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Cyclophilin A knockdown inhibits the proliferation and metastatic
ability of AGS gastric cancer stem cells by downregulating
CD147/STAT3/AKT/ERK and epithelial-mesenchymal transition
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Abstract. Gastric cancer stem cells (GCSCs) contribute to
the challenging aspects of gastric cancer, such as progression,
metastasis, treatment resistance and recurrence. Inhibitors
targeting cyclophilin A (CypA) have shown potential in
curtailing GCSC growth. Building upon this, the current study
delved deeper into understanding the functional role of CypA
in controlling the proliferation and metastatic capabilities of
GCSCs, employing CypA-specific small interfering RNA. The
results revealed that knockdown of CypA led to significant
suppression of the growth and tumorsphere-forming capacity
of GCSCs derived from AGS cells. This effect was mediated
by arresting the cell cycle at the G,/G, and S phases, and
promoting apoptosis. Furthermore, silencing of CypA exerted
inhibitory effects on the migration and invasion of AGS
GCSCs by modulating the process of epithelial-mesenchymal
transition. Notably, the observed antiproliferative and antimet-
astatic effects of CypA knockdown were associated with the
downregulation of critical regulators of gastric cancer stem-
ness, such as CD44, CD133, aldehyde dehydrogenase 1 family
member Al, NANOG, OCT4 and SOX2. This regulation
occurred through inactivation of the CD147/STAT3/AKT/ERK
signaling pathway. Additionally, CypA knockdown effectively
curbed in vivo tumor growth of AGS GCSCs in a chorioal-
lantoic membrane assay using chick embryos. These findings
underscore the critical role of CypA in promoting the prolif-
eration and metastasis of GCSCs, highlighting its potential
as an effective therapeutic target for eradicating GCSCs and
improving gastric cancer treatment outcomes.
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Introduction

Gastric cancer (GC) is the fifth most commonly diagnosed
cancer and the third leading cause of cancer-related deaths
globally (1). Recent advancements in surgical techniques,
chemotherapy, adjuvant radiotherapy, and molecular targeted
therapies have significantly improved the treatment of GC,
achieving a survival rate of over 95% for early-stage cases (2).
However, early diagnosis of GC remains challenging, and the
overall survival rate for patients with recurrent or metastatic
GC remains poor (2-4). Numerous studies have demonstrated
that gastric cancer stem cells (GCSCs) are crucial to the
aggressive nature of GC, including its progression, metas-
tasis, recurrence, and resistance to treatment (5,6). GCSCs
are known to overexpress specific stem cell markers such as
CD133, CD44, aldehyde dehydrogenase 1 (ALDHI1), NANOG,
SOX2, and OCT4, which are linked to poor prognosis and
aggressive biological behavior in GC (5). Thus, identifying
and targeting upstream molecular mechanisms that regulate
these GCSC markers is essential for improving current GC
treatment strategies.

Cyclophilin A (CypA) stands out as the most preva-
lent member within the immunophilin family, which has
peptidyl-prolyl cis-trans isomerase activity (7). While
primarily localized in the cytoplasm, CypA can also be
discharged into the extracellular environment in response to
inflammatory triggers. Once outside the cell, secreted CypA
engages with CD147, a transmembrane protein from the immu-
noglobulin superfamily, fostering intercellular connections
and eliciting intracellular responses (8). CypA orchestrates a
range of biological processes, including protein folding and
trafficking, activation of immune cells, and modulation of cell
signaling pathways (7,9). Additionally, it plays a pathological
role in various human diseases, encompassing viral infec-
tions, inflammatory conditions, autoimmune disorders, and
cancer (10,11). Increasing evidence underscores CypA's over-
expression across diverse tumor types, where it fuels cancer
cell survival, proliferation, migration, and invasion (10,12).
The interplay between CypA and CD147 triggers several
oncogenic signaling cascades, notably the phosphoinositide
3-kinase (PI3K)/AKT and mitogen-activated protein kinase
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(MAPK)/extracellular regulated kinase (ERK) pathways,
ultimately fostering cancer cell growth, metastasis, drug resis-
tance, and tumor recurrence (10). Consequently, CypA and
CD147 emerge as pivotal targets for cancer therapy.

