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SUSD?2 suppresses lung adenocarcinoma tumorigenesis by inducing
autophagy via inhibiting PI3K/AKT/mTOR signaling pathway
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ABSTRACT

Lung adenocarcinoma (LUAD) is the most common and aggressive non-small cell lung cancer with limited
therapeutic options. SUSD2 exhibits varying regulatory behaviors in different types of tumors, its role in
LUAD remains unclear. This study aims to determine the role of SUSD2 in LUAD and explore the underlying
mechanism. Through TCGA database analysis, we discovered that SUSD2 expression is significantly downreg-
ulated in LUAD tissues, and its low expression is closely associated with advanced disease stages and poor
patient prognosis. Further immunohistochemical validation confirmed reduced SUSD2 expression in clinical
samples. Functional assays demonstrated that SUSD2 overexpression markedly inhibits LUAD cell prolifera-
tion, migration, and invasion, and also suppresses tumor growth and metastasis in mouse models. Mechanistic
studies revealed that SUSD2 overexpression promotes autophagic flux (indicated by increased LC3-II and
decreased p62) and suppresses the PI3K/AKT/mTOR signaling pathway. The antitumor effects of SUSD2 were
attenuated by the autophagy inhibitor 3-MA or ATG5 knockdown, while reactivation of mTOR reversed
SUSD2-induced autophagy and tumor suppression. In summary, SUSD2 functions as a tumor suppressor in
LUAD by inducing autophagy and inhibiting the PI3K/AKT/mTOR pathway, suggesting its potential as a ther-
apeutic target and prognostic biomarker.
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Introduction

Lung adenocarcinoma (LUAD) represents the most prevalent
histological subtype of non-small cell lung cancer (NSCLC) and is
the leading cause of lung cancer-related mortality worldwide.! Due
to its often asymptomatic early stages, LUAD is frequently diag-
nosed at an advanced stage, resulting in limited treatment efficacy
and poor clinical prognosis.> However, while targeted therapies
and immune checkpoint blockade have achieved monumental suc-
cesses, the 5-year survival rate for advanced LUAD remains below
20%, which underscores the urgent need for novel therapeutic
strategies and deeper mechanistic insights.’ Therefore, elucidating
the molecular mechanisms underlying LUAD initiation and pro-
gression, as well as identifying new prognostic markers and thera-
peutic targets, holds considerable clinical significance.

Autophagy is a highly conserved lysosomal degradation path-
way that maintains cellular homeostasis by clearing dysfunctional
or redundant cellular components through lysosomal activity, and
is critical for cancer pathogenesis. And it restrains tumor initiation
by maintaining genomic stability and cellular homeostasis.
Conversely, autophagy can also promote tumor progression by
facilitating cancer cells’ survival under metabolic, oxidative, or
therapeutic stress.*> Mitophagy, a selective form of autophagy
responsible for removing damaged mitochondria, helps prevent
mitochondrial dysfunction and accumulation of reactive oxygen
species. Therefore, impaired mitophagy has been increasingly
linked to malignant transformation and metastasis.®’

SUSD?2 is an integral membrane protein associated with cell
adhesion and signaling, which is involved in multiple oncogenic
processes, such as cell proliferation, migration, immune evasion,
and epithelial-mesenchymal transition (EMT).%® Although SUSD2
overexpression is strongly associated with metastasis and unfavor-
able prognosis of NSCLC, its function of autophagy, especially
mitophagy, remains largely unexplored.'”

With diverse analytical methods, SUSD2 has been proven as a
novel regulator of autophagy and facilitates autophagic activity in
LUAD tumors, thereby it could suppress tumor cell survival and
metastatic potential."! Not only do these findings reveal the new
function of SUSD2 during the regulation of autophagy, but they
also suggest the possibility as a therapeutic target for LUAD.!?

Materials and Methods

Bioinformatics analysis

In the study, we utilized a series of bioinformatics analyses and
websites to comprehensively evaluate SUSD2 expression and clin-
ical relevance. RNA sequencing (RNA-seq) data and clinical infor-
mation from 483 LUAD samples and 59 adjacent non-tumor tis-
sues were obtained from The Cancer Genome Atlas (TCGA)
database (http://portal.gdc.cancer.gov/; accessed on January 1,
2024). Batch effects were assessed and corrected using the
ComBat method implemented in the SVA R package to account for
systematic variations introduced by different sequencing platforms
and sample processing batches. Raw count data were normalized
using upper quartile normalization followed by log2 transforma-
tion to reduce technical variability. Differential expression of
SUSD2 was visualized using box plots. Kaplan-Meier survival
analysis and log-rank tests were performed based on TCGA-
LUAD clinical data, with patients stratified into two categories
according to the median SUSD2 expression level: a high expres-
sion group and a low expression group. The correlation between
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SUSD2 expression and clinical outcomes was evaluated, and
receiver operating characteristic (ROC) curve analysis was applied
to compare SUSD2 expression between LUAD and matched nor-
mal lung tissues. The area under the curve (AUC) was calculated
to quantify the discriminatory capacity of SUSD2. To further
investigate the molecular mechanisms involving SUSD2 in
LUAD, Gene Set Enrichment Analysis (GSEA) was performed
using GSEA software (v4.3.0; https://www.gsea-
msigdb.org/gsea/index.jsp). Besides, a protein-protein interaction
(PPI) network was constructed in the STRING database
(https://string-db.org/; accessed on January 1, 2024) and visualized
in Cytoscape (v3.9.1) to elucidate functions and molecular mecha-
nisms of SUSD2 in LUAD. To systematically investigate the
potential biological roles of SUSD2-associated genes, Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses were performed on both up-regulat-
ed and down-regulated genes.

