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Podophyllotoxin reduces the aggressiveness of human oral
squamous cell carcinoma through myeloid cell leukemia-1
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Abstract. Podophyllotoxin (PPT), which is derived from the
podophyllum plant, exhibits marked cytotoxic effects against
cancer cells; however, the precise molecular mechanism
underlying its activity against human oral squamous cell carci-
noma (OSCC) has not been elucidated. In the present study, the
mechanism by which PPT induced cytotoxicity in two OSCC
cell lines, HSC3 and HSC4, was determined. The effects of
PPT on cytotoxicity in HSC3 and HSC4 cells were analyzed
using Annexin V/PI double staining, Sub-G, analysis, soft agar
assays, western blotting, and quantitative PCR. The changes in
the mitochondrial membrane potential were assessed using a
JC-1 assay and cytosolic and mitochondrial fractionation. A
myeloid cell leukemia-1 (Mcl-1) overexpression cell lines were
also established to study the role of Mcl-1 on apoptosis. The
results showed that PPT inhibited the growth of the two human
OSCC cell lines and induced apoptosis, which was accompa-
nied by mitochondrial membrane depolarization. Compared
with the control, PPT reduced the expression of Mcl-1 in both
cell lines through a proteasome-dependent protein degrada-
tion process. Overall, these results suggested that targeting of
Mcl-1 protein by PPT induced apoptosis, providing a founda-
tion for further pre-clinical and clinical study of its value in
the management of OSCC.

Introduction
Head and neck cancers are among the top seven most preva-

lent cancer types worldwide, of which, the majority (90%) are
squamous cell carcinoma (1). There are several risk factors
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associated with the development of this cancer type, including
premalignant conditions such as consumption of tobacco, betel
nut, and alcohol, poor oral hygiene, UV radiation exposure,
Epstein Barr virus infection, and human papillomavirus (HPV)
infection (2,3). Oral cancer is a subtype of head and neck
cancer that affects various oral mucosal regions, including
the anterior two-thirds of the tongue, the gingival tissue, the
mucosal lining of the lips and cheeks, the sublingual floor, the
hard palate, and the retromolar region (4,5). Although signifi-
cant progress has been made in oral cancer treatment, further
studies are required to understand the mechanism of action of
the therapeutic agents commonly used and the heterogeneous
nature of this disease.

Podophyllotoxin (PPT) is a naturally occurring aryl-
naphthalene class of lignans found in the plants of the
Podophyllum genus, such as Podophyllum peltatum and
Podophyllum emodi (6). It is a folk remedy that exhibits
antiproliferative properties similar to colchicine (7). PPT and
its derivatives exhibit significant anticancer activity by desta-
bilizing microtubules, which are structural elements of the
cytoskeleton (8-10). PPT also exerts a broad range of highly
effective antiviral and antibacterial properties (11). In 1990,
the WHO recommended 0.5% PPT as a first-line drug for the
treatment of condyloma acuminatum, which is usually caused
by HPV (12). Two semi-synthesized podophyllotoxin glycosyl
derivatives, etoposide (VP-16) and teniposide (VM-26),
were approved by the FDA in 1983 and 1992 for anticancer
therapy (12). Etoposide is used in frontline cancer therapy
against various cancer types, such as small-cell lung cancer
and testicular cancer (13-16), whereas teniposide is primarily
used for the treatment of acute lymphoblastic leukemia (17).
With respect to the molecular mechanisms, PPT exhibits
potent anticancer effects by inhibiting DNA topoisomerase 11
and tubulin, respectively, which cause cell cycle arrest and
DNA damage (11). The remarkable anticancer properties
of PPT have been extensively studied. Moreover, a variety
of novel compounds have been tested and demonstrated to
be effective at treating various neoplasms. PPT derivatives
cause cell cycle arrest and apoptosis associated with Bcl-2 in
hepatocellular carcinoma and lung cancer (18,19). In addition,
the synthesis and evaluation of a hybrid combining podophyl-
lotoxin and coumarin was studied and found to be associated
with the AKT/mTOR pathway in oral cancer (20). However,
studies determining the effectiveness of PPT in treating oral
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squamous cell carcinoma (OSCC) (20) are less common
compared with those in other tumor types.

