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Targeting oncogenic NTSR1 with liensinine ===

reprograms Gg-mediated signaling to suppress
lung adenocarcinoma

Yongfu Wang'*3", Wei Liu'?3", Pengzhuo Tao'?, Changmin Liu'?, Yizhen Yuan'?, Yajing Xue'?, Hanting Yang'?,
Xiongfeng Liu'?, Xinyi Zhou'?3, Shilin Chen'%*" and Chi Song"**"

Abstract

Background Lung adenocarcinoma (LUAD) is a leading cause of cancer death. Neurotensin receptor 1 (NTSR1),
a G protein-coupled receptor, is overexpressed in LUAD and linked to poor prognosis, but its therapeutic potential
is underexplored.

Methods This study combined multi-database bioinformatics to systematically evaluate the expression, prognostic
relevance, genetic alterations, and immune-microenvironment association of NTSR1 across cancer types. The ONE-GO
biosensor, SPR, PRESTO-Tango, and in-cell ELISA assays was used to confirm that liensinine specifically inhibits NTSR1-
mediated G-protein signaling. Functional consequences of NTSR1 depletion and liensinine treatment—including
effects on proliferation, apoptosis, and global transcription—were examined in vitro via CCK-8, flow cytometry, RNA-
seq and Western blot. Key findings were validated by RT-gPCR in cellular models and further supported using LUAD
patient cohorts from the UALCAN platform.

Results Bioinformatics analysis confirmed significant upregulation of NTSR1 in LUAD, and its high expression
was closely associated with advanced tumor stage, remodeled immune microenvironment, and poor overall patient
survival. ONE-GO profiling revealed preferential coupling of NTSR1 to Ga,,. Liensinine bound NTSRT with micromolar
affinity and selectively inhibited NTSR1-mediated Gq signaling while sparing B-arrestin recruitment and agonist-
induced internalization. Functional experiments demonstrated that either NTSR1 knockdown or liensinine treatment
significantly inhibited A549 cell proliferation and migration while inducing apoptosis, with the effect of liensinine
being dependent on NTSR1 presence. These findings were consistently validated in HCI-H1299, HCI-H1975, and PC-9
cell lines. Transcriptomic analysis revealed that NTSR1 overexpression enriched pro-oncogenic pathways such as neu-
roactive ligand-receptor interaction and calcium signaling. In contrast, liensinine treatment reversed these alterations
and shifted the transcriptional program toward pathways including steroid biosynthesis and protein processing
in the endoplasmic reticulum. Western blot analysis has further confirmed that liensinine reduced the phosphoryla-
L tion of PKC and ERK guided by NTS/NTSR1. Furthermore, we identified a core gene signature comprising PTGS2,
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prognostic value in LUAD patients.

reprogramming, Bioinformatics analysis, Targeted therapy

SPR1,ABCGI, and ABCAT, whose expression was synergistically regulated by NTSR1 and liensinine and demonstrated

Conclusions NTSR1 is a key oncogenic driver in LUAD. Liensinine is a novel NTSR1 antagonist that suppresses tumors
by selectively inhibiting Gq signaling and reprogramming the transcriptional landscape.

Keywords Lung adenocarcinoma, Neurotensin receptor 1, Liensinine, Gq protein signaling, Transcriptional

Introduction

Lung cancer remains one of the most challenging
malignancies worldwide and is the leading cause of
cancer-related mortality [1]. Non-small cell lung can-
cer (NSCLC) is the predominant histological subtype,
accounting for approximately 85% of all cases, with lung
adenocarcinoma (LUAD) representing the most com-
mon form. Its high incidence is linked to multiple com-
plex etiological factors, including tobacco smoking,
environmental pollution, occupational exposures, and
genetic predisposition [2]. Over the past two decades,
advancements in early detection and surgical techniques,
together with breakthroughs in systemic therapies—
notably targeted agents and immunotherapy—have sub-
stantially improved patient survival and quality of life
[3]. Despite these advances, lung cancer, particularly
NSCLC, continues to be a major cause of cancer-related
death, imposing a substantial burden on both society and
affected individuals. The clinical importance of NSCLC
further stems from its pronounced heterogeneity and
therapeutic complexity. The majority of patients are diag-
nosed at an advanced stage, precluding curative surgical
intervention. Although targeted therapies have shown
remarkable efficacy in patients with driver-gene altera-
tions such as EGFR, ALK, and ROS1, acquired resistance
remains a pervasive challenge, and a considerable subset
of patients still lacks actionable therapeutic targets [4—6].
Meanwhile, immune checkpoint inhibitors have provided
durable clinical benefits for some patients [7, 8]; how-
ever, their overall response rates are modest, and robust
biomarkers to reliably identify responding populations
are currently lacking [9]. Moreover, treatment-related
toxicities, high economic costs, and patients’ growing
expectations for quality of life continue to pose ongo-
ing challenges to existing treatment paradigms. There-
fore, there is a pressing need to explore novel therapeutic
strategies, identify new druggable targets, and develop
innovative pharmacological agents.

G protein-coupled receptors (GPCRs), the larg-
est membrane receptors family encoded by the human
genome, are central regulators of cellular signal trans-
duction and diverse processes such as proliferation, sur-
vival, migration, metabolism, and immune evasion [10].
They represent one of the most successful classes of

drug targets [11]. As of the latest assessments, a total of
337 drugs targeting 133 distinct GPCRs are undergoing
clinical trials across all therapeutic areas, with a grow-
ing emphasis on oncology and immunology in recent
years [12, 13]. Notably, nearly 70 GPCR-targeting agents
are currently in clinical development for cancer treat-
ment, including both repurposed approved drugs and
novel therapeutics such as ligand modulators, antibod-
ies, chemokine receptor antagonists, and peptide-based
drugs [12, 13]. These figures remain dynamic and may
shift as trials progress.