Our recent findings reveal the potential of natural CypA
inhibitors, such as cyclosporin A (CsA) and 23-demethyl
8,13-deoxynargenicin (C9), to suppress the growth of
GCSCs (13). Both CsA and C9 effectively halted the prolif-
eration of GCSCs derived from MKN45 cells, both in vitro
and in vivo, by arresting cell cycle at the GO/G1 phase and
triggering caspase-driven apoptosis. These inhibitors also
downregulated the expression of crucial GCSC markers by
modulating the MAPK and AKT signaling pathways medi-
ated by CypA/CD147. Furthermore, recent experiments
demonstrated that CsA and C9 can impede the expansion of
cancer stem cells in non-small cell lung cancer (NSCLC) by
interfering with the interaction between the epidermal growth
factor receptor (EGFR) and CypA/CD147 (14). Hence, our
results indicate that CypA inhibitors like CsA and C9 show
promise as anticancer agents targeting cancer stem cells,
including GCSCs. However, the direct involvement of CypA
in GCSCs remains unexplored. To further elucidate whether
CypA could serve as a therapeutic target for eradicating
GCSCs, we examined its functional impact on GCSC prolif-
eration and metastatic potential using CypA-specific small
interfering RNA (siRNA).

Materials and methods

Reagents and antibodies. Accutase (cat. no. A6964),
heparin (cat. no. H3149), gelatin (cat. no. G2500), laminin
(cat. no. L2020), and extracellular matrix (ECM) gel (cat.
no. E1270) were sourced from Sigma-Aldrich. Basic fibro-
blast growth factor (bFGF, cat. no. CYT-218) and epidermal
growth factor (EGF, cat. no. CYT-217) were acquired from
Prospecbio. Trypsin (cat. no. SH30042.01), RPMI-1640 (cat.
no. SH30027.01), DME/F-12 (cat. no. SH30023.01), and antibi-
otics (cat. no. SV30079.01) were obtained from HyClone. B-27
supplement (cat. no. 17504-044) and fetal bovine serum (FBS,
cat. no. A56708-01) were sourced from Gibco. Antibodies for
vimentin (cat. no. A11952), E-cadherin (cat. no. A11492), and
N-cadherin (cat. no. A0433) were acquired from ABclonal.
Antibodies for B-actin (cat. no. 4967), CD44 (cat. no. 37259),
CD133 (cat. no. 64326), ALDH1A1 (cat. no. 12035), SOX2
(cat. no. 3579), NANOG (cat. no. 3580), OCT4 (cat. no. 2750),
CypA (cat. no. 2175), CD147 (cat. no. 13287), STAT3 (cat.
no. 9139), phospho-STAT?3 (cat. no. 9145), AKT (cat. no. 9272),
phospho-AKT (cat. no. 4060), ERK1/2 (cat. no. 9102), and
phospho-ERK1/2 (cat. no. 9101) were all sourced from Cell
Signaling Technology.

Cell culturing. The AGS human gastric cancer cell line
(KCLB no. 21739), sourced from the Korean Cell Line
Bank (Seoul, South Korea), was maintained under specific
conditions as follows: For adherent cell growth, RPMI-1640
medium containing 10% FBS and 1% antibiotics was utilized.
Subculturing of adherent cells was performed using trypsin. For
tumorsphere cell propagation, DME/F-12 medium containing
20 ng/ml bFGF, 20 ng/ml EGF, B-27 supplement, 5 pug/ml
heparin, and 1% antibiotics was employed. Tumorsphere cells

were subcultured by dissociating them with Accutase (13,15).
The cells were incubated at a constant temperature of 37°C in
a humidified environment with 5% CO,.

CypA-directed RNA interference. CypA-specific siRNA
(siCypA) was synthesized by Bioneer (Daejeon, South Korea).
The sequences for siCypA were designed as follows: the sense
sequence was 5'-GCUCGCAGUAUCCUAGAAU-3' and the
antisense sequence was 5'-AUUCUAGGAUACUGCGAG
C-3' (16). Non-targeting siRNA control was procured from
Santa Cruz Biotechnology. To introduce the siRNAs into AGS
GCSCs, dissociated AGS tumorsphere cells were seeded in
culture plates using serum-free medium and transfected with
siRNAs (100 nM) using Lipofectamine™ 2000 (Invitrogen).
Confirmation of CypA knockdown was carried out through
Western blotting.

