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Garcinone C, a xanthone derived from Garcinia mangostana L, possesses antioxidant and anticancer efects. However, its role in
gastric cancer remains unexplored. Tis study aimed to investigate the efects of garcinone C on gastric cancer cell proliferation
and its underlying mechanism. We found that garcinone C suppressed gastric cancer cell growth by inducing G0/G1 arrest and
apoptosis in a dose-dependent manner. Furthermore, garcinone C downregulated G0/G1 phase markers cyclin D1 and p21, as
well as apoptosis markers Bax, Bcl-2, cleaved-PARP, and c-caspase 3. Following the previous evidence demonstrated that aberrant
Hedgehog (Hh) signaling is implicated in gastric cancer development, we confrmed that inhibiting Gli1/2 reduced the growth of
AGS and MKN74 cells. Furthermore, garcinone C exerted similar efects to Gant61, inhibiting Hh signaling by reducing Gli1/2
levels and blocking their nuclear translocation.Tese fndings suggest that garcinone C inhibits gastric cancer proliferation via the
Hh signaling, indicating its potential as a therapeutic agent for treating gastric cancer.

1. Introduction

Gastric cancer remains a major cause of cancer-related death
globally [1]. Although its incidence has been gradually de-
clining in developed countries such as the United States and
Australia, it remains high in East Asian and Eastern Eu-
ropean countries [2]. Unfortunately, most gastric cancer
patients are diagnosed at an advanced stage, leading to poor
survival rate [3]. In gastric carcinogenesis, the consumption
of smoked, pickled, and salt-preserved foods, as well as foods
containing nitrites, is linked to a higher risk of gastric cancer,
whereas a diet rich in fresh fruits and vegetables can protect
against gastric cancer [4]. Numerous signaling pathways,
including Hedgehog signaling, Wnt/β-catenin signaling,
Notch signaling, EGFR/HER2, and PI3K signaling, as well as
the Hippo pathway, play pivotal roles in the tumorigenesis,
progression, metastasis, and therapeutic responses of gastric
cancer [5, 6]. Previous studies have demonstrated that

phytochemicals have the potential to prevent gastric cancer.
For example, the favonoid astragalin has been reported to
induce apoptosis and inhibit gastric cancer migration and
invasion through the PI3K/AKT pathway in vivo and
in vitro, while curcumin, the main component of turmeric,
suppresses gastric adenocarcinoma cell migration and in-
vasion via blockade of the Gli1–β-Catenin axis [7, 8]. In
addition, sulforaphane, extracted from broccoli sprouts, has
been proved to suppress the invasion of gastric cancer by
inhibiting MMP-9 and ROS-mediated MAPK and NF-κB
signaling axes [9]. Terefore, targeting gastric cancer with
natural compounds may be an efective strategy for its
prevention.

Xanthones, abundant in mangosteen fruit (Garcinia
mangostana L.), have demonstrated chemopreventive and
therapeutic potential in inhibiting carcinogenesis, including
cancer proliferation, invasion, and metastasis [10, 11]. For
instance, garcinone E has been shown to inhibit migration
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and invasion in ovarian cancer cells by inducing apoptosis
[12], while α-mangostin has been proven to increase the
chemosensitivity of gastric cancer cells by facilitating
autophagy [13]. Garcinone C has been reported to inhibit the
growth of nasopharyngeal cancer cells through regulating
the expression of ATR, Stat3, and 4E-BP1 [14]. Besides,
garcinone C signifcantly reduced the cell viability of 22RV1
prostate cancer cells and MDA-MB-231 breast cancer cells
[15]. Previous studies also demonstrated that garcinone C
can suppress colon tumorigenesis by inducing G0/G1 cell
cycle arrest [16]. However, the efect of garcinone C on
gastric cancer remains insufciently explored.Tese fndings
underscore the potential of garcinone C as a candidate for
further investigation in gastric cancer treatment.