Among the numerous GPCR members, the neu-
rotensin receptor 1 (NTSR1) has garnered consider-
able attention due to its notable cancer-promoting roles
in various malignancies [14, 15]. Its endogenous ligand,
neurotensin (NTS), is a 13-amino-acid peptide hormone
widely distributed in the central and peripheral nerv-
ous systems [16]. Beyond its regulatory functions in the
endocrine and paracrine activities of the digestive sys-
tem, NTS exhibits growth factor-like properties in vari-
ous tissues, promoting cell proliferation and survival
[17, 18]. Mechanistically, upon NTS binding, NTSR1
primarily couples to Gag,; proteins, activating phos-
pholipase C (PLC). PLC catalyzes the hydrolysis of PIP2
into IP3 and DAG, subsequently triggering intracellular
calcium release and protein kinase C (PKC) activation
[19]. PKC can directly phosphorylate RAF-1 in a Ras-
independent manner, activating the MAPK/ERK signal-
ing pathway. This cascade enhances the expression of
transcription factors such as AP-1, NF-«B, Egr-1, Elk-1,
and c-Myc, forming a molecular network that fosters cell
proliferation, migration, invasion, and anti-apoptosis.
Furthermore, PKC can activate protein kinase D (PKD),
further amplifying NF-kB-mediated inflammatory and
pro-tumorigenic signals [20, 21]. NTSR1 expression is
significantly elevated in a variety of solid tumors, includ-
ing gastric, pancreatic, colorectal, and prostate cancers,
LUAD, and triple-negative breast cancer [14, 22-26].
Its expression correlates strongly with advanced TNM
stage, lymph node metastasis, distant metastasis, and
poor overall survival in patients. Notably, in LUAD, high
NTSR1 expression is closely associated with resistance
to EGFR-tyrosine kinase inhibitors (TKIs), remodeling
of the tumor immune microenvironment (TIME), and
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unfavorable prognosis, suggesting its potential utility as a
prognostic biomarker and a therapeutic target [27].

This study performed a comprehensive multi-database
analysis to delineate the expression profile, prognostic
relevance, genetic alterations, methylation status, and
immune microenvironment association of NTSR1, iden-
tified a novel small-molecule antagonist, liensinine, and
confirmed its specific interaction using ONE-GO biosen-
sor, SPR, PRESTO-Tango, and in-cell ELISA assays. In
addition, both NTSR1 knockdown and liensinine treat-
ment significantly inhibited cell proliferation/migration
and promoting apoptosis. Uncover the potential molec-
ular mechanisms underlying NTSR1-mediated malig-
nancy using RNA-seq combined with GO and KEGG
enrichment analyses. By systematically investigating the
oncogenic potential and therapeutic value of NTSR1 in
LUAD, this work not only corroborates NTSR1 as a bio-
marker for poor prognosis from a multi-omics perspec-
tive but, more importantly, identifies and validates the
anti-tumor efficacy of a novel NTSR1 antagonist. The
preliminary insights into its mechanism of action provide
a rationale for further development of NTSR1-targeted
therapies.

Methods and materials

Bioinformatic analysis of NTSR1 gene expression, function
and prognosis

We performed a systematic pan-cancer analysis of
NTSR1 expression across 15 cancer types using the
online platform Bioinformatics.com.cn. The differential
expression of NTSR1 between normal and tumor tissues,
as well as its association with clinical stages and tumor
purity in LUAD, was further validated through the UAL-
CAN portal (https://ualcan.path.uab.edu/). To investi-
gate the function of NTSR1 in LUAD, we analyzed the
genetic alterations of NTSR1 in patient cohorts using
the cBioPortal database (http://www.cbioportal.org).
Furthermore, the prognostic value of NTSR1 expression
was evaluated by overall survival analysis via the Kaplan—
Meier Plotter tool (https://www.kmplot.com/analysis/).
Finally, we explored the relationship between NTSR1
expression and tumor-infiltrating immune cells using the
TIMER database (https://cistrome.shinyapps.io/timer/).

G protein activation assay by ONE-GO biosensor

HEK-293 T cells were seeded at a density of 30,000 cells
per well in 96-well white plates (for BRET measure-
ments) and clear plates (for confluence monitoring). At
approximately 80% confluence (~24 h post-seeding),
cells were transfected with pCDH-NTSR1 x Flag-GFP-
Puro and ONE-GO plasmids at a 3:1 receptor-to-G pro-
tein plasmid ratio using PEIL. After 24 h, the medium was
aspirated, and cells were washed once with PBS, followed
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by incubation with 190 uL of BRET buffer at 37 °C for
30 min. Under light-protected conditions, Nano-Glo®
Luciferase Assay substrate (Promega, #N1120) was
added, and after a 5-min equilibration at room tempera-
ture, BRET signals were quantified using a microplate
reader with an integration time of 0.24 s. Readings were
taken every 10 s. The first 10 cycles were recorded as
background signal, followed by 60 cycles after drug stim-
ulation. For antagonist assays, the first 10 cycles served
as background, after which the agonist NTS was added
and 3 min were recorded, followed by another 3 min after
the addition of liensinine. The BRET ratio was calculated
as the emission ratio at 535 nm (acceptor) to 470 nm
(donor).

B-arrestin recruitment assay by PRESTO-Tango

HEK-293 T cells were plated in 6-cm dishes and
transfected at~80% confluence with NTSR1-Tango,
B-arrestin2-TEV, and TRE-Tight-Luc plasmids at a 2:1:1
DNA mass ratio using a lipid-based transfection rea-
gent according to the manufacturer’s instructions. 24 h
after transfection, cells were trypsinized and seeded into
white opaque 96-well plates at 30,000 cells/well and incu-
bated overnight at 37 °C and 5% CO,. The following day,
complete medium was replaced with 100 pL/well basal
medium. Test compounds were prepared as 10X master
mixes in basal medium and added to wells to achieve the
indicated final concentrations (vehicle and positive con-
trols included). After an 18-h incubation at 37 °C, 50 puL/
well of diluted Bright-Glo Luciferase Assay reagent (Pro-
mega, E2610) was added and luminescence was meas-
ured on a plate luminometer immediately.

In-cell ELISA for detection of FLAG-NTSR1

HEK-293 T cells were plated at a density of 30,000 cells
per well in 96-well plates. Approximately 24 h after seed-
ing, when cells reached~80% confluence, cells were
transfected with pcDNA3.1(+)—-3xFlag NTSR1 using
PEI (100 ng DNA per well). 24 h post-transfection,
medium was aspirated and cells were fixed with 125
puL/well fixative for 10 min. The fixative was removed
and wells were washed twice with PBS. Wells were then
washed twice with 100 pL/well blocking buffer (1% FBS
in PBS), followed by incubation with 125 pL/well block-
ing buffer at room temperature for 30 min. Blocking
buffer was removed and anti-FLAG primary antibody
was added (1:30,000; 75 pL/well) and incubated at room
temperature for 60 min. The primary antibody was
removed and wells were washed three times with block-
ing buffer (100 pL each wash), followed by three washes
with PBS. HRP-conjugated secondary antibody (80 uL/
well) was added and incubated according to the manu-
facturer’s instructions. Chemiluminescent substrate was
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then applied and chemiluminescence was recorded using
a plate reader or luminometer. After two PBS washes, 100
uL/well of crystal violet solution (0.1% w/v) was added
and incubated at room temperature for 15 min. The stain
was discarded and wells were washed three times with
distilled water until background was clear. To solubilize
the crystal violet, 100 puL/well 10% acetic acid was added
and plates were placed on a shaker for 15 min; absorb-
ance was then read at 600 nm (OD600) on a plate reader.
Data were normalized as (chemiluminescence_sig-
nal —blank)/(OD600_sample — OD600_blank). All treat-
ments were performed at least in triplicate.

