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Abstract: G protein-coupled receptors (GPCRs) actively
participate in crucial cellular processes such as cell prolif-
eration, differentiation, and communication. GPCRs play a
pivotal role in the initiation and progression of tumors. In
this review, focusing on non-small-cell lung cancer (NSCLC),
one of the most prevalent cancers, we highlight the roles of
GPCRs including understudied receptors in cancer onco-
genesis and progression. We summarize current knowledge
on GPCR functions in NSCLC, detailing their contributions to
tumor development, progression, and therapy resistance.
Furthermore, we evaluate the therapeutic potential of
agents targeting GPCR-driven tumorigenic signaling in lung
cancer. Critical knowledge gaps in understanding GPCR
involvement inNSCLC biology are identified, andwe address
the limitations and challenges of targeting GPCRs for NSCLC
treatment. This review provides insights into the current
landscape, recent progress, and persisting challenges in
developing GPCR-targeted anticancer therapies.
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Introduction

According to the Global Cancer Statistics 2022 report, cancer
remains a major health problem worldwide. In 2022, there
were nearly 20 million new cancer diagnoses and approxi-
mately 9.7 million cancer-related deaths [1, 2]. Lung cancer is
one of the most serious diseases associated with cancer-
related mortality. Non-small cell lung cancer (NSCLC) is the
major histologic subtype of lung cancer accounting for
approximately 85 % of all lung cancers [2, 3]. In recent de-
cades, significant progress has been made in the prevention
and detection of NSCLC. Anaplastic lymphoma kinase (ALK)
belongs to the insulin receptor superfamily and plays a sig-
nificant role in various cancers. The evaluation of the ALK
inhibitors approved by the US Food and Drug Administra-
tion (FDA) for advanced NSCLC highlights their unique
effectiveness and safety. Their significant progression-free
survival (PFS), enhanced activity in the central nervous
system (CNS), and outstanding patient-reported outcomes
make them stand out. Although their efficacy is remarkable,
there are still obstacles in achieving personalized treatment
[4]. Because of the great heterogeneity of NSCLC, the pro-
portion of patients who respond to such treatments remains
low, and the duration of response is often short [5]. Conse-
quently, the five-year survival rate of patients with NSCLC is
invariably low [2]. No molecular biomarkers are available
for distinguishing patients with NSCLC at various stages.
Therefore, further investigation of the molecular mecha-
nisms underlying the initiation and progression of NSCLC
and exploration ofmore effective predictive biomarkers and
therapeutic targets are urgently needed.

G protein-coupled receptors (GPCRs) are the largest
family of membrane receptors and play an important role in
cell signaling transduction. They play critical roles in dif-
ferentiation, cell growth, angiogenesis, inflammation,
metabolic diseases and viral infection [6–8]. Dysregulated
expression and dysfunction of GPCRs are closely related to
many diseases and pathophysiological processes, rendering
GPCRs a prime target for pharmaceutical drug development
[9, 10]. Currently, GPCRs represent one of the most “drug-
gable” classes of molecules, representing approximately
30 % of all therapeutics on the market, there are relatively
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few cancer treatments targeting GPCRs [11–14]. However, at
present, the use of drugs targeting GPCRs in cancer treat-
ment remains limited. Only a few drugs are used in clinical
settings, while many others are in clinical trials. Especially
for NSCLC (non-small cell lung cancer), the available drugs
are extremely limited. Although the involvement of GPCRs in
NSCLC has not been fully elucidated, accumulating evidence
indicates that GPCRs play a crucial role in the tumorigenesis
and progression of NSCLC and may be a candidate thera-
peutic target for advanced NSCLC.

In this review, we focus on the advancements in the
functions and mechanisms of six GPCRs (GPR78, Protease-
activated receptor 2 [PAR2], C-X-C motif chemokine receptor
4 [CXCR4], GPBAR1, G protein-coupled receptor, class C,
group 5, member A [GPRC5A], Somatostatin receptor type 2
[SSTR2]) in the progression and chemotherapy resistance of
NSCLC. We further highlight the therapeutic potential of
selected drugs targeting GPCR-driven tumorigenic signaling
pathways. Finally, we highlight specific GPCRs as promising
therapeutic targets to inhibit NSCLC tumor growth and
propose future research directions in this field.

General overview of GPCRs

GPCRs constitute the largest andmost diverse protein family
in the human genome with over 800 members identified to
date. GPCR modulators represent at least one-third of all
clinically marketed drugs [15]. Once a GPCR is activated, its
rapid conformational changes allow it to couple with a Gα,
Gβ, and Gγ-containing heterotrimeric G-protein, which an-
chors at the inner face of the plasma membrane. GDP is
displaced by GTP, allowing the dissociation of the Gα subunit
from the βγ dimer subunit [16]. Both subunit complexes

prompt a network of intracellular effectors, including sec-
ond messenger-generating systems, small GTPases, and ki-
nase cascades, such as Mitogen-activated protein kinase
(MAPK) and Phosphatidylinositol 3 kinase (PI3K)/Protein
Kinase B (AKT), thus leading to various signaling cascades.
Depending on the sequence similarity of the α subunit type
(i.e., Gαs, Gαi/o, Gαq/11), the coupling of GPCR to a distinct G
protein may affect diverse intracellular signaling pathways
and determine distinct cell fates. In addition to G proteins,
GPCRs can signal through G protein-independent pathways
that may involve G protein receptor kinases (GRKs) and
β-arrestins [17] (Figure 1). Dysregulation of these pathways
may result in extended cell survival and uncontrolled pro-
liferation, ultimately contributing to the development of the
cancer phenotype [18, 19]. Here, we have listed the major G
protein-coupled receptor families related to tumors, their
representative ligands, and the associated physiological
functions (Table 1). To study the distribution of established
and currently investigated drug targets, we mapped
approved drugs and clinical trial candidates onto the Table 2.
It is foreseeable that, as candidate drugs advance in clinical
trials and gain approval, the publicly available information
on orphan receptors will increase.

