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Abstract

Serotonin or 5-hydroxytryptamine (5-HT) has been implicated in promoting cancer cell
growth by acting on 5-HT receptors, such as 5-HT1 and 5-HT2 receptors. However, the
role of 5-HT3 receptor antagonists in gastric cancer cell lines remains unclear. This study
aimed to evaluate the effect of 5-HT3 receptor antagonists (ondansetron, palonosetron, and
ramosetron) on cancer cell growth using AGS and MKN-1 cell lines, as well as the xenograft
mouse model. All the three antagonists inhibited cell proliferation, migration, and colony
formation in AGS cells. Specifically, palonosetron induced G1 cell cycle arrest, autophagy,
and phosphorylation of GSK3β, along with increased expression of p27, p53, and LC3B.
In vivo studies demonstrated that palonosetron reduced tumor growth and modulated
pro-inflammatory cytokines—tumor necrosis factor alpha, interleukin 6, and interleukin 1β.
These findings suggest that 5-HT3 receptor antagonists, especially palonosetron, exert anti-
tumor effects in gastric cancer through G1 cell cycle regulation and immunomodulation.
The results position palonosetron as a promising lead for further preclinical development
in gastric cancer.

Keywords: 5-HT3 receptor; palonosetron; gastric cancer; G1 cell cycle

1. Introduction
Serotonin, also known as 5-hydroxytryptamine (5-HT), is a monoamine neurotrans-

mitter synthesized from tryptophan [1]. In humans and animals, it is abundant in the
gastrointestinal tract, platelets, and the central nervous system [2,3]. In particular, ap-
proximately 90% of the body’s total serotonin is stored in enterochromaffin cells within
the gastrointestinal tract and plays an important role in regulating gastrointestinal (GI)
motility [4,5]. Serotonin is widely recognized for the regulation of mood and promotion of
well-being and happiness [2,3]. Moreover, it is associated with appetite, sleep, learning,
and memory [6]. The regulation of serotonin synthesis in serotonergic neurons of the
central nervous system underlies its pharmacological classification as an antidepressant [7].
Serotonin also acts as a growth factor for some cells, inducing vasoconstriction, and is
involved in homeostasis, blood coagulation, and wound healing [8–10].

In addition, serotonin has been reported to act as a mitogenic factor in both normal
and cancer cells [11]. It also promotes tumor growth in various cancers, including prostate,
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lung, and colorectal cancers, by acting on 5-HT receptors. In particular, 5-HT1 and 5-HT2
receptors are closely associated with aggressive tendencies of cancer cells [12,13], prompting
extensive research on the inhibitory potential of 5-HT1 and 5-HT2 receptor antagonists
against cancer cell growth [14,15]. To date, seven 5-HT receptors have been identified, of
which only 5-HT3 receptor is not a G-protein-coupled receptor and it activates extrinsic
sensory nerves via the sodium-potassium pump [16].

In clinic, 5-HT3 receptor antagonists are currently the most widely used drugs against
postoperative nausea and vomiting (PONV) [17], and they include azasetron (Serotone,
Welfide, Japan), dolasetron (Anzemet, Sanofi-Aventis, France), granisetron (Kytril, Roche,
Switzerland), tropisetron (Navoban, Novartis, Switzerland), and ondansetron (Zofran,
GlaxoSmith-Kline, England) [18]. Studies on 5-HT receptor antagonists have focused on
their anticancer effects in various cancer types and an efficacy comparison of related drugs
for PONV prevention [19,20]. However, the role of 5-HT3 receptor and its antagonism
in cancer development has not been widely explored. Therefore, this study aimed to
identify the dose-dependent effects of a 5-HT3 receptor antagonists on gastric cancer cells.
The in vitro experiment used gastric cancer cell lines—AGS and MKN-1—and the in vivo
experiment employed a xenograft mouse model.

Glycogen synthase kinase 3 (GSK3) shows various function in cellular process in-
cluding differentiation, growth, motility and apoptosis [21]. Multiple studies have been
developed to modulate GSK3β activity in order to suppress cancer growth [22–25]. GSK3β
mediates signaling of p27, p53, and LC3B. The CDK inhibitor p27 and the transcription
factor p53 suppress tumor by arresting cell-cycle progression and inducing apoptosis. Up-
regulating p27 enforces the G1/S checkpoint and often coincides with apoptosis in cancer
cells, whereas activated p53 triggers cell-cycle arrest and apoptosis [26–30]. LC3B is a core
autophagosome component. The conversion from LC3-I to LC3-II tracks autophagosome
formation [31,32]. In summary, modulation of GSK3β impacts p27 and p53-mediated
cell-cycle arrest and apoptosis, while coupling to LC3B-dependent autophagy.

Scheme 1 provides a schematic overview of these interrelationships.

 

Scheme 1. Schematic representation of signaling interactions among GSK3, cell-cycle progression,
and autophagy. Arrows indicate the direction of effect and the resulting outcome.

2. Results
2.1. 5-HT3 Receptor Antagonists Inhibit Cell Proliferation in Human Gastric Cancer Cells

To determine the effects of 5-HT3 receptor antagonists on the viability of human
gastric cancer cells, AGS, MKN-1, and SNU-5 cells were initially treated with different
concentrations of ondansetron (0–40 µg/mL), palonosetron (0–8 µg/mL), and ramosetron
(0–4 µg/mL) in complete cell culture media for 48 h prior to the cell proliferation assay.
Compared with the saline-control, cell viability (%) at day 2 reduced in a dose-dependent
manner after the three 5-HT3 receptor antagonist treatments (Figure 1).
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Figure 1. 5-Hydroxytryptamine 3 (5-HT3) receptor antagonists inhibited proliferation of AGS, MKN-
1, and SNU-5 cells. 5-HT3 receptor antagonists reduced the viability of AGS (A) and MKN-1 cells
(B), as measured using EZ-Cytox cell viability assay kit. Statistical significance was assessed using
one-way analysis of variance with the Bonferroni correction. n = 6, * p < 0.05 compared with the
saline-treated control group. AGS, MKN-1, and SNU-1, Human gastric adenocarcinoma cell lines.