To identify the potent anticancer mechanism of action of
PPT in OSCC, apoptosis associated with the Bcl-2 family of
proteins, particularly myeloid cell leukemia-1 (Mcl-1) was
assessed. In OSCC, the Mcl-1 gene is commonly amplified and
upregulated, which affects the clinical course and survival of
patients with this disease (21-24). Mcl-1 is also upregulated and
is associated with poor outcomes in other malignant tumors,
such as hematologic malignancies (25), breast cancer (26,27),
lung (28), and gastric cancer (29). Mcl-1 blocks the oligomer-
ization of the pro-apoptotic Bcl-2 family members, Bax and
Bak, which sequesters them to produce protein-permeable
holes in the mitochondrial outer membrane (30-32). Finally, a
reduction in Mcl-1 expression promotes cytochrome C release
into the cytoplasm, which activates the caspase cascade and
induces apoptosis (21). Based on these findings, targeting
Mcl-1 may represent a promising approach for treating OSCC.

In the present study, the cytotoxic effects of PPT against
OSCC cell lines were assessed. It was found that PPT
induced apoptosis in OSCC cells by activating the mitochon-
drial pathway through the downregulation of Mcl-1 at the
post-translational level.

Materials and methods

Cell culture and reagents. The OSCC cell lines (HSC3 and
HSC4) were obtained from Hokkaido University (Hokkaido,
Japan) and cultured in DMEM/F12 medium (Welgene,
Inc.) supplemented with 10% FBS and 1% antibiotics
[penicillin/streptomycin (P/S)] (Welgene, Inc.) at 37°C in a
5% CO, incubator. The Yonsei University kindly provided the
Immortalized human oral keratinocyte (IHOK) cells. KSF
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with BPE/EGFR was used for maintaining IHOK cells. All
experiments were performed with cells cultured to 50-60%
confluence. PPT and cycloheximide (CHX) were purchased
from MilliporeSigma (cat. no. P4405) and MG132 was
obtained from Santa Cruz Biotechnology Inc. All chemicals
were dissolved in DMSO and stored at -20°C.

Trypan blue exclusion assay. The trypan blue exclusion assay
was used to determine the effect of PPT on cell viability. The
OSCC cells (1.8x10°/ml1 HSC3 cells or 2.8x10°/m1 HSC4 cells)
were seeded into 6-well plates and incubated with 100 nM
PPT for 24 h, followed by staining with 0.4% trypan blue
(Gibco; Thermo Fisher Scientific, Inc.). The viable cells were
counted using a Corning® Cell counter. All experiments were
performed independently three times with triplicate samples
for each experiment.

CCK-8 cell proliferation assay. To assess cell prolifera-
tion, the cells were seeded into 96-well plates and incubated
with 100 nM PPT for 24 h. Then, 10 ul CCK-8 solution (cat.
no. CK04-500; Dojindo Molecular Technologies, Inc.) was
added to each well, thoroughly mixed with the culture media,
and incubated at 37°C for 2 h. The optical density (OD) of
each well was measured using a Chameleon microplate reader
(Hidex) at 450 nm and the OD values are reported as the
mean = SD.

Soft colony formation agar assay. Basal Medium Eagle (BME)
with sodium carbonate was dissolved in sterile distilled water
to prepare a 2x BME solution, which was then purified using
a 0.2 uM syringe filter. The bottom agar (0.5%) was prepared
by mixing 2x BME, L-glutamine, gentamicin, PBS, FBS, and
1.25% agar. The wells were pre-coated with 3 ml per well
along with 0.3% top agar. After curing at room temperature
(RT) for 1 h, 200 gl culture medium was added every 3 days
with DMSO and 100 nM PPT, and the cells were incubated
at 37°C for 10-14 days. Images of the colonies were randomly
captured (4 images per well) under a bright field microscope
(Olympus Corporation) at a 40x magnification. The number of
colonies with varying diameters was determined using ImageJ
version 1.53t (National Institutes of Health).