Cell proliferation assay. AGS GCSCs, either non-silenced or
CypA-silenced, were plated at a quantity of 3x10° cells per
well in 96-well plates, using serum-free medium supplemented
with bFGF and EGF, and cultured for 72 h. Tumorspheres with
a diameter greater than 60 pm were detected and enumerated
using an optical microscope. To assess cell proliferation, the
CellTiter-Glo® 2.0 Cell Viability Assay kit (Promega) was
utilized. Luminescence signals were measured with a micro-
plate reader (13).

Limiting dilution assay. AGS GCSCs, either non-silenced
or CypA-silenced, were seeded at varying densities ranging
from 5 to 200 cells per well in 96-well plates with serum-free
medium containing bFGF and EGF. Following a 7-day incu-
bation period, the presence and quantity of tumorspheres
exceeding 60 ym in diameter in each well were examined
using light microscopy (Olympus). To determine the rate of
tumorsphere formation, data analysis was conducted using
Extreme Limiting Dilution Analysis (ELDA) tool, accessible
at http:/bioinf.wehi.edu.au/software/elda/. This analysis was
performed on November 16,2023 (14).

Cell cycle and apoptosis analysis. AGS GCSCs, with or
without CypA silencing, were cultured in 60-mm culture
dishes at a quantity of 2x10° cells per well in serum-free
medium containing bFGF and EGF for 72 h. Following incu-
bation, cells were collected and stained in accordance with
the manufacturer's instructions, using either Muse® Cell Cycle
(cat. no. MCH100106) or Annexin V & Dead Cell reagent (cat.
no. MCH100105) (Luminex). Subsequently, cell cycle distribu-
tion and the proportion of apoptotic cells were assessed using
the Muse® Cell Analyzer, operated with MuseSoft_V1.8.0.3
software (13).

Wound closure assay. Wounds were created using the ibidi
cultureinsertsystem (ibidi GmbH). After placing aculture insert
into each well of a laminin-coated 24-well plate, non-silenced
or CypA-silenced AGS GCSCs (15x10* cells/70 ul) were inoc-
ulated into each insert using serum-free medium containing
bFGF and EGF. After a 24-h incubation for cell attachment,
the culture inserts were removed. Afterwards, cell migration
was monitored by light microscopy for 0,2, 4, and 6 h, and the
gap area was measured (16).
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Invasion analysis. Cell invasion was evaluated utilizing a
Transwell system equipped with polycarbonate membrane
inserts with an 8.0 ym pore size (SPL Life Sciences, Pocheon,
South Korea). Gelatin (1 mg/ml) and ECM gel (3 mg/ml)
coatings were applied to the bottom and upper surfaces of
the filter, respectively. AGS GCSCs, either non-silenced or
CypA-silenced, were seeded at a quantity of 5x10* cells per
well in the filter chamber using serum-free culture medium
containing bFGF and EGF and allowed to culture for 24 h.
Following staining with hematoxylin and eosin, cells that
had invaded were observed and quantified using an optical
microscope (16).

Western blot. Equal quantities of cell extracts were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
followed by transfer to polyvinylidene difluoride membranes.
The membranes were next incubated with 5% skim milk
for blocking before being immunolabeled with primary
antibodies, with dilutions ranging from 1:2,000 to 1:10,000.
Detection of the immunolabeling was carried out using an
enhanced chemiluminescence kit (DoGenBio, Seoul, South
Korea), following incubation with secondary antibodies conju-
gated to horseradish peroxidase at a dilution of 1:3,000. Band
intensities were quantified utilizing ImageJ 1.5 tool. Levels
of expression were measured by comparing the ratio of each
target protein relative to f-actin (13).