2.2. 5-HT3 Receptor Antagonists Prevent Cell Migration and Colony Formation in AGS

The effects of 5-HT3 receptor antagonists on AGS cell migration were investigated via
wound healing and colony formation assays. The saline-control group showed a reduction
in the width of the wound after 12 or 36 h as cells migrated into the wound. Compared
with the saline-control, the wound width was slightly reduced in cells treated with the
three 5-HT3 receptor antagonists. Ondansetron, palonosetron, and ramosetron reduced
migrated cells 72 ± 13%, 75 ± 6%, and 44 ± 10%, respectively, compared with the control
(100%) (p < 0.05) (Figure 2A,B). An increase in migration was only observed in the control
group after 12 h. (Supplementary Figure S1).

In the colony formation assay, the saline-control group showed colony formation
increase after 9 days. Compared with the saline-control (100%), ondansetron, palonosetron
and ramosetron decreased colony formation by 51 ± 15%, 31 ± 5.8%, and 32 ± 5.9%,
respectively (p < 0.05) (Figure 2C,D).
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Figure 2. 5-Hydroxytryptamine 3 (5-HT3) receptor antagonists inhibited cell migration and colony
formation in AGS cells. (A) The representative images of wound healing scratch assay. The dashed red
line indicates the location of the initial scratch. (B) The quantitation of the migrated cells demonstrated
that 5-HT3 receptor antagonists suppressed AGS cell migration. n = 5, * p < 0.05 compared with the
saline-treated control group. (C) The representative images of colony formation. (D) Colony size
was measured using the ImageJ, version 1.44 software program; * p < 0.05 vs. control, # p < 0.05
vs. ondansetron 40 g/mL. Con, control; Palono-8, Palonosetron 8 µg/mL; Ondan-40, Ondansetron
40 µg/mL; Ramo-4, Ramosetron 4 µg/mL.

2.3. Palonosetron Arrested G1 Phase in AGS

We conducted a cell cycle assay via flow cytometry to investigate the inhibitory ac-
tivities of Palonosetron on the gastric cancer cell proliferation. Palonosetron treatment
(8 µg/mL) for 24 h significantly increased the percentage of cells in the G1 phase to
41.9 ± 1.3% compared with 30.6 ± 0.5% % in the control (p < 0.05) (Figure 3).

 
(A) (B) (C) 

Figure 3. Palonosetron induced G1 phase arrest in AGS cells. Flow cytometry analysis showed that
palonosetron treatment increased AGS cell cycle arrest, as determined by the quantitation of cells in
each cell cycle phase. (A) Quantitation of cells in the G1 phase; y-axis shows percentage of cells in
each phase. (B) Cell cycle assessment; y-axis shows percentage of cells in the G1 phase. (C) X-axis
shows propidium iodide, whereas y-axis shows the count of cell cycle. Statistical significance was
assessed using one-way analysis of variance with Bonferroni correction. * p < 0.05 compared with the
saline-treated control group. Con, control; Palono, Palonosetron.
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2.4. 5-HT3 Receptor Antagonists Stimulated Phosphorylation of GSK3, ERK, and AKT and
Autophagy-Related Proteins in AGS

To explore the potential cellular signaling pathway by which 5-HT3 receptor antag-
onists affected AGS cell viability and migration, we investigated the involvement of the
GSK3 pathway. Ondansetron, palonosetron, and ramosetron increased the phosphorylation
of GSK3, ERK, and AKT in AGS (Figure 4A).

(A) 

 
(B) 

Figure 4. 5-Hydroxytryptamine 3 (5-HT3) receptor antagonists stimulated GSK3β, ERK, and AKT
phosphorylation and upregulated p27, p53, and LC3B expression (A) Western blot analysis showed
that 5-HT3 receptor antagonists increased GSK3β, ERK, and AKT phosphorylation. (B) Western
blot analysis showed that palonosetron treatment increased the protein levels of p27, p53, and
LC3B in AGS cells relative to the saline-treated control. GAPDH was used for normalizing protein
expression. GSK3β, glycogen synthesis kinase 3 beta; ERK, extracellular signal-regulated kinase; AKT,
protein kinase B; LC3B, microtubule-associated protein 1A/1B-light chain 3; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

Furthermore, autophagy has been shown to play a critical role in the fate of cancer
cells, including initiation, progression, and apoptosis [33,34]. We examined whether 5-HT3
receptor antagonists affected autophagy in AGS cells. Compared with the saline-control,
palonosetron treatment enhanced the levels of p27, p53, and LC3B in a time-dependent
manner in AGS (Figure 4B).

2.5. Palonosetron Regulated Rb, p27, p53, and LC3B via the Phosphorylation of GSK3β in AGS

To confirm whether Palonosetron affected AGS cell viability via the GSK3β signaling
pathway, we blocked the pathway using SB216763, a specific inhibitor of GSK3β. Com-
pared with the control, SB216763 treatment did not change AGS cell viability, whereas
palonosetron (8 µg/mL) treatment decreased AGS cell viability. Co-treatment with
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SB216763 and palonosetron attenuated palonosetron-induced AGS cell viability reduc-
tion (Figure 5A). Co-treatment with SB216763 and palonosetron decreased the protein
levels of Rb, p27, p53, and LC3B compared with palonosetron treatment only (Figure 5B).
The results of our experiment shown in Figure 5B are presented as a histogram in Figure 5C.

  
(A) (B) 

(C) 

Figure 5. Palonosetron regulated the expression of Rb, p27, p53, and LC3B via GSK3β phosphoryla-
tion in AGS cells. (A) Cell viability analysis showed that the co-treatment of cells with palonosetron
(8 µg/mL) and SB216763 (2 µM) abolished the effect of palonosetron on AGS cell viability. (B) Western
blot analysis demonstrated that palonosetron treatment increased the protein expression of Rb, p53,
p27, and LC3B in AGS cells, whereas co-treatment with palonosetron (8 µg/mL) and SB216763 (2 µM)
decreased their expression. (C) Expression of each protein was normalized using GAPDH. Data are
expressed as relative values, with untreated cells as 1. * p < 0.05 compared with the saline-treated con-
trol group. # p < 0.05 compared with the palonosetron-treated group. Rb, retinoblastoma; SB216763,
GSK3β inhibitor; Palono, palonosetron; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
- means no drug treatment, + means drug treatment.