Sphere formation assay. Cells were cultured in a serum-free
medium containing 25 ng/ml EGF (Gibco; Thermo Fisher
Scientific, Inc.) and bFGF (Invitrogen; Thermo Fisher
Scientific, Inc.), 0.01x N-2, B27 supplement (Gibco; Thermo
Fisher Scientific, Inc.), and 1% P/S and were seeded into
ultra-low attachment 6-well plates (Corning®, Inc.) at a density
of 1x10* of cells/well. A total of 7-10 days after seeding, images
of the spheres were randomly captured using an inverted light
microscope (x20 magnification; Nikon Corporation) and
counted in Imagel.

Cell cycle distribution analysis. After treatment with PPT,
HSC3 and HSC4 cells were collected, resuspended, washed
with PBS, and fixed in 70% ethanol overnight at -20°C. The
cells were incubated with 20 pg/ml propidium iodide solution
(PI; cat. no. P4170, MilliporeSigma) and RNase A (20 pg/ml)
for 15 min at 37°C. Cell cycle distribution was determined
using an LSRFortessa™ Cell Analyzer (BD Biosciences).
A minimum of 10,000 cells were analyzed for each sample
using BD FACSDIVA™ software 6.0 (BD Biosciences). The
percentage of the sub-G, fraction was quantified using FlowJo
version 9/10 (FlowJo LLC).

Annexin V/PI double staining. Apoptosis was assessed using
a FITC-Annexin V Apoptosis Detection kit (BD Pharmingen)
according to the manufacturer's instructions. The floating
and attached cells were gathered, washed with ice-cold PBS
twice, and spun down in a centrifuge (180 x g, 5 min, 4°C).
The cells were then resuspended in Annexin V binding buffer
and treated with 3 ul Annexin V-FITC for 15 min at room
temperature in the dark, followed by the addition of 1 ul PI.
The cells were then transferred to a FACS tube and analyzed
by flow cytometry. The Annexin V(+)/PI(-) staining of cells
indicated early-stage apoptosis, while Annexin V(+)/PI(+)
staining indicated late-stage apoptosis. The percentage of
cells displaying Annexin V/PI staining was determined by
analyzing a minimum of 10,000 cells. The flow cytometry
data were reanalyzed using FlowJo software.

Western blot analysis. Total protein was isolated from cells
using RIPA lysis buffer (MilliporeSigma) containing 1% phos-
phatase inhibitor (Thermo Fisher Scientific Inc.) and protease
inhibitor cocktails (Roche Diagnostics, GmbH). The protein
concentration of each sample was measured using a DC Protein
Assay kit (Bio-Rad Laboratories, Inc.). The protein lysates,
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containing around 30-50 pg protein, were normalized and then
mixed with 5x protein sample buffer. The mixture was heated
at 95°C for 5 min, separated on 8, 12, or 15% SDS gels, resolved
using SDS-PAGE, and then transferred to Immuno-Blot PVDF
membranes (MilliporeSigma). The membranes were added to
5% skimmed milk in Tris-buffered saline with Tween20 at RT
for 2 h for blocking non-specific binding and incubated with
primary antibodies overnight at 4°C. The membranes were
incubated with horseradish peroxidase-conjugated secondary
antibodies for 2 h and developed using a WestGlow™ PICO
PLUS Chemiluminescent substrate (Biomax, Inc.). The immu-
noreactive bands were visualized using an ImageQuant™ LAS
500 (GE Healthcare Life Sciences) or x-ray film. Densitometry
analysis of the western blots was performed using Image J
version 1.51k (National Institutes of Health). The primary
antibodies used were: Cleaved poly (ADP-ribose) polymerase
(PARP) (cat. no. 9541, 1:1,000), Mcl-1 (cat. no. 5453, 1:1,000),
Bcl-2 (cat. no. 2870, 1:1,000), and Bcl-xL (cat. no. 2764,
1:1,000), all from Cell Signaling Technology, Inc. -actin
(cat. no. sc-47778, 1:3,000) and a-tubulin (cat. no. sc-5286,
1:3,000) were obtained from Santa Cruz Biotechnology Inc.
Cytochrome C (cat. no. BD556433, 1:3,000) and CoxIV (cat.
no. abl16056, 1:3,000) antibodies were obtained from BD
Biosciences and Abcam, respectively.