CAM assay. The CAM assay serves as a widely adopted
in vivo model, valued for its speed, simplicity, and inherent
immunodeficiency, particularly in assessing angiogenesis,
tumorigenesis, toxicology, and drug delivery (17,18). In this
study, non-silenced or CypA-silenced AGS GCSCs were
utilized, with a total of 2x10° cells per egg, mixed with ECM
gel at a ratio of 40 pl per egg, and then transplanted into the
CAM of fertilized eggs. Following transplantation, the eggs
underwent incubation in a humidified environment for 7 days.
At the end of this incubation period, the tumors that developed
in the CAM were collected, and their weight and diameter
were recorded (13).

Statistical evaluation. The data are presented as the
average + standard deviation derived from a minimum of three
separate experiments. Statistical evaluation was conducted
using one-way ANOVA followed by Tukey's post-hoc test,
employing SPSS version 9.0 software. A P-value below 0.05
denotes statistical relevance.

Results

Genetic knockdown of CypA in AGS GCSCs by RNA inter-
ference. We have previously demonstrated that GCSCs can
be selectively enriched from GC cell lines as tumorspheres
under serum-free medium supplemented with bFGF and
EGF (13,15). The stem-like characteristics of GC cells are
accompanied by upregulation of stemness-related factors.
AGS tumorsphere cells grown in these cancer stem cell
culture conditions significantly overexpressed key GCSC
markers, such as CD44, CD133, ALDH1A1, NANOG, SOX2,
and OCT4, compared to AGS adherent cells cultured in 10%
serum-supplemented conditions (Fig. 1A). These data indicate
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that AGS tumorsphere cells have stem-like properties, and
the serum-free spheroid culture can enhance the expansion
of the AGS-derived GCSC population. Furthermore, in AGS
tumorsphere cells, the levels of CypA and CDI147 expression
were higher than in AGS adherent cells, indicating that the
CypA/CD147 pathway might be crucial for the maintenance of
GCSCs (Fig. 1A). Therefore, all experiments in this study using
AGS GCSCs were performed under serum-free tumorsphere
culture conditions selective for cancer stem cells.

To investigate the role of CypA in GCSCs, we performed
genetic knockdown of CypA (gene name: peptidylprolyl isom-
erase A, PPIA) using RNA interference and then analyzed
phenotypic changes. AGS-derived GCSCs were transfected with
either siRNA targeting CypA (siCypA) or a non-targeting siRNA
control. As depicted in Fig. 1B, the significant reduction of CypA
expression by siCypA was confirmed by Western blotting.

CypA knockdown inhibits proliferation and tumorsphere
formation capability of AGS GCSCs. Initially, we evaluated
the influence of CypA knockdown on the proliferation of
GCSCs derived from AGS cells through an ATP-monitoring
luminescence assay. CypA knockdown demonstrated a notable
inhibitory effect on AGS GCSC proliferation, as illustrated
in Fig. 2A. Tumorsphere formation capability stands as a
distinctive trait of cancer stem cells (5,6). Furthermore,
silencing CypA resulted in a decrease in both the quantity and
size of tumorspheres generated by AGS GCSCs, as depicted
in Fig. 2B. The impact of CypA knockdown on the tumor-
sphere-forming ability of AGS GCSCs was further evaluated
by limiting dilution assay (LDA). CypA-silenced AGS GCSCs
exhibited a 3-fold lower frequency of tumorsphere formation
than non-silenced control cells (Fig. 2C).

Next, we investigated whether inhibition of AGS GCSC
proliferation by CypA knockdown was associated with regula-
tion of cell cycle and apoptosis using flow cytometry. CypA
knockdown increased GO/G1 and S phase cell populations
and decreased G2/M phase cell populations in comparison
to control cells (Fig. 2D). Additionally, reducing CypA levels
led to an elevated percentage of apoptotic cells relative to
the control group, as indicated in Fig. 2E. These findings
underscore that silencing CypA not only restrains the prolif-
eration and tumorsphere-forming capacity of GCSCs derived
from AGS cells but also arrests the cell cycle at GO/G1 and
S phases, along with inducing apoptosis. Consequently, these
results suggest a favorable role for CypA in the proliferation
and sustenance of GCSCs.

