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Podofilox suppresses gastric cancer cell proliferation by
regulating cell cycle arrest and the c-Myc/ATG10 axis
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Abstract. Gastric cancer (GC) is a malignancy for which
effective therapeutic drugs are limited. Podofilox exhibits
antitumor effects in various types of cancer; however,
whether it may inhibit GC growth remains unknown. The
aim of the present study was to investigate the role of
podofilox in GC. Cell Counting Kit-8, colony formation and
cell cycle assays were used to detect the role of podofilox
on cellular proliferation and the cell cycle, respectively. A
microarray was used to detect the transcriptional changes
induced by podofilox in GC cells. The results of the present
study demonstrated that podofilox inhibited GC cell prolif-
eration and colony formation. The half maximal inhibitory
concentration of podofilox in AGS and HGC-27 cells was
2.327 and 1.981 nM, respectively. In addition, treatment
with podofilox induced G,/G, cell cycle arrest. Molecular
analysis based on microarray data demonstrated that podo-
filox altered the expression levels of genes involved in the
cell cycle, c-Myc and p53 signaling. Autophagy-related 10
(ATG10), which was highly expressed in GC tissues, was
also downregulated by podofilox, as demonstrated by the
results of the microarray analysis and immunoblotting. To
determine the involvement of ATGI10 in GC, ATG10 was
knocked down in GC cells by small interfering RNA, which
suppressed the proliferation and colony formation of GC
cells compared with those observed in the control-trans-
fected cells. Taken together, the results of the present study
suggested that podofilox may inhibit GC cell proliferation
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by preventing the cell cycle progression and regulating the
c-Myc/ATGI10 signaling pathway.

Introduction

Gastric cancer (GC) is one of the most common cancer
types, which originates from the gastric mucosa, neuroendo-
crine, lymphoid or connective tissue of the gastric wall (1).
Helicobacter pylori infection (1,2), cigarette smoking (3),
alcohol (4) and genetic syndromes (5) are common risk factors
for GC. Surgical resection is the optimal therapeutic option
for GC. Increasing evidence has demonstrated that genetic
variants, such as those in p53, adenomatous polyposis coli and
human epidermal growth factor receptor-2 (HER-2), contribute
to the development of GC (6,7). Targeted therapies against
HER-2 have been applied for the treatment of GC patients with
HER-2 amplification (8). However, there is still a demand to
identify novel biomarkers and triggers of GC progression.

Podofilox, which is isolated from the North American plant
Podophyllum peltatum L., belongs to the lignan family, and one
of its derivatives is a potential antitumor factor (9). This natural
product has also been isolated from Podophyllum emodi (9).
According to previous studies, podofilox derivatives exhibit
inhibitory effects on the proliferation and growth of various
types of cancer. For example, XWL-1-48, a novel podofilox
derivative, induces apoptosis and suppresses cell prolifera-
tion in breast cancer (10). Another derivative, 45-NH-(benzo
heterocycles)-4-desoxy-podofilox, exhibits anticancer effects
by improving tubulin binding affinity in MCF-7, A549 and
HeLa cells (11).

Currently, the effects of podofilox and its potential under-
lying molecular mechanism of action in GC remain unclear.
In this context, the present study aimed to investigate whether
podofilox may exert an anticancer effect in GC, and the poten-
tial molecular mechanisms therein.

Materials and methods

The Cancer Genome Atlas (TCGA) data analysis. For
the analysis of public data, 375 GC tissue and non-cancer
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tissues were analyzed using a dataset from (TCGA) database
(http://cancergenome.nih.gov).

Cell lines and culture. The human GC cell lines AGS and
HGC-27 were purchased from the American Type Culture
Collection and maintained according to the supplier's instruc-
tions. Cells were maintained in DMEM supplemented with
10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin/streptomycin at 37°C with 5% CO,.