Mitochondrial membrane potential (MMP) assay. A¥Pm was
measured by flow cytometry using the lipophilic fluorescent
dye JC-1 and the MitoScreen kit (BD Pharmingen). After
trypsinization, the cells were washed with PBS, and collected
by centrifugation at 1,120 x g at 4°C for 5 min. The cell pellets
were resuspended in 1x JC-1 working solution and incubated
at 37°C for 30 min in the dark. After staining, the cells were
rinsed with 1x assay buffer and spun down in a centrifuge at
3500 rpm for 5 min The supernatant was removed, and the
cells were resuspended in 1x assay buffer. Subsequently, the
cells were transferred to FACS tubes and analyzed with an
LSRFortessa™ Cell Analyzer. The proportion of stained cells
was quantified using 10,000 cells per sample and analyzed
using BD FACSDIVA™ software. The flow cytometry data
were reanalyzed using FlowJo software.

Cytosolic and mitochondrial fractions. The isolation of the
cytosolic and mitochondrial fractions was performed using
the Mitochondria/Cytosol Fractionation Kit (Abcam). The
procedure involved washing the cells with ice-cold PBS,
spinning them down (4°C for 5 min at 15,500 x g), and then
resuspending the cell pellet in a mixture of 1x cytosol extrac-
tion buffer, DTT, and protease inhibitor for 10 min on ice.
After centrifugation at 4°C for 15 min at 15,500 x g, the super-
natants, which contained cytosolic proteins, were collected
and the pellets were resuspended in the mitochondrial extrac-
tion buffer. The supernatant containing the mitochondrial
proteins was then obtained by another round of centrifugation
(4°C for 15 min at 15,500 x g).

Reverse transcription-quantitative PCR (RT-gPCR). The total
RNA was extracted using TRIzol® Reagent. Then, 1 ug of the
extracted RNA was reverse-transcribed using the AMPIGENE
cDNA Synthesis kit (Enzo Life Sciences, Inc.) according to
the manufacturer's protocol, and the resulting cDNA was

subjected to qPCR using AMPIGENE qPCR Green Mix
Hi-Rox (Enzo Life Sciences, Inc.). gPCR was performed using
the Applied Biosystems StepOnePlus Real-Time PCR System
with the following thermocycling conditions: 95°C for 2 min;
followed by 40 cycles of 95°C for 10 sec and 60°C for 30 sec.
The relative expression levels of each gene were normalized
to GAPDH and calculated using the 2-4%¢4 method (33). The
sequences of the primers used are: Mcl-1 forward, 5'-GTATCA
CAGACGTTCTCG-3, and reverse, 5'~AGAGGACCTAGA
AGGTGG-3', and GAPDH forward, 5-GTGGTCTCCTCT
GACTTCAAC-3' and reverse, 5'-CCTGTTGCTGTAGCC
AAATTC-3.

Construction of the Mcl-1 overexpression vector and transient
transfection. The pcDNA3.1-Mcl-1 overexpression vector was
generated as described previously (32). HSC3 and HSC4 cells
were treated with either 1 yg blank pcDNA3.1 vector or the
pcDNA3.1-Mcl-1 vector using Lipofectamine® 2000 (Thermo
Fisher Scientific, Inc.) for 12 h as per the manufacturer's
guidelines.