CypA knockdown inhibits migration and invasion of AGS
GCSCs. We further assessed whether CypA knockdown
affects key metastatic functions such as migration and inva-
sion of AGS-derived GCSCs. As shown in the results from
the wound closure assay, CypA-silenced AGS GCSCs showed
reduced migratory capacity compared to non-silenced control
cells (Fig. 3A). In addition, Transwell invasion assay revealed
that CypA knockdown markedly inhibited the invasiveness of
AGS GCSCs (Fig. 3B).

The high metastatic capacity of GCSCs is closely
associated with the promotion of epithelial-mesenchymal
transition (EMT) (5,19-21). We investigated whether CypA
silencing affects the expression of key EMT-related proteins
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Figure 1. Confirmation of CypA knockdown in AGS GCSCs by RNA interference. (A) Comparison of GCSC marker expression levels in AGS adherent cells
and AGS tumorsphere cells by western blotting. The ratio of each target protein relative to f-actin in adherent cells was set to 100%. "P<0.05 vs. adherent cells.
(B) AGS GCSCs were transfected with siCypA or negative control siRNA. CypA expression levels were confirmed by western blotting. The ratio of CypA
relative to B-actin in cells transfected with control siRNA was set to 100%. "P<0.05 vs. control. ALDH1A1, aldehyde dehydrogenase 1 family member Al;
CypA, cyclophilin A; GCSC, gastric cancer stem cell; siCypA, CypA-specific small interfering RNA; siRNA, small interfering RNA.

in AGS GCSCs. Western blotting results showed that CypA
knockdown increased the levels of the epithelial cell marker
E-cadherin, while decreasing the levels of mesenchymal cell
markers, including vimentin and N-cadherin (Fig. 3C). This
indicates that CypA silencing downregulates EMT. Therefore,
these results suggest that CypA may upregulate the metastatic
ability of GCSCs by promoting EMT.

CypA knockdown attenuates the CDI47/STAT3/AKT/ERK
pathway in AGS GCSCs. Accumulating evidence has
shown that CypA/CD147 interaction promotes cancer
cell proliferation, metastasis, stemness, and resistance
to therapies via the activation of key downstream onco-
genic signaling pathways (10,22-24). Thus, we examined
whether CypA silencing affects the expression levels of

CD147 and downstream signaling effectors mediated by
the CypA/CD147 axis, including ERK1/2, AKT, and signal
transducer and activator of transcription 3 (STAT3), in
AGS-derived GCSCs. As a result, CD147 expression was
significantly suppressed by CypA knockdown (Fig. 4A).
Moreover, CypA silencing markedly inhibited the levels of
phosphorylated STAT3, AKT, and ERK1/2 relative to their
total protein levels (Fig. 4A). These results indicate that
CypA knockdown downregulates CypA/CDI147-mediated
downstream signaling pathways by reducing CD147
expression in AGS GCSCs.

Next, we evaluated the impact of CypA knockdown on the
expression of major stem cell regulators. As shown in Fig. 4B,
CypA knockdown effectively suppressed the expression of
key stem cell surface markers such as CD133 and CD44,
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Figure 2. Effect of CypA knockdown on the proliferation and tumorsphere-forming ability of AGS gastric cancer stem cells. (A) Cell proliferation was
assessed using an ATP-based luminescence assay. (B) Tumorspheres that formed were observed and quantified. Scale bar, 200 ym. (C) Tumorsphere formation
frequency was measured using a limiting dilution assay. (D) Cells underwent staining with Muse® Cell Cycle reagent, and subsequent analysis of cell cycle
phases was conducted using the Muse Cell Analyzer. (E) Cells were treated with Muse® Annexin V & Dead Cell reagent for staining, and the Muse Cell
Analyzer was employed to quantify the percentage of apoptotic cells. ‘P<0.05, “P<0.001 vs. control group. 7-AAD, 7-aminoactinomycin D; Apop., apoptosis;
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CypA, cyclophilin A; NT, non-targeting small interfering RNA control; siCypA, CypA-specific small interfering RNA.