2.6. Palonosetron Induced Autophagy

Bafilomycin A1 (Baf-A1) increased LC3 expression by inhibiting lysosomal degrada-
tion, whereas 3-methyladenine (3-MA) decreased LC3 levels by suppressing
autophagosome formation.

To further investigate autophagy induced by palonosetron, AGS cells were treated
with palonosetron for 24 h. Then, 50 nM Baf-A1 was added 4 h before harvest. Western
blot analysis was subsequently performed to assess protein expression.

The results revealed that Baf-A1 stimulated the expression of autophagy-related pro-
tein (LC3B) in AGS (Figure 6). Moreover, co-treatment with Baf-A1 and palonosetron
markedly enhanced the protein level of LC3B compared with Baf-A1 treatment alone. The
results for ramosetron and ondansetron were similar to those of palosetron
(Supplementary Figure S5).
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(A) 

 
(B) 

Figure 6. Palonosetron induced autophagy in AGS cells. (A) Western blot analysis showed that co-
treatment of AGS cells with Palonosetron and Baf-A1 (50 nM) increased LC3B expression to a greater
extent than that with Palonosetron alone. (B) Western blot analysis showed that treatment of AGS
cells with Palonosetron alone increased the protein expression of LC3B, whereas co-treatment with
Palonosetron and 3-MA (2 mM) decreased its expression. GAPDH served as a loading control. Baf-A1,
bafilomycin A1; 3-MA, 3-methyladenine; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
Palono-8, Palonosetron 8 µg/mL. * p < 0.05 compared with the saline-treated control group. - means
no drug treatment, + means drug treatment.

2.7. Palonosetron Reduced the Tumorigenesis of AGS Cells in the Gastric Cancer Xenograft Models

We used xenograft models to investigate the effects of 5-HT3 receptor antagonist
(palonosetron) on the tumor growth of AGS-luc cells. Four weeks after subcutaneous
injection of AGS-luc cells, IVIS imaging revealed a significant reduction in tumor volume
in the palonosetron-treated group compared with the saline-treated controls (p < 0.05).
Fluorescence intensity, ranging from blue (low) to red (high), corresponded to tumor
burden, which was quantified using the ROI analysis (Figure 7A). The body weight of nude
mice significantly reduced in the group injected with only AGS-Luc cells (Figure 7B). The
tumor weight was significantly reduced in mice treated with PALLA compared with that
in mice injected with only AGS-Luc cells (Figure 7C).

Compared with the saline-control, palonosetron significantly decreased the serum
level of cortisol by 45 ± 14% of control (p < 0.05). The serum level of TNF-α was also
significantly decreased by palonosetron (64.6 ± 6% of the saline-control, p < 0.05). Further,
the serum level of IFN-γ was significantly increased by palonosetron (128 ± 14.5% of the
saline-control, p < 0.05) (Figure 7D).

Throughout the treatment, mice maintained stable body weight and no deaths occurred.
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Figure 7. (A) Palonosetron decreased tumor size in nude mice injected with AGS-Luc cells. In vivo
imaging and corresponding individual data points in the bar graph show the ROI measurements
for the two groups, reflecting tumor burden. Values are presented as means and SD. n = 8–10.
These experiments were performed in triplicate. * p < 0.05 vs. cell group. (B) The body weight of
each experimental group was measured. (C) After the experiment, the weight of the tumor masses
was measured. (D) Effects of palonosetron on circulating levels of inflammatory cytokines. Blood
serum levels of cortisol, TNF-α, and IFN-γ were measured using an ELISA kit. n = 7–10 per group.
Values are presented as means and standard deviation. * p < 0.05 vs. con group, # p < 0.05 vs. cell
group. ROI, region of interest; Con, normal saline group; Cell, AGS-luc cells-injected group; Palono,
palonosetron-treated AGS-luc-injected group. TNF-α, tumor necrosis factor α; IFN-γ, interferon γ;
ELISA, enzyme-linked immunosorbent assay.

3. Discussion
Palonosetron, commonly known for its efficacy in combating chemotherapy-induced

nausea, has emerged as a potential agent in modifying tumor pathology, particularly in
reducing tumor size and weight [35,36]. This intriguing development is further accentuated
by its impact on key inflammatory markers. Studies have reported a consistent decrease
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in the serum levels of pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-1β, fol-
lowing palonosetron administration, suggesting an immunomodulatory effect that might
contribute to its anti-tumoral properties [14]. The reduced level of these cytokines, which
are instrumental in promoting a pro-tumorigenic environment, hints at a broader therapeu-
tic scope of palonosetron, possibly extending its role from symptomatic relief to a more
active participation in tumor suppression [15]. These observations necessitate a deeper
exploration of the mechanistic pathways of palonosetron that underlie its dual-function
profile, which synergizes its antiemetic efficacy with a direct anti-cancer effect. Future
research should focus on elucidating the exact molecular interactions of palonosetron in the
tumor microenvironment and determining its clinical relevance in comprehensive cancer
management strategies.

The cell viability assay results showed that palonosetron reduces the viability of AGS
cells in a dose-dependent manner within 48 h, suggesting its potential cytotoxic effects
against gastric cancer cells. This observed decrease in cell proliferation could be indicative
of an anti-cancer activity that warrants further exploration, particularly because AGS
cells are derived from a gastric adenocarcinoma and are commonly used to study gastric
cancer therapies. The mechanism underlying this palonosetron effect on cell viability is
likely related to its role as a serotonin receptor antagonist [16]. Serotonin is known to
influence cell proliferation, and thus its inhibition may disrupt cancer cell growth [17].
Of note, this suppression effect on cell proliferation is dose-dependent, highlighting the
potential of tailoring palonosetron’s concentration to maximize therapeutic efficacy while
minimizing toxicity. Given these findings, the broader implications of using palonosetron
as an antineoplastic agent necessitate further exploration. Subsequent research should
delineate the exact pathways through which palonosetron influences AGS cell viability,
evaluate its efficacy across a spectrum of cancer cell lines, and establish its in vivo antitumor
potential. These efforts will clarify whether palonosetron can be repurposed as a viable
option in gastric cancer treatment protocols, alongside or as an alternative to existing
chemotherapy agents.