Statistical analysis. Statistical analyses were performed using
SPSS version 25.0 (IBM Corp.). A two-tailed Student's t-test
was used for comparisons between two groups, and a one-way
ANOVA followed by a Tukey's post-hoc test was used for
comparisons between multiple groups. All graphs reflect the
means and standard deviations of three separate experiments.
P<0.05 was used to indicate a statistically significant difference.

Results

PPT inhibits the growth and colony formation of OSCC cell
lines. To measure the cytotoxic effects of PPT on HSC3 and
HSC4 cells, trypan blue exclusion and CCK-8 assays were
performed following treatment with 100 nM PPT for 24 h.
PPT significantly decreased the growth of both OSCC cell
lines (Fig. 1A and B). To evaluate the effect of the PPT, the
treatment period was extended from 48 to 72 h. This extended
treatment revealed a sustained effect of PPT, confirming its
prolonged efficacy (Fig. S1A). To ascertain the toxic effects
on normal cell lines, IHOK cells were treated with 100 nM
PPT for 24 h, and it was found that PPT did not affect the
viability of the IHOK cells (Fig. S1B). To determine whether
PPT influenced anchorage-independent growth in the HSC3
and HSC4 cell lines, soft agar assays were also performed by
exposing the cell lines to PPT for 7-28 days. As evidenced by
the size and quantity of the colonies, PPT significantly reduced
the ability of cells to form colonies compared with the control
(Fig. 1C). To explore the various facets of tumor behavior and
drug response, spheroids were used as they are more capable
of simulating cell-microenvironment interactions that closely
mimic the 3D architecture of in vivo tumors. Notably, the
results revealed the inhibition of spheroid formation upon PPT
treatment (Fig. 1D). These results suggest that PPT inhibited
malignant cancer cell growth in OSCC cell lines.

PPT increases the number of cells that undergo apoptosis in
human OSCC cell lines. PPT treatment of cells led to cleavage
of caspase3 and PARP, as revealed by western blot analysis.
This suggests that PPT may induce apoptosis (Fig. 2A).
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Figure 1. Effects of PPT on the survival of human OSCC cell lines. HSC3 and HSC4 cells were treated with DMSO or PPT for 24 h. (A) Cell viability was
examined using an automated cell counter following treatment with DMSO or 100 nM PPT. (B) The cytotoxicity of PPT on both cell lines was measured
using a CCK-8 assay. (C) A soft agar colony formation assay was used to evaluate anchorage-independent growth. (D) Representative images showing the
sphere-formation efficiency in both HSC3 and HSC4 cell lines following treatment with DMSO or 100 nM PPT treatment. Scale bar, 100 ym. Data are
presented as the mean = SD of three independent experiments. "P<0.05. PPT, podophyllotoxin; OSCC, oral squamous cell carcinoma; OD, optical density.

Accordingly, a significant accumulation of apoptotic cells in
the sub-G1 phase of the cell cycle was observed in PPT-treated
cells (Fig. 2B). Flow cytometry analysis was performed to
further evaluate the effect of PPT on apoptosis. This analysis
provided information on the extent of cell death in response
to PPT treatment. Compared with the solvent control,
the percentage of Annexin V+ cells undergoing early-stage
(Annexin V*/PI) or late-stage (Annexin V*/PI*) apoptosis was
increased following PPT treatment (Fig. 2C). Collectively,

these results indicated that PPT induced apoptosis via a
caspase-mediated pathway in human OSCC cell lines.