Surface plasmon resonance (SPR) spectroscopy

SPR experiments were conducted at 25 °C on a Biacore
8 K instrument (Cytiva). A Series S CM5 sensor chip
was functionalized using the standard amine-coupling
procedure. Briefly, the chip surface was activated with
a 1:1 mixture of EDC/NHS for 420 s. FLAG-NTSRI,
diluted to 30 pg/mL in 10 mM sodium acetate (pH 4.0),
was then immobilized on the experimental flow cell to a
final response level of approximately 9850 RU. Remain-
ing active groups were blocked with ethanolamine. A
reference flow cell was activated and blocked under iden-
tical conditions but without protein. All binding assays
were performed using 1XPBST (PBS containing 0.05%
Tween-20) supplemented with 5% (v/v) DMSO as the
running buffer. Systematic bulk solvent effects were cor-
rected using a calibration curve generated from buffers
containing 4.5% and 5.8% DMSO. For analyte binding,
a stock solution of liensinine was first diluted 20-fold in
1.05x PBST, and then serially diluted two-fold in running
buffer to generate a 7-point concentration series, with the
highest concentration at 781.25 nM. Each concentration
was injected over both flow cells at a constant flow rate
of 30 pL/min, with an association phase of 60 s followed
by a 60 s dissociation phase. When necessary, the chip
surface was regenerated with 10 mM glycine-HCI (pH
2.5). The obtained sensorgrams were double-referenced
and solvent-corrected. Binding kinetics and affinity were
determined by globally fitting the data to a 1:1 Lang-
muir binding model using the Biacore Insight Evaluation
Software.

Lentiviral particle production and stable cell line
generation

Lentiviral particles were produced in HEK-293 T cells
using a three-plasmid system. Briefly, the cells were
co-transfected with 5 pg of pLKO.1-NTSR1/pCDH-
NTSR1 x Flag-GFP-Puro, 3.75 pg of the packaging plas-
mid (psPAX2), and 1.25 pg of the envelope plasmid
(pMD2.G) using Lipofectamine 3000. Viral supernatants
were collected at 48 and 72 h post-transfection, filtered
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through a 0.45 pm membrane, and stored at —80 °C for
future use. For transduction, HCI-H1299. HCI-H1975
v PC-9 and A549 cells were cultured in 6-well plates
until they reached 70% confluence. The cells were then
incubated with 1 mL of viral supernatant supplemented
with 8 pg/mL polybrene for 24 h. At 72 h post-transduc-
tion, stable polyclonal populations were selected by treat-
ing the cells with 2 pg/mL puromycin for 7 days.

Western blot

Protein extraction was conducted with RIPA lysis buffer
supplemented with protease and phosphatase inhibitors.
Total protein concentration was measured using a bicin-
choninic acid (BCA) assay. Proteins (20 ug per lane) were
separated by electrophoresis on 4-12% gradient SDS—
polyacrylamide gels at 100 V for 90 min and then trans-
ferred onto PVDF membranes at 100 V for 60 min. The
membranes were blocked with 5% skim milk in TBST for
1 h at room temperature, followed by incubation with
primary antibodies overnight at 4 °C with gentle agita-
tion. After three 5-min washes with TBST, the mem-
branes were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature. Protein bands
were detected using ECL Prime substrate and visualized
with a ChemiDoc MP Imaging System (Bio-Rad).

Cell viability assay

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8; TargetMol®). Exponentially growing cells
were seeded into 96-well flat-bottom plates at a den-
sity of 2x10? cells per well. After 24 h, the medium was
replaced with fresh medium containing the indicated
concentrations of compounds. At the designated time
points (0, 24, 48, 72, and 96 h), 10 uL of CCK-8 reagent
was added to each well and incubated at 37 °C for 1-2 h.
Absorbance was measured at 450 nm using a microplate
reader. Each experiment included three independent bio-
logical replicates.

Apoptosis assay

Apoptosis was assessed with Annexin V-APC/DAPI and
Annexin V-APC/7-AAD apoptosis detection kits (Elab-
science). Cells were washed with PBS and resuspended
in 125 pL of 1 X Annexin V binding buffer. Subsequently,
1.25 pL of Annexin V-APC was added, followed by either
1.25 uL of 7-AAD (100 pg/mL) or 1.25 uL of DAPI. After
gentle vortexing, samples were incubated in the dark at
room temperature for 15 min according to the manufac-
turer’s protocol. The percentages of Annexin V*/DAPI*
or Annexin V*/7-AAD™ cells, representing late-stage
apoptotic populations, were analyzed on a NovoCyte
Advanteon VBR flow cytometer and quantified using
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NovoExpress software (v1.4.1). Each condition was tested
in three independent biological replicates (n=3).

Reverse transcription and quantitative real-time PCR

Total RNA was extracted from cultured cells with TRIzol
reagent (Vazyme). First-strand ¢cDNA was synthesized
from 500 ng of total RNA using the PrimeScript FAST
RT Reagent Kit with gDNA Eraser (Takara Bio, Dalian,
China). Quantitative real-time PCR (qPCR) was per-
formed using TB Green" Premix Ex Taq " II (Tli RNaseH
Plus) on a QuantStudio 5 Pro Real-Time PCR System
(Applied Biosystems). Gene-specific primer sequences
are provided in Table 1. GAPDH served as the internal
reference control, and relative gene expression levels
were calculated using the 2724 method.

Transcriptome sequencing

Transcriptome sequencing (RNA-seq) was performed
on cells treated with vehicle control or experimen-
tal compounds at the indicated time points. Library
preparation and high-throughput sequencing were car-
ried out by BENAGEN Technology. Raw sequencing
reads were assessed for quality using FastQC, followed
by adapter trimming and removal of low-quality bases
(Phred score<30) with Trimmomatic. Cleaned reads
were aligned to the human reference genome (GRCh38/

Table 1 The primers for RT-gPCR analysis of DEGs

Gene Forward (5'-3") Reverse (5" —3")

GAPDH  GGAGCGAGATCCCTCCAAAAT  GGCTGTTGTCATACTTCTCATGG

PTGS2  GGTTGCTGGTGGTAGGAA CTGGTATTTCATCTGCCTGCT
TGTTC TG

SPR1 ATTGGGACAGCCGTGGGAAG  ATCGGAATGCTCATTGCTCTC

ATC

ABCGT  TGAGACGGACCTGCTGAATGG  CCGAGGCAAGGAGGAGAAGC

ABCA1  CCTGAAGCCAATCCTGAG ACCTCCTGTCGCATGTCACTC
AACAC

CASP4  TGGAGGGAATCTGCGGAACTG  GCCTGGACAATGATGACCTTGG

(See figure on next page.)
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hg38) using STAR aligner (v2.7.10a). Differential gene
expression analysis was performed using DESeq2, with
significant changes defined as |log,(fold change)|>1 and
adjusted P < 0.05. Functional enrichment analysis of Gene
Ontology (GO) terms and KEGG pathways was con-
ducted with the ClusterProfiler package.

