Moreover, numerous studies have reported that LGR4
promotes tumor progression, such as in colorectal (11),
breast (12) and prostate (13) cancer. A recent study indicates
that the R-spondin (RSPO)-LGR4/5-E3 ubiquitin-protein
ligase ZNRF3 (ZNRF3)/E3 ubiquitin-protein ligase
RNF43 (RNF43) signaling complex critically regulates
Wnt/f-catenin signaling in hepatic biology (14). Dysregulation
of the RSPO-LGR4/5-ZNRF3/RNF43 complex, commonly
caused by RSPO overexpression or loss-of-function muta-
tions in ZNRF3/RNF43, constitutes a major oncogenic
driver in hepatocellular carcinoma that induces constitutive
Wnt/pB-catenin activation (15). However, another study indi-
cates that LGR4 potentiates breast cancer metastasis via a
Whnt-independent mechanism, wherein it directly interacts
with epidermal growth factor receptor (EGFR) and suppresses
E3 ubiquitin-protein ligase CBL-mediated ubiquitination,
thereby impeding EGFR degradation and augmenting EGFR
signaling activation (16). Nevertheless, the function of LGR4
in NSCLC requires further investigation.

The present study aimed to investigate the role of LGR4
in NSCLC and potential mechanisms underlying its involve-
ment in tumor progression. Understanding the contribution of
LGR4 may provide insights into its significance in NSCLC
pathophysiology and its potential as a therapeutic target.

Materials and methods

Analysis of The Cancer Genome Atlas (TCGA) data.
NSCLC mRNA sequencing data were retrieved from TCGA,
comprising 1,043 tumor samples and 110 normal samples from
TCGA-LUAD and TCGA-LUSC (cancer.gov/tcga). The data
were analyzed using R software (version 4.3.3; R Foundation)
to determine LGR4 gene expression levels in NSCLC. Patients
were divided into high and low LGR4 expression groups based
on the median expression. Kaplan-Meier survival analysis was
performed using the log-rank test.

Tissue samples from patients. To evaluate the prognostic
relevance of LGR4 expression in NSCLC, two indepen-
dent tissue microarrays (TMA1 and TMA2) were utilized
to validate its association with clinical outcomes. TMAL1
(cat. no. ZL-lugl1201) included 60 pairs of NSCLC tumors
and paracancerous tissue, sourced from Superbiotek, for
comparing LGR4 expression. TM A2 comprised samples from
140 patients with NSCLC and 10 normal controls (28 female,
112 males) who underwent surgery at the Department of
Thoracic Surgery, Zhongshan Hospital, Fudan University
(Shanghai, China) between January and December 2005. The
normal control lung tissue samples were resected from patients
undergoing surgery for benign pulmonary diseases (such as
pulmonary bulla) and confirmed tumor-free by histopatho-
logical examination. Clinical follow-ups were conducted until
July 2013 and stages Ia-IIla, according to the American Joint
Committee on Cancer and Union for International Cancer
Control criteria (17).

Immunohistochemical (IHC) staining. The TMA of both
groups was stained immunohistochemically with rabbit
anti-LGR4 (Proteintech Group, Inc.; cat. no. 20150-1-AP;
1:400). Tissue sections were baked at 59°C for 60 min and
then immersed sequentially in xylene and an ethanol series for
10 min each. After hydration and washing in distilled water
for 10 min, the sections were exposed to 3% H,0O, for 10 min.
Antigen retrieval was performed by diluting the Antigen
Retrieval Solution (Weiao; cat. no. WH1034; 1:1 and heating
it in a pressure cooker to boiling (~100°C). Tissue sections
were steamed for 2 min 30 sec, then cooled to room tempera-
ture and washed twice with 1X PBS (Weiao, China; cat.
no. WB6020) for 15 min each. The sections were blocked with
5% BSA (Weiao, China; cat. no. WH2051) at room tempera-
ture for 35 min, then incubated overnight with the primary
antibody (rabbit anti-LGR4; Proteintech, Wuhan, China; cat.
no. 20150-1-AP; 1:400) at 4°C. After four washes with PBS
(15 min each), the sections were incubated with the secondary
antibody (HRP-conjugated goat anti-rabbit IgG; ImmunoWay,
China; cat. no. RS0002; 1:100) at 37°C for 35 min, followed by
further washing. The color reaction was developed according
to the manufacturer's instructions, followed by hematoxylin
counterstaining at room temperature for 1 min and a 10 min
wash. Finally, dehydration of the sections was carried out
through an ethanol gradient and xylene, followed by mounting
with a sealing agent.