In addition, the results showed that palonosetron arrests the cell cycle of AGS cells in
the G1 phase, a critical stage for cell growth and preparation for DNA replication, which
was associated with upregulation of cell cycle inhibitors p27 and p53, and modulation
of Rb phosphorylation [37]. In the G1 phase, cells decide whether to enter the cycle and
proceed with division or enter a quiescent state (G0) [38]. The ability of palonosetron
to halt cell growth in this phase suggests its potential to impede cell cycle progression,
thereby inhibiting cell proliferation—a desirable effect in cancer treatment. This cell cycle
arrest could be an effect of palonosetron on signaling pathways that regulate cell cycle
progression. For instance, palonosetron may affect cyclin-dependent kinases and cyclins,
which are crucial for the transition from G1 to S phase [39]. By halting cells in the G1 phase,
palonosetron might induce a state of dormancy in cancer cells, reducing the rate of tumor
growth. Furthermore, it may be indicative of its potential to induce cellular senescence or
promote differentiation, both of which are therapeutic strategies in cancer treatment [40,41].
Given that AGS cells are a model for gastric cancer, these findings could directly influence
the development of new treatments for this type of cancer. However, further research is
warranted to determine whether the G1 arrest is reversible, or it leads to apoptosis upon
prolonged exposure to palonosetron. Subsequent studies should elucidate the molecular
mechanisms by which palonosetron induces cell cycle arrest, as well as evaluate its efficacy
in vivo. Such research could provide a scientific foundation for clinical trials assessing
the effectiveness of palonosetron as a stand-alone treatment or in combination with other
therapeutic agents.
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Across assays, all three antagonists (ondansetron, palonosetron, and ramosetron)
suppressed proliferation and migration to some degree. However, only palonosetron
consistently triggered G1-phase arrest and autophagy features, consistent with its distinct
receptor interaction. In contrast, ondansetron and ramosetron remained cytostatic consis-
tent G1 arrest or autophagy at equal exposures, implicating drug-specific signaling bias
downstream of 5-HT3R and motivating targeted mechanistic studies and optimization.

We observed that palonosetron enhanced phosphorylation of GSK3β, ERK and AKT,
suggesting activation of intracellular signaling cascades that intersect with both cell cy-
cle and autophagy regulation [42]. The treatment of AGS cells with Palonosetron alone
increased the protein expression of LC3B, suggests that palonosetron promotes autophagic
responses. Using SB216763 reversed the upregulation of p27, p53, and LC3B, implicating
the phosphorylation of GSK3β as a key mediator for palonosetron’s effect.

The in vivo xenograft experiments support the in vitro findings, demonstrating the
palonosetron administration significantly reduced cancer size in AGS-luc cells-injected mice.
The palonosetron administration also induced the reduction in circulating cortisol and
TNF-α levels, along with the increase in IFN-γ levels, indicating that palonosetron not only
directly inhibits tumor growth but also modulates systemic inflammatory and immune
responses. Compared with the control group, palonosetron-treated mice exhibited no
weight loss and treatment-related mortality, indicating no overt toxicity at the tested dose.

The integrated mechanism is illustrated in Scheme 2.

 

Scheme 2. Proposed mechanism of Palonosetron-mediated inhibition of gastric cancer progres-
sion. Arrows denote the direction of effect and the resulting outcome. Blunt-ended lines (T-bars)
denote inhibition.

Our data show that palonosetron induces G1-phase arrest and engages autophagy
in gastric cancer cells, with concordant attenuation of tumor cell proliferation, migration
and tumor growth. Compared with studies of other 5-HT3 antagonists that primarily
document anti-proliferative effects without robust G1 arrest [43–45], our findings suggest a
drug-specific bias for palonosetron toward cell-cycle and autophagy modulation.
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These findings suggest palonosetron as a promising lead for further investigation into
gastric cancer. Additional mechanistic, pharmacology, and safety studies are required prior
to therapeutic positioning. The antitumor effect is caused by inhibition of cell prolifera-
tion through G1 arrest and GSK3β-dependent autophagy induction, and modulation of
inflammatory cytokines that may enhance antitumor immunity. Further studies should
investigate its efficacy in combination with standard chemotherapy or other agents of
gastric cancer.

4. Materials and Methods
4.1. Cell Culture

SNU-5, AGS and MKN-1 cell lines were chosen. SNU-5 cell line exhibits suspension
growth. AGS and MKN-1 are two widely used adherent lines. for proliferation assays.
AGS was used for signaling studies due to its consistent performance in pathway readouts.
SNU-5, AGS and MKN-1, purchased from the American Type Culture Collection (Rockville,
MD, USA), which are human gastric adenosquamous carcinoma cell lines, were maintained
in Rosewell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 unit/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in
95% humidified air plus 5% CO2. Culture media and all supplements were purchased from
Gibco (Middletown, VA, USA). Ondansetron, palonosetron, and ramosetron were pur-
chased from Cell Signaling Technology (Danvers, MA, USA) and Sigma-Aldrich (St. Louis,
MO, USA).

4.2. Cell Viability Assay

SNU-5, AGS and MKN-1 (3X103) cells were seeded into 96-well culture plates and
incubated at 37 ◦C overnight. The cells were then incubated at 37 ◦C for 2 days in RPMI
supplemented with 10% FBS and ondansetron, palonosetron, and ramosetron, respectively,
at indicated concentrations. Cell viability test was performed using the EZ-Cytox-enhanced
cell viability assay kit (DoGenBio, Seoul, Republic of Korea), according to the manufac-
turer’s protocol. These experiments were performed in triplicate.

4.3. Wound Healing Assay

For the wound healing assay, a linear scratch wound was created in monolayers
of AGS cells at 80–90% confluence using a 200 µL plastic pipette tip, followed by the
separate addition of ondansetron (40 µg/mL), palonosetron (8 µg/mL), and ramosetron
(4 µg/mL) or none. After 24 h incubation at 37 ◦C, the wound was analyzed under a
microscope, images were captured, and migrated cells were counted. These experiments
were performed in triplicate.