The GPCR signaling pathway transmits activated re-
ceptor signals to intracellular targets through hetero-
trimeric G proteins. Upon ligand binding, the Gα subunit
exchanges GDP for GTP and dissociates from the Gβγ dimer,
each ofwhich can regulate distinct effectors such as adenylyl
cyclase, phospholipase C, ion channels, or MAP-kinase cas-
cades. GPCRs can also signal through alternative pathways
involving GRKs and β-arrestins. Dysregulation of these
pathways may lead to prolonged cell survival and uncon-
trolled proliferation, ultimately contributing to the forma-
tion of a cancer phenotype.

Figure 1: GPCR effector pathways. GPCR, G
protein-coupled receptor. (Created with
BioRender.com).
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GPCRs exert both oncogenic and
tumor-suppressive functions in
NSCLC

Owing to the pivotal and indispensable roles of GPCRs in
tumorigenesis, researchers have recently attempted to un-
derstand the relationship between GPCRs and NSCLC.
Emerging experimental and clinical data indicate that GPCR
dysfunction of GPCRs are tightly linked to the initiation and
progression of NSCLC, such as C-X-C motif chemokine re-
ceptor 2 (CXCR2) [20, 21], and CXCR4 [22, 23]. The corre-
sponding ligands and signaling pathways that regulate their
functions have been deciphered. Several GPCRs are
currently being pursued as potential targets for anticancer
treatment [24].These findings may provide potential ave-
nues for the development of novel GPCR-based therapeutic
strategies for cancer diagnosis, prevention, and treatment.
Based on the available data, we grouped GPCRs into onco-
genic and tumor-suppressive GPCRs according to their
known and potential roles in NSCLC.

Oncogenic GPCRs in NSCLC

GPR78 promotes migration and metastasis

Some GPCRs have a structure similar to that of other iden-
tified receptors, but their endogenous selective and exclu-
sive ligand(s) are currently unknown; therefore they are
called orphan GPCRs. GPR78 is an orphan G-protein coupled
receptor containing 363 amino acids and belongs to the class
A family. GPR78 shares 51 % amino acid sequence identity
with GPR26. In the analysis of The Cancer Genome Atlas
(TCGA) dataset, GPR78 was identified as a potential prog-
nostic marker for oral squamous cell carcinoma and gastric
carcinoma [25].

Recently, it has been reported that GPR78 is highly
expressed in lung cancer cells. Knockdown of GPR78 signif-
icantly suppressed cell migration and metastasis. In this
analysis, GPR78 was found to be highly expressed in lung
squamous cell carcinoma (LUSC) tissues obtained fromTCGA
database. Similarly, it is highly expressed in LUAD cell lines
[26]. GPR78 promotes cell migration and metastasis of lung
cancer cells in a Gq-Rho GTPase-dependent manner. The
results suggest that GPR78 is a potential regulator of lung
cancer metastasis and may serve as a potential drug target
for lung cancer metastasis (Figure 2). Although these find-
ings reveal an emerging oncogenic role for GPR78 in NSCLC,
the pathological roles and mechanisms of GPR78 in NSCLC

require further investigation. Notably, the ability to inter-
fere with GPR78 may provide unique opportunities for the
prevention and treatment of NSCLC. Studies have shown
that the use of miRNA-936 can reduce the expression of
GPR78 and regulate the proliferation, invasion and migra-
tion of laryngeal squamous cell carcinoma [27].

Future screening efforts to identify surrogate or natural
ligands are required to delineate the exact signaling path-
ways in which these receptors participate. Using the
AlphaFold prediction model of GPR78, a large-scale virtual
screening was conducted on the endogenous metabolite li-
brary, peptide library, or known drug library to identify a
group of molecules with potential binding capabilities. A
recent study that employed a very similar work-
flow – AlphaFold modeling of GPR78 followed by structure-
based virtual screening of the ChemDiv and Enamine REAL
libraries – has been published [28]. Then, combined with
parallelized high-throughput screening (HTS), activity veri-
fication, and pharmacological characterization, an innova-
tive hypothesis regarding the GPR78 signaling pathway
network was proposed based on existing evidence and the
general laws of tumor biology: (1) GPR78 serves as a key
driver node in epithelial-mesenchymal transition (EMT); (2)
there may be functional crosstalk between GPR78 on the cell
membrane and the key protein GRP78 of endoplasmic re-
ticulum stress; (3) GPR78 may exhibit ligand-dependent
biased agonism (Figure 3). These analyses and hypotheses
aim to provide new directions and theoretical foundations
for future research, with the expectation of accelerating the
translational process of GPR78 as a therapeutic target for
lung cancer.

Figure 2: GPR78 promotes the migration and metastasis of lung cancer
cells in a Gq-Rho GTPase-dependent manner. GPR78, G Protein-Coupled
Receptor 78; NSCLC, Non-small cell lung cancer. (Created with
BioRender.com).
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PAR2 drives proliferation, migration and inhibits
apoptosis

PAR2 is a member of the PAR family, which belongs to the
class A family and includes four members: PAR1, PAR2, PAR3,
and PAR4. PAR2 is also known as coagulation factor II
(thrombin) receptor-like 1 (F2RL1) or G protein-coupled re-
ceptor 11 (GPR11). PAR2 can be activated after cleavage of the
N-terminus by many serine proteases, such as trypsin, tryp-
tase, coagulation factor Xa, tissue factor (TF)-factor VIIa
(FVIIa) complex, and testisin [29]. However, it is insensitive to
thrombin, unlike PAR1, PAR3, and PAR4. To date, activated
PAR2 has been shown to modulate several downstream
signaling pathways. PAR2 transduces signals primarily
through G proteins, including Gαq, Gαi, and Gα12/13, but not
directly through Gαs, which further induces various signaling
cascades through different downstream effectors, such as
calcium ions, cyclic adenosine monophosphate (cAMP), c-Jun
N-terminuskinases (JNK), and RhoA [30–32]. Additionally,
PAR2 couples with β-arrestins to orchestrate activation of
distinct effectors, including Extracellular Signal-Regulated
Kinase (ERK)1/2 and PI3K pathways [33]. Furthermore, PAR2
canmodulate transactivation of certain cell surface receptors,
such as tyrosine kinase receptors [34, 35].

