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Abstract

Bafilomycin C1, which was isolated from Streptomyces albolongus in our previous work, exhibited strong cytotoxicity
against several cancer cell lines. This study aimed to evaluate its antitumor effect on human hepatocellular cancer
SMMC7721 cells and the underlying mechanism in vitro and in vivo. MTT assay revealed that bafilomycin C1 retarded
SMMC7721 cell growth and proliferation. Western blot and real-time qPCR analysis revealed that bafilomycin C1 caused
partial GO/G1 phase cell-cycle arrest, downregulated the expression of cyclin D3, cyclin E1, CDK2, CDK4, and CDK6 and
upregulated the expression of p21. Moreover, bafilomycin C1 caused mitochondrial membrane dysfunction through
oxidative stress. Furthermore, bafilomycin C1 decreased the expression of Bcl-2; increased the expression of Bax, p53, and
P-p53; and increased cleavage of caspase-9 and caspase-3, thereby inducing the intrinsic caspase-dependent apoptotic
pathway. In vivo experiments in mice suggested that bafilomycin C1 suppressed tumor growth with few side effects. Cell-
cycle arrest and induced apoptosis in tumor tissues in a mouse model treated with bafilomycin C1 were demonstrated by
histological analyses, western blot and TUNEL. These findings indicate that bafilomycin C1 may be a promising candidate

for hepatic cellular cancer therapy.

Introduction

Hepatocellular carcinoma (HCC), which is closely linked to
infection and chronic liver disease, is one of the most
common malignancies with a very high mortality [1]. To
date, there is no effective chemotherapy available to the
large numbers of HCC patients. Surgical therapy is con-
traindicated for large majority of patients because of their
poor liver function [2, 3]. In addition, HCC is highly
resistant to multiple chemotherapeutic agents [4].

In the process of discovering new antibacterial and
antitumor active agents from microbial sources, nine cyto-
toxic bafilomycins were isolated from the fermentation
broth of Streptomyces albolongus by our research group [5].
Among them, bafilomycin C1 presented the strongest
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cytotoxic activity, especially against SMMC7721 HCC
cells [5]. Bafilomycin C1 was first isolated from Strepto-
myces griseus and had shown multifunctional bioactivities,
including antifungal activity, cellular cytotoxicity, and
inhibition of vacuolar HT ATPase [6-10]. Recently, the
molecular mechanisms responsible for the antifungal effect
of bafilomycin C1 were elucidated by our research group
[10]. However, the mechanism for the antitumor effect of
bafilomycin C1 has still not been reported. To explore the
potential of bafilomycin C1 for treatment of HCC, the effect
of bafilomycin C1 on proliferation, cell-cycle arrest, and
inducing apoptosis of HCC SMMC7721 and HepG2 cells
in vitro and xenograft growth inhibition in vivo as well as
the underlying mechanism were investigated in the present
study.

Materials and methods
General experimental procedures
Bafilomycin C1 was isolated from a fermentation broth of S.

albolongus by previously described method [5]. The fer-
mentation broth was treated with the polymeric resin
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Amberlite XAD-16 to capture bound compounds. The
crude extract was then isolated by sequential chromato-
graphy over Sephadex LH-20 and silica gel to yield bafi-
lomycin C1 with a purity of 98.0% as determined by high-
pressure liquid chromatography. Bafilomycin C1 was dis-
solved in dimethyl sulfoxide (DMSO) to prepare a 100 uM
stock solution and stored at —20 °C. Working solutions of
bafilomycin C1 were prepared by diluting the stock solution
with DMSO prior to use.

