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Abstract

Background: Gastric cancer (GC) is a prevalent malignant tumor, and the RNA-
binding protein polypyrimidine tract-binding protein 1 (PTBP1) has been identified
as a crucial factor in various tumor types. Moreover, abnormal autophagy levels have
been shown to significantly impact tumorigenesis and progression. Despite this,

the precise regulatory mechanism of PTBP1 in autophagy regulation in GC remains
poorly understood.

Methods: To assess the expression of PTBP1 in GC, we employed a comprehensive
approach utilizing western blot, real-time quantitative polymerase chain reaction
(RT-gPCR), and bioinformatics analysis. To further identify the downstream target
genes that bind to PTBP1 in GC cells, we utilized RNA immunoprecipitation coupled
with sequencing (si-PTBP1 RNA-seq). To evaluate the impact of PTBP1 on gastric car-
cinogenesis, we conducted CCK-8 assays, colony formation assays, and GC xenograft
mouse model assays. Additionally, we utilized a transmission electron microscope,
immunofluorescence, flow cytometry, western blot, RT-gPCR, and GC xenograft mouse
model experiments to elucidate the specific mechanism underlying PTBP1's regulation
of autophagy in GC.

Results: Our findings indicated that PTBP1 was significantly overexpressed in GC
tissues compared with adjacent normal tissues. Silencing PTBP1 resulted in abnormal
accumulation of autophagosomes, thereby inhibiting GC cell viability both in vitro
and in vivo. Mechanistically, interference with PTBP1 promoted the stability of thiore-
doxin-interacting protein (TXNIP) mRNA, leading to increased TXNIP-mediated oxidative
stress. Consequently, this impaired lysosomal function, ultimately resulting in blockage
of autophagic flux. Furthermore, our results suggested that interference with PTBP1
enhanced the antitumor effects of chloroquine, both in vitro and in vivo.

Conclusion: PTBP1 knockdown impairs GC progression by directly binding to TXNIP
mRNA and promoting its expression. Based on these results, PTBP1 emerges as a prom-
ising therapeutic target for GC.

Keywords: GC, Autophagy, PTBP1, TXNIP, Chloroquine

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s11658-024-00626-1&domain=pdf

Wang et al. Cellular & Molecular Biology Letters (2024) 29:110 Page 2 of 22

Graphical Abstract

PTBP1siRNA ‘
£33 NN \N\1___ —_» ROS PTBP1 knockdown
/,Jl NANN T
PTBP1 protein TXNIP mRNA TXNIP protein

autophagosome

/ < RoS T
> . autophagy flux blockage

= By Leay.
cell death«— X3 ) @ %L' “\\:J

GC progression
impaired lysosome prog

Introduction

Gastric cancer (GC) ranks as the fifth most prevalent cancer worldwide and the third
leading cause of cancer-related mortality, accounting for approximately 800,000
deaths annually [1]. The etiology of GC is multifactorial, including Helicobacter
pylori infection, environmental influences, dietary patterns, genetic predisposition,
and precancerous conditions [2]. Although surgical resection remains the primary
treatment modality, significant progress has been made in adjuvant therapies such as
chemotherapy, targeted therapy and immunotherapy [3]. However, the prognosis for
patients with GC remains unfavorable, with 5-year survival rates hovering between
20% and 30% [4]. Therefore, a deeper understanding of the underlying pathogenesis of
GC is imperative to identify novel therapeutic targets and ultimately improve patient
outcomes.

Aberrant expression of RNA-binding proteins (RBPs) is observed in various human
cancers, contributing significantly to tumorigenesis and progression. These pro-
teins have been implicated in diverse biological processes, including apoptosis [5],
epithelial-mesenchymal transition (EMT) [6], DNA damage response (DDR) [7],
cell proliferation [8, 9], immune response [10], and metabolism [11]. Moreover, they
are considered as significant predictors of poor clinical prognosis in cancer patients
[12-14]. Polypyrimidine tract-binding protein 1 (PTBP1) is an RNA-binding protein
characterized by an N-terminal nuclear shuttle domain and four RNA-recognition
motifs (RRMs) [15]. As a key regulator of posttranscriptional gene expression, PTBP1
modulates various aspects of RNA metabolism, including precursor messenger RNA
(pre-mRNA) splicing [15, 16] and controls messenger RNA( mRNA) 3" end process-
ing [17], localization [18], stability [19] and translation [20]. PTBP1 exhibits abnormal
expression in various tumors and plays a crucial role in their development [21-23].
It has also been reported that PTBP1 is involved in the proliferation [24], migration
[19], and invasion [25] of GC. However, the precise mechanism underlying its func-
tion in GC remains poorly understood.

Autophagy, a highly conserved catabolic process, involves the formation of
autophagosomes that fuse with lysosomes to degrade misfolded proteins and dam-
aged organelles. Disruptions in this process can lead to the accumulation of
autophagosomes and unconsumed damaged organelles, ultimately resulting in cell
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death. Autophagy plays a dual role in tumorigenesis, with previous reports [26, 27]
suggesting that it can inhibit tumor cell proliferation, dissemination, and metastatic
potential by inducing oxidative stress and DNA damage, as well as promote tumor
cell survival by providing energy and essential compounds under various stress stim-
uli [28]. However, the precise regulatory mechanisms of autophagy in GC remain
unclear, necessitating further in-depth investigation.

In this study, we demonstrated that PTBP1 knockdown significantly inhibited GC cell
viability and tumor growth, both in vitro and in vivo. Mechanistically, PTBP1 interacted
with TXNIP mRNA through its RNA recognition motifs RRM1 and RRM3, which in
turn reduced TXNIP mRNA stability to inhibit its expression. Consequently, PTBP1
knockdown triggered in TXNIP-mediated oxidative stress and led to lysosomal dys-
function and autophagic flux blockage, ultimately causing GC cell death. Furthermore,
PTBP1 knockdown enhanced the antitumor effects of the autophagy inhibitor chloro-
quine in vivo and in vitro. These findings suggest that PTBP1 serves as a regulator of
autophagy and may have represented a promising therapeutic target for GC.