Hh signaling plays a critical role in embryonic devel-
opment and tissue maintenance [17, 18]. When ligands
Sonic Hh (Shh), Indian Hh (Ihh), or Desert Hh (Dhh) bind
to the transmembrane receptor Patched (Ptch1), Hh sig-
naling will be activated. Tis binding triggers Ptch1 deg-
radation, releasing Smoothened (Smo), which then
translocates to the cilia. As a result, glioma-associated on-
cogene family zinc fnger (Gli) 2 and Gli1 translocate into the
nucleus, where Gli1 acts as a key transcription factor en-
hancing Hh pathway activity [18]. Recently, increasing ev-
idence indicates that dysregulation of Hh signaling
contributes to the development of cancer, including gastric
cancer [19–21]. Previous studies have found a positive
correlation between Gli1 and the epithelial-to-mesenchymal
transition (EMT) process in gastric cancer patient specimens
[19]. High levels of Shh and Ptch1 are associated with poor
prognosis and liver metastasis in gastric cancer patients [22].
Our previous study also suggests the possible binding to Gli1
with garcinone C, leading to Gli1 degradation [21].
Terefore, we hypothesized that garcinone C may inhibit
gastric cancer growth by targeting Hh signaling and eluci-
dated the underlying mechanism. A preprint version of this
manuscript has been deposited on the bioRxiv preprint
server [23].

2. Materials and Methods

2.1. Reagents and Cell Culture. Garcinone C (purity > 98%)
was purchased from Chengdu alpha company (Chengdu,
China). Gant61 and vismodegib were provided by Millipore
(Catalog. No 373401, Darmstadt, Germany) and LC Labo-
ratories (Catalog. No V-4050, Woburn, MA), respectively.
SNU-1 (KCLB 00001), AGS (KCLB 21739), NCI-N87 (KCLB
60113), MKN74 (KCLB 80104), MKN45 (KCLB 80103), and
MKN1 (KCLB 80101) gastric cancer cells were obtained
from Korean cell line bank and cultured with RPMI-1640
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (P/S). All cell lines were incubated
at 37°C in a 5% CO2 humidifed incubator.

2.2. 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium
Bromide (MTT) Assay. For cell viability assay, the cells
were trypsinized and seeded into 96-well plates at a density
of 3000 cells/well in 200 μL culture media. Te plates were

incubated in a humidifed incubator at 37°C. After 24 h, cells
were treated with diferent concentrations of garcinone C (0,
1, 5, 10, 30 μM), Gant61 (0, 1, 5, 10, 30 μM), or vismodegib
(0, 1, 5, 10, 30 μM) for 72 h. Te number of viable cells was
determined by MTT (Catalog. No 475989, Sigma-Aldrich,
MO, USA) assay. Cell viability was calculated by comparing
to the control.

2.3. Colony Formation Assay. Before treatment, AGS and
MKN74 cells (1000 cells/well) were seeded in 12-well plate
for 24 h. Ten, cells were treated with garcinone C, Gant61,
or vismodegib for 2weeks. Te media was changed every
3 days during this process. Ten, the cells were washed with
phosphate-bufered saline (PBS) twice, fxed with 10%
formalin for 10min, and stained with 0.5% crystal violet for
5min at room temperature (RT). Finally, the visible colonies
were counted. Colony formation rate was calculated by
comparing to the control.

2.4. Cell Cycle Analysis. AGS and MKN74 cells (8×105 cells/
well) were seeded in 6 cm dish for 24 h and treated with
garcinone C (0, 0.3, 1, 3 μM). After 24 h treatment, cells were
fxed with ice cold 70% ethanol. After fxation, the cells were
centrifuged, the supernatant was removed, and they were
washed with PBS. Subsequently, cells were resuspended in
PBS and treated with 100 μg/mL RNase (Catalog. No 70856,
Sigma-Aldrich) and stained by propidium iodide (PI, 1mg/
mL, Catalog. No P4170, Sigma-Aldrich) for 30min at RT in
dark condition. Finally, the samples were then analyzed by
fow cytometry using aMuseTMCell Analyzer (Model 0500-
3115 Merck Millipore, Darmstadt, Germany). Te quanti-
fcation of cells in G0/G1, S, and G2/M stages of cell cycle
was determined using its embedded fully optimized software
modules for cell cycle analysis.