4.4. Colony Formation Assay

The effect of three 5-HT3 receptor antagonists on the proliferation of AGS cells was
analyzed using a clonogenic assay. Briefly, AGS cells were seeded on 6-well plates at a
density of 300 cells/well. Cells were incubated at 37 ◦C in the presence or absence of on-
dansetron (40 µg/mL), palonosetron (8 µg/mL), and ramosetron (4 µg/mL). After 10 days
of culture, colonies were fixed in 2% paraformaldehyde for 10 min and photographed, and
then colony sizes were measured. These experiments were performed in triplicate.

4.5. Cell Cycle Assay

Cell cycle was examined via flow cytometry by staining cells with propidium iodide
(PI), as previously described [46]. Briefly, following treatment with palonosetron, AGS cells
were trypsinized, washed with phosphate-buffered saline (PBS), fixed in cold 70% ethanol
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for 30 min at 4 ◦C, and then washed twice with PBS. Fixed cells were incubated at room
temperature for 20 min with 50 µg/mL RNase A, 50 µg/mL PI was added, and the solution
was incubated for another 20 min. The labeled cells were measured immediately using a
BD FACScan flow cytometer (BD Biosciences, San Jose, CA, USA). The acquired data were
analyzed with CellQuest Pro version 5.1 software (BD Biosciences). These experiments
were performed in triplicate.

4.6. Western Blot Analysis

To study the dose and time-response effects of ondansetron, palonosetron, and
ramosetron on the cell cycle checkpoint proteins and autophagy, cells were treated with
three 5HT-3 receptor antagonists or none, cultured for 24 h, and washed twice with
ice-cold PBS. Total protein extraction and immunoblotting were performed, as previ-
ously described [33]. The following primary antibodies were used: anti-phospho-GSK3β
(serine 9), anti-GSK3β, anti-phospho-ERK (threonine 202/tyrosine 204), anti-ERK, anti-
phospho-AKT (serine 473), anti-AKT, anti-Rb, anti-p27, anti-p53, anti-LC3B (all from
Cell Signaling Technology, Danvers, MA, USA), and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (Invitrogen, Carlsbad, CA, USA). These experiments were per-
formed in triplicate. The original, uncropped Western blot membrane is presented in
Supplementary Figures S2–S5.

4.7. Xenograft Models

All animal procedures were approved by the committee for the Care and Use of Lab-
oratory Animals of Yonsei University College of Medicine (IACUC 2017-0226) and were
conducted according to the guidelines of the Care and Use of Laboratory Animals (US
National Institutes of Health). Six-week-old male BALB/c nude mice (weighing 17–18 g)
were used in these experiments. For the mouse tumor xenograft model, 20 BALB/c nude
mice were injected subcutaneously with AGS-Luc cells (5 × 106 cells in 0.1 mL PBS). They
were then randomly divided into either saline (n = 10) or palonosetron (100 µg/kg/day)
treatment groups (n = 10) to evaluate the response of the metastatic gastric tumor xenografts
to palonosetron. The drug-loaded pump was implanted subcutaneously into the left flank
of BALB/c nude mice under isoflurane anesthesia. No procedural mortality occurred. Treat-
ment was delivered using a micro-osmotic pump system (ALZET model 1004, DURECT
Corporation, Cupertino, CA, USA) at a flow rate of 0.11 µL/h for 28 days. Treatment and
tumor cell implantation occurred concurrently. After four weeks, imaging was performed
using an IVIS imaging system, and nude mice were sacrificed. All fluorescence images
were acquired with a 15 min exposure. For quantitative comparison, regions of interest
(ROIs) were drawn over the tumor, and the results are expressed as means ± standard
deviations (n = 8). These experiments were performed in triplicate.

4.8. Enzyme-Linked Immunosorbent Assay

Enzyme-linked immunosorbent assay commercial kits (R&D Systems, Minneapolis,
MN, USA) were used to measure serum levels of cortisol, interferon (IFN)-γ and tumor
necrosis factor (TNF)-α in mouse xenograft models, according to the manufacturer’s in-
structions. These experiments were performed in triplicate.

4.9. Statistical Analysis

The results of the in vitro and in vivo assays are presented as means ± standard de-
viations. Statistical significance was determined using one-way analysis of variance or
Student’s t-test following the Bonferroni correction. Statistical analyses were conducted us-
ing Prism 5.01 software (GraphPad, San Diego, CA, USA). A p-value < 0.05 was considered
statistically significant.
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5. Conclusions
Palonosetron, a 5-HT3 receptor antagonist, inhibited gastric cancer progression by

suppressing cell proliferation, migration, and colony formation via induction of G1 cell cycle
arrest and promoting autophagy through activation of the GSK3β. In vivo, palonosetron
not only significantly reduced tumor growth but also modulated inflammatory cytokines.

These findings identify palonosetron as a lead compound for further investigation in
gastric cancer. Future studies are warranted to further explore the underlying molecular
mechanisms and evaluate the clinically applicability of palonosetron in gastric cancer.
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https://www.mdpi.com/article/10.3390/ijms262010039/s1.

Author Contributions: Y.C.Y. and L.L. contributed equally to this work. Conceptualization, Y.C.Y.,
L.L., J.E.O., and N.Y.K.; data curation, Y.C.Y., L.L., J.E.O., and N.Y.K.; formal analysis, Y.C.Y., S.L.,
J.E.O., and N.Y.K.; investigation, L.L., S.L., Y.R.S., J.E.O., and N.Y.K.; methodology, Y.C.Y., L.L., S.L.,
and Y.R.S.; supervision, J.E.O. and N.Y.K.; writing—original draft, Y.C.Y., L.L., S.L., J.E.O., and N.Y.K.;
writing—review and editing, Y.C.Y., L.L., J.E.O., and N.Y.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (Ministry of Science and ICT), grant number NRF-2017R1C1B5017365.