The contribution of PAR2 to tumorigenesis has gained
interest over the past few years. PAR2 expression is signifi-
cantly enhanced during NSCLC progression, and there is a
strong correlation between PAR2 expression and the sur-
vival of patients with NSCLC [36]. Mounting evidence shows
that PAR2 exerts oncogenic potential in NSCLC, although its
roles and signaling mechanisms in NSCLC are not fully un-
derstood [37]. PAR2 has been reported to the promote pro-
liferation of lung adenocarcinoma A549 cells via an
epidermal growth factor receptor (EGFR)-dependent
signaling pathway and to induce the migration of these cells
by inhibiting the expression of microRNA-125b [38, 39].
Kallikrein-related peptidase 6 (KLK6) promotes proliferation
and restrains apoptosis in NSCLC cells through PAR2 [38]. In
addition, Ma et al. [40] found that Bcl2-like protein-12 me-
diates the effects of PAR2 on suppressing the expression of
p53 in lung cancer cells. PAR2-inducedmigration ismediated
by β-arrestin 1-dependent activation of the Src/p38 MAPK
signaling pathway, whereas PAR2-induced EMT is regulated
by ERK2-mediated Slug stabilization [41]. In the majority of
studies to date, PAR2 plays a central role in epithelial tumor
advancement and is a potent inducer of the canonical Wnt/
β-catenin stabilization pathway, a core process in both
developmental and tumor progression pathways [42]. PAR-
mediated MCP-1 expression also depends on PAR2 activation
[43]. Taken together, PAR2 contributes to the proliferation
and migration of NSCLC cells and inhibits their apoptosis.
Furthermore, PAR2 methylation is associated with malig-
nant progression in NSCLC, affecting cell proliferation,
migration, and invasion [44]. Therefore, PAR2 has emerged

Figure 4: PAR2 promotes the proliferation and migration of NSCLC cells
by activating the G protein-β-arrestin signaling pathway, which further
induces EGFR transactivation and activates the MEK/ERK, PI3K/AKT and
ROCK pathways. PAR2, Protease-activated receptor 2; NSCLC, Non-small
cell lung cancer; EGFR, epidermal growth factor receptor; PI3K, Phos-
phatidylinositol 3 kinase; AKT, Protein Kinase B. (Created with BioRender.
com).

Figure 3: Analysis and hypotheses on the transformation of GPR78 as a
target for lung cancer Treatment. GPR78, by binding to specific ligands,
can regulate the transcription factors related to EMT, causing epithelial
cells to lose polarity and intercellular connections, thereby transforming
into mesenchymal cells. The interaction between GPR78 and GRP78
within the endoplasmic reticulum is crucial for the survival and migration
capabilities of cells in stressful environments. At present, there are no
experimental evidence of ligand-dependent biased agonism, but based
on the general mechanism of GPCR biased agonism, it is entirely possible
to achieve Gs-biased or β-arrestin-biased effects on GPR78. GPR78, G
Protein-Coupled Receptor 78; EMT, Epithelial-mesenchymal transition;
GPCR, G protein-coupled receptor. (Created with BioRender.com).
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as a promising therapeutic target for inhibiting rapidly
metastasizing lung cancer cells (Figure 4).

However, the elusive molecular mechanism of its acti-
vation and signaling has made it a difficult target for drug
development. Understanding PAR2 signaling has been chal-
lenging compared to other GPCRs because of its unique
mechanism of activation. Many researchers have identified
unique ligands that bind to PAR2 and induce biased
signaling. For example, DF253 (2f-LAAAAI-NH2) triggered
PAR2-mediated calcium release but not ERK1/2 phosphory-
lation. AY77 (Isox-Cha-Chg-NH2) is a more potent calcium-
biased agonist, whereas its analog AY254 (Isox-Cha-Chg-A-R-
NH2) is an ERK-biased agonist [45]. FSLLRY-NH2, a PAR2 in-
hibitor, reduced apoptosis resistance in A549 andH1299 cells
[37]. Data on putatively biased agonists and antagonists
would be useful for probing their physiological roles and
designing novel therapeutic applications. IK187 exhibits
PAR2-dependent G protein activation and β-arrestin2
recruitment [46]. However, DF253, AY77 and AY254 showed
a preference for Gαq/11 activation rather than for β-arrestin2
recruitment (Figure 5) [47]. Therefore, PAR2-tailored drug
discovery is a significant challenge. While designing specific
PAR2 inhibitors, we should also consider means to reduce
adverse effects. Clinical trials are still limited and have been
directed toward patients with diseases other than cancer.

CXCR4 triggers invasion, metastasis and promotes
therapeutic resistance

CXCR4 is a 352-amino acid rhodopsin-like GPCR known as an
alpha-chemokine receptor specific for stromal cell-derived
factor 1 (SDF-1; also called CXCL12). Indeed, the biological

characteristics of CXCR4 have been extensively studied.
CXCR4 is overexpressed in 23 types of cancer and has been
studied in clinical trials of hematological malignancies and
solid tumors, such as lung cancer [48–50]. The CXCL12/CXCR4
pathway plays a crucial role in the migration and transport
of different cell populations and in the progression and
metastasis of various tumors [51, 52].