PPT influences the dysregulation of the MMP and the
release of cytochrome C. To determine whether PPT-induced
apoptosis in HSC3 and HSC4 cell lines was accompanied by
mitochondrial dysfunction, the cationic dye JC-1 was used to
detect changes in the MMP. Compared with the solvent control
group, PPT treatment resulted in an increase in the monomeric
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Figure 2. Effect of PPT on apoptosis of OSCC cells. (A) Western blot analysis of the expression of cleaved caspase3 and cleaved PARP. 3-actin was used
as the loading control. (B) The proportion of sub-G1 HSC3 and HSC4 cells following treatment with 100 nM PPT. (C) Annexin V/propidium iodide double
staining was assessed using flow cytometry. Data are presented as the mean + SD of three independent experiments. "P<0.05. PPT, podophyllotoxin; OSCC,

oral squamous cell carcinoma; PARP, poly (ADP-ribose) polymerase.

form of JC-1, as indicated by an increase in cytosolic green
fluorescence. This suggests that PPT may affect the MMP
in cells (Fig. 3A). Furthermore, PPT induced the release of
cytochrome C into the cytosol (Fig. 3B). Taken together, these
results indicate that PPT promotes mitochondrial membrane
depolarization and translocation of cytochrome C into the
cytosol, which is considered an apoptotic event (34).

Downregulation of Mcl-1 protein by PPT is associated with
post-translational modifications. To understand the mecha-
nisms of mitochondrial membrane depolarization induced
by PPT treatment, the expression of Bcl-2 family proteins
(anti-apoptotic: Mcl-1, Bcl-2, Bel-xL and pro-apoptotic: Bax,
Bak) was evaluated. These proteins regulate the integrity of the
mitochondria prior to apoptosis (34). The study aimed to iden-
tify the key molecules involved in the process. Significantly
decreased Mcl-1 expression was observed in both cell lines
following PPT treatment, whereas Bcl-2, Bcl-xL, Bax, and
Bak were unchanged (Figs. 4A and S2). qPCR was performed
to determine the effect of PPT on Mcl-1 mRNA levels. PPT

had no obvious effects on Mcl-1 mRNA levels in either cell
line (Fig. 4B). This suggested that Mcl-1 protein is regulated at
the translational or post-translational level by PPT. To further
assess whether PPT regulated the stability of Mcl-1, cells
were treated with CHX to block new protein synthesis. Mcl-1
expression in the PPT and CHX-treated groups was reduced
compared with the groups treated with CHX alone (Fig. 4C).
The study found that pretreatment with MG132, a proteasome
inhibitor, partially prevented the decrease in Mcl-1 expression
caused by PPT treatment. This suggests that the proteasome
pathway may play a role in the effects of PPT on Mcl-1 expres-
sion (Fig. 4D). Based on these findings, PPT contributed to a
decrease in Mcl-1 protein levels through proteasome-mediated
degradation. This suggests that the downregulation of Mcl-1
through proteasomal degradation is an important step in the
death of human OSCC cell lines following PPT therapy.

Suppression of Mcl-1 following PPT treatment determines the
susceptibility to apoptosis in human OSCC cell lines. The role
of Mcl-1 in PPT-induced apoptosis was further investigated by



6
A
A Control PPT (100 nm)
5
10 1 1051
1043: ‘ 104
D sl & 3
8 10 3 3 1031
I 1
5 10?1 1024
@ i
‘g 10'1 10"
ks . 10" 10?2 10%® 10* 10" 102 10° 10¢
2 10°7 105
o ]
2 10 10%4
i < i
V 3 3
Q o 10:% 1031
T 10% 102+
10'7 10'1
10' 102 10° 10* 10" 102 10° 104

A J

JC-1 Monomer (green)

B
Cytosol
HSC-3 HSC-4
PPT(nM) 0 100 0 100

-

Cytochrome C

COX IV

p-actin

LINH
LiNH

YU et al: PODOPHYLLOTOXIN EXERTS ANTICANCER EFFECTS IN OSCC BY REGULATING Mcl-1

HSC3 HSC4
|
120 = |
3 hd I *
3
2 1
o 80 =t
== |
p 5 30 -
35 !
o2 |
28 I
B
% |
o |
4 [
|
|
0=
PPT (nM) 0 100 0 100
HSC3 HSC4
2.0 ]
]
* ]
° - ]
1:3 g 1.5 " *
]
£S "
£ 107 '
o 2 ]
= 3=]
== |
O 051 '
]
]
0 T T 1 T T
PPT (nM) 0 100 0 100