Institutional Review Board Statement: The animal study was conducted according to the guidelines
of the animal study protocol and was approved by the Committee for the Care and Use of Laboratory
Animals at Yonsei University College of Medicine (protocol code; IACUC 2017-0226 and date of
approval; 12 November 2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used or analyzed in the current study are available from
the corresponding authors on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

5-HT 5-hydroxytryptamine
Baf-A1 Bafilomycin A1
FBS fetal bovine serum
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GI gastrointestinal
IFN interferon
PI propidium iodide
PONV postoperative nausea and vomiting
ROIs regions of interest
TNF tumor necrosis factor

References
1. Sahu, A.; Gopalakrishnan, L.; Gaur, N.; Chatterjee, O.; Mol, P.; Modi, P.K.; Dagamajalu, S.; Advani, J.; Jain, S.; Keshava Prasad,

T.S. The 5-Hydroxytryptamine signaling map: An overview of serotonin-serotonin receptor mediated signaling network. J. Cell
Commun. Signal. 2018, 12, 731–735. [CrossRef]

2. Guzel, T.; Mirowska-Guzel, D. The Role of Serotonin Neurotransmission in Gastrointestinal Tract and Pharmacotherapy. Molecules
2022, 27, 1680. [CrossRef]

3. Fabregas, J.C.; Ramnaraign, B.; George, T.J. Clinical Updates for Colon Cancer Care in 2022. Clin. Color. Cancer 2022, 21, 198–203.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms262010039/s1
https://doi.org/10.1007/s12079-018-0482-2
https://doi.org/10.3390/molecules27051680
https://doi.org/10.1016/j.clcc.2022.05.006
https://www.ncbi.nlm.nih.gov/pubmed/35729033


Int. J. Mol. Sci. 2025, 26, 10039 14 of 15

4. Terry, N.; Margolis, K.G. Serotonergic Mechanisms Regulating the GI Tract: Experimental Evidence and Therapeutic Relevance; Springer
International Publishing: Berlin/Heidelberg, Germany, 2016; pp. 319–342. [CrossRef]

5. Lagomarsino, V.N.; Kostic, A.D.; Chiu, I.M. Mechanisms of microbial–neuronal interactions in pain and nociception. Neurobiol.
Pain 2021, 9, 100056. [CrossRef] [PubMed]

6. Coray, R.; Quednow, B.B. The role of serotonin in declarative memory: A systematic review of animal and human research.
Neurosci. Biobehav. Rev. 2022, 139, 104729. [CrossRef]

7. Mahar, I.; Bambico, F.R.; Mechawar, N.; Nobrega, J.N. Stress, serotonin, and hippocampal neurogenesis in relation to depression
and antidepressant effects. Neurosci. Biobehav. Rev. 2014, 38, 173–192. [CrossRef]

8. Schlienger, R.G.; Meier, C.R. Effect of selective serotonin reuptake inhibitors on platelet activation: Can they prevent acute
myocardial infarction? Am. J. Cardiovasc. Drugs Drugs Devices Other Interv. 2003, 3, 149–162. [CrossRef]

9. Khil, H.; Kim, S.M.; Hong, S.; Gil, H.M.; Cheon, E.; Lee, D.H.; Kim, Y.A.; Keum, N. Time trends of colorectal cancer incidence and
associated lifestyle factors in South Korea. Sci. Rep. 2021, 11, 2413. [CrossRef]

10. Tang, J.; Wang, Z.; Liu, J.; Zhou, C.; Chen, J. Downregulation of 5—Hydroxytryptamine receptor 3A expression exerts an
anticancer activity against cell growth in colorectal carcinoma cells in vitro. Oncol. Lett. 2018, 16, 6100–6108. [CrossRef]

11. Sarrouilhe, D.; Clarhaut, J.; Defamie, N.; Mesnil, M. Serotonin and Cancer: What Is the Link? Curr. Mol. Med. 2015, 15, 62–77.
[CrossRef] [PubMed]

12. Ataee, R.P.; Ajdary, S.P.; Rezayat, M.P.; Shokrgozar, M.A.P.; Shahriari, S.M.; Zarrindast, M.R.P. Study of 5HT3 and 5HT4 Receptors
Expression in HT29 Cell Line and Human Colon Adenocarcinoma Tissues. Arch. Iran. Med. 2010, 13, 120–125.

13. Lee, J.S.; Park, S.Y.; Kim, N.Y.; Kim, D.W.; Oh, J.E.; Heo, E.; Lee, J.S.; Yoo, Y.C. Anti-Tumor Potential of a 5-HT3 Receptor
Antagonist as a Novel Autophagy Inducer in Lung Cancer: A Retrospective Clinical Study with In Vitro Confirmation. J. Clin.
Med. 2019, 8, 1380. [CrossRef]

14. Dranoff, G. Cytokines in cancer pathogenesis and cancer therapy. Nat. Rev. Cancer 2004, 4, 11–22. [CrossRef] [PubMed]
15. Irving, H.; Turek, I.; Kettle, C.; Yaakob, N. Tapping into 5-HT3 Receptors to Modify Metabolic and Immune Responses. Int. J. Mol.

Sci. 2021, 22, 11910. [CrossRef]
16. Sui, H.; Xu, H.; Ji, Q.; Liu, X.; Zhou, L.; Song, H.; Zhou, X.; Xu, Y.; Chen, Z.; Cai, J.; et al. 5-hydroxytryptamine receptor (5-HT1DR)

promotes colorectal cancer metastasis by regulating Axin1/β-catenin/MMP-7 signaling pathway. Oncotarget 2015, 6, 25975–25987.
[CrossRef]

17. Karmakar, S.; Lal, G. Role of serotonin receptor signaling in cancer cells and anti-tumor immunity. Theranostics 2021, 11, 5296–5312.
[CrossRef]

18. Lea, N.C.; Orr, S.J.; Stoeber, K.; Williams, G.H.; Lam, E.W.F.; Ibrahim, M.A.A.; Mufti, G.J.; Thomas, N.S.B. Commitment Point
during G0→G1 That Controls Entry into the Cell Cycle. Mol. Cell. Biol. 2003, 23, 2351–2361. [CrossRef]

19. Gan, T.J.; Belani, K.G.; Bergese, S.; Chung, F.; Diemunsch, P.; Habib, A.S.; Jin, Z.; Kovac, A.L.; Meyer, T.A.; Urman, R.D.; et al.
Fourth Consensus Guidelines for the Management of Postoperative Nausea and Vomiting. Anesth. Analg. 2020, 131, 411–448.
[CrossRef]