The average optical density (AOD) values from TMA1
were analyzed using a paired Student's t-test with GraphPad
Prism software (Dotmatics; version 10.1.2). For TMA2, AOD
values were divided into high- and low-expression groups
based on the median cutoff. Clinicopathological characteris-
tics are summarized in Table I, and univariate and multivariate
Cox regression analyses were performed to evaluate whether
LGR4 expression serves as an independent prognostic factor in
NSCLC. Kaplan-Meier survival analysis was then conducted
to assess the prognostic significance of LGR4 expression
during the clinical follow-up period.

Cell and cell line culture. Human healthy lung epithelial
cells (BEAS-2B; cat. no. TCH-C132), and NSCLC cell lines
A549 (cat. no. TCH-C116) and H226 (cat. no. TCH-C279)
were obtained from Haixing Biosciences and cultured in
DMEM (cat. no. BL305A, Biosharp) supplemented with 10%
fetal bovine serum (FBS; cat. no. SLB-13011-8611; Zhejiang
Tianhang Biotechnology Co., Ltd.) and 1% penicillin-
streptomycin at 37°C.

Small interfering RNA (siRNA) transfection. Cells were trans-
fected with one of three siRNAs targeting LGR4 from the
‘siRNA 3-in-1 package’ (Ruibo Bio, Shanghai, China), and with
a non-targeting scrambled control si-NC. The sequences (5'-3")
were as follows: si-LGR4 #1: forward GAAAGAACUCAA
AGUUCUAAC, reverse UAGAACUUUGAGUUCUUUCAA.
si-LGR4#2: forward GGUAGUUCUGCAUCUUCAUAA,
reverse AUGAAGAUGCAGAACUACCAG. si-LGR4#3:
forward GCUGCGGCGGACUGCUGAAGG, reverse UUC
AGCAGUCCGCCGCAGCGG si-NC: forward UUCUUC
GAAGGUGUCACGUTT, reverse ACGUGACACCUUCGA
AGAATT. A549 and H226 cells were seeded 3x10° into 6-well
plates, each with 2 ml of complete medium as aforementioned.
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Table I. Clinicopathological characteristics of 126 patients with non-small cell lung cancer.

High LGR4 Low LGR4
Characteristic Total (n=126) expression (n=63) expression (n=63) P-value
Mean age, years 59.8+10.2 59.1+10.6 60.5+9.8 0.455
Sex, n (%) 0.826
Male 100 (79.4) 51 (81.0) 49 (77.8)
Female 26 (20.6) 12 (19.0) 14 (22.2)
Histological type, n (%) 0.017
Adenocarcinoma 48 (38.1) 17 (27.0) 31(49.2)
Squamous cell carcinoma 78 (61.9) 46 (73.0) 32 (50.8)
Tumor stage, n (%) 0.304
I 48 (38.1) 20 (31.7) 28 (44.4)
II 40 (31.7) 21 (33.3) 19 (30.2)
I 38 (30.2) 22 (34.9) 16 (25.4)
Ki-67 (%) 0.434
Negative 89 (70.6) 42 (66.7) 47 (74.6)
Positive 37 (29.4) 21 (33.3) 16 (25.4)
Tumor location, n (%) 0.284
Left 59 (46.8) 26 (41.3) 33 (524)
Right 67 (53.2) 37 (58.7) 30 (47.6)

LGRA4, leucine-rich repeat-containing G-protein coupled receptor 4.