Clinical sample collection

This study included 40 pairs of tumor tissues and adjacent nor-
mal lung tissues from LUAD patients, collected in 2024 at Wuhu
Second People’s Hospital. Supplementary Table 1 provides
detailed clinical information for each patient, including pathologi-
cal number, gender, age, hospitalization number, admission and
discharge time, and tumor stage. This study was approved by the
Ethics Committee of Wuhu Second People’s Hospital (Approval
No. 2024-KY-225) and conducted in accordance with the ethical
guidelines of the Declaration of Helsinki. Prior to sample collec-
tion, written informed consent was obtained from all participants.
Each tissue specimen was divided into two portions: one was fixed
and embedded for histopathological examination, and the other
was snap-frozen and stored in liquid nitrogen for subsequent
molecular analysis.

Immunohistochemistry

Tissue samples were paraffin-embedded and sectioned at 4
um thickness using a microtome. Sections were deparaffinized in
xylene, rehydrated through a graded ethanol series, and rinsed
with phosphate-buffered saline (PBS). Antigen retrieval was per-
formed by microwave heating in citrate buffer (pH 6.0) at 95°C
for 15 min, then cooled to room temperature. To block nonspecific
binding, sections were incubated with 5% bovine serum albumin
(BSA) for 30 min. Subsequently, slides were incubated overnight
at 4°C in a humidified chamber with a rabbit anti-human SUSD2
primary antibody (Cat# bs-2850R; Bioss Inc., Woburn, MA,
USA), diluted 1:200. After three washes with PBS (5 min each),
sections were incubated at room temperature for 1 h at room tem-
perature with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (Cat# B001; Ebiogo, Hefei, China). Color devel-
opment was performed using a 3,3’-Diaminobenzidine (DAB)
substrate (Cat# B0O11; Ebiogo), with the reaction monitored under
a microscope and terminated by rinsing with PBS. Finally, nuclei
were counterstained with hematoxylin. Staining results were eval-
uated independently by two pathologists blinded to the clinico-
pathological data. A dual semi-quantitative scoring system was
employed:® staining intensity was scored as 0 (negative), 1
(weak), 2 (moderate), or 3 (strong); the proportion of positive
cells was scored as 0 (0%), 1 (1-10%), 2 (11-50%), 3 (51-80%),
or 4 (81-100%). The composite score was calculated as the prod-
uct of the intensity score and the proportion score, resulting in a
final score ranging from 0 to 12. This composite score was used
for statistical comparisons between LUAD tissues and adjacent
normal tissues. Images were acquired and quantified using ImagelJ

software (v1.53) to assist in the analysis.
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Cell culture and transfection

This study utilized the human normal bronchial epithelial cell
lines BEAS-2B, along with human lung adenocarcinoma cell lines
A549, H1299, H2228 and PC9. All cell lines were obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). Cells were maintained in RPMI-1640 medium
(C11875500BT; Gibco, Waltham, MA, USA), supplemented with
10% fetal bovine serum (FBS; C10010500BT; Gibco) and 1%
penicillin-streptomycin (15140122; Gibco), and incubated at 37°C
in a humidified atmosphere. To establish stable SUSD2-overex-
pressing cell models, H1299 and H2228 cells were infected with
lentiviral particles carrying the SUSD2 overexpression (SUSD2-
OE) and an empty vector, both purchased from HeYuan
Biotechnology (Shanghai, China). Each lentiviral construct co-
expressed green fluorescent protein (GFP) and the puromycin
resistance gene. Cells in the logarithmic growth phase were digest-
ed with trypsin and resuspended in complete culture medium to a
density of 1x10° cells/mL. A total of 2x10° cells were seeded per
well in 6-well plates (2 mL per well) and cultured overnight in a
CO, incubator. Infection was performed when the cell fusion
degree reached 60-70%. Polybrene (5 ng/mL, C0351; Beyotime
Biotechnology, Shanghai, China) was added to the medium to
enhance transduction efficiency of virus infection. Lentiviral parti-
cles were then introduced at a multiplicity of infection (MOI) of
10. Following 6-8 h of infection, the medium was replaced with
fresh complete medium (2 mL/well). After 48 h of further culture,
GFP expression was examined under a fluorescence microscope.
Once the proportion of GFP-positive cells exceeded 70%, cells
were harvested for subsequent experiments.

siRNA transfection

To knock down SUSD2 expression, small interfering RNA
(siRNA) was used for transfection. The siRNAs were purchased
from HeYuan Biotechnology. Thirty minutes prior to transfection,
the culture medium in six-well plates was replaced with 1 mL of
complete medium containing serum and antibiotics. A 100 pmol
aliquot of siRNA was diluted in 250 pL of serum-free medium and
gently mixed by pipetting or brief vortexing. Separately, 3 uL of
NanoTrans transfection reagent (RK001002; Biomedical) was
diluted in 250 pL of serum-free medium and gently mixed by
pipetting three to four times. The diluted NanoTrans reagent was
immediately added in its entirety to the diluted siRNA solution,
mixed by three pipetting strokes or brief vortexing, and incubated
at room temperature for 15 min to allow formation of NanoTrans-
RNA complexes. The complexes were added dropwise to the
medium in each well, and the plate was gently swirled to ensure
uniform distribution. At 8 h post-transfection, the medium contain-
ing the complexes was removed and replaced with fresh complete
medium containing serum and antibiotics. The cells were cultured
for an additional 24 h before being collected for subsequent exper-
iments.