IC50 measurement. The ICs, of podofilox was determined
using the Cell Counting Kit-8 (CCK-8; Shanghai Yeasen
Biotechnology Co., Ltd.) assay. GC cells were seeded into
96-well plates in triplicate at a density of 2,000 cells per well
and treated with various concentrations (0, 0.3125, 0.625,
1.25, 2.5, 5, 10, 20, 40 and 80 nM; dissolved in DMSO) of
podofilox (cat. no. S18-28-5; MedChemExpress). The plates
were maintained at 37°C with 5% CO,. The CCK-8 assay was
subsequently performed to assess cell viability after 48 h. The
culture medium was removed, and 100 yl culture medium was
added to each well with 10 ul Cell CCK-8 reagent (Beyotime
Institute of Biotechnology). After incubation for 3 h at room
temperature, cell viability was analyzed by measuring the
OD at 450 nm, using a microplate reader (Thermo Fisher
Scientific, Inc.).

ATGIOinterference.Smallinterfering (si RNAs against ATG10
(siATG10)-1 (5'-GAGUUCAUGAGUGCUAUAAGA-3") and
siATG10-2 (5-GCAACAGGAACAUCCAAUACU-3") and
a control siRNA (siCtrl; 5'-UUCUCCGAACGUGUCACG
U-3') were synthesized by Huzhou Hippo Biotechnology Co.,
Ltd. A total of 3x10° cells were seeded in 6-well plates and
transfected with siRNAs (50 nM/well) using Lipofectamine®
RNAiIMAX reagent (4 pl/well; Thermo Fisher Scientific, Inc.)
for 48 h at 37°C, according to the manufacturer's protocol.
At 48 h post-transfection, knockdown efficacy was determined
by western blotting and the cells were subjected to cell func-
tion experiments.

Cell viability assay. A total of 2x10%/well AGS and HGC-27
cells were seeded into 96-well plates containing 100 ul
DMEM (10% FBS) and treated with 3.4 nM podofilox at
37°C for 1, 2, 3, 4 and 5 days. CCK-8 reagent (10%) was
subsequently added to each well and cellular proliferation
was analyzed at a wavelength of 450 nm after incubation for
3hat37°C.

Colony formation assay. AGS and HGC-27 cells were seeded
at a density of 1,000 cells/well and incubated at 37°C (5% CO,)
with vehicle or 3.4 nM podofilox. The culture medium, vehicle
and podofilox were changed every 2 days. After 7 days, the
colonies were washed with PBS, fixed with 100% methanol
at room temperature for 15 min, and then stained with 0.2%
crystal violet solution at room temperature for 30 min. Images
were captured using a camera (Nikon Corporation), and cell
colonies >50 cells were counted manually.

Western blotting. AGS and HGC-27 cells treated with or
without podofilox were lysed using a lysis buffer (Beyotime
Institute of Biotechnology). The concentration of total protein

was detected using a BCA Protein Assay Kit. Proteins
(30 pg) were separated by SDS-PAGE (12%), transferred
on PVDF membranes (MilliporeSigma) and blocked with
non-fat milk at room temperature for 1 h. The membranes
were incubated with primary antibodies against hexoki-
nase-2 (HK2; cat. no. 2867; Cell Signaling Technology, Inc.),
pyruvate kinase M1/2 (PKM2; cat. no. 4053; Cell Signaling
Technology, Inc.), ATGI10 (cat. no. ab124711; Abcam), p53
(cat. no. sc-126; Santa Cruz Biotechnology, Inc.), c-Myc
(cat. no. sc-40; Santa Cruz Biotechnology, Inc.) and GAPDH
(cat. no. sc-47724; Santa Cruz Biotechnology, Inc.) at 4°C
overnight. Following primary antibody incubation, the
membranes were washed with TBST (0.1% Tween) three times
at room temperature, and incubated with secondary antibodies
(Santa Cruz Biotechnology, Inc. both 1:10,000; normal mouse
IgG, cat. no. sc-2748; and normal rat IgG, cat. no. sc-2750) at
room temperature for 3 h. Protein bands were visualized using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher Scientific, Inc.). The western blot bands were
quantified using ImageJ software (v1.8.0).