This allowed the cells to reach ~50% confluence by the time
of transfection. Cells were transfected using Lipo 8000™
Transfection Reagent (cat. no. C0533 Beyotime Institute of
Biotechnology, China). Cells were transfected with siRNAs
at a final concentration of 50 nM at 37°C (CLM-170B-8-CN,
ESCO, Singapore). Transfection efficiency was evaluated by
reverse transcription-quantitative PCR (RT-qPCR) at 48 h
post-transfection.

RT-qPCR. Total RNA was isolated from the NSCLC cell lines
and BEAS-2B cells using the FastPure® Cell/Tissue Total
RNA Isolation Kit V2 (Vazyme Biotech Co., Ltd.), following
the protocol provided by the manufacturer. cDNA synthesis
was performed using the HiScript III 1st Strand cDNA
Synthesis Kit (+gDNA wiper) (Vazyme Biotech Co., Ltd.),
according to the manufacturer's instructions. Any genomic
DNA present was removed and then the extracted RNA was
reverse-transcribed into cDNA. Next, gene-specific primers
were designed for the target genes using SnapGene software
(version 7.2.1, GSL Biotech LLC), ensuring that the primers
only amplified the desired gene fragment and avoided span-
ning splice junctions. Primer specificity was validated using
the NCBI Primer-BLAST tool (version 2.53.0, ncbi.nlm.nih.
gov/tools/primer-blast/) to ensure primers would not amplify
non-target sequences. Finally, the primers were synthesized
through Agena Bioscience, Inc., and the sequences of the
primers are provided in Table II.

RT-qPCR was conducted with the Taq Pro Universal
SYBR quantitative PCR (qPCR) Master Mix (Vazyme Biotech
Co., Ltd.) under the following thermal cycling conditions: An
initial denaturation at 95°C for 30 sec followed by 40 cycles

consisting of denaturation at 95°C for 5 sec and extension
at 60°C for 60 sec. Gene expression levels were determined
using the 2-24¢4 method (18), with GAPDH serving as the
endogenous control.

Western blot assay. Western blotting was used to evaluate the
protein expression of LGR4. Proteins were extracted from A549
and H226 cells using RIPA lysis buffer (Beyotime Institute
of Biotechnology) with protease and phosphatase inhibitors,
quantified by BCA assay. 10% Cell-Free Acrylamide System
(CFAS) separation gels were prepared by combining CFAS
PAGE Separation Gel A (cat. no. PE004-A, Zhonghui Hecai,
China) and Separation Gel B (cat. no. PE004-B, Zhonghui
Hecai, China) at a 1:1 ratio, following the manufacturer's
instructions (10% CFAS PAGE Rapid Gel Preparation Kit,
PE004, Zhonghui Hecai, China), and thoroughly homogenized
before use. Proteins were transferred onto PVDF membranes
using 1x rapid transfer buffer and blocked with 5% non-fat
dried milk in 1x TBST (0.1% Tween-20, Biosharp, China) at
room temperature for 2 h. Membranes were incubated with
rabbit polyclonal primary antibodies against LGR4 (cat.
no. ER63609; HuaAn Biotech, China; 1:400) and GAPDH
(cat. no. R1210-1; HuaAn Biotech, China; 1:400) overnight
at 4°C, washed with 1x TBST (0.1% Tween-20) 5x7 min,
then incubated with HRP-linked goat anti-rabbit IgG (cat.
no. A0208; Beyotime Biotechnology, China; 1:10,000) at room
temperature for 80 min, followed by the same TBST washing
cycles 5x7 min. Protein signals were detected using Super
ECL Chemiluminescent Substrate (cat. no. BL520A, Biosharp,
China). Images were analyzed using Tanon Image software
(https://tanon.cnreagent.com/).
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Cell Counting Kit-8 (CCK-8) assay. To examine the effect of
LGR4 on the proliferative capacity of NSCLC cells, cell prolif-
eration in A549 and H226 cells was measured at 0, 24, 48 and
72 h after transfection with si-LGR4 using the CCK-8 assay. A
total of 2,500 cells (A549 and H226) were seeded in 100 pl of
complete medium into each well of a 96-well plate. Then 10 pl
enhanced CCK-8 reagent (cat. no. C0041; Beyotime Institute
of Biotechnology) was dispensed into each well. Cells without
the culture medium and CCK-8 solution served as the blank
control. After incubating both the experimental and control
groups in a cell incubator for 2 h, absorbance was measured
at 450 nm.