Figure 3. Effect of PPT on the mitochondrial membrane potential and the release of cytochrome C. (A) Measurement of the mitochondrial potential in
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expression of cytochrome C. B-actin was used as the internal control. Data are presented as the mean + SD of three independent experiments. ‘P<0.05. PPT,
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overexpressing the Mcl-1 protein in human OSCC cell lines.
This allowed for the study of the effect of increased Mcl-1
levels on the apoptotic response to PPT treatment. Compared
with the vector control (pcDNA3.1), Mcl-1 overexpression
(pcDNA3.1-Mcl-1) reduced the levels of cleaved caspase3 and
cleaved PARP induced by PPT treatment (Fig. 5A). These
data indicate that Mcl-1 acts as a determinant of PPT-induced
apoptotic cell death in human OSCC cells. The suppres-
sive effect of Mcl-1 in PPT-induced apoptosis was further
established using flow cytometry analysis. The percentage of
Annexin V-positive cell lines following PPT treatment was
decreased following Mcl-1 overexpression (Fig. 5B). These
findings indicated that Mcl-1 suppression may be necessary
for PPT-induced apoptosis in human OSCC cell lines.

Discussion
Currently, it is very difficult to predict the disease progres-

sion of OSCC, given the anatomical complexities and
varied pathological subtypes (3). Thus, studies are ongoing

to address this issue by developing novel methods for the
management of OSCC. Numerous anticancer strategies are
focused on inducing or restoring apoptosis, which may inhibit
cancer cell growth when apoptotic signaling pathways are
reactivated (35). Indeed, growth inhibition through apoptosis
induction using pharmacological approaches are established
effective anticancer strategies in OSCC (23,36-39). In the
present study, the growth of OSCC cells through induc-
tion of apoptosis using PPT was assessed. PPT treatment
significantly reduced the growth of OSCC and inhibited
anchorage-independent colony formation as determined
using soft agar assays. Spheroid formation assays were
used to better mimic the complex 3D structures of tumors
in vivo (40). The ability of PPT on additional dimensions of
tumor behavior and drug response in OSCC was assessed
and the results showed that spheroid formation was inhib-
ited when treated with PPT. In addition, PPT treatment
markedly increased the levels of apoptotic indicators, such
as cleaved-PARP, cleaved-caspase3, and Annexin V double
staining. Recently, Bai et al (20) demonstrated that the novel
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Figure 4. Effect of PPT on Mcl-1 protein turnover in human OSCC cell lines. (A) Western blots showing the expression of Mcl-1, Bcl-2, and Bel-xL. (B) The
expression levels of Mcl-1 in PPT-treated HSC3 and HSC4 cells were evaluated using quantitative PCR and were compared to the reference gene GAPDH
to normalize the results. (C) Cells were pretreated with CHX or (D) MG132 for 1 h in the presence or absence of 100 nM PPT for 24 h, after which Mcl-1
protein expression was determined. Data are presented as the mean = SD of three independent experiments. “P<0.05 compared with the control group; “P<0.05
compared with PPT-treated group. PPT, podophyllotoxin; OSCC, oral squamous cell carcinoma; Mcl-1, myeloid cell leukemia-1; CHX, Cycloheximide.

combination of PPT and coumarin exerted potent anti-cancer
activity in OSCC via regulation of the AKT/mTOR pathway,
supporting the results of the present study. Together, these
suggest that PPT induces apoptosis, which in turn affects
OSCC cell survival.