Cell proliferation assay

In order to assess cell proliferation, we used the Cell Counting
Kit-8 (CCK-8) assay. Cell in the logarithmic growth phase were
trypsinized, resuspended, and seeded into 96-well plates at a den-
sity of 2,000 cells per well in 100 uL medium. Proliferation was
measured daily for five consecutive days (days 1-5). Meanwhile,
10 pL of CCK-8 reagent (B1099; Biogenetech, Hefei, China) was
added to each well, followed by incubation for 2 h at 37°C.
A microplate reader was used at 450 nm to measure absorbance.
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Wound healing assay

To evaluate migratory capacity, the wound healing assay was
performed. Briefly, cells in the logarithmic growth phase were
seeded into 6-well plates at an appropriate density. Upon reaching
approximately 90% confluence, a uniform scratch was created
across the monolayer using a sterile 10 pL pipette tip. After gently
washing twice with PBS to remove detached cells, the medium
was replaced with serum-free formulation. Images of the same
field were captured at 0, 12, 24, and 48 h after scratching using an
inverted microscope (Olympus [X73). Data analysis was carried
out using ImageJ software (v1.53, National Institutes of Health,
Bethesda, MD, USA), and the wound healing rate was calculated
as follows: healing rate (%) = (initial scratch area — scratch area at
each time point)/initial scratch area x 100%. Each experiment was
performed in triplicate and repeated independently three times.

Colony formation assay

A colony formation assay was performed to evaluate the prolif-
erative and colony-forming ability of cells in vitro. Cells in the log-
arithmic growth phase were trypsinized to generate a single-cell sus-
pension, resuspended in complete culture medium to obtain single-
cell suspensions, counted, and seeded into 6-well plates at a density
of 600 cells per well. Each well was supplemented with
2 mL of complete medium, and the plate was gently shaken to ensure
uniform cell distribution. Cells were cultured in a 37°C, 5% CO,
incubator for 14 days, with medium replacement every three days.
Colony growth was periodically monitored under a microscope.
After the culture, the medium was discarded and the cells were gen-
tly washed twice with pre-cooled PBS. Subsequently, cells were
fixed with 1 mL of 4% paraformaldehyde per well at room temper-
ature for 15 min, followed by two PBS washes. Fixed colonies were
stained with 1 mL of 0.1% crystal violet per well for 20 min at room
temperature. The staining solution was then removed, and plates
were rinsed multiple times with double-distilled water (ddH,O) until
the background was clear. Plates were air-dried at room temperature.
Images of the stained colonies were captured using a digital camera,
and colony numbers were quantified.

Transwell (non-ECM) invasion assay

Cell invasion ability was assessed in vitro using Transwell
chambers (Cat# 3450; Corning Inc., Corning, NY, USA). Each
chamber was placed into a 24-well plate, and 100 pL of serum-free
medium was added to the upper chamber, followed by incubation at
37°C for 1 h to equilibrate the membrane. Cells in the logarithmic
growth phase were digested, counted, and adjusted to a density of 6
x 10* cells per well. Then, 100 pL of the cell suspension was added
to the upper chamber, while 600 uL of medium containing 20%
FBS was added to the lower chamber. Cells were incubated at 37°C
in a 5% CO, atmosphere for 48 h. After incubation, the chambers
were carefully removed. Non-invasive cells remaining on the upper
surface of the membrane were gently removed with a cotton swab.
Chambers were fixed with 4% paraformaldehyde (Cat# E672002-
0100; Sangon Biotech, Shanghai, China) at room temperature for
30 min, washed three times with PBS, and stained with 0.1% crystal
violet staining solution (Cat# CO0775; Sigma-Aldrich, St. Louis,
MO, USA) for 30 min at room temperature. After staining, cham-
bers were washed three times with PBS (C10010500BT; Gibco),
after which chambers were air-dried. Three random fields per
chamber were imaged under a microscope at 100 x magnification,
and the number of invaded cells was counted.
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Apoptosis assay

Apoptosis was analyzed by flow cytometry using the Annexin
V-APC/7-AAD Apoptosis Detection Kit (KGA1106-100;
KeyGEN BioTECH, Nanjing, China). As the cells in the 6-well
plates had attained approximately 70%, we harvested the super-
natant to retain suspended cells. Adherent cells were digested with
trypsin, resuspended in complete medium, and combined with the
corresponding supernatant in the same 15 mL centrifuge tube.
Cells were centrifuged at 1300 rpm and 4°C for 5 min so as to dis-
card the supernatant. We utilized pre-cooled PBS (4°C) to wash the
cell pellet and resuspended the cells in 500 puL of Binding Buffer
to obtain a single-cell suspension, and adjusted the concentration
to 1x10° cells/mL. Then, 5 puL of Annexin V-APC and 5 pL of 7-
AAD were added, followed by gentle mixing and incubation in the
dark at room temperature for 10 min. Subsequently, 400 pL of pre-
cooled 1x binding buffer was added, gently shaken, and detected
by flow cytometry within 1 h. Every group performed three times.