Flow cytometry apoptosis assay. Following transfection, A549
and H226 cells were digested with 0.25% trypsin (without
EDTA and phenol red; cat. no. T1350; Beijing Solarbio, China)
for 3 min at room temperature until the cells detached. The
detached cells were centrifuged at 1,000 x g for 5 min at room
temperature. Thereafter, the supernatant was discarded and
the cells were collected. After washing twice with PBS, the
cells were stained with Annexin V-FITC and propidium iodide
using the Cell Apoptosis Detection Kit (cat. no. C1062M,
Beyotime Biotechnology, China), and incubated on ice in the
dark for 20 min. Finally, apoptosis was then analyzed using BD
Accuri™ C6 software (version 1.0.264.21, BD Biosciences) on
the FACS Accuri C6 flow cytometer (BD Biosciences, USA).

Transwell assay. A549 and H226 cells were cultured in
DMEM/F12 (1:1) medium supplemented with 10% FBS (cat.
no. SLB-13011-8611, Sijiging, China) and 1% penicillin-strep-
tomycin (cat. no. BL505A, Biosharp, China). Transwell inserts
with an 8-pm pore size, 24-well format (cat. no. 3422, Corning,
USA) were used for both migration and invasion assays. For
invasion assays, the upper surface of the inserts was precoated
with Matrigel (cat. no. 082704; Mogengel) at 37°C for 30 min;
uncoated inserts were used for migration assays. A total of
~5x100J cells were seeded into the upper chambers containing
serum-free DMEM/F12, while 500 ul of medium supplemented
with 10% FBS was added to the lower chambers as a chemoat-
tractant. After 48 h of incubation at 37°C with 5% CO[],
non-migrated or non-invaded cells remaining on the upper
membrane surfaces were removed with a cotton swab. Cells
on the lower membrane surfaces were fixed with methanol for
30 min and stained with 0.1% crystal violet (cat. no. BL802A,
Biosharp, China) for 20 min at room temperature. Migrated
or invaded cells were quantified in five random fields under
an inverted light microscope (x400; Model CKx53, Olympus,
Japan).

Gene Set Enrichment Analysis (GSEA). To explore the
possible oncogenic mechanisms of LGR4 in NSCLC, The
LGR4 expression matrix was extracted from TCGA NSCLC
dataset (https:/www.cancer.gov/tcga), comprising 1,043 tumor
samples, using R software (version 4.3.3; R Foundation),
and subsequently converted into gct and cls files for GSEA.
Thereafter, GSEA 4.3.3 software (Broad Institute) was
employed to analyze the signaling pathways activated in tumor
samples exhibiting high LGR4 expression. High and low
expression groups were defined using the median LGR4 expres-
sion as the cut-off (4.7589). Specifically, the KEGG canonical

pathway gene set (c2.cp.keggv2023.1.Hs.symbols.gmt, ftp:/ftp.
broadinstitute.org/pub/gsea/msigdb/human/gene_sets/c2.cp.
kegg.v2023.1.Hs.symbols.gmt) and the HALLMARK gene
set (h.all.v2025.1. Hs.symbols.gmt, ftp:/ftp.broadinstitute.
org/pub/gsea/msigdb/human/gene_sets/h.all.v2025.1.Hs.
symbols.gmt) were used. Pathways with Inormalized enrich-
ment scorel>1, P<0.05 and FDR <0.05 were regarded as
significantly enriched.