2.5.AnnexinV-FITC/PIApoptosisDetectionAssay. AGS and
MKN74 cells (8×105 cells/well) were seeded in 6 cm dishes
and incubated for 24 h. Staining was carried out by using
ApoScan Annexin V-FITC Apoptosis Detection kit (Cata-
log. No LS-02-100, Biobud, Chungbuk, South Kore). After
being treated with garcinone C for 24 h, cells, along with the
media, were collected and washed twice with cold PBS. Te
cell pellet was then resuspended in 100 μL of 1× binding
bufer. Double staining was performed by adding 5 μL of
Annexin V-FITC and 5 μL of PI to the cell suspension,
followed by incubation on ice in the dark. After incubation,
400 μL of binding bufer was added to the suspension to
reach a fnal volume of 500 μL.Te samples were analyzed by
fow cytometry using a BD FACSAria II (BD Biosciences,
CA, USA).

2.6. Western Blot Analysis. Protein samples were immedi-
ately transferred to Polyvinylidene fuoride or poly-
vinylidene difuoride (PVDF) membrane (Catalog. No
IPVH00010, Millipore, Darmstadt, Germany) from the so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel. After the transfer, membranes were
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blocked with skim milk for 1 h at RTand incubated with the
primary antibody with gentle agitation overnight at 4°C. Te
membranes were then washed with 1×Tris-bufered saline
with Tween 20 (TBST) 3 times before being incubated with
the appropriate secondary antibody with gentle agitation for
2 h at RT. Te primary antibodies for cyclin D1, p21, Smo,
suppressor of fused homolog (Sufu, Catalog. No 2025S),
cleaved caspase 3 (Catalog. No 9661S), and secondary an-
tibodies were purchased from Cell signaling Technology
(Danvers, MA, USA). Antibodies for cyclin-dependent ki-
nase 2 (CDK2, Catalog. No 12790S), Gli1 (Catalog. No sc-
515781), Gli2 (Catalog. No sc-271786), BCL2-associated X
(Bax, Catalog. No sc-7480), B-cell lymphoma 2 protein (Bcl-
2, Catalog. No sc-7382), cleaved-poly (ADP-ribose) poly-
merase (PARP, Catalog. No 9542L), and β-actin (Catalog.
No sc-47778) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). Te membranes were
then washed again with 1× TBST 3 times before being
developed with horseradish peroxidase (HRP) substrate
(Catalog. No 1721064, Biorad, CA, USA) according to the
guideline, and the resulting chemiluminescence is
visualized.

2.7. siRNA Transfection. Cells were seeded in 6 cm dish
(8×105 cells/dish) for 24 h and then starved overnight. For
knockdown of Gli1 or Gli2, cells were transfected with
20 nM Gli1 or Gli2 siRNA for 24 h. Te transfection process
was conducted with Fugene HD transfection reagent
(Catalog. No E2311, Promega). Te transfection efciency
was validated by Western blot.

2.8. Confocal Analysis. AGS and MKN74 cells were seeded in
a 3.5 cm glass bottom dish (2×105/dish) for 24h. After star-
vation overnight, cells were treated with garcinone C, Gant61
and vismodegib for 24h. Next, cells were fxed with 4%
paraformaldehyde (PFA) for 30min at RT after washing with
PBS once. Ten, the cells were blocked with 5% BSA for 1h at
RT and then incubated with the primary antibody overnight
after washing with PBS twice. Ten, samples were incubated
with the secondary antibody with fuorescent dye for 1h under
dark environment after washingwith PBS 3 times. And then the
cells were stained with 4′,6-diamidino-2-phenylindole (DAPI)
mounting solution (Catalog. No H1200-10, Vector Lab, USA)
after removing the secondary antibody and washing with PBS
once. Finally, the pictures were taken by confocal microscope
(LSM800Airy, Zeiss, Germany) at 400x magnifcation.

2.9. Isolation of Cytosolic and Nuclear Fractions. To isolate
cytosolic and nuclear proteins, the NE-PER Nuclear and
Cytoplasmic Extraction Reagents Kit (Catalog. No 78833,
Termo Fisher Scientifc) was used following the manu-
facturer’s protocol. Briefy, the cytoplasmic fraction was
separated by adding CER1 solution, followed by the addition
of CER2 solution for 1min. Te remaining pellet was then
resuspended in NER solution to extract the nuclear fraction.
β-Actin and lamin B were used as internal controls for the
cytoplasmic and nuclear fractions, respectively.