Results

Bioinformatics analysis of NTSR1 gene expression, function
and prognosis

Our systematic pan-cancer analysis reveals that the
expression of NTSR1 is significantly dysregulated
across multiple tumor types, suggesting its potential
role as a widespread cancer-associated gene (Fig. 1A).
Specifically, the consistent upregulation of NTSR1 in
Breast cancer (BRCA), Head and Neck Squamous Cell
Carcinoma (HNSC), Kidney renal clear cell carcinoma
(KIRC), LUAD, and Stomach Adenocarcinoma (STAD)
strongly implies its likely oncogenic function in these
cancers, possibly mediated through common pro-tum-
origenic mechanisms. Conversely, its downregulation
in Kidney papillary cell carcinoma (KIRP) and Prostate
adenocarcinoma (PRAD) indicates that the function of
NTSR1 may be highly context-dependent, potentially
involving distinct regulatory networks in different cel-
lular environments. Focusing on LUAD, the overex-
pression of NTSR1 was further validated (Fig. 1B),
reinforcing the key finding of its aberrant activation
in this cancer. More importantly, NTSR1 expres-
sion showed a positive correlation with tumor stage
(Fig. 1C), suggesting that its upregulation may not only
be an early event in lung carcinogenesis but also closely
associated with disease progression and increased
aggressiveness. Thus, its expression level could serve
as a potential molecular marker for evaluating disease
stage. Furthermore, among the histological subtypes of
LUAD, the mucinous subtype exhibited the most pro-
nounced NTSR1 overexpression (Fig. 1D). This specific
association strongly indicates that aberrant NTSR1

Fig. 1 Bioinformatics analysis of NTSR1 gene expression, function and prognosis. A Pan-cancer analysis of NTSR1 expression. The mRNA expression
levels of NTSR1 across 15 cancer types compared with their corresponding normal tissues (data sourced from the Bioinformatics.com.cn platform).
Statistical significance was determined as follows: ns, not significant (p > 0.05); *p < 0.05; **p <0.01; ****p <0.0001. B Differential expression of NTSR1
in LUAD. Comparison of NTSR1 expression between normal and LUAD tissues. *p < 0.05. C NTSR1 expression across pathological stages in LUAD.
The association between NTSR1 mRNA levels and different tumor stages (I-IV) in LUAD. D NTSR1 expression in LUAD histological subtypes. Analysis
of NTSR1 expression levels across different histological subtypes of LUAD. E Genetic variation spectrum analysis of NTSR1. F Analysis of methylation
levels in the NTSR1 promoter region of LUAD tissues and normal lung tissues. G Prognostic value of NTSR1 in LUAD. Kaplan—-Meier survival curves
depicting the correlation between NTSR1 expression and overall survival (OS) in LUAD patients. High and low expression groups are shown

in red and blue, respectively. Log-rank p <0.05 was considered statistically significant. H Correlation between NTSR1 expression and immune cell
infiltration. Scatter plots showing the relationship between NTSR1 expression levels and the abundance of specific tumor-infiltrating immune cells
in LUAD. The blue solid line represents the trend fitted by locally estimated scatterplot smoothing (LOESS), with the gray shaded area indicating

the 95% confidence interval



Wang et al. Chinese Medicine (2026) 21:104

Page 6 of 17
BLCA | [BRCA | [coap | [Esca | [unsc | [ kicH | [ kire | [ kirp | [ Lic | [Luap] [Lusc | [praD | [ sTaD | [ THCA | [UCEC]
8
ns il ns ns > ns e > ns > ns > * ns ns
L ]
° Group
E Normal
6 E Tumor
L ] L ]
- 1 ]
é . . °
k1
Z [ ]
4 . .
[ ] . .
L ] .
o L]
1 ]
[ ]
e ° "
1 ]
2 1 [ °
1 d
P ] I ] 4 i
¥ ] . |
R /g | i b i A | }I’l .
é . L LA A £l .
= 1 & EXriin.
| § d LIS L 1L Ak
=5 5 E5 T 5 T 5 T 5 s E5 §Ts TS5 Es s TS5 EEOEB
EE EE EE EE EE EE EE EE EE EE EE EE EE EE E B
SE 2 F 2E 25 SE 2F 25 SE 2F 25 SF 25 25 SF 2
B ) C D
.
= 02 o 025
2 =
= = =12
£0.15 g 02 E
= = =10 T
2 2 015 Eq |
E o1 3 g i
= 01 = 6 i
2 2 . B 4
= = -
= 0.05 g 005 2
= e 52 i
0 P L. = = T .
N F & >3 PO & S
Normal Primary tumor NO:mal St_agel S‘_ageZ S'igei" S'a_ge“ ég K 5“ f 57 f 5 § s s $§ i S.S%
(n=59) (n=515) (n=59) (n=277) (n=125) (n=85) (n=28) =8 S ESITESIFES
C & FFIy &S
s E IS $
£ & & &
§ & v§
N S
E F G § s
S
Samples per Patient
I — Promoter methylation level of NTSRI in LUAD < AR 169 (.56 500)
Profiled in Mutations 0.8= logrank P = 0.00038
o
[ I =
O - T T
Profiled in Putative copy-number alterations from GISTIC 2 061 : 1 T — £ o
= 1 1 1 ] 2
0 [ | : i 3
£ 044 : E <
NTSRI (11%) g H S
| B | 5
02 < 7| Expression
i 1 1 low
B Missense Mutation (unknown significance) ] Amplification o el - -~ g4 T high
T T T T T
Normal Stagel Stage2 Stage3 Stage4 0 50 100 150 200 250
IDcchclcliun mRNA High  No alterations ~— Not profiled =32)  (n=260) 0=115)  (1=73) (n=20) Time (months)
Number at risk
0l > I ves No TCGA samples low 278 50 10 3 2 0
high 226 2 6 3 1 0
s Purity B Cell CD8+ T Cell CD4+ T Cell Macrophage Neutrophil Dendritic Cell
& . cor = -0.172 L] partial.cor = -0.048 LS partial.cor = 0.008 L1 partial.cor = 0.182| | ® partial.cor = 0.186 ® partial.cor = 0.287 . partial.cor = 0.233
o p =1.26:04 p = 2.89e-01 . p = 8.62e-01 p=5.48e05| | p=3.71e-05 . p = 1.27e-10| J P = 2.036-07|
56 0y . 0 - * . . o
@ . . . . . .
5 HEI o .
‘@ . »®
82 i
& . :
Zo =3 m_. O
g 025 0.50 0.75 1.00 0.0 0.1 0.2 03 04 05 0.0 02 04 06 05 00 0.1 02 03 04 0.0 0.1 02 03 0.0 05 10

Fig. 1 (See legend on previous page.)