Materials and methods

Clinical specimens

GC tissues and their corresponding adjacent noncancerous (NC) tissues were obtained
from Southwest Hospital of Army Medical University. A total of 20 paired samples were
collected (Supporting Information Table S1). None of the included patients received any
neoadjuvant therapy prior to surgery, and all were diagnosed with GC based on post-
operative pathology. The surgically resected specimens were collected in EP tubes con-
taining RNA Later (Thermo Scientific, Pittsburg, PA, USA) and stored at —80 °C for
further analysis. Informed consent was obtained from all the patients, and the study was
approved by the Ethical Review Committee of Chongqing Medical University and the
Southwest Hospital of Army Medical University.

Cell lines

The human GC cell lines SGC7901 and HGC-27 were procured from the American
Type Culture Collection (ATCC) through the Army Medical University (Chongqing,
China). Additionally, AGS cells were purchased from Meisen (CTCC-001-0038, Hang-
zhou, China). All cells were cultured in either DMEM, F12, or RPMI 1640 medium
(basal medium, Shanghai, China) and maintained under standard incubation conditions
at 37 °C in a humidified atmosphere with 5% CO.,.

Western blot

For total protein extraction, radioimmunoprecipitation assay (RIPA) lysis buffer con-
taining PMSF and phosphatase inhibitors was employed. The protein samples were
then resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS—
PAGE) gels and transferred onto polyvinylidene fluoride membranes (PVDEF). Prior to
incubation with primary antibodies, the membranes were blocked with 10% skim milk
and subsequently incubated overnight at 4 °C with primary antibodies. After thorough
washing with PBST, the membranes were incubated with HRP-coupled secondary anti-
body for 1 h at room temperature. For visualization, ECL chemiluminescence reagent
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was utilized. The primary antibodies used in this study were diluted in primary antibody
dilution buffer at a ratio of 1:1000. These antibodies included p-actin (TA-09, ZSGB-bio,
Beijing, China), PTBP1 (#32-4800, Invitrogen, Carlsbad, CA, USA), FLAG (#14793, CST,
Danvers, MA, USA), LC3A/B (#12741, CST, Danvers, MA, USA), P62 (#23214, CST,
Danvers, MA, USA), and TXNIP (ab188865, Abcam, Cambridge, UK).

Quantitative real-time PCR (RT-qPCR)

RNA was isolated with RNAiso Plus (Takara, Kyoto, Japan) and subsequently converted
into cDNA employing PrimeScript RT premix (Takara, Kyoto, Japan). Real-time quan-
titative PCR (RT-qPCR) was performed using SYBR Green Master Mix (Bioground,
Chonggqing, China) on the CFX Connect Real-Time Fluorescence PCR System (BioRad,
Hercules, CA, USA). B-actin served as an internal reference to ensure accuracy. The
transcript levels were quantified using the Bio-Rad CFX96 Real-Time Fluorescence PCR
System and the 2724¢T method. The qPCR protocol entailed an initial predenaturation
step at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 10 s, annealing at
58 °C (or 61.9 °C for PTBP1) for 10 s, and extension at 72 °C for 10 s. The specific primer
sequences are detailed in Table S2.

Cell viability assay

Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8, Biosharp, Hefei,
China). Specifically, 1.5 x 10% cells were plated into 96-well plates with containing 100 pl
of complete culture medium and incubated under standard conditions. Subsequently, a
mixture of CCK-8 reagent and complete medium in a 1:10 ratio was added to the wells,
and the plates were incubated for an additional 2 h under standard conditions. Cell via-
bility was quantified by measuring the absorbance at 450 nm using a Varioskan LUX
enzyme labeler (Thermo Scientific, Waltham, MA, USA).

Cell colony formation assay

A total of 1.5 x 10? cells were inoculated in six-well plates containing 2 ml of complete
medium and cultured for 1-2 weeks to allow for the formation of cell spheres. To pre-
serve the cell spheres, they were fixed with a 4% paraformaldehyde solution for 10 min.
Following fixation, the spheres were stained with 1% crystal violet for 10 min. The plates
were then washed three times with PBS and air-dried at room temperature. Finally, the
images of the stained cell spheres were captured using an Epson scanner (Suwa, Nagano,

Japan).

Actinomycin D assay

To assess mRNA stability, GC cells were treated with either small-interfering negative
control (si-NC) or si-PTBP and seeded in 12-well plates. Subsequently, the cells were
then exposed to actinomycin D (4 ug/ml for AGS and 6 pg/ml for HGC-27) or DMSO for
specific periods of time. At the specified timepoints, the cells were lysed using RNAiso
Plus (Takara, Kyoto, Japan) to extract RNA for further RT-qPCR analysis.
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Measurement of reactive oxygen species (ROS) levels

Cells were treated with either si-NC or si-PTBP1 for 48 h. Subsequently, the oxidative
reaction indicator dichlorodihydrofluorescein diacetate (DCFH-DA, Beyotime, S0033)
was applied at a dilution ratio of 1:1000 and incubated with the cells at 37 °C for 30 min.
The changes in intracellular ROS levels were then assessed using an inverted fluores-
cence microscope (Olympus, Tokyo, Japan).

Transmission electron microscopy

Transmission electron microscopy (TEM) was utilized to visualize autophagosomes.
For cell samples, PTBP1-knockdown cells were treated for 48 h and then centrifuged in
1.5 ml pointed bottom EP tubes at 1200 rpm for 10 min. The supernatant was discarded,
and a fixative was gently introduced along the tube wall to avoid disruption of the sam-
ple clumps. The tubes were stored at 4 °C in a refrigerator. For tissue samples, animals
were anesthetized and euthanized, and their subcutaneous tumor tissues, approximately

3

1 mm?” in size, were promptly immersed in the electron microscope fixative. Images were

captured using a transmission electron microscope (JEM-1400 plus, Tokyo, Japan).