qRT-PCR

Total RNA was extracted from cells using the AG RNAex Pro
RNA Extraction Kit (Cat# AG21102; Accurate Biology, Changsha,
China), with its concentration and purity determined by an Implen
NanoPhotometer® Ultra-Micro UV-Vis Spectrophotometer
(Implen GmbH, Munich, Germany). The cDNA was reversely
transcribed using Evo M-MLV Reverse Transcriptase (Cat#
AG11711; Accurate Biology) with random primers. qRT-PCR was
performed on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA) using
2X SYBR Green Pro Taq HS Premix (Cat# AG11701; Accurate
Biology). Each reaction was run in triplicate, along with a no-tem-
plate negative control, every group performed three times. The rel-
ative gene expression levels were normalized to GAPDH as the
internal reference and calculated using the 224 method. The fol-
lowing primers were used in the qRT-PCR experiments: GAPDH
(GenBank Accession No. 2597) forward: GGAGCGAGATCC-
CTCCAAAAT, reverse: GGCTGTTGTCATACTTCTCATGG
(product size: 197 bp, annealing temperature: 61.6°C); and SUSD2
(GenBank Accession No. 56241) forward: CACTGTGTCACTG-
GACAACG, reverse: GTGCCGTAGTATTGCCAACG (product
size: 129 bp, annealing temperature: 61°C).

Western blot

Cells were washed with pre-cooled PBS and lysed on ice for
30 min using RIPA lysis buffer (R0010; Solarbio, Beijing, China)
supplemented with protease and phosphatase inhibitors. Lysates
were collected and centrifuged at 12,000 g for 15 min at 4°C to
obtain the supernatant. Total protein concentration was quantified
via a BCA kit (P0010; Beyotime Biotechnology). Equal amounts
of protein (typically 20-40 pg) were mixed with loading buffer,
denatured by boiling for 5 min, and separated by SDS-PAGE and
transferred to PVDF membranes (IPVH00010; MilliporeSigma,
Burlington, MA, USA) under constant current conditions. The
membrane was blocked in TBST containing 5% BSA at room tem-
perature for 2 h. Primary antibody incubation proceeded overnight
at4°C. Following three 10-min washes with TBST, the membranes
were exposed to HRP-conjugated secondary antibodies for 1 h at
room temperature, followed by another three TBST washes. Signal
detection was carried out with an ECL system (Bio-Rad
Laboratories, Hercules, CA, USA), and band intensity was quanti-
fied with ImagelJ software (v1.53), and GAPDH was used as the
loading control for normalizing target protein expression.
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Transmission electron microscopy

To examine cellular ultrastructure, transmission electron
microscopy (TEM) was performed. Cells were harvested and
washed with pre-cooled 0.1 M PBS (pH 7.4), followed by fixation
overnight at 4°C in 2.5% glutaraldehyde. After three 15-min PBS
washes, and then made use of post-fixation samples were
post-fixed in 1% osmium tetroxide for 4°C 2 h. Samples were then
rinsed with PBS and dehydrated through a graded alcohols series
(15 min per step). Following dehydration, the samples were treated
with propylene oxide and gradually infiltrated with epoxy resin
(Epon 812), then polymerized at 37°C, 45°C, and 60°C. Ultra-thin
sections (70 nm) were cut employing an ultramicrotome and sub-
jected to staining with uranyl acetate and lead citrate. And the
images were recorded on the transmission electron microscope
(JEM1400; JEOL Ltd., Tokyo, Japan).

Autophagy inhibitor

To investigate the role of SUSD2 in autophagy regulation, the
classical autophagy 3-methyladenine (3-MA, Cat# HY-19312;
MedChemExpress, Monmouth Junction, NJ, USA) was dissolved
in sterile PBS to prepare a 100 mM stock solution and stored at -
20°C. For experimental use, the stock solution was diluted to a
final working concentration of 10 mM in complete culture medi-
um. Cells were treated with 10 mM 3-MA for 24 h before subse-
quent assays.

Autophagic flux assay

H1299 and H2228 cells in logarithmic growth phase were
digested with trypsin, resuspended in complete medium, and
counted. A total of 4x10° cells were seeded per well into 6-well
plates and incubated overnight at 37°C until cell confluence
reached approximately 60-70%. Thirty minutes before transfec-
tion, the medium was replaced with 1 mL of complete medium
containing serum and antibiotics. For each well, 10.4 pg of
mCherry-GFP-LC3 plasmid (H35627; HeYuan Biotechnology)
and 5.2 pg of SUSD2 plasmid (G0301245; General Biologicals,
Chuzhou, China) were diluted in 132 pL of serum-free DMEM and
mixed thoroughly. Separately, 6 pL of NanoTrans transfection
reagent (RK001003; Biogenetech) was diluted in another 132 pL
of serum-free DMEM. The two solutions were then combined and
incubated at room temperature for 10 min to allow formation of
NanoTrans-DNA complexes. The resulting transfection complex
was gently added dropwise to each well, followed by gentle mix-
ing. Cells were incubated for 16 h before replacing the medium
with fresh RPMI-1640 complete medium. After 48 h of transfec-
tion, 10 mM 3-MA was added to both H1299 and H2228 cells for
24 h to inhibit autophagy. Cells were then observed and imaged
using a Nikon Microscope Imaging System (Nikon DS-U3; Nikon,
Tokyo, Japan) to evaluate autophagic flux via mCherry-GFP-LC3
fluorescence. Autophagic flux was evaluated based on the colocal-
ization and signal patterns of mCherry (red) and GFP (green): yel-
low puncta (mCherry*/GFP*) represented autophagosomes,
whereas red-only puncta (mCherry*/GFP~) indicated autolyso-
somes. The numbers of autophagosomes and autolysosomes per
cell were quantified with ImagelJ software (v1.53).