Wang et al. Chinese Medicine (2026) 21:104

expression may be linked to the development of par-
ticular pathological subtypes, especially the mucinous
variant.

Based on these findings, we further analyzed the
genetic alteration profile of NTSR1 (Fig. 1E). The
results showed that approximately 11% of tumor sam-
ples harbored genetic alterations in NTSR1, with mis-
sense mutations being the most common (6%), followed
by gene amplification (3%) and deep deletion (2%).
Notably, 4.3% of cases exhibited significant mRNA
overexpression without detectable DNA-level altera-
tions, suggesting possible epigenetic regulation. To test
this hypothesis, we compared the methylation levels in
the NTSR1 promoter region between LUAD tissues and
normal lung tissues (Fig. 1F). In contrast to the typical
silencing pattern observed for tumor suppressor genes,
the promoter methylation of NTSR1 was significantly
higher in tumor tissues than in normal tissues, indicat-
ing that its overexpression is not driven by promoter
demethylation. This inverse regulatory pattern implies
that NTSR1 expression may be governed by other epi-
genetic mechanisms. Its high expression in LUAD is
thus likely a complex process driven by a combination
of genetic and epigenetic events.

To evaluate the clinical relevance of these molecu-
lar features, we further assessed the prognostic value
of NTSR1 expression. Kaplan—Meier survival analysis
revealed that high NTSR1 expression was significantly
associated with shorter overall survival (OS) in LUAD
patients, suggesting its potential as an independent
prognostic factor for poor outcome (Fig. 1G). Given
the critical role of the tumor immune microenviron-
ment in cancer progression and treatment response, we
subsequently examined the correlation between NTSR1
expression and immune cell infiltration. Our analysis
showed that NTSR1 expression levels were positively
correlated with the infiltration of CD8" T cells, CD4*
T cells, macrophages, neutrophils, and dendritic cells,
whereas a negative correlation was observed with B
cell abundance and tumor purity (Fig. 1H). This com-
plex immune association pattern suggests that NTSR1
may contribute to shaping an immunosuppressive

(See figure on next page.)
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microenvironment in LUAD by modulating the recruit-
ment or function of specific immune cells.

Screening and characterization of NTSR1 antagonists

As described in the introduction, the binding of NTS to
NTSR1 primarily drives tumor cell proliferation, sur-
vival, migration, and metastasis via the classical “Gq-
Ca**-PKC-MAPK” signaling axis. Therefore, screening
compounds that antagonize NTSR1 and inhibit Gq sign-
aling is theoretically a promising strategy to suppress
tumor progression. In our previous large-scale screening
efforts, we identified liensinine as a potential interactor
of NTSR1 (unpublished data), however, the biological
function of this interaction and its downstream signaling
mechanisms remain unclear.

To elucidate the specific signaling mechanism, we first
characterized the downstream signaling profile of NTS-
induced NTSR1 activation using the ONE-GO biosensor
system (Fig. 2A). The results revealed that NTS activation
of NTSR1 significantly stimulated multiple G protein
subtypes, including Gi/o, Gq/11, and G12/13, but did not
activate the Gs pathway. Notably, NTSR1 exhibited the
strongest coupling efficacy to the canonical oncogenic
Gq subtype, which was markedly more potent than its
coupling to the Gi/o family or G12/13 subtypes (Fig. 2B).
Subsequently, to evaluate the inhibitory effect of liensi-
nine on NTS-induced NTSR1 signal transduction, we
treated cells with 20 uM liensinine following NTS stimu-
lation and monitored its impact on downstream G pro-
tein coupling (Fig. 2C). The results demonstrated that
liensinine potently and specifically blocked the NTSR1-
mediated classical Gq signaling axis. Concurrently, liensi-
nine exhibited broad-spectrum inhibitory activity against
Go, G12/13, and Gi3 subtypes, although its effects on
these pathways were less complete compared to its nearly
complete suppression of Gq signaling. Interestingly, we
found that liensinine had minimal inhibitory effect on the
coupling of Gz, Gil, and Gi2, with particularly negligible
suppression observed for Gil and Gi2 (Fig. 2D).

Building upon these findings, we further examined
B-arrestin recruitment using the PRESTO-Tango assay.
The results showed that NTS stimulation alone effec-
tively recruited B-arrestin in a concentration-dependent

Fig. 2 Liensinine interacts with NTSR1 and inhibits its downstream G protein signaling pathways. A Schematic diagram of ONE-GO biosensor
detection system. B Signal profiles of multiple G protein subtypes upon NTS-induced NTSR1 activation. C Schematic diagram illustrating

the broad-spectrum inhibitory effects of liensinine on NTSR1-mediated activation of nine Ga subunits as detected by the ONE-GO biosensor. D
Liensinine inhibits NTS-induced activation of pathways. E PRESTO-Tango reveals that liensinine does not inhibit NTS-induced {3-arrestin recruitment
to NTSR1. F Measurement of receptor internalization (In-cell ELISA) indicates that liensinine does not prevent NTS-mediated reduction of NTSR1
membrane expression. Statistical significance was assessed by one-way analysis of variance (one-way ANOVA) followed by Dunnett’s multiple
comparisons test. Asterisks in figures indicate statistical significance as follows: ns (not significant); *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. G
Direct binding analysis by SPR demonstrates that liensinine interacts with NTSR1
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manner. When cells were co-treated with NTS and
liensinine, PB-arrestin recruitment remained concentra-
tion-dependent and was not markedly blocked. Nota-
bly, liensinine alone did not induce significant B-arrestin
recruitment (Fig. 2E). To investigate the effect of liensi-
nine on receptor membrane localization, we assessed
the membrane expression of FLAG-NTSR1 via in-cell
ELISA. Treatment with NTS significantly reduced the
membrane expression of NTSRI, indicating receptor
internalization. This internalization effect persisted when
NTS was combined with liensinine. In contrast, liensi-
nine alone did not cause a significant change in NTSR1
membrane expression (Fig. 2F).