Plasmid transfection and detection of GFP-LC3 puncta

The GFP-LC3 plasmid, graciously provided by Dr. Ma from Chuanbei Medical College
in Nanchong, China, was transfected into AGS and HGC-27 cells using neofect (Bei-
jing, China), adhering strictly to the manufacturer’s protocol. Following 24 h of transfec-
tion, the cells were treated with si-NC or si-PTBP1 for 48 h. Subsequently, the transition
in the state of green fluorescence was observed under a confocal microscope (Leica
Microsystems, Wetzlar, Germany). This transition, from a diffuse state to a punctate
state, served as an indication of the formation of autophagic vesicles. The structural map
of the GFP-LC3 plasmid is detailed in Figure S1A.

Immunofluorescence staining

GC cells were treated with either si-NC or si-PTBP and subsequently fixed with 4% par-
aformaldehyde for 15 min. Following this, the cells were incubated with immunology-
staining blocking buffer (consisting of 50 ml PBS, 0.5 g BSA, and 150 ul Triton-100) for
60 min at 37 °C. Next, the cells were incubated with primary antibodies overnight at
4 °C and then stained with secondary antibody (#26567 and #L3016, Signalway Anti-
body, College Park, MD, USA) for 1 h at room temperature. Afterward, the nuclei were
stained with Hoechst 33342 (1 pg/ml) for 10 min. Images were captured with a confo-
cal microscope (Leica Microsystems, Wetzlar, Germany). The primary antibodies used
had a dilution ratio of 1:100 and were LC3B (ab192890, Abcam, Cambridge, UK) and
LAMP1 (#15665, CST, Danvers, MA, USA).

Lentivirus infection and quantification of mRFP-GFP-LC3 puncta

Initially, the cells were cultured in 48-well plates and then transfected with mRFP-GFP-
LC3 lentivirus (HanBio Technology, Shanghai, China) to establish a constant transfec-
tion strain. Posttransfection, the cells were subjected to various treatments: PTBP1
knockdown for 48 h, rapamycin exposure at a concentration of 250 nM, or chloroquine
treatment at at a concentration of 20 uM. Nuclear staining was performed using Hoechst
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33342 (1 pg/ml), and visualization was achieved using a confocal microscope (Leica
Microsystems, Wetzlar, Germany). LC3 was tracked via the mRFP tag, and reduced GFP
expression signified the fusion of the autophagosome with the lysosome, culminating in
the formation of an autolysosome. This pH change caused the quenching of GFP fluores-
cence, leaving only red fluorescence detectable. The red and green fluorescence images
were merged during microimaging, with autophagosomes represented by yellow dots
and autolysosomes represented by red dots. To quantify the intensity of autophagic flux,
the number of both yellow and red dots was counted. The structural map of the mRFP-
GFP-LC3 lentivirus is detailed in Figure S1B.

Lyso-tracker red staining

Cells were treated with either si-NC or si-PTBP1 for 24 h, followed by an additional 24 h
incubation on iBiDi culture plates (Martin Reid, Germany). Subsequently, 100 pl of Lyso-
Tracker Red (75 nM, Beyotime, Chongqing, China) was added to the cells, and they were
incubated for 30 min at 37 °C. The cell nuclei were then stained with Hoechst 33342
(1 pg/ml) for 10 min at room temperature. The functional strength of the lysosomes was
evaluated by counting the number of red dots observed under a confocal microscope

(Leica Microsystems, Wetzlar, Germany).

Animal experiments

For our in vivo studies, we employed 4-week-old male BALB/c nude mice (GemPhar-
matech, Chengdu, China). Xenograft tumors were established by injecting 2 x 10° HGC-
27 cells suspended in 100 ul serum-free medium into the backs of the mice. The tumor
size was measured daily with calipers after 1 week, and tumor volume was calculated
according to the formula: length x width?/2. Once the xenograft tumors reached the
desired volume, the mice were randomly divided into three groups (n=>5) for the in vivo
salvage assay: control group, PTBP1 knockdown group, and the PTBP1 and TXNIP co-
knockdown group. Cholesterol-modified si-NC, si-PTBP1, or si-PTBP1 + si-TXNIP
(TSINGKE, 5 nmol/kg) was dissolved in 25 pl of sterile saline and mixed with 5 pl of
in vivo transfection reagent (Engreen, Beijing, China). This mixture was then injected
into the tumor every 2 days for 2—-3 weeks. In experiments involving combined chlo-
roquine treatment, the mice were randomly divided into four groups (n=5): control
group, chloroquine-treated group alone, PTBP1-knockdown group, and the PTBPI1-
knockdown and chloroquine co-treated group. Chloroquine was administered at a
concentration of 40 mg/ml in 25 pl, while the siRNA levels remained consistent with
those previously mentioned. Additionally, lentivirus containing interfering PTBP1 was
also injected into the tumor mass once weekly for a duration of 2 weeks. The animals
were euthanized once the tumor size of the nude mice reached an appropriate size. All
animal studies were approved by the Ethical Review Committee of Chongqing Medical

University.

Immunohistochemistry assay

Nude mice were euthanized, and their subcutaneous tumor tissues were promptly fixed
in 4% paraformaldehyde solution. The fixed tissue blocks were sent to Bios Biotech in
Wauhan, China for embedding, sectioning, histochemistry, and white light scanning. For
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the immunohistochemistry experiments, the following antibodies were utilized: PTBP1
(#32-4800, Invitrogen, Carlsbad, CA, USA), P62 (EM0704, HuaBio, Hangzhou, China),
LC3B (ab192890, Abcam, Cambridge, UK), and TXNIP (ab188865, Abcam, Cambridge,
UK).