An important mechanism of several chemotherapeutic
drugs is the disruption of normal tubulin function (41,42).
PPT, a natural tubulin inhibitor, inhibits the growth of cancer
cells by disrupting tubulin polymerization, which causes cell
cycle arrest and inhibition of microtubule synthesis during
the formation of mitotic spindles (43). Numerous studies have
demonstrated the anticancer properties of PPT and its deriva-
tives against various types of cancer by targeting different
molecular targets (11,20,43,44). For example, PPT led to
the production of reactive oxygen species and -H2AX and
activated the ATM/p53/p21 pathway to trigger DNA damage
in human breast cancer (43). PPT also induced apoptosis
in human lung cancer cells by inhibiting c-MET kinase
activity (45). However, additional studies are still required to
identify the anticancer mechanism of PPT in OSCC. OSCC
cell lines exhibit significantly high expression of Mcl-1, which
occurs through genetic amplification (21,46). As a commonly

amplified and upregulated protein in OSCC malignant lesions,
Mcl-1 promotes the development of cancer and reduces the
survival of patients with cancer (21,47). As targeting Mcl-1
may be an important step in inducing programmed cell death,
the use of natural compounds to attenuate Mcl-1 expression is
considered a promising strategy for developing preventative
and therapeutic regimens in OSCC (22 48). Previously, it was
found that nitidine chloride, a naturally derived compound,
decreased Mcl-1 protein expression by inhibiting the
STAT3 pathway (23) and several natural products including
Sanguisorba officinalis were found to reduce Mcl-1 expres-
sion via specificity protein 1 and thus induce apoptosis in
OSCC cell lines (49,50). Fisetin also suppressed oral cancer
growth by modulating the SESN2/mTOR/Mcl-1 signaling
axis (39) suggesting that targeting Mcl-1 by PPT may be a
promising treatment strategy for the management of OSCC.
In the present study, whether PPT affected Mcl-1 protein
in OSCC cell lines was assessed. PPT treatment specifi-
cally decreased Mcl-1 expression and Mcl-1 overexpression
(pcDNA3.1-Mcl-1) restored PPT-induced apoptosis. Mcl-1
mRNA levels were unchanged following PPT treatment, which
ruled out the possibility that PPT affected the transcriptional



Figure 5. Rescue of PPT-mediated apoptosis by Mcl-1 overexpression in HSC3 and HSC4 cells. HSC3 and HSC4 cells were transiently transfected with 1 ug
pcDNA3.1 or pcDNA3.1-Mcl-1-overexpression vector for 12 h and then treated with DMSO or 100 nM PPT for 24 h. (A) Western blots showing the expression
of cleaved PARP, cleaved caspase3 and Mcl-1. “P<0.05 vs. control; “P<0.05 vs. PPT-treated group. (B) FACS analysis was used to quantify Annexin V/PI double
staining. Data are presented as the mean + SD of three independent experiments. PPT, podophyllotoxin; OSCC, oral squamous cell carcinoma; Mcl-1, myeloid

cell leukemia-1; PARP, poly (ADP-ribose) polymerase.

regulation of Mcl-1. Numerous studies have demonstrated that
decreased Mcl-1 expression, which may be caused by various

compounds in cancer cells, is dependent on proteasomal
processes (23,51). Thus, it is hypothesized that PPT induces
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a rapid turnover of Mcl-1 protein in OSCC cell lines. In the
present study, PPT affected Mcl-1 turnover, as evidenced
based on the effects of the protein synthesis inhibitor and
MG-132. These findings indicated that proteasome-dependent
degradation, rather than transcriptional effects, was respon-
sible for the observed PPT-induced Mcl-1 decrease in OSCC
cell lines. Other studies have demonstrated that Mcl-1 is a key
regulator for the apoptotic effects of anti-tubulin drugs, which
cause a reduction in Mcl-1 protein at the post-translational
level, to potentiate cell death (52,53), are consistent with the
findings of the present study. Overall, these data suggested
that Mcl-1 contributes to PPT-induced apoptotic cell death in
OSCC cell lines such as other tubulin inhibitors or naturally
derived compounds.

In conclusion, it was found that PPT triggers anti-tumor
growth and colony formation in OSCC cell lines by inducing
mitochondrial-dependent apoptosis. These results were asso-
ciated with decreased expression of Mcl-1 at the protein level.
Taken together, these findings suggest that PPT may serve as a
potential novel therapeutic drug candidate for targeting Mcl-1
in OSCC.
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