To determine whether liensinine exerts its effect
through direct binding to NTSR1, we performed SPR
spectroscopy. Purified human NTSR1 was immobilized
on a CM5 sensor chip. Injecting increasing concentra-
tions of liensinine resulted in concentration-dependent
binding responses (Fig. 2G, left panel). The sensoryrams
were fitted using a 1:1 Langmuir binding model, which
yielded an equilibrium dissociation constant (K_D) of
9.26x1077 M (Fig. 2G, right panel). No significant bind-
ing was detected to a mock-immobilized reference sur-
face, confirming the specificity of the interaction. These
data establish liensinine as a direct binder of NTSR1 with
micromolar affinity.

Liensinine inhibits lung cancer cell proliferation, migration,
and invasion by regulating NTSR1

To evaluate the anti-LUAD potential of liensinine, we
established non-targeting control (sh-NTC) and stable
NTSR1 knockdown (sh-NTSR1) models in A549 cell
lines, and efficient knockdown of NTSR1 was confirmed
by western blot analysis (Fig. 3A). We assessed the effect
of liensinine on A549 cell viability using CCK-8 assays.
The results showed that liensinine significantly inhib-
ited A549 cell proliferation in a concentration-dependent
manner, with an IC;, value of 20 uM (Fig. 3B). Based on
this finding, we selected 20 uM as the working concen-
tration of liensinine for subsequent experiments. Further
experiments revealed that either NTSR1 knockdown or
liensinine treatment alone effectively reduced the viabil-
ity of A549 cells (Fig. 3C). Notably, liensinine treatment
alone exhibited a more significant anti-proliferative effect
compared to its application in the context of NTSR1
knockdown, indicating that NTSR1 is required for the
tumor-suppressive function of liensinine. In addition,
Annexin V-APC/DAPI double-staining flow cytometry
analysis demonstrated that both NTSR1 knockdown and
liensinine treatment independently induced significant
apoptosis in A549 cells. Importantly, liensinine treat-
ment alone induced a more substantial apoptotic effect
compared to its use under NTSR1 knockdown conditions
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(Fig. 3D, E), further confirming that the pro-apoptotic
effect of liensinine depends on the presence of NTSRI.
To assess the generalizability of our findings beyond
A549 cells, we evaluated the effect of liensinine on the
viability of three additional LUAD cell lines (HCI-H1299
+ HCI-H1975 and PC-9). Consistent with the results in
A549 cells, liensinine treatment alone exhibited a more
significant anti-proliferative effect compared to its appli-
cation in the context of NTSR1 knockdown (Fig. 3F, G).

Identification of differentially expressed genes in response
to OE-NTSR1 and liensinine
The malignant progression of LUAD is driven by multi-
ple constitutively activated oncogenic signaling pathways.
To elucidate the molecular pathways regulated by the
liensininel (9D10)-NTSR1 axis during LUAD progres-
sion, we performed deep RNA sequencing under four
isogenic conditions: EV, EV +liensinine, OE-NTSR1, and
OE-NTSR1 +liensinine, with three biological replicates
per group. Principal component analysis (PCA) based on
gene expression levels (TPM) revealed four distinct clus-
ters, closely reflecting the experimental design and indi-
cating high intra-group consistency and minimal batch
effects (Fig. 4A). PC1, accounting for 26.8% of the total
variance, clearly separated NTSR1-overexpressing clones
from EV along a single trajectory, identifying NTSR1
as the primary driver of transcriptional differences.
PC2 (15.5% of variance) stably distinguished liensinine-
treated from vehicle-treated samples in the NTSR1-high
background, suggesting that liensinine exerts a consist-
ent, though modest, effect on gene expression.

Differential expression analysis (|log,FC|>1, p<0.05)
was visualized using volcano plots (Fig. 4B). Compared to
the EV con, liensinine monotherapy (EV liensinine) sig-
nificantly altered 640 genes (449 up, 191 down). NTSR1
overexpression alone (OE-NTSR1 Con) induced more
substantial changes, modulating 1776 genes (1023 up,
753 down) compared to the control. Strikingly, in the
NTSR1-overexpressing background, liensinine treat-
ment (OE-NTSRI1 liensinine) resulted in a more focused
set of 488 altered genes (258 up, 230 down) compared
to its respective control. Furthermore, direct compari-
son between EV liensinine and OE-NTSR1 liensinine
revealed 1540 differentially expressed genes (987 up, 553
down), highlighting the profound impact of NTSRI1 sta-
tus on the cellular response to liensinine. Most impor-
tantly, the combined effect of NTSR1 overexpression and
liensinine (OE-NTSR1 liensinine) versus the baseline
control (EV Con) identified 1483 differentially regulated
genes (927 up, 556 down), underscoring a potent syner-
gistic transcriptional reprogramming.

Following the identification of differentially expressed
genes (DEGs) across all comparisons, a Venn diagram
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Fig. 3 The inhibitory effect of liensinine on cell proliferation and its promotion of apoptosis are dependent on NTSR1. Statistical significance
was assessed by one-way analysis of variance (one-way ANOVA) followed by Dunnett's multiple comparisons test. Asterisks in figures indicate
statistical significance as follows: ns (not significant); *P <0.05; **P <0.01; **P <0.001; ****P <0.0001. A Western blot analysis of sh-NTSR1

and OE-NTSR1 efficiency expression in A549 cells. B A549 cells were cultured in liensinine at concentrations ranging from 0 to 50 uM for 48 h,
and cell viability was assessed using the CCK-8 assay. C A549 cells were cultured in liensinine at specified concentrations for 24-96 h to assess
cell viability. D and E Percentage of apoptotic cells after liensinine treatment, determined by fluorescence-enhanced flow cytometry. F Western
blot analysis of sh-NTSR1 efficiency expression in HCI-H1299, HCI-H1975 and PC-9 cells. G HCI-H1299, HCI-H1975 and PC-9 cells were cultured
in liensinine at specified concentrations for 24-96 h to assess cell viability. Cell viability (CCK8)
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Fig. 4 Transcriptomic profiling reveals molecular characteristics associated with NTSR1 overexpression and liensinine synergy. A PCA depicting
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sample, with colors indicating experimental groups. B Heatmap of hierarchically clustered differentially expressed genes. C Venn diagram illustrating
the overlap of differentially expressed genes identified across the four experimental comparisons

was used to visualize the overlap and specificity of tran-
scriptional changes under the four treatment conditions
(Fig. 4C). The analysis revealed a core set of four genes
common to all comparisons. These commonly regulated
genes likely represent a fundamental transcriptional
network essential for the synergy between NTSR1 over-
expression and liensinine, potentially acting as key medi-
ators of the combined effect.