RIPA

To perform the RIPAs, we employed the Magna RIP kit (Millipore, MA, USA). The
cells were processed at a density of 1 x 107 cells per reaction and lysed for 5 min using
lysis buffer containing protease and RNase inhibitors. Magnetic beads were conjugated
with either 8 pug of PTBP1 antibody (#32-4800, Invitrogen, Carlsbad, CA, USA), Flag
(#14793, CST, Danvers, MA, USA), or control IgG at room temperature and then added
to the respective cell lysates. The samples were incubated overnight at 4 °C. Following
incubation, RNA purification and protein extraction procedures were conducted. The
effectiveness of the RIPA technique was confirmed through western blot analysis, while
the enrichment of mRNAs was assessed using RT-qPCR.

RNA sequencing

To elucidate the downstream targets of PTBP1, RNA sequencing was conducted on AGS
cells following PTBP1 suppression (Supporting Information Table S3). Furthermore,
RNA immunoprecipitation (RIP) and RNA sequencing were performed on SGC-7901
cells to identify RNA molecules that physically interact with the PTBP1 protein, as pre-
viously described (Supporting Information Table S4) [19].

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software (GraphPad, San
Diego, CA, USA). The Student’s ¢-test was used to determine differences between two
groups, while Pearson correlation analysis was employed to evaluate the correlation
between these groups. A statistical significance value of P<0.05 was considered signifi-
cant. PTBP1 expression levels in cancer were retrieved from the Gene Expression Pro-
filing Interaction Analysis (GEPIA) (http://gepia2.cancer-pku.cn/#inde; accessed on 28
April 2022). Survival curves of PTBP1 in patients with GC were obtained from Kaplan—
Meier Plotter (https://kmplot.com/analysis/; accessed on 16 May 2022). Our investiga-
tion included four autophagy-related genes (ATG10, ATG13, ATG14, LC3) as features in
the GEPIA analysis, and the correlation between these genes and PTBP1 was calculated.

Results

PTBP1 knockdown inhibits GC cell viability and may be associated with GC autophagy
regulation

In our previous study, we identified that PTBP1 was one of the differentially expressed
RBPs and promoted metastasis in GC [19]. To further investigate the role of PTBP1 in
GC, we initially verified the upregulation of PTBP1 mRNA and protein levels in more
GC tumor tissues through RT-qPCR and western blot analysis (Fig. 1A, B). Subse-
quently, we designed a siRNA specific for PTBP1 to investigate its effects on GC cell via-
bility. AGS and HGC-27 cells were treated with si-PTBP1, and the efficiency of PTBP1
silencing was confirmed using RT-qPCR and western blot (Fig. 1C, D). CCK8 and colony
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Fig. 1 Silencing of PTBP1 inhibits GC cell viability and may be linked to autophagy. A,B The mRNA (A, n=20)
expression and protein levels (B, n=28) of PTBP1 in GC tissues were measured via RT-gPCR and western blot.
B-actin served as a control and densitometric values of band intensity were indicated by numbers. Unpaired
student’s t-test, n> 3. **P<0.01. C,D PTBPT mRNA (C) expression and protein (D) levels in AGS and HGC27
cells treated with PTBP1 knockdown by siRNAs. Red numbers represent densitometric values. Unpaired
student’s t-test, n=3. **P<0.01, ***P<0.001. E,F CCK-8 (E) and plate colony formation (F) assays in AGS and
HGC-27 cells after stable PTBP1 silencing. Data are presented as mean = standard deviation (SD). Unpaired
student’s t-test, n =3.**P <0.001. G The Gene Ontology (GO) terms associated with mRNAs bound to PTBP1
protein. H Correlation between autophagy-related genes and PTBP1 generated from GEPIA using Pearson

correlation. Graphs were obtained from GEPIA

formation assays showed that inhibition of PTBP1 significantly suppressed the viability
of GC cells (Fig. 1E, F). We then aimed to elucidate the molecular mechanism underly-
ing the anti-tumor effects of si-PTBP1. Given that PTBP1 is an important RNA-bind-
ing protein capable of binding to and regulating mRNA expression, we performed RIP
sequencing in SGC-7901 cells to identify 13363 mRNAs potentially bound by PTBP1.
Subsequent Gene Ontology (GO) enrichment analysis revealed that autophagy pathway
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was the most significantly enriched gene set (Fig. 1G). Furthermore, we confirmed a pos-
itive correlation between PTBP1 and the expression of autophagy related genes (ATGI0,
ATG13, ATG14, LC3) based on TCGA data (Fig. 1H). These findings suggest that PTBP1
may be involved in regulating autophagy in GC cells. Consequently, our results indicate
that interference with PTBP1 significantly inhibits GC cell viability, potentially through
the regulation of autophagy.

Inhibition of PTBP1 contributes to autophagy flux blockage and accumulation

of autophagosomes in GC cells

To ascertain the role of PTBP1 in regulating autophagy in GC cells, we knocked down
PTBP1 expression in AGS and HGC-27 cell lines and analyzed several autophagy
markers. TEM revealed a frequent formation of autophagic vacuoles, indicated by
the red arrow, in PTBP1-silenced cells (Fig. 2A). Additionally, immunofluorescence
analysis demonstrated a marked increase in LC3 puncta structure in AGS and HGC-
27 cells stably expressing GFP-LC3 following PTBP1 inhibition, suggesting an aug-
mentation in autophagosomes (Fig. 2B). Typically, autophagy is accompanied by a
concurrent increase in autophagosomes and lysosomes, as well as their colocaliza-
tion. Therefore, we investigated the colocalization of LC3 with LAMP1, a lysosomal
marker, in AGS and HGC-27 cells treated with PTBP1 interference. As illustrated in
Fig. 2C, si-PTBP1 resulted in the increase in LC3 fluorescence (green points) but a
decrease of LAMP1 fluorescence (red points), with minimal LC3-LAMP1 colocali-
zation observed. This finding indicated that si-PTBP1 impeded fusion of autophago-
somes and lysosomes, also known as disrupting the autophagic flux and leading
to an abnormal increase in autophagosomes. Autophagic flux, the process where
autophagosomes fuse with lysosomes to degrade their contents, was investigated
to assess the impact of PTBP1 interference. Western blot experiments showed that
silencing PTBP1 concomitantly increased the protein levels of LC3-I1I/ LC3-I and
P62, a well-known autophagic substrate. (Fig. 2D). To further evaluate autophagy

(See figure on next page.)