20. Weibel, S.; Rücker, G.; Eberhart, L.H.; Pace, N.L.; Hartl, H.M.; Jordan, O.L.; Mayer, D.; Riemer, M.; Schaefer, M.S.; Raj, D.; et al.
Drugs for preventing postoperative nausea and vomiting in adults after general anaesthesia: A network meta-analysis. Cochrane
Database Syst. Rev. 2020, 2020, CD012859. [CrossRef] [PubMed]

21. Forde, J.E.; Dale, T.C. Glycogen synthase kinase 3: A key regulator of cellular fate. Cell. Mol. Life Sci. 2007, 64, 1930–1944.
[CrossRef] [PubMed]

22. Duda, P.; Akula, S.M.; Abrams, S.L.; Steelman, L.S.; Martelli, A.M.; Cocco, L.; Ratti, S.; Candido, S.; Libra, M.; Montalto, G.; et al.
Targeting GSK3 and Associated Signaling Pathways Involved in Cancer. Cells 2020, 9, 1110. [CrossRef] [PubMed]

23. Papadopoli, D.; Pollak, M.; Topisirovic, I. The role of GSK3 in metabolic pathway perturbations in cancer. Biochim. Biophys. Acta
(BBA) Mol. Cell Res. 2021, 1868, 119059. [CrossRef]

24. Yang, X.; Liu, C.; Li, Z.; Wen, J.; He, J.; Lu, Y.; Liao, Q.; Wang, T.; Tang, H.; Yang, X.; et al. Paclitaxel hyperthermia suppresses
gastric cancer migration through MiR-183-5p/PPP2CA/AKT/GSK3β/β-catenin axis. J. Cancer Res. Clin. Oncol. 2024, 150, 416.
[CrossRef]

25. Huang, W.; Wen, F.; Yang, P.; Li, Y.; Li, Q.; Shu, P. Yi-qi-hua-yu-jie-du decoction induces ferroptosis in cisplatin-resistant gastric
cancer via the AKT/GSK3β/NRF2/GPX4 axis. Phytomedicine 2024, 123, 155220. [CrossRef]

26. Enoch, T.; Norbury, C. Cellular responses to DNA damage: Cell-cycle checkpoints, apoptosis and the roles of p53 and ATM.
Trends Biochem. Sci. 1995, 20, 426–430. [CrossRef]

27. Blain, S.W.; Scher, H.I.; Cordon-Cardo, C.; Koff, A. p27 as a target for cancer therapeutics. Cancer Cell 2003, 3, 111–115. [CrossRef]
28. Eom, T.-Y.; Jope, R.S. GSK3β N-terminus binding to p53 promotes its acetylation. Mol. Cancer 2009, 8, 14. [CrossRef]
29. Wei, M.; Wang, Z.; Yao, H.; Yang, Z.; Zhang, Q.; Liu, B.; Yu, Y.; Su, L.; Zhu, Z.; Gu, Q. P27Kip1, regulated by glycogen synthase

kinase-3β, results in HMBA-induced differentiation of human gastric cancer cells. BMC Cancer 2011, 11, 109. [CrossRef]

https://doi.org/10.1007/164_2016_103
https://doi.org/10.1016/j.ynpai.2020.100056
https://www.ncbi.nlm.nih.gov/pubmed/33392418
https://doi.org/10.1016/j.neubiorev.2022.104729
https://doi.org/10.1016/j.neubiorev.2013.11.009
https://doi.org/10.2165/00129784-200303030-00001
https://doi.org/10.1038/s41598-021-81877-2
https://doi.org/10.3892/ol.2018.9351
https://doi.org/10.2174/1566524015666150114113411
https://www.ncbi.nlm.nih.gov/pubmed/25601469
https://doi.org/10.3390/jcm8091380
https://doi.org/10.1038/nrc1252
https://www.ncbi.nlm.nih.gov/pubmed/14708024
https://doi.org/10.3390/ijms222111910
https://doi.org/10.18632/oncotarget.4543
https://doi.org/10.7150/thno.55986
https://doi.org/10.1128/MCB.23.7.2351-2361.2003
https://doi.org/10.1213/ANE.0000000000004833
https://doi.org/10.1002/14651858.cd012859.pub2
https://www.ncbi.nlm.nih.gov/pubmed/33075160
https://doi.org/10.1007/s00018-007-7045-7
https://www.ncbi.nlm.nih.gov/pubmed/17530463
https://doi.org/10.3390/cells9051110
https://www.ncbi.nlm.nih.gov/pubmed/32365809
https://doi.org/10.1016/j.bbamcr.2021.119059
https://doi.org/10.1007/s00432-024-05923-y
https://doi.org/10.1016/j.phymed.2023.155220
https://doi.org/10.1016/S0968-0004(00)89093-3
https://doi.org/10.1016/S1535-6108(03)00026-6
https://doi.org/10.1186/1476-4598-8-14
https://doi.org/10.1186/1471-2407-11-109


Int. J. Mol. Sci. 2025, 26, 10039 15 of 15

30. Chen, J. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor Initiation and Progression. Cold Spring Harb. Perspect.
Med. 2016, 6, a026104. [CrossRef] [PubMed]

31. Giatromanolaki, A.; Koukourakis, M.I.; Georgiou, I.; Kouroupi, M.; Sivridis, E. LC3A, LC3B and Beclin-1 Expression in Gastric
Cancer. Anticancer Res. 2018, 38, 6827–6833; Erratum in Anticancer Res. 2019, 39, 527. [CrossRef] [PubMed]

32. Klionsky, D.J.; Abdel-Aziz, A.K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P.;
Acevedo-Arozena, A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy (4th edition)1. Autophagy
2021, 17, 1–382. [CrossRef] [PubMed]

33. Han, C.; Xing, G.; Zhang, M.; Zhong, M.; Han, Z.; He, C.; Liu, X. Wogonoside inhibits cell growth and induces mitochondrial-
mediated autophagy-related apoptosis in human colon cancer cells through the PI3K/AKT/mTOR/p70S6K signaling pathway.
Oncol. Lett. 2018, 15, 4463–4470. [CrossRef]

34. Shinojima, N.; Yokoyama, T.; Kondo, Y.; Kondo, S. Roles of the Akt/mTOR/p70S6K and ERK1/2 Signaling Pathways in
Curcumin-Induced Autophagy. Autophagy 2007, 3, 635–637. [CrossRef] [PubMed]