Cell culture

Human HCC cell lines SMMC7721 and HepG2 (obtained
from Chinese Academy of Sciences, Shanghai, China) were
cultured in RPIM-1640 and Dulbecco’s modified Eagle’s
medium culture medium, respectively, with 10% fetal
bovine serum, 1% L-glutamine, 100 units/mL penicillin,
and 100 pg/mL streptomycin at 37 °C in a humidified 5%
CO, atmosphere incubator (Thermo Fisher Scientific,
Waltham, USA)

Cell viability assay

The cell viability was quantified by the 3-[4,5-dimethyl-
thiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay
[11]. SMMC7721 and HepG2 cells were seeded in 96-well
plates at a density of 7x10° cells/well and exposed to
bafilomycin C1 at different concentrations (0.33, 1.1, and
3.3 uM for SMMC7721; 1.1, 3.3, and 10.0 uM for HepG2)
for 6 days, respectively. After incubation at 37 °C for var-
ious periods of time (0, 1, 2, 3, 4, 5, and 6 days, respec-
tively), 20uL MTT (S mg/mL in 1x phosphate-buffered
saline (PBS)) was added into each well and incubated
another 4 h. After that, the liquid in the well was removed
and 150 uL DMSO was added into each well. A microplate
reader (BioTek Synergy HI, BioTek Instruments, Inc.,
Vermont, USA) were used at 570nm to measure the
absorbance of each well. Inhibition rate (%) = [(As70(con-
trol) — Asyg(bafilomcycin  C1)]/As7o(control) x 100%. The
results are represented as mean + SD from three indepen-
dent experiments.

Measurement of cell-cycle arrest

SMMC7721 and HepG2 cells were seeded in a 6-well
plate at a density of 5x 10° cells/well, respectively, and
treated with vehicle or bafilomycin Cl1 (3.3uM for
SMMC7721; 10.0 uM for HepG2) for 24 h. Treated cells
were trypsinized, centrifuged, and washed with cold PBS,
fixed with 75% ethanol, and then left overnight at —20 °C.
Following adequate washing with PBS, the fixed cells
were incubated with propidium iodide (PI) working solu-
tion for 30 min in the dark at room temperature [12].

Samples were immediately run on a flow cytometer (BD,
LSRFortesssa, USA) with a total of 20,000 cells collected
and analyzed with the PI-based cell-cycle phase. The
results are represented as mean + SD from three indepen-
dent experiments.

Hoechst 33258 staining

Cells stained with Hoechst 33258 (Beyotime Biotechnology
Co., Shanghai, China) were used to evaluate the morpho-
logical changes [13]. Briefly, 10° cells/well were seeded in
6-well plates and treated with vehicle or bafilomycin Cl
(3.3 uM) for 24 h. Then treated cells were fixed with par-
aformaldehyde for 5 min, washed twice with PBS, and
stained with 500 uL Hoechst 33258 for 5 min in the dark at
room temperature. Morphological changes were evaluated
by a fluorescence microscope (Leica, DMi8, Gremany)

Measurement of apoptosis

SMMC7721 and HepG2 cells were seeded in a 6-well plate
at a density of 5x 103 cells/well, respectively, and treated
with vehicle or bafilomycin C1 (3.3 uM for SMMC7721;
10.0 uM for HepG?2) for 24 h. Then, cells were trypsinized,
centrifuged, and washed with cold PBS and re-suspended in
490 uL of the provided binding buffer. A total of 5puL
fluorescein isothiocyanate (FITC)-labeled Annexin V (BD,
Franklin Lakes, NJ, USA) and 5 uL PI were added to the
samples and mixed gently. Samples were immediately run
on a flow cytometer, with a total of 20,000 cells collected
and analyzed with the Annexin V-FITC/PI apoptosis
method after 15 min incubation in the dark at room tem-
perature [14]. The results are represented as mean + SD
from three independent experiments.

Measurement of intracellular reactive oxygen
species (ROS) generation

Intracellular ROS level was quantified by 2',7'-dichlor-
odihydrofluorescein diacetate (DCFH-DA) probe (Sigma-
Aldrich, Darmstadt, Germany) [15]. SMMC7721 cells were
seeded in a 6-well plate at a density of 5 x 10° cells/well and
pre-treated with N-acetylcysteine (NAC; 5 mM) or vehicle
for 1 h. Then vehicle or different concentrations of bafilo-
mycin C1 (0.33, 1.1, and 3.3 uM) were added into the
treated cells for 24 h. After that, cells were incubated with
DCFH-DA (10 uM) dissolved in serum-free medium for 20
min at 37 °C in the dark. Cells were washed twice with PBS
and lysed with 700 uL RIPA. A microplate reader with
fluorescence intensity of 480 nm excitation wavelength and
530 nm emission wavelength were used to detect intracel-
lular ROS production. The results are represented as mean
+ SD from three independent experiments.
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Measurement of mitochondrial membrane potential
(MMP)