2.10. Statistical Analysis. All the data are demonstrated with
mean± standard deviation (SD). Diferences between
groups were conducted with one-way analysis of variance
(ANOVA) post hoc Duncan’s test. p-value less than 0.05 was
regarded as signifcant diference.

3. Results and Discussion

3.1. Garcinone C Inhibited the Proliferation of Gastric Cancer
Cells. Evaluation of six diferent gastric cancer cell lines
revealed that AGS had the highest expression of Gli1, the key
positive mediator of Hh signaling, whereas MKN74 had the
lowest expression of Sufu and Gli3R, two negative mediators
of Hh signaling [18] (Figure 1(a)). Consequently, AGS and
MKN74 were categorized as Hh signaling-high cell lines,
whereas SNU-1 and MKN-1 were Hh signaling-low. Gar-
cinone C (5 μM) strongly suppressed proliferation in Hh-
high lines, reducing viability by 88.6± 1.7% in AGS and
71.6± 3.8% in MKN74, compared to 32.8± 2.8% in SNU-1
cells and 34.7± 6.4% in MNK1 cells (Figure 1(c)). Terefore,
further experiments were conducted in AGS and
MKN74 cell lines. As shown in Figure 1(d), garcinone C
dramatically inhibited the cell viability of AGS and
MKN74 cells dose-dependently after 72 h treatment. Tere
were 80.8± 0.1% AGS cells and 70.9± 2.6% MKN74 cells
being killed after garcinone C treatment at 5 μM for 72 h.
Tus, 0.3, 1, and 3 μM garcinone C were selected for further
study. Colony formation results indicated that more than
90% and 50% of colonies were decreased by 1 μM garcinone
C in AGS and MKN74 cells, respectively, compared with the
control group (Figure 1(e)). Tese results suggested that
garcinone C has a remarkable inhibitory efect on the
proliferation of AGS and MKN74 gastric cancer cells.

3.2. Garcinone C Induced the G1/G0 Phase Arrest and Apo-
ptosis in Gastric Cancer Cells. Cell proliferation is well known
to be regulated by cell cycle and apoptosis [24]. Cell cycle
analysis results showed that garcinone C increased the G0/G1
cell population in a dose-dependent manner. In AGS cells, G0/
G1 stage increased from 40.7% in the control to 54%with 3μM
garcinone C treatment, while G2/M stage decreased from
37.1% to 23.1%. Similarly, MKN74 cells showed a similar trend
(Figure 2(a)). In cell cycle, the G1/S and G2/M transitions are
key checkpoints controlled by cyclins and CDK complexes
[25]. Cyclin D interacts with CDK4 and CDK6 to drive cell
cycle entry, and cyclin E and cyclin A are able to bind CDK2 to
promote G1/S transition [26]. CDK inhibitors like p21, p27,
and p57 are main proteins that directly bind to the cyclin-CDK
complexes and block their activity [27]. Western blot analysis
revealed that 3μM garcinone C reduced cyclin D1 levels to
83.0% in AGS and 59.4% in MKN74 cells, while p21 increased
more than 2 folds compared to the control. CDK2, the S phase
mediator, was not afected by garcinone C treatment in both
cell lines (Figure 2(b)). Annexin V-PI analysis revealed that
garcinone C induced apoptosis in AGS and MKN74 cells
(Figure 2(c)). Te percentage of apoptotic cells increased from
14.6± 2.2% to 30.0± 0.8% in AGS cells and from 17.4± 2.7% to
28.0± 0.9% in MKN74 cells following treatment with 3μM
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garcinone C. Further analysis of apoptosis-related markers
showed that garcinone C increased the levels of proapoptotic
protein Bax and decreased the antiapoptotic protein Bcl-2 in
both AGS and MKN74 cells (Figure 2(c)). It also led to higher
levels of cleaved-caspase-3 and cleaved-PARP. Caspase-3,
a core protease in the apoptotic process, activating through
cleavage and subsequently inactivates PARP, an endogenous
caspase-3 substrate [28]. Cleavage of PARP-1 by caspases is
considered to be a hallmark of apoptosis [29]. Tese results
suggest that garcinone C inhibited the proliferation of gastric
cancer cells via inducing G0/G1 arrest and apoptosis.