Functional enrichment analysis of differentially expressed
genes

To further elucidate the biological roles of NTSR1
overexpression and its potential antagonist, liensi-
nine, this study categorized five experimental groups
(EV vs. EV +liensinine, EV vs. OE-NTSR1, EV vs. OE-
NTSR1 +liensinine, OE-NTSR1 vs. OE-NTSR1 + liensi-
nine, EV liensinine vs. OE-NTSR1 liensinine) into three
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distinct treatment conditions: NTSR1 overexpression,
liensinine drug treatment, and the combination of over-
expression with drug treatment. Functional enrichment
analysis of differentially expressed genes under these
conditions revealed that Gene Ontology (GO) analysis
did not indicate broad functional alterations (Fig. 5A, B,
C). In contrast, KEGG pathway enrichment uncovered a
series of highly specific signaling pathways closely associ-
ated with tumor biology, thereby providing a solid molec-
ular basis for our phenotypic hypothesis (Fig. 5D, E, F).

In the NTSR1 overexpression group, we observed sig-
nificant activation of multiple pathways directly linked
to tumorigenesis and progression (Fig. 5D). The enrich-
ment of the neuroactive ligand-receptor interaction and
calcium signaling pathways is highly consistent with the
identity of NTSR1 as a GPCR, suggesting that its overex-
pression may sustain the activation of downstream pro-
proliferative and survival signals through autocrine or
paracrine mechanisms. Furthermore, the activation of the
cytokine-cytokine receptor interaction pathway indicates
a potential remodeling of the immune response within
the tumor microenvironment, which is often associated
with tumor immune evasion. Notably, perturbations in
metabolic pathways such as arachidonic acid metabolism
and bile secretion further revealed a potential novel func-
tion of NTSR1 in reprogramming cellular metabolism to
support rapid growth. Together, these findings outline a
molecular map through which NTSR1 may exert its pro-
tumorigenic effects by coordinately driving pro-prolifer-
ative signaling, an inflammatory microenvironment, and
metabolic adaptation.

In the group treated with liensinine alone, the enriched
pathways displayed a pattern distinct from that of the
overexpression group (Fig. 5E). Drug treatment specifi-
cally led to enrichment in sterol biosynthesis, cholesterol
metabolism, and protein processing in the endoplasmic
reticulum. These alterations typically point to two key
anti-cancer mechanisms: First, the inhibition of choles-
terol and its derivatives (such as certain hormones) can
directly restrict the biomembranes and signaling mol-
ecules required for tumor growth. Second, the induction
of endoplasmic reticulum stress may trigger the unfolded
protein response, thereby suppressing protein synthesis
and potentially inducing apoptosis. Concurrently, the
enrichment of the PPAR signaling pathway further cor-
roborates the profound metabolic reprogramming elic-
ited by the drug.

The most critical evidence emerged from the “over-
expression +liensinine” combination treatment group
(Fig. 5F). In this group, the enrichment levels of many
pro-tumorigenic signaling pathways characteristic of
NTSR1 overexpression—most notably neuroactive
ligand-receptor interactions—were markedly attenuated.
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The calcium signaling pathway was no longer enriched,
potentially indicating that liensinine blocks NTS-medi-
ated activation of the Gq-coupled signaling pathway
downstream of NTSR1. Meanwhile, pathways repre-
senting the effects of liensinine (e.g., sterol biosynthesis)
and those related to both conditions (e.g., complement
and coagulation cascades, bile secretion) were enriched.
This shift in the transcriptional profile—from “pro-
signaling transduction” towards “pro-metabolic regula-
tion”—strongly demonstrates that liensinine effectively
counteracts the oncogenic activity of NTSR1 and resets
the cellular transcriptional program from a proliferation-
driven state to a drug-controlled state characterized by
enhanced metabolic stress.

To further validate the effects of NTSR1 overexpression
and liensinine treatment on downstream signaling at the
protein level, we performed Western blot analysis. The
results showed that in OE-NTSR1 cells, stimulation with
NTS significantly enhanced the phosphorylation levels of
PKC and ERK compared with the control group, indicat-
ing that NTSR1 activation effectively promotes the phos-
phorylation of both PKC and ERK signaling pathways.
In contrast, when cells were treated with both NTS and
liensinine, the signal intensities of p-PKC and p-ERK
were markedly reduced relative to the NTS-alone group
(Fig. 5G). Treatment with liensinine alone also decreased
the phosphorylation levels of p-PKC and p-ERK, suggest-
ing that liensinine itself exerts a certain inhibitory effect
on basal signaling activity. Conversely, in sh-NTSR1 cells,
none of the three treatments—NTS alone, NTS com-
bined with liensinine, or liensinine alone—produced
significant changes in p-PKC or p-ERK levels compared
with the control (Fig. 5G). These results further con-
firm that the inhibitory effect of liensinine on the down-
stream PKC and ERK signaling pathways is dependent on
NTSR1 expression.

The core gene signature mediating the NTSR1-liensinine
interaction

To substantiate the pivotal role of the four core overlap-
ping genes identified from our transcriptomic analysis
(Fig. 4C), which are hypothesized to constitute the fun-
damental transcriptional network underlying the syn-
ergistic interplay between NTSR1 overexpression and
liensinine treatment, we performed a two-tiered vali-
dation strategy. This encompassed experimental con-
firmation of their expression patterns in vitro and an
assessment of their clinical relevance in LUAD patient
cohorts.

We sought to validate the expression changes of
these four core genes in isogenic cell line models using
RT-qPCR. The qPCR results strongly corroborated
our RNA-seq findings. Specifically, under the four
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experimental conditions—EV, EV +liensinine, OE-
NTSR1, and OE-NTSR1 +liensinine—the expression
trends of PTGS2, SPR1, ABCGI1, and ABCAI closely
matched those from the sequencing data (Fig. 6A).