MMP was measured using JC-1 probe (Beyotime Bio-
technology Co., Shanghai, China) [16]. SMMC7721 cells
were seeded in a 6-well plate at a density of 5 x 10> cells/
well and treated with vehicle or different concentrations of
bafilomycin C1 (0.33, 1.1, and 3.3 uM) for 24 h. Then cells
were incubated with a JC-1 staining solution (5 ug/mL) at
37 °C for 20 min in the dark, washed twice with PBS, and
resuspended in the buffer. The “monomer” at low mem-
brane potential was detected by a green fluorescence (514
nm excitation wavelength, 529 nm emission wavelength);
and the “J-aggregates” at higher potential existed as a red
fluorescence (585 nm excitation wavelength, 590 nm emis-
sion wavelength). The green/red fluorescence intensity ratio
indicated the loss of MMP. The results are represented as
mean + SD from three independent experiments.

Synthesis of ATP assay

The cellular ATP level was determined by an ATP Biolu-
minescence Assay Kit (Beyotime Biotechnology Co.,
Shanghai, China) [17]. SMMC7721 cells were seeded in a
6-well plate at a density of 5x 10° cells/well and treated
with vehicle or different concentrations of bafilomycin C1
(0.33, 1.1, and 3.3 uM) for 24 h. After that, cells were lysed
and centrifuged, and supernatants were obtained. Then
100 pL. working solution as well as 20 uL supernatant were
added to 96-well plate and mixed gently according to the
manufacturer’s instructions. Luminescence was immedi-
ately measured on a microplate reader. Measurements from
all samples were normalized to the protein concentration.
The results are represented as mean + SD from three inde-
pendent experiments.

RNA extraction and real-time PCR

The effect of bafilomycin C1 on the gene expression was
examined in SMMC7721 cells using SYBR Green real-time
quantitative PCR (qPCR) (Applied Biosystems, StepOne
Real-Time PCR System, USA) [18]. SMMC7721 cells were
seeded in a 6-well plate at a density of 5 x 10° cells/well and
treated with vehicle or bafilomycin C1 (3.3 uM) for 24 h.
The total RNA from treated cells was extracted using
TRIzol Reagent (Ambion, Foster City, CA, USA) according
to the manufacturer’s instructions. The cDNA was synthe-
sized from the extracted total RNA using the GoScript™
reverse transcription system (Promega, Madison, WI,
USA). The sense and anti-sense primers for the amplifica-
tion of each fragment are as follows: Cyclin D3 5’-
AGCGCCTTTCCCAACTCTA-3’ and 5’-CCAGGGTTAC
CACCACTTGT-3’; Cyclin EI 5°-GCTCGGGCTTTGTC
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CAG-3’ and 5’-CTTCCTGGACACGCTGGT-3’; CDK2
5’-CCTTGTTTGTCCCTTCTAC-3’ and 5’-CAAATCCAC
CCACTATGA-3’; CDK4 5’-CCTCTTTGGCAGCTGGT-
CAC-3* and 5 -ACCGACACCAATTTCAGCCA-3’;
CDK6 5’-CTGAATGCTCTTGCTCCTTT-3’ and 5’-AAA
GTTTTGGTGGTCCTTGA-3’; p21 5’-AGGCACCGAGG
CACTCAGAG-3" and 5-TGACAGGTCCACATGGT
CTTCC-3’; Bax 5-CTGAGCAGATCATGAAGACA-3’
and 5’-AGTTTGCTGGCAAAGTAGAA-3’; Bcl-2 5°-CT
TTGAGTTCGGTGGGGTCA-3’ and 5’-GGGCCGTACA
GTTCCACAAA-3’; p53 5’-TCTACAAGCAGTCACAG
CAC-3’ and 5’-CTGGAGTCTTCCAGTGTGAT-3’; and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 5°-G
GCAAGTTCAATGGCACAGT-3’ and 5’-TGGTGAAGA
CGCCAGTAGACTC-3’. Real-time qPCR was performed at
95 °C for 10's, 60 °C for 20 s, and 72 °C for 20 s for a total of
35 cycles and GAPDH was used as an internal control.
The 27247 method was used to analyze relative changes in
gene expression for statistical analysis [19].