Animal experiments

All animal experiments were performed in accordance with
institutional guidelines for animal welfare and ethics, and
approved by the Medical Ethics Committee and the Institutional
Animal Care and Use Committee (IACUC) of Wuhu Second
People’s Hospital (Approval No. 2024-KY-225). Male immunode-
ficient BALB/c-nu/nu nude mice (4-6 weeks old, n=10) were pur-
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chased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Animal License No. SCXK (Hu) 2017-0005). Mice were housed
under specific pathogen-free (SPF) conditions, with room temper-
ature maintained at 22+2°C, relative humidity 50-60%, and a 12-h
light/dark cycle. Food and water were provided ad libitum. Tumor
modeling was performed by digesting H2228 NC and OE group
cells in logarithmic growth phase with trypsin, resuspending in
complete medium. The cell suspension was mixed 1:1 with
pre-cooled Matrigel, and the final cell concentration was adjusted
to 5x10” cells/mL. The mice were randomly divided into two
groups, the vector control group and the SUSD2 overexpression
group (n=5). 200 pL cell suspension was subcutaneously injected
into the right flank area of each mouse in the corresponding group,
followed by measurement of tumor size and body weight begin-
ning from day 14 post-injection, and every 3 days thereafter.
Tumor volume was calculated using the formula: volume = (length
x width?)/2. Blind measurement was carried out by unknown
group of experimental personnel. The general health and activity
of the animals were monitored throughout the study. At the exper-
imental endpoint (4 weeks post-injection), mice were anesthetized
with isoflurane and euthanized by cervical dislocation.
Subcutaneous tumors were completely excised, photographed, and
weighed. Tumor tissues were snap-frozen in liquid nitrogen and
stored at -80°C for subsequent molecular and histological analy-
ses.

Hematoxylin and eosin staining

Paraftin-embedded tissue wax blocks were taken and serially
sectioned (4 pm) using a microtome. After dewaxing and rehydra-
tion, the sections were immersed in hematoxylin staining solution
for 3 min, then immersed in eosin staining solution for 1 min, fol-
lowed by gradient dehydration and xylene transparent treatment.
Neutral resin sealing agent was added dropwise, and histopatho-
logical evaluation was performed under an optical microscope and
images were collected.

Statistical analysis

All statistical analyses were performed using SPSS software
(version 15.0; SPSS Inc., USA) and R language (version 4.0.3; R
Foundation, Austria). Quantitative data are expressed as mean
+SEM. Normality of data distribution was assessed using the
Shapiro-Wilk test. For comparisons between two independent
groups, the independent-samples #-test or Mann-Whitney U test
was applied. For paired samples, the paired z-test or Wilcoxon
signed-rank test was used. The Kaplan-Meier method and log-rank
test were applied to assess the relationship between SUSD2
expression and patient prognosis in LUAD. This work applied
ROC curve analysis to assess the diagnostic value of SUSD2
expression in differentiating LUAD tissues from adjacent normal
lung tissues, AUC with its 95% confidence interval was calculated.
All experiments were performed with three independent biological
replicates. A p-value <0.05 was statistically significant.

Results

SUSD2 is down-regulated in LUAD and serves as

a potential diagnostic and prognostic biomarker
Analysis of public datasets revealed that expression of SUSD2

was significantly down-regulated in LUAD tissues compared with

adjacent normal tissues (»p<0.001; Figure 1 A,B). To further evalu-
ate the diagnostic value of SUSD2 in LUAD, ROC curve analysis
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was performed. The results demonstrated a strong diagnostic abil-
ity of SUSD?2 to distinguish LUAD from normal tissues, with AUC
of 0.940 (95% CI: 0.921-0.959; Figure 1C), indicating good dis-
criminatory performance. Subgroup analyses proved that lower
SUSD?2 expression was closely correlated with higher pathological
T stage (p<0.001; Figure 1D), whereas no marked differences were
shown among different N or M stages (Figure 1 E,F). Kaplan-
Meier survival analyses indicated that low SUSD2 expression was
significantly correlated with poorer prognosis in LUAD patients,
including reduced overall survival (OS; p=0.012; Figure 1G), dis-
ease-specific survival (DSS; p=0.019 Figure 1H), and progres-
sion-free interval (PFI; p=0.012; Figure 11I). Additionally, to vali-
date SUSD2 expression in clinical specimens, we performed
immunohistochemical staining on 40 paired LUAD and adjacent
normal tissues. Consistent with the bioinformatics findings,
SUSD2 protein levels were significantly lower in LUAD tissues
than normal lung tissues (p<0.001; Figure 1J). Collectively, these
results indicate that SUSD2 is downregulated in LUAD and is
closely associated with tumor progression and unfavorable prog-
nosis, suggesting its potential as a diagnostic and prognostic
biomarker for LUAD.