Cell cycle analysis. AGS and HGC-27 cells (1x10%) were
seeded and incubated with vehicle or podofilox (3.4 nM) for
48 h. The cells were collected and incubated with 70% iced
ethanol overnight. Cell cycle distribution was assessed using
the propidium iodide (Shanghai Yeasen Biotechnology Co.,
Ltd.) staining kit, according to the manufacturers' protocols,
and analyzed via flow cytometry.

Microarray analysis. Total RNA was extracted from AGS
cells treated with vehicle or podofilox (3.4 nM) using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. The quality and quantity of
the RNA were determined using NanoDrop 2000. PrimeView
Human Gene Expression Array (Affymetrix, cat. no. 902487)
was used to profile gene expression. The following criteria
were used to determine statistical significance: P<0.05 and
fold-change >1.3. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) and HALLMARK databases were used to
perform pathway enrichment analyses (12).

Statistical analysis. Statistical analysis was performed using
GraphPad prism 8.0 software (GraphPad Software, Inc.).
All experiments were performed in triplicate and data are
presented as the mean =+ standard error of the mean. Student's
t-test was used to compare differences between two groups,
whereas one way ANOVA followed by Tukey's post hoc test
were used to compare differences among multiple groups.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Podofilox effectively inhibits cell proliferation. To study
the effects of podofilox in GC cells, the ICy, of podofilox
was determined. AGS and HGC-27 cells were treated
with various concentrations of podofilox ranging between
0 and 80 nM, and the cell viability was determined at 48 h
post-treatment. The results demonstrated that 50% of
AGS and HGC-27 cells died following incubation with
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Figure 1. Podofilox inhibits the proliferation of HGC-27 and AGS cells. (A and B) Cell viability was assessed in (A) AGS and (B) HGC-27 cells following
incubation with podofilox (0-80 nM) for 48 h. (C and D) Cell proliferation curve was analyzed following incubation with vehicle or 3.4 nM podofilox at the

indicated time points. "P<0.05, “P<0.01 and ““P<0.001 vs. vehicle.

3.409 and 3.394 nM podofilox, respectively (Fig. 1A and B).
Subsequently, the present study investigated whether
podofilox exhibited a time-dependent inhibitory effect on
cell proliferation. GC cells were incubated with vehicle
or 3.4 nM podofilox. Cell viability was analyzed between
days 1 and 5. The results of the CCK-8 assay demonstrated
that 3.4 nM podofilox significantly suppressed cell prolifera-
tion compared with that observed in the vehicle-treated cells
(Fig. 1C and D). Consistent with these results, cell colony
formation was inhibited following treatment with podofilox
(Fig. 2A and B). Taken together, these results suggested that
podofilox effectively suppressed the proliferation and GC
cells for 5 days.

Podofilox inhibits cell cycle progression. Next, the cell cycle
was analyzed following treatment with vehicle or podofilox
by PI staining and flow cytometric analysis. As presented in
Fig. 3A and B, treatment with podofilox significantly increased
the numbers of AGS and HGC-27 cells in the non-proliferative
G,/G, phase. These results suggested that podofilox promoted
cell cycle arrest.

Molecular changes following treatment with podofilox. To
determine the molecular mechanisms underlying the inhibi-
tory effects of podofilox in GC, the cells were treated with
vehicle and podofilox for 48 h, and total RNA was extracted
for microarray analysis. A total of 566 upregulated and 713
downregulated genes were identified following treatment with
podofilox (Fig. 4A and Table S1). The expression levels of
ATGI10, an autophagy-related gene, were suppressed by podo-
filox treatment compared with those detected in the vehicle
control group. Based on pathway enrichment analysis, ‘KEGG_
cell_cycle’ and ‘Hallmark_MYC_Targets_v1’ pathways were
also suppressed by podofilox, while ‘Hallmark_p53_Pathway’
was activated by podofilox (Fig. 4B).