Western blotting analysis

For in vitro experiments, SMMC7721 cells were seeded in a
6-well plate at a density of 8 x 10° cells/well and treated with
vehicle or different concentrations of bafilomycin C1 (0.33,
1.1, and 3.3 uM) for 24 h, then washed with cold PBS, and
lysed with RIPA lysis buffer (Beyotime Biotechnology Co.,
Shanghai, China) containing 2% protease inhibitor cocktail
(Promega, Madison, WI, USA). For in vivo experiments,
tumor tissue homogenate was lysed for western blot analysis
[20]. The protein concentration of the lysate was determined
by a BCA Protein Assay Kit (Beyotime Biotechnology Co.,
China). Equal quantities of protein (30-50 ug) were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, transferred to polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA), and blocked
with 5% non-fat milk for 80 min at room temperature. The
membranes were incubated with specific primary antibodies
overnight at 4 °C and probed with corresponding secondary
antibodies subsequently for 60 min at room temperature.
Then specific protein bands were detected with ECL Select
Western Blotting detection reagent (Millipore, Billerica,
MA, USA) by chemiluminescence (Tanon 5500, Shang Hai,
China). Equal protein loading was normalized by probing
with anti-GAPDH antibody. Antibodies to cyclin D3, cyclin
El, CDK2, CDK4, CDK®6, p21, Bax, Bcl-2, caspase-3,
caspase-9, p53, P-p53, and GAPDH were purchased from
Cell Signaling Technology (Danvers, MA, USA).

Animal and tumor xenograft studies

BALB/c nude mice (weighing 18-20g) were used to
establish a xenograft model. Mice were administrated a
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SMMC7721 cell suspension (5x 10° cells per 100 uL) by
subcutaneous injection. When tumor diameter reached 3
mm, mice were randomly allocated to two groups (n =5 per
group). Animals in the treated group were administrated
bafilomycin C1 (0.2 mg/kg body weight, dissolved in 60%
1,2-propanediol) once every other day by intraperitoneal
injection, and control group were treated with vehicle in the
same way. Body weight and tumor size (tumor volume =
length (mm) x width (mm) x depth (mm) % /6) were mea-
sured every 4 days. After 20 days of treatment, whole blood
of each mouse was collected from the ocular orbit for serum
analysis. Then the mice were sacrificed and the tumor was
excised. The wet weight of internal organs and tumor of
each mouse were recorded. A part of the tumor was pre-
pared for western blot and the other part for paraffin block.
The study was performed in strict accordance with the
Guide for the Care and Use of Laboratory Animals (Min-
istry of Science and Technology of China, 2006), and all
experimental protocols were approved by the Laboratory
Ethics Committees of College of Life and Health Sciences,
Northeastern University (Shenyang, China).

Serum analysis

Serum aspartate aminotransferase (AST) and L-alanine 2-
oxoglutarate aminotansferase (ALT) changing levels were
monitored to evaluate the poisonous side effect of bafilomycin
C1 on mice by using the Aspartate Aminotansferase Assay
Kit and Alanine Aminotransgerase Assay Kit (Jiancheng
Bioengineering Ins., Nanjing, China), respectively, according
to the manufacturer’s instructions. The enzyme activity was
detected by measuring the optical density (510 nm).