Fig.2 PTBP1 Knockdown leads to an excessive accumulation of autophagosomes, blocking autophagy

flux in GC cells. A Transmission electron microscopy (TEM) images showing endogenous autophagic
microstructures in PTBP1-silenced and control cells. Red arrows indicated autophagosomes or
autolysosomes. Scale bars, 1 or 2 um. B AGS and HGC-27 cells were first transfected with GFP-LC3 for 24 h
and subsequently transfected with either si-NC or si-PTBP1 for an additional 48 h. Formation of LC3 puncta
(green) was detected using a laser confocal microscope, with Hoechst 33342 (blue) staining for nuclei.

Scale bar, 5 um. C After stable silencing of PTBP1, the colocalization of LC3B (green) and LAMP1 (red) was
assessed. Hoechst 33342 (blue) was used to stain the nuclei, and images were captured using a laser confocal
microscope. The white rectangle represents a partial enlargement. Scale bar, 5 ym. D Western blot was used
to detect the expression levels of P62 and LC3 in PTBP1-silenced and control cells. B-actin served as a control,
and densitometric values of band intensity were indicated by red numbers. E PTBP1-silenced and control
cells were exposed to an mRFP-GFP-LC3 lentivirus. The number of LC3 puncta (yellow for autophagosomes,
red for autolysosomes) was quantified. Hoechst 33342 (blue) was used to stain the nuclei, and images were
captured using a laser confocal microscope. Scale bar, 5 um. Data are presented as mean =+ SD. Statistical
analysis was performed using an unpaired student’s t-test, with n>3. *P<0.05; **P<0.01; **P<0.001. F
Western blot was used to determine the protein expression levels of P-mTOR, PTBP1, P62, and LC3. 3-actin
served as a control. PTBP1-silenced and control cells were treated with either DMSO or rapamycin (AGS,

50 nM; HGC-27, 250 nM) for 24 h. Data were presented as mean = SD, with statistical analysis conducted
using an unpaired student’s t-test, n>3. *P<0.05; **P < 0.01; ***P < 0.001
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flux, AGS cells were transfected with a GFP-mRFP-LC3 lentivirus and treated with
either si-NC (negative control), rapamycin (positive control for autophagy), or si-

PTBP1 (Fig. 2E). In the si-NC group, diffuse red/green fluorescence was observed,

indicating baseline autophagy levels. Rapamycin stimulation led to an increase in red

puncta (autolysosomes), signifying an enhancement in autophagy flux. Notably, upon

transfection with si-PTBP1, AGS cells exhibited a significant accumulation of yellow

puncta (autophagosomes), visually indicating a blockage in autophagy flux. Western

blot analysis further corroborated these findings, revealing that rapamycin treatment

downregulated p-mTOR and P62 levels while promoting LC3I to LC3II conversion

(indicating autophagy activation). Interestingly, rapamycin was able to mitigate the
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si-PTBP1-induced accumulation of P62, thereby restoring autophagic flux (Fig. 2F).
These data collectively demonstrate that silencing PTBP1 blocks autophagic flux,
leading to the accumulation of autophagosomes in GC cells.

PTBP1 inhibits TXNIP expression by binding to and destabilizing TXNIP mRNA

To elucidate the molecular mechanism underlying PTBP1’s impact on autophagy, we
analyzed RNA sequencing data from PTBP1 knock-down cells and RIP sequencing data
enriched by PTBP1.This intersection of datasets, comprising 361 downregulated and
504 upregulated genes with a RIP sequencing peak score greater than 10 (Supporting
Information Table S5), yielded 88 candidate genes. Among these, UPK3BL1, FAM211B,
and TXNIP emerged as the top three candidates based on their binding scores (Fig. 3A).
Subsequent RT-qPCR analysis revealed that, while /PK3BLI1 and FAM211B showed
no significant changes, TXNIP mRNA was significantly upregulated in GC cells treated
with si-PTBP1 (Fig. 3B). Consistent with this finding, western blot analysis confirmed
an increase in TXNIP protein levels upon PTBP1 silencing (Fig. 3C). Further, the RIP—
PCR experiment showed that PTBP1 highly enriched TXNIP mRNA in AGS and HGC-
27 cells, indicating a direct binding interaction (Fig. 3D). Moreover, an actinomycin D
experiment revealed that PTBP1 silencing extended the half-life of TXNIP mRNA, sug-
gesting that PTBP1 disrupts the stability of TXNIP mRNA (Fig. 3E). Given that PTBP1
contains four RNA recognition motifs (RRMs), we constructed full-length and truncated
PTBP1 expression plasmids and found that TXNIP mainly interacted with RRM1 and
RRM3 of PTBP1 (Fig. 3F, G). These results collectively indicate that PTBP1 binds and
destabilizes the stability of TXNIP mRNA, thereby inhibiting its expression.