Statistical analysis. Intergroup All quantitative data are
presented as the mean + SD from at least three independent
experiments. Two-group comparisons were performed using
paired or unpaired Student's t-tests. Multi-group comparisons
were analyzed by one-way ANOVA with Dunnett's post
hoc test. Time-course experiments, such as CCKS8 assays,
were evaluated by two-way ANOVA with Sidak's multiple
comparisons test. Survival probability estimations were
performed with Kaplan-Meier methodology and log-rank
testing. Prognostic factor screening used uni- and multivariate
Cox proportional hazards models. Statistical analyses were
performed with GraphPad Prism (version 10.1.2; Dotmatics)
and R software (version 4.3.3; R Foundation). P<0.05 was
considered to indicate a statistically significant difference. All
analyses were repeated at least three times.

Results

LGR4 expression is upregulated in NSCLC. The present
investigation into the role of LGR4 in NSCLC began with an
evaluation of its expression using data obtained from the TCGA
database. The analysis revealed that LGR4 expression was
significantly higher in NSCLC samples than in healthy lung
tissue (P<0.001; Fig. 1A). Kaplan-Meier survival curves were
plotted to determine the prognostic impact of LGR4. The find-
ings indicated that patients with elevated LGR4 expression had
shorter overall survival times compared with those with low
expression (P=0.013; Fig. 1B). To further confirm these results,
the expression of LGR4 in NSCLC cell lines was assessed by
western blotting and RT-qPCR. Both the protein and mRNA
protein levels of LGR4 were significantly elevated in NSCLC
compared with those in healthy tissues (Fig. 1C and D), with
differences considered statistically significant (both P<0.05).
Significant downregulation of LGR4 was also consistently
observed across all three siRNA knockdown groups via
gPCR analysis (all P<0.05; Fig. 1E). Among the three siRNAs
targeting LGR4, si-LGR4 #1 and #2 showed comparable
knockdown efficiency in preliminary experiments. To main-
tain consistency in subsequent functional assays, si-LGR4 #2
was used for all following experiments.

Expression of LGR4 in NSCLC tissues. IHC staining of
two independent TMAs revealed predominant cytoplasmic
localization of LGR4 within tumor cells. Analysis of TMA1
demonstrated elevated LGR4 expression in both LUAD and
LUSC specimens compared with matched adjacent paracan-
cerous tissues (Fig. 2A and B). Consistent with this finding,
IHC evaluation of TMA?2 displayed increased LGR4 levels in
malignant tissues compared with those in healthy lung tissues
(Fig. 2C). Matched-pair analysis of 60 tumor/paracancerous
samples from TMAI1 confirmed significantly higher LGR4
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Figure 1. LGR4 is highly expressed in NSCLC. (A) Unpaired analysis. TCGA [NSCLC (n=1,043) vs. healthy tissues (n=110); unpaired Student's t-test].
(B) High LGR4 expression is associated with a poor prognosis in patients with NSCLC (data fromTCGA). (C) Western blot analysis showed the expression
level of LGR4 protein in NSCLC cell lines. “P<0.05, “P<0.01, "“P<0.001 and **“P<0.0001. (D) RT-qPCR analysis showed the expression level of LGR4 mRNA
in NSCLC cell lines (one-way ANOVA followed by Dunnett's multiple comparison test). (E) RT-qPCR analysis showed that si-LGR4 transfection significantly
reduced LGR4 expression in A549 and H226 cells compared with the si-NC group (one-way ANOVA followed by Dunnett's multiple comparison test). LGR4,
leucine-rich repeat-containing G-protein coupled receptor 4; NSCLC, non-small cell lung cancer; TCGA, The Cancer Genome Atlas; RT-qPCR, reverse
transcription-quantitative PCR; si-NC, small-interfering RNA negative control.

expression in the cancerous component vs. the relevant para-  Association of LGR4 expression with clinicopathological
cancerous counterpart (P<0.0001; Fig. 2D). Moreover, LGR4  characteristics. IHC staining of TMA?2 resulted in tissue core
expression was significantly increased in tumor specimens  detachment in some cases. Therefore, patients lacking evaluable
compared with healthy lung tissue (n=10) (P<0.0001; Fig. 2E).  staining due to detachment were excluded, leaving 126 patients
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(P=0.0047). LGR4, leucine-rich repeat-containing G-protein coupled receptor 4; NSCLC, non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC,

lung squamous cell carcinoma.