Recently, a number of studies have shown that CXCR4 is
overexpressed inNSCLCandmayaccount for the progression,
metastasis, and prognosis of NSCLC [52, 53]. In ameta-analysis
[54] of 736 NSCLC patients from eight studies, CXCR4 expres-
sion was significantly higher in NSCLC than in normal lung
tissue. Another meta-study of 1872 NSCLC patients reported
that CXCR4 protein expression is associated with clinical
stage, metastasis status, increased risk, and decreased overall
survival in patients [55]. CXCR4 regulates the migration of
alveolar epithelial cells by activating Rac1, MMP-2, and
MMP-14 [56]. CXCR4 overexpression enhances the motility
and invasion ofNSCLC cells by upregulating ERK, EGFR/HER2-
neu, MMP-9, and NF-κB-dependent pathways [57, 58].
Conversely, decreasing the expression of CXCR4 by genetic
knockdown of CXCR4 or neutralizing antibodies significantly
inhibits the invasion of NSCLC cells [59]. As the EGFR-L858R
mutant has been reported to promote the expression of
CXCR4 and increased NSCLC cell invasion, targeting CXCR4
significantly inhibited EGFR-L858R-dependent invasion of
NSCLC cell [60]. Moreover, CXCR4 promotes EMT processes as
evidenced by involvement in CD133-induced as well as miR-
1246-induced EMT processes in NSCLC [61].

The CXCR4/CXCL12 axis is closely related to cancer
metastasis, which involves adhesion, invasion, cell prolif-
eration, and survival. It has been discovered that CXCL12/
CXCR4 axis plays a critical role in determining themetastatic
destination of NSCLC cells [23, 62]. CXCR4 promotes cancer
metastasis to organs where CXCL12 is generated in large
quantities. The interaction between CXCL12 and CXCR4
causes cancer cells to escape from the circulation and enter
organs that contain large amounts of chemokines, thus
forming metastatic tumors [63]. CXCR4 expression levels
were significantly correlated with lymph node metastasis in
NSCLC. CXCR4 and VEGF-C synergistically promote
lymphatic metastasis in NSCLC patients [64]. CXCR4 mRNA,
negatively regulated by breast cancer metastasis suppressor
1 (BRMS1), was significantly higher in the NSCLC group with
distant metastasis than in that without distant metastasis
[65]. In addition, Li H et al. chose to block the CXCL12/CXCR4
axiswith AMD3100 (a small-molecule competitive antagonist
of CXCL12), and the process of lung cancer metastasis to the
brain was significantly slowed down [66], providing a po-
tential drug candidate for inhibiting lung cancer metastasis
to the brain.

Figure 5: The mechanism of action of PAR2-related ligands. Gαq/11 -
calcium pathway bias: DF253, AY77; ERK pathway bias: AY254; Balanced
activation: IK187; pathway inhibition: FSLLRY-NH2. PAR2, protease-
activated receptor 2; ERK, extracellular signal-regulated kinase. (Created
with BioRender.com).
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Researchers have reported that the development of
intrinsic or acquired drug resistance is a major challenge
associated with chemotherapeutic resistance in cancer cells
[67]. Cisplatin-based chemotherapy is frequently used to
treat NSCLC; however, the exact mechanism of cisplatin
resistance in lung cancer remains unknown. Previous
studies have revealed a link between CXCR4 overexpression
and chemoresistance in cancer. Cisplatin treatment in-
creases the secretion of CXCL12 and recruitment of
metastasis-initiating cells and pro-invasive CXCR4+ macro-
phages, thereby promoting spontaneous metastasis. Com-
bined treatment with cisplatin and CXCR4 antagonists can
prevent this metastasis and emphasizes the approach of
CXCR4-targeted therapy for NSCLC [68]. Li J et al. also
showed that elevated CXCR4 expression in lung cancer cell
lines A549 and 95D promoted cell proliferation and drug
resistance to cisplatin [69]. A population of CD133+/CXCR4+

cells still survived in vivo, although lung cancer xenografts
established from primary tumors with cisplatin were
undertreated, indicating the role of CXCR4 in the anti-
chemotherapy of lung cancer [70]. Mechanistically, Naka-
mura et al. observed that CXCR4 overexpression promoted
drug resistance by upregulating transforming growth factor-
β2 [71]. Xie et al. [72]observed that CXCR4 mediated cisplatin
resistance via regulating CYP1B1 expression. Additionally, it
has been shown that CXCR4 is correlated with EGFR tyrosine
kinase inhibitors (EGFR-TKIs) resistance. Despite the initial
high response rate of EGFR-TKIs in NSCLC patients with
EGFR mutations, acquired resistance inevitably occurs in
patients undergoing EGFR-TKI therapy. CXCR4 over-
expression in NSCLC promotes gefitinib resistance associ-
ated with EMT [73, 74]. Zhu et al. [75] showed that gefitinib
induces an enhanced invasive phenotype through CXCR4,
which is dependent on TGF-β1/Smad2 signaling. Further-
more, blocking CXCR4was shown to reverse the EMTprocess
and reduce invasiveness following gefitinib stimulation.
These data suggest that the combination of EGFR-TKIs,
CXCR4 antagonists, and TGFβR inhibitors may provide a
novel strategy to prevent the progression of lung cancer
bearing EGFR-activating mutations. Further investigation is
required to address the underlying mechanisms and eval-
uate the clinical efficacy of this combinatorial approach.

In further support of its oncogenic role, CXCR4 has been
reported to mediate the pro-tumorigenic effects of tumor-
associated macrophages (TAMs) through pro-inflammatory
molecules such as NF-κB and HIF-1α, which represent key
components of the tumor microenvironment and play a key
role in cellular carcinogenesis, invasion, and metastasis of
NSCLC [76]. The CXCL12/CXCR4 axis also plays an important
role in the efficacy of anti-PD-1 immunotherapy inNSCLC [77].
Collectively, these findings highlight the pro-tumorigenic

function of the CXCL12/CXCR4 axis in NSCLC, which acts
locally to promote tumor growth, enhance cell motility and
invasion, facilitate metastasis, induce chemoresistance, and
establish an immune-permissive tumor microenvironment.