TXNIP is a key regulator in autophagy flux blockage and ROS accumulation induced

by PTBP1 inhibition in GC cells

Given that TXNIP promotes ROS production, which may ultimately block autophagic
flux by inducing lysosomal damage [29], we investigated the impact of the PTBP1-
TXNIP axis on ROS levels using DCFH-DA staining. Fluorescence analysis indicated
that si-PTBP1 led to an increase in fluorescence intensity in AGS and HGC-27 cells,
suggesting ROS accumulation. However, co-silencing of PTBP1 and TXNIP weak-
ened the elevation in ROS levels (Fig. 4A). To assess lysosomal damage, we performed
immunofluorescence analysis using the Lyso-Tracker Red probe. As depicted in
Fig. 4B, si-PTBP1 weakened the red fluorescence, indicating lysosomal dysfunction.
Nevertheless, concurrent silencing of PTBP1 and TXNIP rescued the red fluores-
cence. Additionally, western blot analysis showed that PTBP1 knockdown increased
the protein levels of P62 and LC3-1I/LC3-1, while cosilencing of PTBP1 and TXNIP
partially restored P62 levels (Fig. 4C). To further validate these findings, we knocked
down PTBP1 and TXNIP simultaneously in AGS cells infected with GFP-mRFP-LC3
lentivirus. Immunofluorescence showed that cosilencing of PTBP1 and TXNIP coun-
teracted the increase in yellow puncta (autophagosomes) induced by PTBP1 knock-
down (Fig. 4D). Collectively, these results suggest that TXNIP plays a pivotal role in
the blockage of autophagic flux induced by PTBP1 knockdown in GC cells.
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Fig. 3 PTBP1 protein promotes TXNIP decay through direct binding to its mRNA. A Potential target screening
strategy for PTBP1. B Following PTBP1 knockdown, the expression of PTBP1, UPK3BL1, FAMZ217B, and TXNIP
mMRNA in AGS and HGC-27 was measured. Data were presented as mean = SD. Statistical analysis was
performed using an unpaired student’s t-test, with nonsignificance (ns) > 0.05, ***P <0.001. C After PTBP1
knockdown, the expression of TXNIP and PTBP1 proteins in AGS and HGC-27 cells was assessed, with 3-actin
serving as a control. Red numbers indicated densitometric values of band intensity. D Western blot assays
demonstrated the efficiency of the RIPA. The level of TXNIP enriched by PTBP1 was quantified using RT-gPCR.
E TXNIP mRNA stability in AGS and HGC-27 cells was assessed after PTBP1 knockdown and treatment with
actinomycin D (AGS, 4 ug/ml; HGC-27, 6 pg/ml). F Structural diagram of PTBP1 protein and truncated variants.
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western blot. The expression of enriched TXNIP in different groups was quantified by RT-qPCR
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PTBP1 inhibition exerts anti-tumor effect in a TXNIP dependent manner

To examine whether the diminished viability of GC cells resulting from si-PTBP1 was
mediated through TXNIP expression modulation and autophagic flux inhibition, we
conducted in vitro functional recovery experiments. The CCK8 and colony formation
assays revealed a significant suppression of GC cell viability by si-PTBP1 compared with
the control group. Interestingly, the combination of si-PTBP1 and si-TXNIP partially
restored cell viability (Fig. 5A, B). To further validate these findings, we utilized HGC-
27 cells to establish a nude mouse xenograft model. The nude mice were then randomly
assigned to three groups: the control group, cholesterol-modified si-PTBP1 treatment
group, and the combination group treated with both cholesterol-modified si-PTBP1 and
si-TXNIP. Our results showed that silencing PTBP1 alone significantly reduced tumor
growth rate and size compared with the control group. However, inhibiting TXNIP
expression partially reversed the antitumor effect of si-PTBP1 (Fig. 5C, D). Immunohis-
tochemical results of xenograft tumor showed that PTBP1 knockdown increased LC3B
and P62 expression, suggesting autophagic flux blockade. The combined knockdown of
PTBP1 and TXNIP partially alleviated the P62 expression increase induced by PTBP1
interference, indicating a partial relief of autophagic flux blockade (Fig. 5E). Collectedly,
these results indicate that the decrease in GC cell viability caused by si-PTBP1 mediated
through autophagic flux inhibition in a TXNIP dependent manner.

Si-PTBP1 enhances anti-tumor effect of chloroquine through blocking autophagy flux

in vitro and in vivo

The aforementioned properties of si-PTBP1 in inhibiting autophagic flux and promot-
ing autophagosome accumulation suggest its potential as a therapeutic agent for GC.
While autophagic flux inhibitors like chloroquine have demonstrated effectiveness
against cancers in clinical trials, their routine application in practice is still a long way
off. In this study, we compared the antitumor effects of chloroquine and PTBP1 inhi-
bition-based combination therapy for GC. Our validation revealed that chloroquine
treatment significantly elevated LC3 II/I and P62 levels in HGC-27 and AGS cells,
resembling the effects of si-PTBP1 (Figure S2). However, chloroquine alone did not
significantly inhibit the growth of AGS and HGC-27 cells. In contrast, the combina-
tion of chloroquine and si-PTBP1 markedly suppressed the vitality and growth of GC

(See figure on next page.)

Fig. 4 PTBP1 knockdown impedes autophagy flux in GC cells by upregulating TXNIP. A Reactive oxygen
species (ROS) levels were detected through inverted fluorescence microscope in AGS and HGC-27 cells
transfected with si-NC, si-PTBP1, or co-transfected with si-PTBP1 and si-TXNIP. Quantification of the mean
gray value was presented as mean = SD, with statistical analysis conducted using an unpaired student’s
t-test, n=3.*P<0.05; **P<0.01. B Lyso-Tracker Red was used to assess lysosomal abundance. Quantification
of lysosome numbers was presented as mean = SD, with statistical analysis conducted using an unpaired
student’s t-test, n=3.*P<0.05; **P<0.01. C Protein levels of P62, PTBP1, TXNIP, and LC3 were assessed in
AGS and HGC-27 cells transfected with si-NC, si-PTBP1, or co-transfected with si-PTBP1 and si-TXNIP. 3-actin
served as a control. Red numbers indicated densitometric values of band intensity. D Autophagy flux was
assessed in mMGFP-RFP-LC3-stably expressed AGS cells transfected with si-NC, si-PTBP1, or co-transfected with
si-PTBP1 and si-TXNIP. The number of LC3 puncta (yellow for autophagosomes, red for autolysosomes) was
quantified. Hoechst 33342 (blue) was used for nuclear staining, and cells were imaged under a laser confocal
microscope. Scale bar, 5 pm. Data were presented as mean = SD, with statistical analysis conducted using an
unpaired student’s t-test, n=3. ***P<0.001
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cells (Fig. 6A, B). Moreover, compared with chloroquine alone, the combination ther-
apy with si-PTBP1 further enhanced the accumulation of LC3 II/I and P62 (Fig. 6C).
TEM analysis showed that chloroquine increased autophagosome formation in AGS
and HGC-27 cells, and the combination therapy group exhibited an even higher num-
ber of autophagosomes (Fig. 6D). To further assess autophagic flux, a tandem fluores-
cent-tagged LC3 reporter system (GFP-mRFP-LC3) was used. Confocal microscope
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Fig. 5 PTBP1 knockdown induces antitumor effects in a TXNIP-dependent manner. A,B CCK-8 assay (A)