for analysis. The baseline clinicopathological characteristics
are detailed in Table I. Patients were stratified into high- and
low-expression groups based on the median AOD value of
LGR4 (0.2512). As presented in Table I, LGR4 expression
demonstrated a significant association with histological tumor
type (P=0.017; Table I). However, no significant associations
were observed between LGR4 expression levels and patient age
(P=0.455), sex (P=0.826), TNM tumor stage P=0.304), Ki-67
expression status (P=0.434) or tumor location (P=0.284).

Prognostic value of LGR4 in NSCLC. Analysis of long-term
follow-up data from TMA?2 demonstrated that patients with
high LGR4 expression exhibited significantly shorter overall
survival times compared with those with low LGR4 expres-
sion (Fig. 3A, P<0.001). Furthermore, this adverse association
was consistently observed in both LUAD and LUSC subtypes,
where high LGR4 expression was associated with poorer
survival outcomes relative to low expression groups (both
P<0.05; Fig. 3B and C). Subsequent univariate and multivar-
iate Cox proportional hazards regression analyses confirmed
elevated LGR4 expression as an independent predictor of
poor prognosis in patients with NSCLC (P<0.001; Table III).
Ultimately, both high LGR4 levels and advanced tumor stage
(stage II and III; both P<0.05) were identified as independent
adverse prognostic factors.

Knockdown of LGR4 inhibits the proliferation of A549 and
H226 cells. To investigate whether LGR4 knockdown could
inhibit the proliferation of NSCLC cells, a CCK-8 assay

Table II. Primer sequence for reverse transcription-quantitative
PCR.

Gene name and

primer direction Primer sequence (5'-3')

LGR4 forward ACTCAAAGTTCTAACGCTCCAG
LGR4 reverse AAAGCACTCAGCCCTCGAATG
GAPDH forward GGAGCGAGATCCCTCCAAAAT
GAPDH reverse GGCTGTTGTCATACTTCTCATGG

LGR4, leucine-rich repeat-containing G-protein coupled receptor 4.

was conducted. The results revealed a significant reduc-
tion in the proliferation of both A549 and H226 cells at
24,48 and 72 h following si-LGR4 transfection, (P<0.001;
Fig. 4A and B).

Knockdown of LGR4 promotes apoptosis in A549 and H226
cells. Flow cytometry analysis indicated that silencing LGR4
considerably increased the apoptotic rate in both A549 and
H226 cells relative to the si-NC control group, suggesting that
LGR4 depletion promotes apoptosis in these NSCLC cell lines
(both P<0.001; Fig. 4C and D).

Knockdown of LGR4 inhibits invasion and migration of A549
and H226 cells. To determine if LGR4 contributes to the
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Figure 4. LGR4 promotes the proliferation and inhibits the apoptosis of non-small cell lung cancer cell lines in vitro. CCK-8 assay showed that LGR4 knock-
down inhibited the proliferation of (A) A549 cells and (B) H226 cells (two-way ANOVA with Sidék's multiple comparisons test). ““P<0.001 vs. si-NC. Flow
cytometry showed that LGR4 knockdown promoted apoptosis in (C) A549 cells and (D) H226 cells. LGR4, leucine-rich repeat-containing G-protein coupled
receptor 4; CCK-8, Cell Counting Kit-8; OD, optical density; si-NC, small interfering RNA negative control; PI, propidium iodide.

invasive and migratory behavior of NSCLC cells, the effect of
LGR4 silencing on the invasion and migration abilities of A549
and H226 cells was evaluated using a Transwell assay. The
results demonstrated that transfection with si-LGR4 signifi-
cantly decreased both the invasion and migration abilities of

A549 and H226 cells, indicating that LGR4 depletion inhibits
these key cellular processes (all P<0.05; Fig. 5A and B).