The accumulating knowledge regarding the funda-
mental roles that CXCL12/CXCR4 plays in solid malignancies
has driven multiple pharmaceutical companies to develop
specific CXCR4 antagonists. Several promising anti-cancer
drugs targeting CXCR4 are currently under evaluation in
preclinical and clinical studies. AMD3100 is the most potent
non-peptide, small-molecule CXCR4 antagonist. It inhibits
the CXCL12/CXCR4 axis by binding to the negatively charged
region within the second extracellular loop of CXCR4,
thereby blocking downstream signal transduction. This in-
hibition results in elevated levels of tight junction proteins,
reduced blood-brain barrier (BBB) damage, and decreased
BBB permeability [66]. In the fifth week, although threemice
in the AMD3100-treated group developed brain metastases,
the size and number of metastatic foci were significantly
smaller than those in the control group. The process of lung
cancer metastasis to the brain was substantially slowed [66].
Another small-peptide CXCR4 antagonists, TN14003, is uti-
lized as an adjuvant in traditional anticancer therapies
against NSCLC by inhibiting tumor cell proliferation [78, 79],
although it is currently not undergoing further clinical
development. BKT140 (BL-8040), a small CXCR-4 inhibitor
more potent than AMD3100, was shown to increase the ef-
fects of standard chemotherapy and radiotherapy in NSCLC
cells [80]. LY2510924 is a small cyclic peptide antagonist of
CXCR4 that shows antitumor effects in NSCLC [81]. Based on
these findings, phase I and II trials using LY2510924 are
currently ongoing in patients with advanced tumors. Thus,
these findings provide useful information for further study
of these effects and a guide for further research on the role of
CXCR4 and its prognostic significance in NSCLC (Figure 6).

GPBAR regulates the malignant phenotype of NSCLC

GPBAR, also known as TGR5 or GPR131, was first discovered in
2002 as a membrane receptor activated by bile acids [82].
GPBAR can interact with endogenous bile acids such as cholic
acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), and lithocholic acid (LCA), as well as various ligands
including synthetically derived bile acid analogs such as
INT-777, and small-molecule compounds R399 and P395. These
ligands recognize and bind to GPBAR, thereby activating
multiple signaling pathways and inducing the transcription
and expression of downstream target genes. They participate
in regulating various physiological and pathological processes,
including energy metabolism, inflammatory responses, cell
proliferation, and apoptosis [83–87].
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GPBAR is widely expressed in various tissues, including
the lungs. However, at present, there is limited research on
GPBAR in lung-related diseases, and studies investigating its
role in NSCLC remain scarce. Existing studies have reported
that in NSCLC cells, GPBAR promotes cell proliferation,
migration, and invasionby activating the JAK2/STAT3 signaling
pathway; Further analysis has indicated that GPBAR in-
fluences NSCLC cell proliferation primarily bymodulating cell
cycle progression, whereas its effects on migration and inva-
sion involve the regulation of matrix metalloproteinases
(MMPs) and the RhoA/Rho kinase signaling pathways [88]. The
net effect produced by the activation of GPBAR is complex and
highly dependent on the specific context. GPBARwould exhibit
a biased agonistic effect, that is, depending on the specific
ligand, it preferentially activates Gαs or other pathways (for
example, β-arrestin). This flexibility of the signal, known as
biased agonism, is increasingly regarded as a key factor for its
possible dual role in cancer. For instance, the activation of LCA
on GPBAR in breast cancer cells induces cell-inhibitory
oxidative stress [89], while the activation of SBA on GPBAR
in colon cancer cells promotes the recruitment of regulatory
T cells through theβ-catenin/CCL28 signalingpathway, thereby
facilitating immune escape [90]. The Gαs-preferring GPBAR
activation induced by INT-777 or DCA inhibited YAP activity

and suppressed proliferation. In contrast, the β-arrestin 1-
preferring agonist R399 activated YAP and promoted the
growth of NSCLC, indicating that a Gs-biased GPBAR agonist
has a therapeutic window. That is to say, two specific GPBAR
agonists, R399 and INT 777, regulate YAP activity via the Gs/
β-arrestin pathway, which may affect the malignant pheno-
type of NSCLC cells [91]. Moreover, studies have shown that
GPBAR promotes the differentiation of TAMs into M2 type by
activating the cAMP-STAT3/STAT6 signaling pathway, thereby
promoting tumor growth in NSCLC. It was also observed that
CDCA-induced phenotypic changes in macrophages are
dependent on GPBAR, resulting in attenuatedM1 polarization,
enhancedM2polarization, andupregulated expression of anti-
inflammatory genes in response to conditioned medium
collected from Lewis lung carcinoma cell [92]. Yi-Fei-San-Jie
Formula (YFSJF), a patented drug from Guangzhou University
of ChineseMedicine’s First AffiliatedHospital, has beenwidely
used in clinical practice in China for several years. The unique
role of YFSJF in inhibiting immune escape lies in blocking the
STAT3/PD-L1 pathway mediated by GPBAR, weakening the
binding of PD-L1 and PD-1, and restoring the immune activity
of T cells to inhibit immune escape, thereby combating im-
mune escape in lung cancer and exerting anti-tumor effects
[93]. In conclusion, GPBAR interactswith various bile acids and
plays a significant role in the progression of multiple tumor
types [85]. In the “biased agonism” of the GPBAR, how can
different receptor conformations be preferentially stabilized
to selectively activate specific downstream signaling pathways
(such as theGαs-cAMPandβ-arrestin pathways,which leads to
the multi-effect and sometimes contradictory results of
cellular outcomes; for example, the activation of GPBAR may
be anti-proliferative or pro-tumorigenic, depending on the
specific ligand and the involved pathways). This complexity
not only makes therapeutic regulation difficult, but also pro-
vides a complex opportunity for drug design: developing new,
biased GPBAR ligands that can selectively promote beneficial
anti-inflammatory signaling while avoiding the activation of
pro-tumorigenic pathways.

Tumor-suppressive GPCRs in NSCLC

In contrast to the oncogenic GPCRs in NSCLC described
above, emerging evidence indicates that certain GPCRs
exhibit tumor-suppressive functions.