3.3. Hh Signaling Inhibitor Gant61 Suppressed the Pro-
liferation of Gastric Cancer Cells. Previous studies have
demonstrated that Hh signaling is involved in the pro-
liferation of gastric cancer in vitro and in vivo [22]. To
explore its role, AGS and MKN74 cells were treated with
well-known Hh inhibitors Gant61 (Gli1/2 inhibitor) and
vismodegib (Smo inhibitor) [30, 31]. Gant61 signifcantly

inhibited cell viability in a dose-dependent manner in both
cell lines, while vismodegib had no efect (Figure 3(a)).
Similarly, colony formation results demonstrated that
Gant61 remarkably reduced the colony formation rate to
1.6± 1.0% in AGS and 2.8± 0.4% in MKN74 cells, while
vismodegib had no efect on colony numbers (Figure 3(b)).
In colon cancer, Gant61 was reported to inhibit the growth
of HCT116 cancer cells, whereas vismodegib had no efect
[16]. Tese fndings suggest that Gant61 efectively inhibits
gastric cancer cell proliferation. In contrast, vismodegib’s
lack of efect could be explained by noncanonical, Smo-
independent activation of Hh signaling [32]. Smo mutations
are the main reason for vismodegib resistance in basal cell
carcinoma [33], and in gastric cancer, galectin-1 promotes
metastasis via the Smo-independent Hh/Gli1 pathway [34].
Further supporting this, our results showed that the
knockdown of Gli1 or Gli2 reduced cell growth by ap-
proximately 30% in both cell lines (Figure 3(c)). Tese re-
sults indicate that Smo may be mutated in AGS and
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Figure 1: Garcinone C suppressed the proliferation of gastric cancer cells. (a) SNU-1, AGS, NCL-N87, MKN74, MKN-45, or MKN-1 cells
were seeded in 6 cm dishes (8×105 cells per dish) for 24 h in serum-free conditions. Hh signaling mediators were determined, and the
relative protein expression was compared to SNU-1. (b) Chemical structure of garcinone C. (c) Cytotoxicity of garcinone C in SNU-1, AGS,
MKN74, and MKN-1 cell lines was compared at 5 μM after 72 h treatment under serum-free conditions. (d) Cytotoxicity of garcinone C in
AGS and MKN74 cells was measured after 72 h treatment under serum-free conditions. (e) AGS and MKN74 cells were incubated with
garcinone C (0.3, 1, and 3 μM) for 2weeks. Colony formation rate was calculated by comparing to the control. Te experiment was done in
triplicate. All values are presented as means± SD. Uppercase letters A–D indicate statistically signifcant diferences at p< 0.05 evaluated by
one-way ANOVA followed by Duncan’s post hoc test.
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Figure 2: Garcinone C inhibited the proliferation of gastric cancer cells by inducing G1/G0 phase arrest and apoptosis. AGS and
MKN74 cells were treated with garcinone C (0.3, 1, or 3 μM) for 24 h in serum-free conditions. Cell cycle analysis was performed using
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evaluated by one-way ANOVA followed by Duncan’s post hoc test.
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MKN74 cells, making Gli1 and Gli2 more efective targets
for inhibiting gastric cancer cells.

3.4. Inhibiting Hh Signaling Regulated G0/G1 Phase-Related
Markers in Gastric Cancer Cells. Previous studies have re-
ported that proliferation makers such as cyclin D1, p21,
Bax, and Bcl-2 are the direct target of Gli1 [35]. Gli1-
binding sites have been identifed in cyclin D1 promoter
[36]. Morton et al. demonstrated that Shh overexpression
enhances pancreatic cancer cell survival from apoptosis by
stabilizing Bcl-2 and Bcl-X(L) [37]. Besides, seven potential
Gli binding sites were identifed in the Bcl-2 promotor [38].
Hh signaling also modulates Bax phosphorylation at
Ser184, changing its role from proapoptotic to anti-
apoptotic [39]. We evaluated the efect of Hh signaling
inhibitors on cyclin D1 and p21. Te results showed that
only Gant61 signifcantly down-regulated cyclin D1 and
up-regulated p21 expression levels, while vismodegib had
no efect on AGS and MKN74 cells (Figure 4(a)). Knock-
down of Gli1 with siRNA also found that p21 levels