Enrichment analysis of LGR4. GSEA demonstrated that elevated
LGR4 expression in tumor samples was significantly enriched
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Table III. Univariate and multivariate analysis.

Univariate analysis Multivariate analysis

Characteristic HR (95% CI) P-value HR (95% CI) P-value
Age 0.98 (0.96-1.01) 0.321 0.99 (0.97-1.03) 0.833
Sex (Male) 1.14 (0.62-2.09) 0.681 1.16 (0.62-2.15) 0.648
Ki-67 (Positive) 1.41 (0.84-2.35) 0.193 1.75 (0.98-3.14) 0.061
LGR4 3.55 (2.10-5.99) <0.001 431 (2.43-7.63) <0.001
Histological type

Squamous cell carcinoma 1.00 (Reference) NA 1.00 (Reference) NA

Adenocarcinoma 1.10 (0.67-1.81) 0.702 2.22 (1.21-4.09) 0.011
Tumor stage

I 1.00 (Reference) NA 1.00 (Reference) NA

II 2.23 (1.20-4.16) 0.012 2.30 (1.20-4.40) 0.012

I 2.08 (1.10-3.95) 0.024 1.96 (1.01-3.83) 0.049
Tumor location

Left 1.00 (Reference) NA 1.00 (Reference) NA

Right 1.37 (0.84-2.26) 0.209 1.01 (0.58-1.74) 0.988

HR, hazard ratio; CI, confidence interval; LGR4, leucine-rich repeat-containing G-protein coupled receptor 4.
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Figure 5. Transwell assay results. (A) Images of Transwell assays performed in A549 and H226 cells transfected with si-NC or si-LGR4. (B) LGR4 knockdown
inhibited the invasion and migration of A549 and H226 cells compared with the si-NC group (scale bar, 10 gm) (unpaired Student's t-test; "P<0.05 and
“P<0.01). LGR4 promotes the invasion and migration of non-small cell lung cancer cell lines in vitro. LGR4, leucine-rich repeat-containing G-protein coupled
receptor 4; si-NC, small interfering RNA negative control.
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Figure 6. GSEA of high LGR4 expression in non-small cell lung cancer datasets. (A) KEGG non-small cell lung cancer pathway was significantly enriched
in the high LGR4 expression group, indicating high LGR4 expression was associated with overall upregulation of genes in the KEGG non-small cell lung
cancer pathway compared with low LGR4 expression. (B) The Wnt signaling pathway was significantly enriched in the LGR4 high-expression group. (C) The
PI3K/AKT/mTOR signaling pathway showed significant positive enrichment in the LGR4 high-expression group. (D) The TGF-f signaling pathway was
enriched in high LGR4-expressing NSCLC samples. LGR4, Leucine-rich repeat-containing G-protein coupled receptor 4; GSEA, Gene Set Enrichment
Analysis; KEGG, Kyoto Encylopedia of Genes and Genomes; NES, Normalized Enrichment Score; FDR, False Discovery Rate.

in the KEGG) ‘non-small cell lung cancer’ pathway (Fig. 6A)
and was associated with activation of “Wnt signaling pathway’,
‘PI3K/AKT/mTOR signaling’ and “TGF-{ signaling’ (Fig. 6B-D).

Discussion

GPCRs constitute the most extensive class of cell surface recep-
tors that mediate signal transduction, and are notable drivers
of tumor progression and metastasis (19). As a member of the
GPCR family, LGR4 exerts various regulatory effects in multiple
cell types and acts on numerous targets. In the liver, it controls
key gluconeogenic enzymes (such as phosphoenolpyruvate
carboxykinase) via Wnt/B-catenin, affecting glucose output (20).
In osteoblasts, LGR4 regulates glycolysis, and its loss reduces
bone formation and strength (21). Abnormal LGR4 signaling is
highly influential in cancer and other disease, with loss-of-function
mutations associated with osteoporosis, electrolyte imbalance,
and reduced body weight, and gain-of-function mutations linked