and colony formation (B) of AGS and HGC-27 cells were assessed upon transfection with si-NC, si-PTBP1, or
co-transfection with si-PTBP1 and si-TXNIP, as indicated. Data are presented as mean = SD with statistical
analysis conducted using an unpaired student’s t-test, n=3. ***P < 0.001. C,D Xenograft tumors derived from
HGC-27 cells were injected with si-PTBP1 lentivirus, cholesterol-modified si-PTBP1, or cholesterol-modified
si-TXNIP. Growth curves (C) and tumor images (D) were obtained from these xenograft tumors. E
Representative immunohistochemical (IHC) images depicting the expression of PTBP1, TXNIP, P62, and LC3B
in xenografted tumor tissues. Scale bar, 50 um. Data are presented as mean = SD, with statistical analysis
conducted using an unpaired student’s t-test, n=3.ns>0.05, **P<0.01, **P<0.001

revealed a higher abundance of yellow puncta in the combined therapy group (chlo-
roquine + si-PTBP1) compared with cells treated with chloroquine alone, indicating
an exacerbation of autophagic flux blockage following PTBP1 inhibition (Fig. 6E). To
determine the in vivo efficacy of this combined approach, HGC-27 cell xenografts
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were implanted in nude mice. After 1 week, the mice were randomly assigned to
four groups: control group, chloroquine alone, PTBP1 silencing alone, and chloro-
quine combined with PTBP1 silencing. Both chloroquine and PTBP1 silencing alone
reduced tumor growth rate and volume compared with the control. Impressively, the
combination of chloroquine and PTBP1 silencing significantly enhanced the antitu-
mor effect, exhibiting the slowest tumor growth rate and the smallest tumor volume
(Fig. 6F, G). TEM and IHC analyses of tumor tissues from the mouse xenograft mod-
els revealed that the combination therapy increased autophagosome formation and
intensified the accumulation of LC3B and P62 (Fig. 6H, I). These results indicate that
PTBP1 inhibition can enhance the anti-GC effect of chloroquine in vivo and in vitro
by blocking autophagic flux.

Discussion

PTBP1, a heterogeneous ribonucleoprotein, is widely expressed in various tissues and
cells, including embryonic stem cells. As an RNA-binding protein, PTBP1 performs
multiple molecular functions, such as regulating alternative splicing (AS) [30], control-
ling mRNA stability [19], and determining mRNA localization [18]. Recent research
has highlighted the pivotal role of PTBP1 in the progression of various cancers [30-32],
including GC. For instance, PTBP1 can interact with long noncoding RNA (IncRNA)
CCAT1, inhibiting ubiquitin-mediated degradation of PTBP1, thus enhancing glycolysis
and promoting GC progression [33]. Our previous study [19] demonstrated that PTBP1
interacts with and stabilizes PGKI mRNA, thereby promoting GC metastasis. Addition-
ally, PTBP1 has been reported to drive c-Myc-dependent GC progression and stemness
[34]. In this study, we observed high expression of PTBP1 in GC, and silencing PTBP1
significantly inhibited cell viability and colony formation, which was attributed to the
regulation of autophagy in GC cells by si-PTBP1. Interestingly, our findings revealed
that knockdown of PTBP1 led to an excessive accumulation of autophagosomes, as evi-
denced by TEM, immunofluorescence, and western blot experiments.

(See figure on next page.)

Fig.6 PTBP1 knockdown enhances chloroquine’s antitumor effects both in vitro and in vivo. A,B CCK-8 assay
(A) and colony formation (B) of AGS and HGC-27 cells were assessed upon transfection with si-NC or si-PTBP1
as indicated. Cells were treated with DMSO or chloroquine (AGS, 20 uM; HGC-27, 100 uM) for 24 h. C Protein
expression levels of P62, PTBP1, TXNIP, and LC3 were assessed in AGS and HGC-27 cells transfected with
si-NC or si-PTBP1. 3-actin served as a control. Red numbers indicated densitometric values of band intensity.
Cells were treated with DMSO or chloroquine (AGS, 20 uM; HGC-27, 100 uM) for 24 h. D Transmission
electron microscopy (TEM) images depicting endogenous autophagic structures in PTBP1-silenced and
control cells. Cells were treated with DMSO or chloroquine (AGS, 20 uM; HGC-27, 100 uM) for 24 h. Red
arrows indicate autophagosomes or autolysosomes. Scale bars, 1 or 2 um. E Autophagy flux was assessed

in AGS cells stably expressing mGFP-RFP-LC3 and transfected with si-NC or si-PTBP1. Cells were treated

with DMSO or chloroquine (20 uM) for 24 h. LC3 puncta were quantified, representing autophagosomes
(yellow) and autolysosomes (red). Hoechst 33342 (blue) stained the nuclei. Scale bar, 10 um. F,G Xenograft
tumors derived from HGC-27 cells were injected with si-PTBP1 lentivirus, cholesterol-modified si-PTBP1,