the specific cytoplasmic stem cell marker ALDHI1AI, and
master transcriptional regulators of stem cells such as OCT4,
SOX2, and NANOG in AGS GCSCs. Taken together, these

data imply that CypA may enhance the stem-like features of
GC by upregulating stemness-related signaling and regulators
through interaction with CD147.
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Figure 3. Effect of CypA knockdown on the migration and invasion of AGS gastric cancer stem cells. (A) Cell migration was analyzed using a wound closure
assay. Cells that moved into the gap were monitored at the specified time points using light microscopy. To quantify cell migration, the gap area was measured.
Scale bar, 200 ym. (B) Cell invasion was assayed using Transwell chambers with extracellular matrix gel-coated membrane inserts (8.0-um pores). Cells that
had invaded were stained with hematoxylin and eosin and quantified under a light microscope. Scale bar, 200 ym. (C) Expression levels of epithelial-mesen-
chymal transition markers were confirmed by western blotting and determined as the normalized ratio of each target protein relative to B-actin. "P<0.05 vs.
control. CypA, cyclophilin A; NT, non-targeting small interfering RNA control; siCypA, CypA-specific small interfering RNA.

CypA knockdown suppresses tumorigenic ability of AGS
GCSCs. To analyze the impact of CypA knockdown on the
in vivo tumor-forming potential of AGS-derived GCSCs, we
performed a chick embryo chorioallantoic membrane (CAM)
assay. Non-silenced control cells or CypA-silenced cells were
mixed with ECM gel, implanted on the CAM surface, and
cultured for 7 days. The weight and size of the developed tumor
were then calculated. In the control group, tumors averaged
6.6 mg in weight and 3.2 mm in diameter, whereas tumors
in the CypA knockdown group averaged 2.4 mg in weight
and 2.0 mm in diameter (Fig. 5). These findings indicate that
CypA silencing significantly suppressed in vivo tumor growth

derived by AGS GCSCs. Therefore, CypA may play a crucial
role in sustaining the tumorigenic ability of GCSCs.

Discussion

Increasing evidence indicates that CypA and its cell
membrane receptor CD147 are frequently upregulated in
numerous cancer types, including GC. Their interaction trig-
gers intracellular signaling cascades that drive cancer cell
proliferation, metastasis, resistance to chemotherapy, and
acquisition of stem-like properties (10,13,14). Furthermore,
analysis of data from The Cancer Genome Atlas (TCGA)
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Figure 4. Impact of CypA knockdown on the (A) CD147/STAT3/AKT/ERK pathway and (B) stemness regulators in AGS gastric cancer stem cells. Western
blotting was used to confirm the expression levels. Results are presented as the normalized ratio of each target protein (or phosphorylated protein) relative to
B-actin (or total protein). "P<0.05 vs. control. ALDH1A1, aldehyde dehydrogenase 1 family member Al; CypA, cyclophilin A; p-, phosphorylated; siCypA,
CypA-specific small interfering RNA.

& 10 5
—~ 8 € 4
(o]
- > £ =
5 6 5 3
- - 5 47 = 2
g o
= 24 S g =
@ ’ 0+ 0 4
H1mm siCypA (nM) - 100 siCypA (nM) - 100

siCypA (nM) — 100

Figure 5. Impact of CypA knockdown on the tumorigenic ability of AGS gastric cancer stem cells in the CAM model. Cells were mixed with extracellular
matrix gel, transplanted onto the CAM surface and cultured for 7 days. The weight and size of the tumors formed were calculated. "P<0.05, “P<0.001 vs.
control. CAM, chorioallantoic membrane; CypA, cyclophilin A; siCypA, CypA-specific small interfering RNA.

revealed a correlation between higher cancer stages and  have highlighted the significance of the CypA/CD147 axis
increased expression levels of CypA and CD147, indicating  in sustaining and expanding cancer stem cell populations.
a link between CypA/CD147 overexpression and unfavor-  This axis orchestrates the activation of key signaling path-
able outcomes in cancer patients (6). Recent investigations  ways associated with stemness, such as STAT3, PI3K/AKT,
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MAPK, NF-«B, Notch, and Wnt/B-catenin, in various cancer
types, including breast cancer, glioma, liver cancer, pancre-
atic cancer, and colon cancer (10,13,14,22). Consequently,
targeting the CypA/CDI147 axis emerges as a promising
therapeutic approach in cancer management.