Increased SUSD2 expression promotes autophagy
in LUAD

The results of GSEA revealed that SUSD2 is significantly
enriched in autophagy-related pathways in LUAD (Figure 2A),
suggesting that SUSD2 may play an important role in the regula-
tion of autophagy. To further validate this finding, we first assessed
the baseline expression of SUSD2 in a normal bronchial epithelial
cell line (BEAS-2B) and four lung adenocarcinoma cell lines
(A549, PC9, H1299, and H2228) using qRT-PCR and Western
blot. The results showed that SUSD2 mRNA and protein levels
were significantly up-regulated in A549 and PC9 cells but
down-regulated in H1299 and H2228 cells compared with
BEAS-2B (Figure 2 B,C). Given that both bioinformatics analyses
and clinical lung adenocarcinoma tissue samples indicated low
SUSD2 expression, we selected the H1299 and H2228 cell lines
for subsequent functional experiments. We first performed SUSD2
overexpression transfection in H1299 and H2228 cells and con-
firmed the transfection efficiency by qPCR (Figure 2D) and WB
(Figure 2E). Meanwhile, we performed SUSD2 knockdown in
A549 and PC9 cells, which endogenously express high levels of
SUSD2, and confirmed the knockdown efficiency by qPCR and
western blotting (Supplementary Figure 1 A-D). To investigate
whether SUSD2 overexpression induces autophagy, TEM, WB,
and immunofluorescence (IF) staining were performed. IF staining
demonstrated that autophagic flux was significantly enhanced in
the SUSD2 overexpression group compared to the Vector group,
while it was markedly suppressed in the 3-MA-treated group.
Notably, in both H1299 and H2228 cell lines, the 3-MA + SUSD2-
OE group exhibited partial suppression of autophagic flux com-
pared to the SUSD2-OE group (Figure 2F). TEM further con-
firmed these findings at the ultrastructural level, showing an
increased number of autophagosomes in the SUSD2-OE group
compared to the Vector group, a decreased number in the 3-MA
group, and a notable decrease in autophagosome formation in the
3-MA + SUSD2-OE group relative to SUSD2-OE treatment alone
(Figure 2G). WB analysis showed that the SUSD2-OE group sig-
nificantly decreased the level of the autophagy substrate P62 while
up-regulating Beclin-1 expression and increasing the LC3B-1I/I
ratio, indicative of enhanced autophagic flux. These changes were
reversed by 3-MA treatment, which promoted P62 accumulation,
down-regulated Beclin-1, and reduced the LC3B-II/I ratio. The
autophagy-promoting effect of SUSD2 overexpression was attenu-
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ated in the 3-MA + SUSD2-OE group. (Figure 2H).

These results collectively demonstrate that SUSD2 overex-
pression enhances autophagy in LUAD cells, an effect that is atten-
uated by autophagy inhibitors, indicating a regulatory role of
SUSD?2 in autophagy within LUAD.

SUSD?2 overexpression inhibits proliferation and
colony formation of lung adenocarcinoma cells via
autophagy and promotes cell apoptosis

To investigate the impact of SUSD2 overexpression on the
proliferative capacity of lung adenocarcinoma cells, CCK-8
assays, colony formation assays, and apoptosis assays were con-
ducted in H1299 and H2228 cell lines after transfection. CCK-8
assay demonstrated that SUSD2 overexpression significantly
reduced cell viability compared to control groups in both cell lines,
CCK-8 assays were performed on A549 and PC9 cells following
knockdown, and the results showed that SUSD2 knockdown sig-
nificantly increased the viability of both cell lines compared with
the control group (Supplementary Figure 1E), indicating that
SUSD?2 effectively inhibits cell proliferation. Conversely, pharma-
cological inhibition of autophagy with 3-MA treatment substantial-
ly increased cell viability. Importantly, co-treatment with SUSD2-
OE and 3-MA maintained significantly higher cell viability than
SUSD2-OE treatment alone, though still lower than the control
group (Figure 3A).

Consistent with these findings, colony formation assays
revealed a significant reduction in the number of colonies formed
in the SUSD2-OE group compared to the control group. Treatment
with 3-MA significantly promoted colony formation, while the
SUSD2-OE + 3-MA group exhibited more colonies than the
SUSD2-OE group (p<0.001; Figure 3B), indicating that autophagy
inhibition partially reverses the suppressive effect of SUSD2 over-
expression on clonogenic ability.

To assess the influence of SUSD2 on apoptosis, flow cytomet-
ric analysis was conducted utilizing Annexin V-FITC/PI double
staining. The proportion of apoptotic cells was significantly
increased in the SUSD2-OE group compared to the control
(»<0.001). Conversely, 3-MA treatment led to a marked reduction
in apoptosis (p<0.001). Notably, the apoptotic rates in the SUSD2-
OE + 3-MA co-treatment group remained significantly higher than
those in the SUSD2-OE group (p<0.001; Figure 3C).

Collectively, these results demonstrate that SUSD2 overex-
pression inhibits proliferation and colony formation while promot-
ing apoptosis in LUAD cells, and these biological effects can be
partially reversed by the autophagy inhibitor 3-MA. This suggests
that SUSD?2 likely exerts its tumor-suppressive function, at least in
part, through activation of the autophagy pathway.

SUSD?2 overexpression inhibits lung adenocarcino-
ma cell migration and invasion via autophagy
activation

A wound healing assay was employed to evaluate the impact
of SUSD2 on the migratory ability of two lung adenocarcinoma
cells. The results demonstrated a significant decrease in migration
rates at 24 h and 48 h in the SUSD2-OE group compared to the
control. In contrast, 3-MA treatment significantly enhanced cell
migration, while the SUSD2-OE + 3-MA co-treatment group
showed a significant increase in cell migration compared to the
SUSD2-OE group in both H1299 and H2228 cell lines (Figure
4A). These data suggest that the inhibitory effect of SUSD2 on cell
migration can be partially reversed by autophagy inhibition.