GPRC5A exhibits tumor suppressive role

GPRC5A, located on chromosome 12p13.1, belongs to the
family of orphan GPCRs. GPRC5A is predominantly

Figure 6: CXCR4 triggers invasion, metastasis and promotes
chemoresistance in NSCLC. CXCR4 drives tumor cell invasion and
metastatic spread by activating the CXCL12-CXCR4 axis and downstream
MAPK and PI3K/AKT signaling. High CXCR4 have been shown to confer
resistance to platinum-based chemotherapy. Targeting CXCR4 (AMD3100,
TN14003, BKT140 and LY2510924) can simultaneously suppress invasion,
chemoresistance, and metastasis making it a promising therapeutic
target in NSCLC. CXCR4, C-X-C motif chemokine receptor 4; NSCLC, Non-
small cell lung cancer; MAPK, Mitogen-activated protein kinase; PI3K,
Phosphatidylinositol 3 kinase; AKT, Protein Kinase B (Created with
BioRender.com)

Ma et al.: GPCRs as novel therapeutic targets in NSCLC 7

http://BioRender.com


expressed in the lungs and exhibits weak or negligible
expression in other tissues, suggesting a potential role in
maintaining lung tissue homeostasis [94–96]. Some studies
have indicated that GPRC5A may function as an oncogene in
breast, colorectal, and pancreatic cancers, whereas it has
been identified as a tumor suppressor in NSCLC. Notably,
p53-null human NSCLC H1299 cells showed increased
GPRC5A expression, while p53 wild-type A549 cells showed
decreased expression of GPRC5A, suggesting its involvement
in the antitumor activity of p53 in NSCLC cells [97]. These
findings suggest that GPRC5A may exert context-dependent
roles across different cancer types, highlighting its biological
complexity andmaking it a compelling candidate for further
investigation.

Previous studies have provided valuable insights into
the role of GPRC5A in the development of NSCLC. BothmRNA
and protein expression levels of GPRC5A are significantly
reduced in lung cancer tissues compared to those in healthy
lung tissues [98]. Reduced GPRC5A expression has been
linked to poorly differentiated NSCLC cells [99]. Consistently,
downregulation of GPRC5A in NSCLC is closely correlated
with poor tumor differentiation and advanced TNM stage
[100]. Furthermore, studies have shown that the low
expression of GPRC5A is related to the early pathological
stage of NSCLC, and it has been observed that the low
expression of GPRC5A is related to the increased infiltration
of immune cells, elevated IPS, and spatial distribution of PD-
L1-positive tumor cells [101]. Studies using mouse models
have demonstrated that homozygous GPRC5A knockout
mice are more susceptible to developing lung tumors at 1–
2 years of age compared to heterozygous or wild-type mice.
Simultaneously, nicotine-derived nitrosamine ketone (NNK)
enhances lung tumorigenesis in GPRC5A−/− mice [102], sug-
gesting that GPRC5A functions as a lung-specific tumor
suppressor. Mechanistically, recent advances have shown
that GPRC5A is involved in various tumor-associated
signaling pathways, including cAMP, NF-κB, signal trans-
ducer and activator of transcription (STAT) 3, and focal
adhesion kinase (FAK)/Src signaling. Biologically, knockout
of GPRC5A promotes lung inflammation and tumorigenesis
through activation of NF-κB, and enhances the malignant
transformation of normal lung epithelial cells via activation
of STAT3 and downstream signals [103, 104]. A recent study
revealed the potential role of GPRC5A in inhibiting EGFR
expression and activation through direct translational sup-
pression in combination with the eIF4F complex [98, 105].
Deletion of GPRC5A significantly enhanced the expression of
ionizing radiation (IR)-stimulated EGFR, increasing IR-
induced lung tumor incidence. In addition, GPRC5A defi-
ciency contributes to dysregulatedMDM2 via activated EGFR
signaling, which promotes lung tumor development [106]. In

summary, GPRC5A deficiency may lead to dysregulation of
oncogenic pathways that are crucial for lung tumorigenesis.

GPRC5A contains multiple phosphorylation sites that
have been implicated in various biological processes. The
biological functions of GPRC5A seem to be differentially
regulated by tyrosine phosphorylation. Although GPRC5A
does not affect cell proliferation and migration regardless of
tyrosine phosphorylation status [107], tyrosine phosphoryla-
tion decreases or abolishes GPRC5A-mediated inhibition of
EGF-enhanced anchoring-independent growth of NSCLC cells
[108]. EGFR-mediated phosphorylation of GPRC5A at TYR-317/
TYR-320 and TYR-347/TYR-350, two conserved double-tyrosine
(TYR) motifs, leads to weakened tumor-suppressive activities
of GPRC5A [108, 109]. Thus, targeting EGFR can restore the
tumor-suppressive function of GPRC5A in lung cancer. As
previously discussed, GPRC5A is dysregulated in NSCLC and
plays a critical role in suppressing tumorigenesis, suggesting
its potential as both a diagnostic biomarker and a therapeutic
target. Notably, GPRC5A holds significant promise in guiding
the optimization of clinical medication strategies. EGFR in-
hibitors have been shown to be more effective in GPRC5A
knockout lung cancer cells compared to GPRC5A wildtype
lung cancer cells [98]. Some studies have demonstrated that
chromosome deletion at 12p12.3 is rare in NSCLC and that
epigenetic alterations may contribute to GPRC5A down-
regulation [110]. As a complex signaling node, GPRC5A’s reg-
ulatory networkmay extend beyond the EGFR/STAT3 and NF-
κB pathways. The way GPRC5A inhibits EGFR may not be
simply through direct binding. GPRC5Amay play the role of a
“signal scaffold protein” on the cell membrane. Its intracel-
lular domain may recruit protein tyrosine phosphatases
(PTPs, such as PTPN1/2) to specifically dephosphorylate the
specific sites of EGFR, thereby “blocking” the activation of the
EGFR signaling pathway at multiple levels. Furthermore, the
absence of GPRC5A leads to the continuous activation of the
EGFR/STAT3 and NF-κB pathways, which drives significant
metabolic reprogramming.