Hematoxylin and eosin (H&E) staining

Tumor tissues were fixed in 4% paraformaldehyde, paraffin-
embedded, and sectioned at 5um. Afterwards, the tissue
section was deparaffinized in xylene and rehydrated in a
series of graded alcohols. Then the tissue section was
stained with H&E (Beyotime Biotechnology Co., Shanghai,
China) to visualize histology [21].

Detection of apoptotic cells in situ

Tdt-mediated dUTP nick-end labeling (TUNEL) was per-
formed with an apoptosis detection kit (Millipore, Billerica,
MA, USA) to identify the number of apoptosis cells
according to the manufacturer’s instructions [20].

Statistical analysis

All results were presented graphically as the group mean +
standard deviation (SD) from at least three independent

experiments. Student’s #-test was used to determine differ-
ences between two groups using SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA). The threshold value for acceptance of
differences was 5% (p <0.05) .

Results

Bafilomycin C1 retarded the growth and
proliferation of SMMC7721 and HepG2 cells

The effect of bafilomycin C1 (Fig. 1a) on the growth of
SMMC7721 and HepG?2 cells was assessed by MTT assay.
The results showed that bafilomycin C1 retarded the growth
and proliferation of SMMC7721 and HepG2 cells in a time-
and dose-dependent manner (Fig. 1b). Compared with the
control, the viability of SMMC7721 and HepG2 cells was
not significantly influenced by the dosage of 0.33-3.3 uM
and 1.1-10.0 uM at 24 h, respectively. Hence, the effect of
bafilomycin C1 on cell-cycle arrest and apoptosis in vitro
was investigated after 24 h of drug exposure to avoid the
interference from cell death effect.

Bafilomycin C1 induced GO/G1 phase cell-cycle
arrest in SMMC7721 and HepG2 cells

In order to explore the effect of bafilomycin C1 on the cell-
cycle progression of SMMC7721 and HepG?2 cells, the flow
cytometric analysis based on PI staining was used to ana-
lyze cell-cycle distribution. As shown in Figure lc, a typical
GO0/G1 cell-cycle arrest pattern was observed in
SMMC7721 and HepG2 cells after 24 h treatment with
bafilomycin C1, although the arrest was partial in
SMMC7721 cells at that time point.

In order to explore the underlying mechanism, we
examined the mRNA level by real-time qPCR for the
expression of several cell-cycle regulatory factors in
SMMC7721 cells. As shown in Figure 1d, cyclin D3, cyclin
El, CDK2, CDK4, and CDK6 expression were down-
regulated and p217 expression upregulated significantly after
24 h treatment with bafilomycin C1. Furthermore, western
blot analysis demonstrated that bafilomycin C1 also
decreased the protein expression of cyclin D3, cyclin El,
CDK2, CDK4, and CDK6 and increased p21 in a dose-
dependent manner after treatment with bafilomycin Cl1

(Fig. le, ).

Bafilomycin C1 induced SMMC7721 and HepG2 cells
apoptosis

Numerous antitumor agents are known to eliminate tumor

cells through apoptotic process [22]. To examine whether
bafilomycin C1 induced apoptosis in SMMC7721 cells,

SPRINGER NATURE
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Fig. 1 Bafilomycin C1 retarded the growth and caused cell-cycle arrest
in SMMC7721 and HepG2 cells. a Chemical structure of bafilomycin
Cl1. b The growth curve of SMMC7721 and HepG2 cells treated with
vehicle (Con) or different concentrations of bafilomycin C1 (0.33, 1.1,
and 3.3 puM for SMMC7721; 1.1, 3.3 and 10.0uM for HepG2) for
6 days as determined by MTT assay. ¢ SMMC7721 and HepG2 cells
treated with vehicle (Con) or bafilomycin C1 (3.3 uM for SMMC7721;
10 uM for HepG2) were stained with PI and analyzed for cell-cycle
phase by flow cytometry. d The mRNA levels of cyclin D3, cyclin E1,
CDK2, CDK4, CDK6, and p21 of SMMC7721 cells treated with