or chloroguine (40 mg/kg). Growth curves (F) and tumor images (G) were obtained from these xenograft
tumors. H Representative TEM images evaluating endogenous autophagic structures in xenografted tumor
tissues. Red arrows indicated autophagosomes or autolysosomes. Scale bars, 1 or 2 um. J Representative
immunohistochemical (IHC) images depicting the expression of PTBP1, P62, and LC3B in xenografted tumor
tissues. Scale bar, 50 um. Data were presented as mean =+ SD, with statistical analysis conducted using an
unpaired student’s t-test, n=3. *P<0.05, **P<0.01
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Autophagy, a catabolic process, comprises several distinct stages: initiation, nuclea-
tion, maturation, fusion, and degradation. In this process, class III PI3K complexes
are responsible for membranes generation, while proteins such as VPS34, beclin-1,
AMBRA1I, and mATG9 regulate the formation of autophagic structures [35]. Addition-
ally, the maturation of autophagosomes involves the accumulation of specific proteins
at membrane sites, facilitated by the binding of additional ATGs [35]. Once formed,
autophagosomes migrate to lysosomes for degradation, a pivotal step in maintaining
the cell’s autophagic flow and overall homeostasis. Disruptions in lysosomal function
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or autophagic flow can result in the accumulation of autophagosomes, which has been
implicated in various human diseases [36, 37]. In our study, we monitored the lev-
els of both LC3 and P62 and assessed autophagic flow by examining the colocalization
of LAMP1 and LC3, along with the utilization of a double-labeled adenovirus vector
expressing mRFP-GFP-LC3. Additionally, we verified the regulation of autophagy in
GC cells using a combination of autophagy activator rapamycin or autophagy inhibi-
tor chloroquine with PTBP1 interference. Our findings demonstrate that interference
with PTBP1 inhibits autophagic flux in GC cells. The relationship between PTBP1 and
autophagy appears to vary among different tumors. For instance, Wang et al. observed
that PTBP1 depletion significantly inhibited autophagic flux in RKO cells, which aligns
with our current findings [38]. However, previous studies have reported contrasting
results, indicating that PTBP1 interference promoted autophagy in breast cancer [39],
olfactory mucosa mesenchymal stem cells [40], and GC [41]. Notably, these studies did
not investigate the effect of PTBP1 interference on autophagic flux. Given that the accu-
mulation of autophagosomes can be attributed to either an increase in their formation
or a blockage in autophagic flux, further investigation is necessary to determine whether
si-PTBP1 leads to the initiation of autophagosome formation in the present study.

Next, we delved into the downstream molecular mechanism underlying how PTBP1
impacts autophagic flux. Previous studies have shown that PTBP1 modulates the expres-
sion of downstream target genes through diverse mechanisms, particularly in regulat-
ing mRNA stability. For example, PTBP1 has been found to enhance the stabilization
of a series of mRNAs, including PGK1 [19], CFTR [42], and PIK3R5 [43]. Conversely,
in certain cases, PTBP1 binds to target mRNAs and participates in their decay [44].
For instance, PTBP1 can directly interact with the 5'-UTR of AXL mRNA in vitro and
in vivo, thereby reducing its stability [45]. Furthermore, PTBP1 has been reported to
induce cholestatic liver injury by interacting with Ship mRNA and thus inhibiting its
stability. In our study, by intersecting the transcriptome sequencing data of si-PTBP1-
treated cells with PTBP1 RIP sequencing data, we demonstrated that PTBP1 suppressed
TXNIP mRNAs stability by directly binding to TXNIP mRNA. Specifically, RRM1 and
RRM3, which are key domains of the PTBP1 protein, are likely responsible for the inter-
action with TXNIP mRNA.

TXNIP, also referred to as vitamin D3-upregulated protein-1 or thioredoxin (TRX)-
binding protein-2, functions as a natural inhibitor of TRX [46]. It plays a pivotal role in
regulating cellular redox homeostasis and stimulating the production of ROS in various
human diseases [47-49]. ROS, serving as intracellular signaling molecules, are crucial
for maintaining redox homeostasis and lysosomal functions [50, 51]. Several studies have
demonstrated that TXNIP disrupts lysosomal function. For example, Su et al. [52] dem-
onstrated that TXNIP impairs lysosomes by downregulating the lysosomal membrane
protein ATP13A2. In our study, we demonstrated that PTBP1 knockdown impedes
autophagic flux in GC cells by upregulating TXNIP. Moreover, PTBP1 inhibition exerts
antitumor effect in vitro and in vivo through a TXNIP dependent mechanism. There are
currently some analogous findings that corroborate our observations regarding the role
of TXNIP in autophagy. For example, Park et al. [53] established a positive correlation
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between increased TXNIP expression and elevated MAP1LC3B puncta and P62 expres-
sion in human nonalcoholic fatty liver disease, providing clinical evidence of the rela-
tionship between TXNIP upregulation and autophagy impairment. In addition, Gao
et al. [54] found that TXNIP suppressed autophagosome clearance by increasing ROS
level in ischemia/reperfusion (I/R) injury. Thus, our study demonstrated that TXNIP
could impair lysosome function and inhibit autophagosome clearance through ROS
induction. Collectively, these results suggest that PTBP1 regulates autophagy in TXNIP-
dependent manner in GC.

Conclusion

In this study, we have validated that interference with PTBP1 significantly impairs the
viability of GC cells and curtails tumor growth, both in vitro and in vivo. Mechanisti-
cally, interference with PTBP1 leads to the upregulation of TXNIP expression, achieved
through the enhancement of TXNIP mRNA stability. The elevated TXNIP levels disrupt
lysosomal function, resulting in the obstruction of autophagic flux and ultimately trig-
gering cell death in GC cells (Fig. 7).
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Fig. 7 Molecular mechanism diagram. Created with BioRender.com. PTBP1 was highly expressed in GC
cells and suppressed TXNIP mRNA stability by directly binding to its mRNA. With the knockdown of PTBP1,
TXNIP expression was upregulated and thus led to oxidative stress. Excess intracellular ROS led to impaired
lysosomal function thereby failing to fuse with autophagosomes to form autolysosomes. Therefore,
autophagosomes are over-accumulated in cells, eventually resulting in cell death
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