Despite biochemical evidence supporting its critical role
in NSCLC, further studies are required to elucidate the spe-
cific mechanisms through which GPRC5A contributes to
NSCLC development and metastasis. Although previous in-
vestigations have sought to identify a potential ligand for
GPRC5A [103, 111], these efforts have not yet been successful;
therefore, additional research is necessary to characterize
its possible ligands. Moreover, further analyses are war-
ranted to confirm the potential utility of GPRC5A as an in-
dependent prognostic marker for NSCLC. Therefore, the
successful “orphanicization” of GPRC5A is not only expected
to offer new treatment options for lung cancer patients, but
also to provide a model for understanding the complex role
of GPCRs in cancer.

8 Ma et al.: GPCRs as novel therapeutic targets in NSCLC



Somatostatin receptor type 2 behaves as a tumor
suppressor

The somatostatin receptor family comprises five distinct
members, each encoded by a separate gene located on a
different chromosome. Somatostatin receptors (SSTRs) are
highly expressed in a variety of tumors [98, 99]. The endog-
enous high-affinity ligand for SSTRs is somatostatin, a poly-
peptide naturally present in the CNS as well as various
peripheral tissues and organs. Somatostatin is an inherently
pleiotropic inhibitory neuropeptide with anti-secretory,
anti-proliferative, and anti-angiogenic properties [100].
However, its clinical application is limited due to an
extremely short half-life of approximately 2–3 min, which
has led to the development of numerous synthetic somato-
statin analogs (SSAs). Somatostatin and its analogs or ago-
nists inhibit tumor growth and metastatic progression by
activating SSTRs in both cancer cells and components of the
tumor microenvironment. Among the five receptor sub-
types, SSTR2 is themost frequently overexpressed subtype in
small cell lung cancer (SCLC) [112]. However, accumulating
evidence indicates that SSTR2 functions as a tumor sup-
pressor in NSCLC. Upon activation, SSTR2 induces cell cycle
arrest [113], promotes cancer cell apoptosis via a p53-
dependent or p53-independent mechanism [114], suppresses
cell invasion by modulating the PI3K pathway, and restores
gap junction communication, which plays a critical role in
contact inhibition and the maintenance of cellular differ-
entiation (Figure 7).

Furthermore, SSTR2 is also associated with other mole-
cules and pathways. The co-expression of SSTR2A and EGFR
suggests the existence of a potential synergistic signaling
pathway [115], which is worthy of further exploration for the

potential of combined targeting; the expression of SSTR2 is
positively correlated with neuroendocrine genes such as
NEUROD1 and ASCL1, suggesting that some NSCLCmay have
a neuroendocrine phenotype [116]. Although mainly re-
ported in SCLC, the downregulation of SSTR2 can lead to a
decrease in AMPKα phosphorylation and an increase in
oxidativemetabolism. This mechanism has yet to be verified
in NSCLC [112].

Currently, various strategies such as gene transfection
[117], radioactive ligands, and traditional somatostatin ana-
logs have been validated for their inhibitory effects in
experimental models, providing a theoretical basis for
future clinical translation. Shen and colleagues evaluated
the antitumor effects of a conjugate formed by linking two
molecules of paclitaxel to octreotide (SMS 201–995, Sandos-
tatin), an octapeptide analog of endogenous somatostatin
with high affinity for SSTR2, in a xenograft model using A549
human NSCLC cells implanted in nude mice [118]. The con-
jugate significantly inhibited tumor growth and increased
necrosis. These findings suggest that the paclitaxel-
octreotide conjugate may serve as a potential targeted
therapeutic agent for NSCLC. Similarly, Sun et al. developed
paclitaxel-octreotide conjugates that exhibited dose- and
time-dependent inhibition of A549 and Calu-6 NSCLC cell
proliferation. Paclitaxel and its conjugated derivatives were
also shown to increase the G2/M phase population in
A549 cells [119]. Preclinical studies have demonstrated that
targeting SSTR2 effectively inhibits lung tumor growth both
in vitro and in vivo. These findings suggest that SSTR2 and
associated signaling pathways may represent promising
biomarkers for personalized therapeutic strategies in
NSCLC.

Conclusions and perspectives

The escalating global burden of cancer necessitates more
effective biomarkers and novel therapeutic approaches. As
the largest family of cell surface receptors, GPCRs regulate
diverse signaling pathways and show promise as diagnostic,
predictive, and prognostic biomarkers in NSCLC (Table 3).
Comprehensive reviews of GPCR-related biomarkers in
NSCLC emphasize their role in tumor proliferation, angio-
genesis, and metastasis, and propose them as diagnostic and
prognostic markers (e.g., CXCR2, CXCR4 and PAR2). Further,
GPCRs – exemplified by GPRC5A and SSTR2 – represent a
promising frontier for improving NSCLC diagnosis, prog-
nostication, and treatment. Continued interdisciplinary
research will be pivotal to harness their full clinical poten-
tial. While our understanding of GPCR involvement in
NSCLC pathogenesis is advancing, few GPCR-targeted agents

Figure 7: Themechanism of SSTR2 in NSCLC. Activation of SSTR2 induces
cell cycle arrest, promotes cancer cell apoptosis through p53-dependent
or -independent mechanisms, inhibits cell invasion by modulating the
PI3K pathway, and restores gap junctional communication. SSTR2, So-
matostatin receptor type 2; NSCLC, Non-small cell lung cancer; PI3K,
Phosphatidylinositol 3 kinase. (Created with BioRender.com).
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have been translated to clinical use for this malignancy
(Table 4). Only a handful of GPCR-targeted agents have
entered clinical testing for NSCLC, and most of them are still
early-phase or exploratory studies. For each drug–receptor
pair the GPCRdb database computes an Association Score (0–
1) that reflects the strength of experimental, pharmacolog-
ical and clinical evidence linking the ligand to the receptor
and to a disease indication. A high score (>0.5) typically re-
quires multiple independent activity data points, structural
validation, and/or successful clinical outcomes. Although the
CXCR4 inhibitors have strong preclinical data supporting
their effectiveness in inhibiting the migration of non-small
cell lung cancer cells andmobilizing stem cells, clinical trials
have not yet demonstrated their clear therapeutic efficacy.
Therefore, these drugs have an association score of less than
0.2 in GPCRdb. The orphan receptor GPR87 is associated with
a poor prognosis in patients with non-small cell lung cancer
due to its overexpression. However, there are currently no
selective clinical candidate drugs for it, so the database has
given it an extremely low score (<0.05). The GPCRdb
currently reflects modest association scores for GPCR-
targeted agents in NSCLC, mirroring the early-stage trans-
lational status of these drugs. Strengthening clinical evi-
dence, improving selectivity, and leveraging new structural
models are themost direct routes to elevate these scores and
move GPCR therapeutics from bench to bedside.