Hoechst 33258 staining was conducted. The results showed
that significant morphological changes including nuclei
shrinkage, chromatin compaction and dense fluorescence
emission were observed in bafilomycin Cl-treated
SMMC7721 cells (Fig. 2a). Meanwhile, a significant
increase in the population of apoptotic cells was identified
in bafilomycin Cl-treated SMMC7721 cells by flow

SPRINGER NATURE
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vehicle (Con) or bafilomycin C1 (3.3 uM) were quantified by real-time
gPCR. e The protein levels of cyclin D3, cyclin E1, CDK2, CDK4,
CDKG6, and p21 of SMMC7721 cells treated with vehicle (Con) or
different concentrations of bafilomycin C1 (0.33, 1.1, and 3.3 uM)
were determined by western blot. f The relative quantitative analysis of
cyclin D3, cyclin El, CDK2, CDK4, CDK6, and p21 of
SMMCT7721 cells treated vehicle (Con) or with different concentration
of bafilomycin C1 (0.33, 1.1, and 3.3 uM). The results are represented
as mean=+SD from three independent experiments. *p <0.05 vs.
control; **p <0.01 vs. control; ***p <0.001 vs. control

cytometric analysis based on FITC-Annexin V/PI double
staining (Fig. 2b). Similar event also occurred in HepG2
cells, although it was not as strong as that in
SMMC7721 cells (Fig. 2b).

Mitochondria play a vital role in supplying energy and
are closely involved in apoptosis and cell death [23]. To
determine whether bafilomycin C1 affected the function of
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Fig. 2 Bafilomycin C1 induced apoptosis in SMMC7721 and HepG2
cells. a Bafilomycin C1 (3.3 uM) caused morphological alterations in
SMMCT7721 cells as determined by Hoechst 33258 staining compared
to vehicle (Con). b Bafilomycin Cl-induced apoptosis in SMMC7721
and HepG2 cells evaluated by flow cytometric analysis based on
FITC-Annexin V and PI double staining compared to vehicle (Con)

mitochondria, we investigated the intracellular ROS pro-
duction, level of MMP, and ATP generation of
SMMC7721 cells treated with bafilomycin C1. As shown in
Figure 3a, the level of ROS generation induced by bafilo-
mycin Cl increased significantly in a dose-dependent
manner, which was in turn attenuated by the addition of
NAC. Furthermore, enhanced MMP collapse and loss of
ATP synthesis were also observed after bafilomycin Cl
treatment (Fig. 3b, c). As a result, bafilomycin C1 caused
mitochondria membrane damage in SMMC7721 cells.

To further examine the underling mechanism, mRNA
level of apoptotic-related molecules in SMMC7721 cells
was measured. As shown in Figure 3d, the mRNA levels of
Bax and p53 increased significantly, whereas the level of
Bcl-2 decreased. Furthermore, western blot was conducted
to analyze the change of apoptotic-related proteins. As
shown, the protein expression levels of p53, phosphorylated
p53 (P-p53), and Bax increased, whereas the level of Bcl-2
decreased significantly in a dose-dependent manner after
treatment with bafilomycin C1 (Fig. 3e, f). In addition, the

cleavage of caspase-9 and caspase-3 were activated, sug-
gesting that caspase-dependent apoptosis was induced by
bafilomycin C1 in SMMC7721 cells (Fig. 3e, f). As a result,
bafilomycin C1 induced the mitochondrial apoptotic path-
way in SMMC7721 cells.