increased more than 2-fold in AGS and 3-fold in
MKN74 cells (Figure 4(b)). In gastric cancer, knockdown of
Gli1 increased p21 levels, disrupted the G1-S transition,
and inhibited gastric cancer cell growth [40]. Similarly,
Gli1/2 inhibitor Gant61 suppressed neuroblastoma growth
by inhibiting cyclin D1 expression and inducing apoptosis,
whereas Smo inhibitor cyclopamine had no efect in
neuroblastoma cancer [41]. Tese studies demonstrate that
Gli1-dependent Hh signaling is critical for the proliferation
of AGS and MKN74 gastric cancer cells.

3.5. Garcinone C Inhibited Hh Signaling by Blocking the
Nuclear Translocation and the Protein Expression of Gli1/2 in
Gastric Cancer Cells. To determine whether garcinone C
modulates gastric cancer growth via Hh signaling, we
compared its efects with Hh inhibitors. Garcinone C, like
Gant61, downregulated Gli1 and Gli2 while upregulating the
repressed form of Gli3 in both cell lines (Figure 5(a)).
However, the Smo inhibitor vismodegib showed no efect.
Since the nuclear translocation of Gli1 and Gli2 signifes the
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complete activation of Hh signaling [18], garcinone C was
found to block the nuclear translocation of Gli1 and Gli2,
similar to the efect of Gant61, but not vismodegib in AGS
and MKN74 cells (Figure 5(b)). It was also confrmed that
garcinone C treatment reduced the protein levels of Gli1 and
Gli2 in nucleus in both cell lines (Figure 5(c)). Previous
studies reported that solasodine inhibits Gli1 expression and
nuclear translocation through binding to its zinc fnger
domain, leading to growth inhibition of MCF7 breast cancer
stem-like cells [42]. In colorectal cancer, genipin induced

apoptosis through Gli1 ubiquitination and suppressed xe-
nograft tumor growth [43]. Tese fndings suggest that
garcinone C inhibits gastric cancer cell proliferation through
Hh/Gli signaling.

Garcinone C, a prominent xanthone from mango-
steen, has been shown to suppress colon tumorigenesis by
blocking Gli1 nuclear translocation and transcriptional
activity [16]. Previous studies also demonstrated that
1,3,5,8-tetrahydroxyxanthone suppressed Hh signaling by
inhibiting Gli1 expression [44], further suggesting a role
of xanthone in modulating Hh signaling. In line with these
fndings, our study revealed that garcinone C inhibited the
expression and nuclear translocation of Gli1/2, leading to
cell cycle arrest, apoptosis, as well as reduced colony
formation in AGS and MKN74 gastric cancer cells (Fig-
ure 6). Tese fndings suggest that garcinone C has the
potential to inhibit gastric cancer cell proliferation via Hh
signaling, highlighting its potential as an anticancer agent.
However, for the therapeutic application, it is necessary to
validate the efect in vivo and the underlying molecular
mechanism.

4. Conclusion

In conclusion, we found that garcinone C, a xanthone
isolated from Garcinia mangostana L, signifcantly inhibited
the proliferation of gastric cancer cells by inducing G0/G1
phase arrest and apoptosis dose-dependently. Inhibiting
Gli1 with inhibitor Gant61 or Gli1 siRNA suppressed the
growth of AGS and MKN74 cells. Importantly, garcinone C
showed similar efects to Gant61 in inhibiting the Hh sig-
naling by suppressing Gli1/2 expression and blocking their
nuclear translocation in AGS and MKN74 cells. Tese
fndings underscore the potential of garcinone C as
a promising therapeutic agent for treating gastric cancer.

Data Availability Statement

Te data that support the fndings of this study are available
on request from the corresponding author.

AGS (nuclear) MKN-74 (nuclear)

Gli1

Gli2

Lamin B

β-Actin

– –
–
–

–
–

– – – –
–

–
–
–

–
–

–
–

+
+ +

+

+

+

Garc (3 μM):
Gant61 (10 μM):

Vis (10 μM):

(c)
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