To further examine the role of SUSD2 in tumor invasiveness,
transwell invasion assays were conducted in H1299 and H2228

[European Journal of Histochemistry 2026; 70:4544]

cell lines. The number of invasive cells in the SUSD2-OE groups
of the two cell lines was significantly lower than in the controls
(»<0.001). 3-MA treatment resulted in a significant increase in
invasion (p<0.01), whereas the SUSD2-OE + 3-MA co-treatment
group showed a marked increase in the number of invasive cells
compared to the SUSD2-OE single-treatment group. These find-
ings indicate that SUSD2 exerts an inhibitory effect on lung ade-
nocarcinoma cell invasion, potentially through the modulation of
autophagy (Figure 4B). In summary, SUSD2 overexpression sig-
nificantly suppresses the migration and invasion of LUAD cells,
and autophagy inhibition partially reverses these phenotypes. This
suggests that SUSD2 likely plays an important role in restraining
the migratory and invasive capacities of LUAD cells by activating
the autophagy pathway.

SUSD?2 overexpression suppresses tumor growth
in vivo

To validate the tumor-suppressive function of SUSD2 in vivo,
a xenograft tumor model was established in nude mice. Tumor vol-
umes were measured every three days, and after a four-week obser-
vation period, tumors were excised for analysis. Compared with
the control group, the SUSD2 overexpression group exhibited sig-
nificantly reduced tumor volume and weight (p<0.001; Figure 5A).
Employing H&E staining, we found that SUSD2 overexpression
provoked profound histopathological alterations, notably reduced
tumor cell density, cytoplasmic vacuolization, nuclear fragmenta-
tion, and enhanced cellular lysis (Figure 5B). Ki67 and P62
expression levels were markedly downregulated in the SUSD2-OE
group (Figure 5 C,D), as confirmed by immunohistochemistry and
immunofluorescence, while LC3B and Beclin 1 levels were corre-
spondingly lower in the control group (Figure 5 E,F). Together,
these findings evidence the role of SUSD2 in suppressing tumor
cell proliferation in vivo.

SUSD?2 overexpression modulates downstream
signaling pathways in lung adenocarcinoma cells

To investigate the molecular mechanism underlying the
tumor-suppressive effect of SUSD2, we constructed a PPI network
and performed GO and KEGG functional enrichment analyses.
Results indicated that SUSD2-associated genes are intricately con-
nected to multiple cancer-related signaling pathways, such as
PI3K-AKT, Ras, JAK-STAT, and MAPK pathways (Figure 6 A,B),
suggesting that SUSD2 may exert its regulatory functions through
these pathways. We then examined the activity of the
PI3K/AKT/mTOR pathway in H1299 and H2228 cells. WB anal-
ysis, reduced expression of mTOR, p-PI3K, and p-AKT was found
in the SUSD2 overexpression group compared with the Vector
group, while these levels were elevated in the 3-MA-treated group.
Additionally, the levels of mTOR, p-PI3K, and p-AKT were dra-
matically diminished in the 3-MA + SUSD2-OE group than in the
3-MA group (Figure 6C). These data indicate that SUSD2 overex-
pression inhibits the activation of the PI3K/AKT/mTOR pathway,
and this inhibition can be partially reversed by autophagy suppres-
sion. The in vivo findings validated that protein expression levels
of mTOR, p-PI3K, and p-AKT in xenograft tumors were substan-
tially decreased in the SUSD2 overexpression group as opposed to
the control group, as demonstrated by WB analysis. Conversely,
these protein levels were elevated in tumors treated with the
autophagy inhibitor 3-MA. Moreover, the 3-MA + SUSD2-OE co-
treatment group exhibited markedly elevated phosphorylation lev-
els of mTOR, PI3K, and AKT compared to the SUSD2-OE-only
group (Figure 6D), indicating that SUSD2 overexpression effec-
tively suppresses the activation of the PI3K/AKT/mTOR signaling
pathway in vivo, and this regulation is closely linked to autophagy.
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Figure 3. SUSD2 overexpression inhibits proliferation and colony formation of LUAD cells and promotes apoptosis via modulation of
autophagy. A) Cell viability assessed by CCK-8 assay; SUSD2 overexpression significantly reduces viability, an effect partially rescued
by co-treatment with the autophagy inhibitor 3-methyladenine (3-MA). B) Colony formation ability evaluated by clonogenic assay;
SUSD2-OE cells form fewer colonies, while 3-MA treatment promotes colony growth. C) Apoptosis analysis by flow cytometry. SUSD2
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Collectively, these results suggest that SUSD2 overexpression
regulates autophagy and suppresses the proliferation, migration,
and invasion of lung adenocarcinoma cells by inhibiting the
PIBK/AKT/mTOR signaling pathway, indicating that this pathway
is a key downstream mechanism through which SUSD2 exerts its
tumor-suppressive function.

Discussion

As the predominant subtype of NSCLC, LUAD presents an
ongoing therapeutic problem due to its aggressive nature, propen-
sity for metastasis, and poor response to available therapies.'*
Despite notable progress having been made during early diagnosis
and targeted therapies, patient prognosis remains poor, particularly
in advanced stages. Therefore, it is critical for advancing LUAD
management to detect novel biomarkers and uncover their biolog-
ical functions and underlying regulatory mechanisms.'>'¢

In this study, we identified SUSD2 as a potential tumor sup-
pressor in LUAD. SUSD?2 is often overexpressed and correlates
with tumor progression, which contrasts with its reported onco-
genic roles in other malignancies such as breast, endometrial, and
ovarian cancers.!® Bioinformatics analysis revealed that marked
downregulation of SUSD2 in LUAD tissues, in comparison with
normal lung tissues. Notably, ROC analysis yielded an AUC of
0.940, indicating its robust diagnostic potential. The prognostic
value of SUSD2 in LUAD is confirmed by clinical data evidencing
that its low expression corresponds to both advanced T stage and
poor overall survival.!