This independent verification confirms the reliability of

our transcriptomic dataset and reinforces the status of
these genes as a consistent molecular signature respon-
sive to both NTSR1-driven tumorigenesis and liensi-
nine-mediated antagonism. Next, to extend beyond our
cellular model and evaluate the translational relevance
of this core gene set, we interrogated publicly available
LUAD patient data from the UALCAN platform. We
analyzed the expression patterns of these four genes in
LUAD and their collective impact on patient survival.
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Kaplan—Meier analysis revealed that high expression
of ABCA1, ABCGI, and PTGS2 was associated with
more favorable survival outcomes, with ABCGI show-
ing the strongest protective effect. In contrast, high
SPR1 expression indicated poor prognosis (Fig. 6B).
Concurrently, comparison of gene expression between
lung cancer tissues and adjacent normal tissues showed
that SPRI was significantly upregulated in tumors,
whereas ABCA1, ABCG1, and PTGS2 exhibited higher
expression in normal tissues (Fig. 6C). Together, these
results suggest that this gene signature may hold value
for prognostic assessment and therapeutic targeting in
cancers such as LUAD.
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Discussion

This study provided multi-omics evidence supporting the
central role of NTSR1 in LUAD. We demonstrated that
NTSR1 is significantly overexpressed in LUAD tissues,
and its expression level strongly correlates with advanced
TNM stage and poor overall survival, aligning with its
reported roles in other solid tumors [28—32]. These find-
ings suggest that aberrant NTSR1 activation is a key
oncogenic driver across cancer types. Furthermore, our
analysis linked NTSR1 overexpression to the remodeling
of the tumor immune microenvironment, offering a new
perspective for understanding LUAD heterogeneity and
treatment resistance. Previous studies demonstrated that
NTSR1 may contribute to an immunosuppressive micro-
environment via crosstalk with pathways such as PKC/
MAPK and EGEFR, or by regulating the expression of
immune-related genes, potentially diminishing the effi-
cacy of immune checkpoint inhibitors [27, 33—35]. Thus,
targeting NTSR1 presents a dual therapeutic strategy,
directly inhibit tumor growth and overcoming resistance
to existing targeted and immunotherapies.

Although prior studies have suggested a potential role
for NTSR1 in lung cancer, we provide direct genetic evi-
dence through loss-of-function experiments, confirming
that NTSR1 is indispensable for maintaining the malig-
nant phenotype of LUAD cells. A key breakthrough of
this work is the first identification of the natural product
liensinine as a potent NTSR1 antagonist. Subsequent
in-vitro pharmacodynamic evaluations showed that
liensinine phenocopied the effects of NTSR1 knock-
down, effectively inhibiting cell proliferation and migra-
tion while promoting apoptosis. This discovery provides
a novel and promising lead compound for developing
NTSR1-targeted therapies, and offers pharmacological
validation that NTSR1 is a “druggable” target for LUAD
treatment [36].

Canonical NTSR1 signal transduction relies on the
Gay1;-PLC-PKC axis [37, 38], a mechanism was validated
in our earlier ONE-GO biosensor assays. Our RNA-seq
data revealed significant enrichment of the Ca** signal-
ing pathway, accompanied by altered expression of its key
genes, thereby providing support for the aforementioned
mechanism. In contrast, liensinine treatment abolished
the Ca®* pathway enrichment and attenuated neuroactive
ligand-receptor interactions. Instead, pathways related
to metabolism, such as steroid biosynthesis, cholesterol
metabolism, and endoplasmic reticulum protein process-
ing were significantly enriched. This transcriptional shift
from a “pro-signaling transduction” to a “pro-metabolic
regulation” profile indicates that liensinine effectively
antagonizes the oncogenic activity of NTSRI. It exerts its
anti-tumor effects by redirecting the cellular transcrip-
tional program from a proliferation-driven state to one
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dominated by metabolic stress responses. These findings
are consistent with our data from the ONE-GO biosen-
sor, which showed that liensinine inhibits Gq signaling.

Furthermore, we observed that NTSR1-coupled Gi/o
signaling was less suppressed upon drug treatment,
suggesting that liensinine may promote sustained cou-
pling of NTSR1 to Gi/o proteins. This could activate the
Gi/o— AC inhibition - cAMP decrease - AMPK acti-
vation axis, thereby shifting the transcriptional program
toward genes involved in “energy metabolism/fatty acid
oxidation/glycolysis” This shift phenotypically presenting
as a transcriptional contrast characterized by “metabolic
enrichment and loss of Gq signaling” Therefore, KEGG
pathway analysis not only validated the hypothesis that
NTSR1 acts as an oncogene by activating multiple signal-
ing networks to drive tumor progression but also delin-
eated the mode of action of its antagonist, liensinine.
Specifically, liensinine appears to antagonize pro-tum-
origenic signaling by interfering with NTSR1 coupling
to Gq/11 proteins, while potentially biasing receptor
signaling preference toward the Gi/o-AMPK metabolic
regulatory axis. Moreover, the discovery of the core gene
signature (PTGS2, SPR1, ABCGI1, ABCAI) further eluci-
dates the molecular interface between NTSR1 activation
and pharmacological inhibition.

Despite our findings, this study has certain limitations.
Our conclusions are derived from in vitro cell line mod-
els. Although we have validated the anti-LUAD effect of
liensinine across multiple cell lines (A549, HCI-H1299
+ HCI-H1975 and PC-9), the clinical relevance requires
further investigation. Future studies should analyze
NTSRI1 expression in primary LUAD patient samples and
correlate it with clinicopathological features and patient
outcomes. Furthermore, it should be noted that this
study has two main limitations regarding in vivo evalu-
ation. First, the inhibitory effects of liensinine on the
NTSR1-Gq signaling pathway and its downstream phe-
notypes were only validated in vitro using cell models.
No in vivo tumor models in mice have been established
to directly demonstrate its antitumor efficacy or to deter-
mine the exposure-response (PK/PD) relationship [39].
Second, existing literature suggests that liensinine has
low oral bioavailability (reported to be low) [40], indicat-
ing that if it is to be developed as a systemic therapeutic
agent, its pharmacokinetic/pharmacometabolic (ADME)
properties and route of administration need to be thor-
oughly optimized.

Based on these limitations, follow-up studies should
include the following: dose—response and tolerabil-
ity experiments in suitable in vivo tumor models (e.g.,
xenograft or immunocompetent syngeneic models) to
evaluate antitumor activity; systematic ADME/toxic-
ity assessments covering solubility, hepatic microsomal
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metabolism, permeability, plasma protein binding, CYP
enzyme interactions, and hERG inhibition potential.

Nevertheless, the cellular and mechanistic evidence
provided in this study establishes liensinine as a potential
lead compound targeting the NTSR1-Gq pathway, laying
an important foundation for subsequent in vivo studies
and pharmacokinetic optimization.

Conclusion

In conclusion, this study establishes NTSR1 as a critical
oncogenic driver and a promising therapeutic vulnerabil-
ity in LUAD. Through a multi-faceted approach, we have
not only corroborated its prognostic significance and role
in shaping the tumor immune landscape but also, for the
first time, identified the natural compound liensinine as a
potent and selective NTSR1 antagonist. Mechanistically,
liensinine exerts its anti-tumor effects by preferentially
inhibiting the canonical Gq-mediated Ca?*-PKC-MAPK
signaling axis and shifting the cellular transcriptional
program towards metabolic stress responses. Overall,
the data encourage additional preclinical studies to assess
NTSR1-targeted strategies in LUAD and to determine
the therapeutic potential of liensinine.
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