Bafilomycin C1 retarded xenograft tumor growth
in vivo

To evaluate the effect of bafilomycin C1 on tumor growth
in vivo, a SMMC7721 cell xenograft model in BALB/c
nude mice was established. Tumor growth in the bafilo-
mycin Cl-treated group was significantly reduced compared
to vehicle (Fig. 4a—c). In addition, H&E staining showed
the differences of histological features of tumor tissues
between the vehicle and bafilomycin Cl-treated group. In
vehicle, tumor cells exhibited active mitotic increase with
big deep-dyed nuclei; however, tumor tissue treated with
bafilomycin C1 appeared to have pyknotic nuclei and more
necrotic cells (Fig. 4d). Furthermore, we conducted western
blot analysis to investigate the mechanism of antitumor
effect of bafilomycin C1 in vivo. As shown, the protein
expression levels of cyclin D3 and cyclin E1 were down-
regulated; p21 and cleaved caspase-3 were upregulated in
the bafilomycin Cl-treated group (Fig. 4e). It suggested that
cell-cycle arrest and apoptosis were also induced by bafi-
lomycin C1 in vivo. Moreover, TUNEL assay indicated that
bafilomycin Cl-treated group appeared to accumulate an
increasing number of TUNEL-positive cells, suggesting that
more DNA fragmentation, the hallmark of apoptosis, was
caused by bafilomycin C1 (Fig. 4f). In addition, physiolo-
gical and biochemical studies indicated no significant
alternations in body weight, liver index, and spleen index as
well as serum activities of AST and ALT between the
vehicle and treatment group, suggesting that bafilomycin C1
did not result in an increase in severe side effects in the
treated mice (Table 1). As a result, bafilomycin C1 sup-
pressed tumor growth through cell-cycle arrest and apop-
tosis in vivo.

Discussion

Unchecked mitogenic signals and inappropriate response to
antimitotic signals caused uncontrolled growth and pro-
liferation of cancer cells [24]. Accumulating evidence
confirmed that control of cell-cycle progression in cancer
cells was ineffective in controlling tumor growth [24-27].
In our study, bafilomycin C1 significantly induced a partial
GO0/G1 phase cell-cycle arrest in SMMC7721 cells together
with the data obtained from flow cytometry, real-time
gPCR, and western blotting analysis. Cell cycle was
modulated by different cyclins, cyclin-dependent kinases
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Fig. 3 Bafilomycin C1 caused mitochondrial membrane damage and
regulated apoptosis-related molecules of SMMC7721 cells. a The
intracellular ROS production of SMMC7721 cells treated with vehicle
(Con) or different concentrations of bafilomycin C1 (0.33, 1.1, and 3.3
uM) was detected by DCF-DA staining. b MMP of SMMC7721 cells
treated with vehicle (Con) or different concentrations of bafilomycin
C1 (0.33, 1.1, and 3.3 uM) was detected by JC-1 probe. ¢ Synthesis of
ATP by SMMC7721 cells treated with vehicle (Con) or different
concentrations of bafilomycin C1 (0.33, 1.1, and 3.3 uM) was mea-
sured by chemiluminescence. d The mRNA levels of p53, Bcl-2, and
Bax in SMMC7721 cells treated with bafilomycin C1 (3.3 uM) were

(CDKs), and cyclin-dependent kinase inhibitor (CKIs) [24].
Only certain CDK—cyclin complexes were responsible for
regulating cell-cycle progression [28]. In GO/G1 phase,
cyclin D and cyclin E played vital roles. Cyclin D bound to
CDK4 and CDKG6 to regulate the early G1 phase, and cyclin
E-CDK2 complex peaked at G1/S transition to drive cell
cycle progressing to S phase [24, 29, 30]. The detailed
mechanistic studies showed that bafilomycin C1 decreased
both mRNA and protein levels of cyclin D3, cyclin EI,
CDK2, CDK4, and CDK6 in SMMC7721 cells (Fig. 1d—f).
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quantified by real-time qPCR compared to vehicle (Con). e The protein
levels of p53, P-p53, Bcl-2, Bax, caspase-3, cleaved caspase-3, cas-
pase-9, and cleaved caspase-9 of SMMC7721 cells treated with
vehicle (Con) or different concentrations of bafilomycin C1 (0.33, 1.1,
and 3.3 uM) were determined by western blot. f The relative quanti-
tative analysis of p53, P-p53, Bcl-2, Bax, cleaved caspase-3, and
cleaved caspase-9 of SMMC7721 cells treated with vehicle (Con) or
different concentrations of bafilomycin C1 (0.33, 1.1, and 3.3 uM).
The results are represented as mean+SD from three independent
experiments. *p <0.05 vs. control; **p<0.01 vs. control; ***p<
0.001 vs. control

On the other side, CKIs, especially p21 in GO/G1 phase,
disrupted the activity of CDK—cyclin complex leading to
limited cell proliferation and apoptotic cell death conse-
quently [31]. As shown in Figure 1, bafilomycin Cl
increased p21 in SMMC7721 cells.