The heterogeneous expression of SUSD2 across LUAD cell
lines-upregulated in A549 and PC9 but downregulated in H1299
and H2228- reflects the molecular diversity of this malignancy,
with different driver mutations potentially influencing basal
SUSD2 expression. To address this complexity, we performed
complementary loss-of-function studies in high-expressing A549
and PC9 cells. SUSD2 knockdown significantly enhanced prolif-
eration in both cell lines (Supplementary Figure 1), consistent with
the tumor-suppressive phenotype observed in our gain-of-function
studies. These results, together with our overexpression data in
H1299 and H2228 cells, provide convergent evidence that SUSD2
functions as a tumor suppressor in LUAD regardless of the under-
lying mutation profile. The consistent phenotype across different
cell line models strengthens our conclusion that SUSD2 downreg-
ulation contributes to LUAD progression and suggests that restor-
ing SUSD2 expression may have therapeutic potential across
diverse LUAD subtypes.

In vitro studies have demonstrated that SUSD2 overexpression
significantly inhibits LUAD cell proliferation, colony formation,
migration, and invasion, and promotes apoptosis.!®* These antitu-
mor effects were confirmed in vivo, where SUSD2 overexpression
suppressed tumor growth and lowered Ki67 expression in
xenograft models.!** The tumor-suppressive role for SUSD2 in
LUAD contrasts with its reported function as a tumor promoter in
certain other cancers, highlighting its context-dependent behav-
ior2! This tissue-specific function of SUSD2 may arise from
diverse mechanisms, including the tumor microenvironment, inter-
acting partners, and post-translational modifications.?> Further
mechanistic investigation revealed that SUSD2 overexpression
promotes autophagy, as evidenced by a consistent increase in
autophagosome formation (TEM/IF), promoted LC3-II and
Beclinl, and decreased P62, and enhanced autophagic flux. These
changes were clearly demonstrated through TEM and IF.%-%
Intriguingly, the tumor-suppressive phenotype triggered by

OPEN 8ACCESS

SUSD2 was incompletely alleviated by the autophagy inhibitor
3-MA, suggesting autophagy activation as a contributor to its anti-
tumor activity.? It is suggested that the activation of the autophagy
pathway is an important mechanism for SUSD2 to play a tumor
suppressor role.

Subsequent investigations evidenced that the PI3K/AKT
/mTOR pathway, which is a central regulator of autophagy and
tumorigenesis, was regulated by SUSD2.?” Our results further
demonstrate that SUSD2 overexpression reduces the phosphoryla-
tion levels of PI3K, AKT, and mTOR (without altering total pro-
tein levels) and that autophagy inhibition partially restores the
activity of this pathway.?® These findings demonstrated that
SUSD?2 alleviates its suppressive effect on autophagy by inhibiting
the PI3K/AKT/mTOR signaling cascade, thereby promoting
autophagic activity and ultimately suppressing tumor progression,
aligning with previous studies.?

Remarkably, an essential dichotomy concerning autophagy in
LUAD was elucidated here. Whereas autophagy is known to
enhance tumor survival when challenged by stress, the results
demonstrate a paradoxical effect in LUAD: its reactivation by
SUSD?2 paradoxically inhibits tumor growth.** Not only does this
duality exemplify the diverse role of autophagy in cancer biology,
but it also emphasizes the requirement for precise, context-depen-
dent modulation strategies.’!

However, it should be noted that this study has certain limita-
tions. First, while it was demonstrated that SUSD2 is favorable for
autophagy induction yet detrimental to tumor progression, have yet
to be defined, the precise mechanism of SUSD2 -the specific nodes
within the PI3K/AKT/mTOR pathway that SUSD2 directly or
indirectly regulate- is still an unresolved issue worthy of in-depth
exploration. Future studies employing complementary loss-of-
function models are warranted to clarify these mechanistic
details.’>34 Second, the mechanistic connection between SUSD2
and autophagy would be further strengthened by parallel loss-of-
function strategies, including genetic knockout or RNA interfer-
ence (RNAIi).353 Third, this research centered on autophagy and
the PI3K/AKT/mTOR axis; however, SUSD2 could be implicated
in critical pathways of LUAD progression, such as immune mod-
ulation, metabolic reprogramming, and EMT.?7* Furthermore, the
potential epigenetic or transcriptional regulation of SUSD2 merits
further exploration. Moreover, future work requires examining
whether SUSD2 impacts immune checkpoint expression or the
tumor immune microenvironment, potentially uncovering novel
therapeutic avenues.* Reconstituting SUSD2 expression or mim-
icking its activity emerges as a promising therapeutic avenue,
leveraging its frequent downregulation in LUAD.4

In summary, this work uncovers a novel tumor-suppressive
function of SUSD2 in LUAD, clarifying a mechanism where it
suppresses tumor development through PI3K/AKT/mTOR sup-
pression-induced autophagy.'®#4> The clinical relevance of
SUSD?2 confirms its potential as both a diagnostic and prognostic
biomarker as well as a therapeutic target in LUAD.* Considering
the context-dependent functions of SUSD2, tumor-specific mech-
anistic studies are critical to guide and advance future precision
oncology.?!
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