More recently, we demonstrated that the natural CypA
inhibitors, CsA and C9, effectively suppressed the stem-like
properties of GC and NSCLC cells (13,14). Both CsA and
C9 impeded the growth of GCSCs and NSCLC stem cells
in vitro and in vivo through the induction of cell cycle arrest
and intrinsic apoptosis. These CypA inhibitors modulated
CypA/CDI147-mediated MAPK and AKT signaling in
GCSCs and disrupted the crosstalk between EGFR and
CypA/CDI147 in NSCLC stem cells, leading to a reduction
in the expression of key stem cell markers. Accordingly, our
findings indicate that the CypA inhibitors CsA and C9 could
serve as potential anticancer agents by targeting cancer stem
cells, potentially improving clinical treatment outcomes.
However, despite the demonstrated antitumor effects of
CypA inhibitors on GCSCs and NSCLC stem cells, the
specific role of CypA in these cancer stem cells has not yet
been directly investigated.

EMT is the process where cells develop invasive mesen-
chymal characteristics by losing epithelial cell adhesion,
reorganizing cytoskeletal structures, and remodeling the ECM,
thereby enhancing their ability to invade (19,25-27). Recent
research has shown that abnormal activation of EMT in various
tumors, including GC, plays a crucial role in tumor advance-
ment, invasion, metastasis, and development (19,28,29). In
particular, the CypA/CD147 axis has been recognized as a
crucial promoter of tumor cell proliferation and metastasis by
regulating the expression of EMT-related markers through the
activation of essential signaling pathways, such as PI3K/AKT,
MAPK, NF-xB, STAT3, Notch, Wnt/B-catenin, and trans-
forming growth factor-f3 (TGF-f)/Smad3, across various cancer
types (10,19,28-34). In colon cancer cells, CypA knockdown
has been demonstrated to impede cell migration and invasion
by suppressing EMT, characterized by increased E-cadherin
and decreased N-cadherin and Snail expression (35). Similarly,
in liver cancer cells, CD147 has been linked to EMT by medi-
ating TGF-P1 signaling, thereby promoting invasion through
the elevated levels of EMT transcription factors Slug and
Snail (30). However, whether the CypA/CD147 axis enhances
the metastatic potential of GCSCs by promoting EMT remains
unclear.

In this investigation, we unveiled the functional
significance of CypA in the proliferation and metastasis of
GCSCs for the first time, utilizing CypA-specific siRNA.
Knocking down CypA resulted in the inhibition of both
proliferation and tumorsphere-forming capability of GCSCs
derived from AGS cells. This inhibition was attributed
to the promotion of apoptosis and the arrest of the cell
cycle in the GO/G1 and S phases. Furthermore, CypA
depletion resulted in an increase in the expression level
of E-cadherin, coupled with a decrease in vimentin and
N-cadherin. Consequently, CypA suppression hindered the
migration and invasion of AGS GCSCs by downregulating
the process of EMT. Moreover, CypA knockdown exerted
a strong downregulation effect on key stemness markers,
such as CD44, CD133, ALDHI1A1, OCT4, NANOG, and

SOX2, which are associated with the aggressive proper-
ties of GCSCs. This downregulation was achieved via the
inactivation of the CDI147/STAT3/AKT/ERK pathway.
Additionally, CypA silencing attenuated the tumor-forming
potential of AGS GCSCs in a CAM model. Notably, we also
tested a different sequence of siCypA (siCypA_2) in AGS
GCSCs to further validate CypA's role in regulating their
proliferation and metastatic potential. The in vitro experi-
ments showed consistent results between the two siRNAs
(Figs. S1-S3). Nevertheless, future additional in vivo animal
model studies are needed to strengthen these findings. In
summary, our findings suggest that CypA contributes posi-
tively to the proliferation and metastasis of GCSCs through
the upregulation of CD147/STAT3/AKT/ERK signaling and
facilitation of EMT. Thus, targeting the CypA/CDI147 axis
holds promise in improving the treatment outcomes of GC
patients by suppressing the growth and metastasis of GCSCs.
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