To validate the microarray results, western blot analysis
was performed, and the results demonstrated that compared
with the protein levels in the vehicle control group, podofilox
downregulated the protein expression levels of HK2, PKM2,
c-Myc and ATGI10, and upregulated those of p53 (Fig. 5).
Taken together, these results suggested that podofilox may
suppress the cell cycle and the c-Myc/ATG10 axis, and acti-
vate p53.
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Figure 3. Podofilox inhibits cell cycle progression of HGC-27 and AGS cells. (A and B) The cell cycle was analyzed in (A) AGS and (B) HGC-27 cells following
incubation with vehicle or 3.4 nM podofilox for 48 h. Left, representative images; right, quantification analysis. "P<0.05 and "P<0.01 vs. vehicle.

ATGI10 knockdown inhibits cell proliferation. The role of
ATGIO in cell proliferation was subsequently investigated.
The Cancer Genome Atlas (TCGA) database revealed that
ATGI10 was upregulated in GC samples compared with
adjacent non-cancerous tissue (Fig. 6A). To determine the
function of ATGI10 in GC, ATG10 was silenced in GC cells,
and proliferation was assessed by CCK-8 assay. Western blot
analysis was performed to assess the transfection efficiency
(Fig. 6B). The results demonstrated that ATG10 knockdown
decreased the proliferation of HGC-27 cells compared with
those in cells transfected with siCtrl (Fig. 6C). In AGS
cells, ATGI0 interference by siATGI10-1 exhibited notable
inhibition; however, siATG10-2 had a marginal inhibitory

effect on the proliferation of AGS cells compared with that
in the control group (Fig. 6D). The results of the colony
formation assay demonstrated that both siRNAs targeting
ATGI10 significantly suppressed colony formation in GC
cells (Fig. 6E and F). Thus, ATG10 may act as an oncogene
in GC.

Discussion

Advanced GC is an incurable malignancy as the current
therapeutic strategies, including surgery, targeted therapies
and immunotherapy, are ineffective against this disease (13).
Despite recent advances, the prognosis of patients with GC
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Figure 4. Microarray analysis of dysregulated genes following treatment with podofilox. (A) Heatmap of dysregulated genes in AGS cells treated with vehicle
or podofilox. A total of 566 genes were upregulated, and 713 genes were downregulated. Green, downregulated genes; red, upregulated genes. (B) KEGG and
HALLMARK pathway enrichment analyses of cell cycle, c-Myc and p53 signaling pathways. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 5. Western blot analysis of dysregulated genes following treatment with podofilox. Immunoblots of HK2, PKM2, p53, c-Myc, ATG10 and GAPDH
following incubation with vehicle or 3.4 nM podofilox for 48 h are presented on the left, and the quantitative analysis is presented on the right. “P<0.05 and
“P<0.01 vs. vehicle. HK2, hexokinase 2; PKM2, pyruvate kinase M1/2; ATG10, autophagy-related 10.

remains poor (768,793 new deaths in 2020), and effective
treatment is limited (14). The results of the present study
demonstrated that podofilox significantly suppressed the
proliferative ability of GC cells. In addition, cell cycle arrest
was induced by podofilox at the G,/G, phase. Taken together,
these results suggested that podofilox may be used as a thera-
peutic drug for the treatment of GC.

Podofilox, also termed podophyllotoxin, exhibits an anti-
viral function against herpes viruses, warts and influenza,
as well as antitumor effects (15,16). According to previous
studies, its derivatives are widely used in different types of

cancer. For example, dendrimer-conjugated podophyllotoxin
suppresses the development of chemical-induced hepatocel-
lular carcinoma (HCC) in mice (17). In another study, 14
biotinylated podophyllotoxin derivatives were designed and
synthesized, which exhibited potent cytotoxic effects against
a number of cancer cell lines, such as H1299 and H1975 (18).
Furthermore, the 4f-acetamidobenzofuranone-podophyll
otoxin hybrids exhibit anticancer effects in various types of
cancer cells, such as breast, lung and prostate cancer (19). The
results of the present study demonstrated that podofilox exhib-
ited anticancer effects against GC cells. The ICs, of podofilox
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Figure 6. Downregulation of ATG10 inhibits cell proliferation and colony formation. (A) The expression levels of ATGI10 in gastric cancer and normal tissues
were analyzed using The Cancer Genome Atlas database. (B) Immunoblotting results of ATG10 and GAPDH in siCtrl-, siATG10-1- and siATG10-2-trans-
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of colonies and (F) quantified data. “P<0.05 and ““P<0.001 siATG10-1 vs. siCtrl; #P<0.01 and "P<0.001 siATG10-2 vs. siCtrl. si, small interfering RNA;