The recent clinical investigations of several targeted
agents in NSCLC provide a nuanced picture of efficacy and
safety. A study investigating iloprost’s efficacy in preventing
cancer in high-risk lung cancer patients reported rare
serious adverse reactions compared to a placebo group
(4.00 % vs. 7.79 %), indicating a lower toxicity profile for
iloprost while still achieving histologic improvement in
bronchial dysplasia. In a phase II trial of ZD4054 (Zibotatin)
for non-small cell lung cancer, combination therapy with
ZD4054 reduced severe adverse reactions of pemetrexed
(11.11 % vs. 23.33 %), suggesting that ZD4054 may mitigate
chemotherapy-induced toxicity. The clinical efficacy of
mogamulizumab combined with docetaxel in non-small cell
lung cancer primarily resulted in serious adverse reactions
related to the blood and lymphatic systems. These adverse
reactions were the primary safety concern of the regimen,
reflecting the expected myelosuppressive effects of both
agents. An evaluation of anamorelin chloride for weight loss
and anorexia in advanced NSCLC patients found no signifi-
cant difference in severe adverse reactions compared to a
placebo, with main issues involving respiratory system,
chest, and mediastinal diseases, consistent with the under-
lying disease burden rather than drug toxicity (Table 5).
These findings collectively support continued development
of targeted and supportive therapies that not only enhance

antitumor activity but also prioritize patient safety and
quality of life. Consequently, elucidating the physiological
functions of both characterized and uncharacterized GPCRs
may reveal novel therapeutic opportunities for NSCLC.
Notably, the GPCRs discussed herein represent a non-
exhaustive selection. Receptors such as CXCR1, CXCR2, A2a,
OR2J3, and MRGPRD may offer unique avenues for NSCLC
prevention and treatment. However, research on many
GPCRs remains nascent, and comprehensive characteriza-
tion of their pathological roles in NSCLC is imperative. Key
challenges – including target validation, mechanistic
studies, and therapeutic optimization –must be addressed to
advance this field.
(1) New targets validation: Through large-scale, multi-

center studies with well-matched cohorts, integrated
multi-omics analysis combined with functional exper-
iments, new target GPCRs closely related to the occur-
rence, development, and treatment response of NSCLC
need to be further identified. By using double-gene
CRISPR screening and network centrality analysis
within the redundant GPCR family, the key “hub”GPCR
was identified. Utilizing spatial omics technology to
confirm the uniformity of GPCR expression (taking into
account the heterogeneity within tumors, and
screening suitable patient subgroups.)

(2) Ligand discovery andmechanistic analysis: Despite the
proven success of GPCRs as drug targets, clinically
useful ligands remain unavailable for most receptors,
particularly orphan GPCRs (e.g., GPR78 and GPRC5A).
Deorphanization efforts to identify natural ligands and
define their roles and underlying mechanisms in
NSCLC pathophysiology are therefore essential. By us-
ing structure prediction (AlphaFold-multimer) com-
bined with virtual screening, new ligands or biased
agonists for orphan receptors were discovered. Given
the complexity and diversity of downstream signaling
pathways activated by GPCRs, future research should
prioritize the development of agents, such as biased
agonists or antagonists, that selectively modulate
pathogenic signaling pathways, with the aim of maxi-
mizing therapeutic efficacy while minimizing adverse
effects. For example, GPR78 mainly promotes migra-
tion through Gαq-RhoA/Rac1. Designing Gαq-biased
antagonists is the main direction of effort. Candidate
compounds can be rapidly discovered through artifi-
cial intelligence-molecular docking + HTS. GPRC5A
seems to play a role in inhibiting oncogenic pathways
such as NF-κB/STAT3. The Gαs-biased agonist (which
increases cAMP) may enhance its anti-cancer function
while avoiding the activation of the possible oncogenic
β-arrestin pathway.
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(3) Elucidation of the structural-functional relationships
in GPCRs: The structural complexity of GPCRs,
involving multiple ligand-binding sites, biased
signaling potential, and receptor homo-/hetero-
dimerization, presents significant challenges in drug
design. These characteristics represent both opportu-
nities in drug discovery and major obstacles in the
design of efficient and low-toxic anti-cancer therapies.
By integrating the latest high-resolution structures,
biophysical dynamics, single-cell omics, and artificial
intelligence technologies, breakthroughs can be ach-
ieved at the following levels: (i)Develop dimer/iso-
dimer-specific drugs to achieve tumor-specific target-
ing; (ii) Utilize tissue-specific expression information to
reduce off-target effects throughout the body; (iii)
Construct an AI-assisted drug design platform to
accelerate the transformation from structure to clin-
ical application. A comprehensive understanding of the
structural basis underlying GPCR signaling and func-
tional dynamics is essential and warrants thorough
investigation in future research to facilitate the
development of highly effective and low-toxicity anti-
cancer therapeutics.

In summary, current literature and clinical evidence indi-
cate that GPCRs play a critical role in NSCLC initiation and
progression (Figure 8, oncogenic GPCRs: CXCR4, PAR2,
GPBAR, GPR78; tumor-suppressive GPCRs: SSTR2, GPRC5A).

GPCR-targeting regulators hold significant promise as a
transformative therapeutic strategy for NSCLC. However,
further research is necessary to elucidate the detailed mo-
lecular mechanisms by which GPCRs influence cancer pro-
gression, in order to develop more precise GPCR-targeted
therapeutic agents and benefit more patients.
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