to increased bone density, insulin resistance, and obesity (22).
A growing body of evidence indicates that LGR4 is integral to
both the development and progression of various cancer types.
For instance, Steffen er al (23) observed that the transcriptional
and translational levels of LGR4 and LGR6 are upregulated in
gastric cancer, with LGR4 expression significantly associated
with lymph node metastasis. Additionally, Cui et al (24) found
that the expression of LGR4, LGRS and LGR6 is elevated in
gastrointestinal cancer, with LGRS being enriched in cancer
stem cells. Research has demonstrated that RSPO2 and receptor
activator of nuclear factor x-B ligand co-opt LGR4 as a shared
receptor to synergistically over-activate osteoclastogenesis,
thereby disrupting bone homeostasis and establishing a premeta-
static niche conducive to tumor colonization, which ultimately
drives breast cancer bone metastasis. Targeting LGR4 may repre-
sent a novel therapeutic strategy to intercept this process (25).
Upregulation of microRNA (miR)-449b significantly suppresses
the growth and invasive capacity of NSCLC by modulating
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LGR4 (26). The association between LGR4 expression and the
development of NSCLC remains to be elucidated.

In the present study, LGR4 expression was initially
confirmed in NSCLC tissues using immunohistochemistry.
A marked elevation of LGR4 was detected in NSCLC tissues
when benchmarked against normal controls and histologically
healthy adjacent areas. Notably, relatively high LGR4 expres-
sion was observed in some non-cancerous tissues. This may
be attributed to the physiological roles of LGR4 in healthy
tissue homeostasis and regeneration. In addition, the adjacent
non-tumor tissues may be influenced by tumor-associated
factors such as inflammation or hypoxia, which could upregu-
late LGR4 expression. Alternatively, individual variation and
tissue heterogeneity might also contribute to this observa-
tion. Furthermore, higher LGR4 expression was linked to a
poor prognosis in patients with NSCLC, consistent with the
bioinformatics analysis in the present study. Univariate and
multivariate analyses established high LGR4 expression as an
independent predictor of poor prognosis in NSCLC. The func-
tional role of LGR4 was then investigated in two NSCLC cell
lines. Relative to healthy lung epithelial cells, LGR4 expression
was significantly elevated in the A549 lung adenocarcinoma
cell line and the H226 squamous cell carcinoma cell line. In
addition, LGR4 knockdown increased apoptosis and decreased
proliferation, invasion and migration abilities in both A549 and
H226 cells.

The present enrichment analysis revealed that high LGR4
expression levels may be associated with the activation of major
signaling pathways, including the Wnt, PI3K/AKT/mTOR and
TGF-p signaling pathways. Moreover, the significant enrich-
ment of LGR4 within the KEGG ‘non-small cell lung cancer’
pathway indicates that LGR4 may be a potential key driver
in NSCLC progression. Numerous studies have reported that
LGR4 and its homologs LGRS and LGR6 influence cellular
signaling primarily through the Wnt pathway via their interac-
tion with the ligand R-spondin (27-30). Furthermore, research
has shown that LGR4 can regulate the expression of TGF-fl1,
thereby triggering the TGF-f1/Smad signaling pathway and
driving multiple myeloma progression (31). Additionally,
according to a study by Liang ef al (32), overexpression of
LGR4 upregulates mTOR and the key effector AKT in the
PI3K/AKTt pathway. Building on these findings, it is proposed
that LGR4 may promote NSCLC progression through the acti-
vation of these pathways. These results from previous studies
imply that LGR4 could be strongly associated with the initia-
tion and progression of NSCLC.

In conclusion, LGR4 may represent a promising therapeutic
approach for patients with NSCLC. However, the present study
is confined to in vitro experiments, and animal studies have
yet to be conducted. In the present research, bioinformatics
analysis was utilized to predict the potential signaling path-
ways that LGR4 may activate in NSCLC. To further validate
the reliability of LGR4 as a diagnostic biomarker, our future
studies will focus on exploring the upstream regulatory
molecules of LGR4 and conducting additional experiments for
further confirmation.
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