35. Shirley, M. Netupitant/Palonosetron: A Review in Chemotherapy-Induced Nausea and Vomiting. Drugs 2021, 81, 1331–1342;
Erratum in Drugs 2021, 81, 1817. [CrossRef]

36. Aapro, M.; Jordan, K.; Scotté, F.; Celio, L.; Karthaus, M.; Roeland, E. Netupitant-palonosetron (NEPA) for Preventing
Chemotherapy-induced Nausea and Vomiting: From Clinical Trials to Daily Practice. Curr. Cancer Drug Targets 2022, 22,
806–824. [CrossRef]

37. Engeland, K. Cell cycle regulation: p53-p21-RB signaling. Cell Death Differ. 2022, 29, 946–960. [CrossRef]
38. Foster, D.A.; Yellen, P.; Xu, L.; Saqcena, M. Regulation of G1 Cell Cycle Progression: Distinguishing the Restriction Point from a

Nutrient-Sensing Cell Growth Checkpoint(s). Genes Cancer 2010, 1, 1124–1131. [CrossRef]
39. Ghafouri-Fard, S.; Khoshbakht, T.; Hussen, B.M.; Dong, P.; Gassler, N.; Taheri, M.; Baniahmad, A.; Dilmaghani, N.A. A review on

the role of cyclin dependent kinases in cancers. Cancer Cell Int. 2022, 22, 325. [CrossRef]
40. Sharma, V.K.; Loh, Y.P. The discovery, structure, and function of 5-HTR1E serotonin receptor. Cell Commun. Signal. 2023, 21, 235.

[CrossRef] [PubMed]
41. Nebigil, C.G.; Launay, J.-M.; Hickel, P.; Tournois, C.; Maroteaux, L. 5-Hydroxytryptamine 2B receptor regulates cell-cycle

progression: Cross-talk with tyrosine kinase pathways. Proc. Natl. Acad. Sci. USA 2000, 97, 2591–2596. [CrossRef]
42. McCubrey, J.A.; Steelman, L.S.; Bertrand, F.E.; Davis, N.M.; Sokolosky, M.; Abrams, S.L.; Montalto, G.; D’Assoro, A.B.; Libra, M.;

Nicoletti, F.; et al. GSK-3 as potential target for therapeutic intervention in cancer. Oncotarget 2014, 5, 2881–2911. [CrossRef]
43. Drozdov, I.; Kidd, M.; Gustafsson, B.I.; Svejda, B.; Joseph, R.; Pfragner, R.; Modlin, I.M. Autoregulatory effects of serotonin on

proliferation and signaling pathways in lung and small intestine neuroendocrine tumor cell lines. Cancer 2009, 115, 4934–4945.
[CrossRef] [PubMed]

44. Prada, J.; Shalapour, S.; Pfau, M.; Henze, G.; Seeger, K. Antiproliferative effect of the serotonin receptor antagonist ondansetron in
the acute lymphoblastic leukemia cell line REH. Acta Oncol. 2011, 50, 591–592. [CrossRef] [PubMed]

45. Chen, L.; Huang, S.; Wu, X.; He, W.; Song, M. Serotonin signalling in cancer: Emerging mechanisms and therapeutic opportunities.
Clin. Transl. Med. 2024, 14, e1750. [CrossRef] [PubMed]

46. Kim, M.H.; Oh, J.E.; Park, S.; Kim, J.H.; Lee, K.Y.; Bai, S.J.; Song, H.; Hwang, H.J.; Kim, D.W.; Yoo, Y.C. Tramadol use is associated
with enhanced postoperative outcomes in breast cancer patients: A retrospective clinical study with in vitro confirmation.
Br. J. Anaesth. 2019, 123, 865–876. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1101/cshperspect.a026104
https://www.ncbi.nlm.nih.gov/pubmed/26931810
https://doi.org/10.21873/anticanres.13056
https://www.ncbi.nlm.nih.gov/pubmed/30504397
https://doi.org/10.1080/15548627.2020.1797280
https://www.ncbi.nlm.nih.gov/pubmed/33634751
https://doi.org/10.3892/ol.2018.7852
https://doi.org/10.4161/auto.4916
https://www.ncbi.nlm.nih.gov/pubmed/17786026
https://doi.org/10.1007/s40265-021-01558-2
https://doi.org/10.2174/1568009622666220513094352
https://doi.org/10.1038/s41418-022-00988-z
https://doi.org/10.1177/1947601910392989
https://doi.org/10.1186/s12935-022-02747-z
https://doi.org/10.1186/s12964-023-01195-0
https://www.ncbi.nlm.nih.gov/pubmed/37723479
https://doi.org/10.1073/pnas.050282397
https://doi.org/10.18632/oncotarget.2037
https://doi.org/10.1002/cncr.24533
https://www.ncbi.nlm.nih.gov/pubmed/19634160
https://doi.org/10.3109/0284186X.2010.537691
https://www.ncbi.nlm.nih.gov/pubmed/21091402
https://doi.org/10.1002/ctm2.1750
https://www.ncbi.nlm.nih.gov/pubmed/38943041
https://doi.org/10.1016/j.bja.2019.09.004

	Introduction 
	Results 
	5-HT3 Receptor Antagonists Inhibit Cell Proliferation in Human Gastric Cancer Cells 
	5-HT3 Receptor Antagonists Prevent Cell Migration and Colony Formation in AGS 
	Palonosetron Arrested G1 Phase in AGS 
	5-HT3 Receptor Antagonists Stimulated Phosphorylation of GSK3, ERK, and AKT and Autophagy-Related Proteins in AGS 
	Palonosetron Regulated Rb, p27, p53, and LC3B via the Phosphorylation of GSK3 in AGS 
	Palonosetron Induced Autophagy 
	Palonosetron Reduced the Tumorigenesis of AGS Cells in the Gastric Cancer Xenograft Models 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Cell Viability Assay 
	Wound Healing Assay 
	Colony Formation Assay 
	Cell Cycle Assay 
	Western Blot Analysis 
	Xenograft Models 
	Enzyme-Linked Immunosorbent Assay 
	Statistical Analysis 

	Conclusions 
	References