Ctrl, negative control; ATGI10, autophagy-related 10.

in AGS and HGC-27 cells was 3.409 and 3.394 nM, respec-
tively. Treatment with 3.4 nM podofilox notably suppressed
cell proliferation and colony formation compared with those
observed in the vehicle control groups. Collectively, these
results suggested that podofilox may be a promising drug
against GC. Podofilox has been reported to disrupt the micro-
tubules and inhibit cell cycle progression at the G, phase (20).
In addition, deoxypodophyllotoxin suppresses the cell cycle
progression and promotes apoptosis in human glioma (21).
Consistent with these findings, the results of the present study
demonstrated that podofilox promoted cell cycle arrest at the
G,/G, phase in GC cells. Thus, podofilox may induce G,/G,
cell cycle arrest in various types of cancer cells. However,
these results were insufficient to conclude whether cell cycle

arrest may be a general function of the drug or if it may be cell
line-specific. This should be investigated in other cancer cell
lines in the future.

The molecular basis by which podofilox inhibits cancer
cell proliferation and tumor growth has been investigated in
previous studies. For example, podofilox inhibits HCCLM3
and HepG2 cell proliferation and migration by inactivating
the PI3K/AKT/mTOR signaling pathway (22). In HCC cells,
podofilox inhibits the PI3K/AKT/mTOR pathway and activates
p53 (23). However, the molecular mechanisms underlying the
effects of podofilox in GC remain unknown. Thus, microarray
analysis was performed in the present study to determine the
dysregulated genes following treatment with podofilox. A total
of 1,279 genes were dysregulated in podofilox-treated AGS
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cells, including 566 upregulated and 713 downregulated genes.
KEGG and HALLMARK pathway enrichment analyses
demonstrated that the cell cycle and the c-Myc pathway were
inhibited by podofilox. By contrast, the p53 signaling pathway
was activated by podofilox. Western blot analysis confirmed
that the protein expression levels of c-Myc and ATG10 were
downregulated in GC cells following treatment with podo-
filox compared with those in vehicle-treated cells. The levels
of glycolysis hallmark genes HK2 and PKM2, which are
frequently upregulated in cancers (24), were downregulated
by podofilox compared with those in the control groups. A
previously study demonstrated that ATG10 was a downstream
effector of c-Myc (25). Notably, ATG10 was upregulated in
GC compared with normal tissues in samples from TCGA
database.

The podophyllotoxin-indirubin hybrid termed Da-1
suppresses the proliferation of leukemia cells and induces
autophagy (26). The autophagy-inducing effect of podophyl-
lotoxin has also been demonstrated in HCC cells (27). Since
c-Myc signaling and its downstream effector ATG10 were
both inhibited by podofilox in the present study, the involve-
ment of ATG10 in GC cell proliferation was subsequently
assessed. ATGI10 was silenced in GC cells by siRNA, and
the results of the CCK-8 and colony formation assays demon-
strated that ATG10 knockdown significantly suppressed the
proliferation of HGC-27 and AGS cells. Taken together, these
results suggested that ATG10 may act as an oncogene in GC,
and podofilox may suppress the proliferation of GC cells by
downregulating ATGI10.

In conclusion, the results of the present study demonstrated
the antitumor effects of podofilox in GC. The cell cycle was
arrested by podofilox at the G,/G, phase, whereas apoptosis
was unaffected. In addition, podofilox induced autophagy by
regulating ATG10.
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