Apoptosis is involved in cell renewal as well as senescent
cell elimination and was mediated by a series of sophisti-
cated energy-dependent molecular events [32]. Abnormal-
ities in cell death may also contribute to the development of
cancer [33]. Therefore, chemotherapeutic drugs promoting
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Fig. 4 Bafilomycin C1 suppressed tumor growth of SMMC7721 tumor
xenografts in nude mice model. a Photographs of individual tumor
xenograft removed from nude mice treated with vehicle (Con) or
bafilomycin C1 (0.2 mg/kg body weight). b The volumes of tumors
treated with vehicle (Con) or bafilomycin C1 (0.2 mg/kg body weight)
were monitored every 4 days. ¢ Tumor weight treated with vehicle
(Con) or bafilomycin C1 (0.2 mg/kg body weight) was measured after
sacrifice. d H&E staining of tumor tissue treated with vehicle (Con) or

Con 0.2 mg/kg

bafilomycin C1 (0.2 mg/kg body weight). e The protein levels of
cyclin D3, cyclin E1, p21, caspase-3, and cleaved caspase-3 of tumor
tissue treated with vehicle (Con) or bafilomycin C1 (0.2 mg/kg body
weight) were determined by western blot. f TUNEL assays of tumor
tissue treated with vehicle (Con) or bafilomycin C1 (0.2 mg/kg body
weight). The results are represented as mean=+SD from five inde-
pendent experiments. **p <0.01 vs. control

Table 1 Physiological and
biochemical index of xenograft

Body weight

Liver index Spleen index AST (karU) ALT (karU)

nude mice (2) (mg/g) (mg/g)
Con 242+23 546+3.9 71+1.2 904+56 752%40
Bafilomycin C1 (0.2  22.5+1.6 56.8+1.4 6.95+0.9 947+3.1 80449
mg/kg)

apoptosis may be efficient for the tumor clinical treatment.
A series of studies had demonstrated that quite a few che-
motherapeutic agent-mediated apoptotic cell death was
induced by ROS [34-37]. ROS, which was composed of
reactive molecules and free radicals, may lead to oxidative
stress of nucleic acid, proteins, and lipids [37-39]. In this
study, we found that bafilomycin C1 upregulated the ROS
production in SMMC7721 cells (Fig. 3a). The over-
production of ROS triggered the mitochondrial dysfunction,
mainly characterized by the loss of MMP [40]. In addition,

mitochondria are the site of most ATP generation and
mitochondrial dysfunction directly leads to reduced ATP
synthesis [37, 38, 41]. As shown, bafilomycin C1 caused
the loss of MMP and ATP synthesis (Fig. 3b, ¢). The Bcl-2
family proteins, which are the key regulators of MMP,
exerted opposed effects on apoptosis [41-43]. In our study,
bafilomycin C1 upregulated the expression of the proa-
poptotic factor Bax and downregulated the antiapoptotic
Bcl-2 on both mRNA and protein levels (Fig. 3d-f).
Enhancement of Bax over Bcl-2 triggered the release of
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apoptosis-inducing factors and caused the activation of
caspases on the intrinsic apoptotic pathway, which was the
hallmark of apoptosis in multiple cell types [44]. Caspase-9,
the initiator caspase, was activated by self-proteolysis and
triggered the cleavage of caspase-3, the executioner of
apoptosis, that finally amplified the apoptotic signaling
pathway irreversibly [33, 45, 46]. The present study showed
that bafilomycin C1 activated cleaved caspase-9 and
cleaved caspase-3 (Fig. 3e, f). Besides, several lines of
evidence showed that nuclear transcription factor
p53 stimulated a wide network of signals involved in
intrinsic or extrinsic apoptotic pathways [47]. The upregu-
lation of total p53 and its phosphorylation (P-p53) validated
the effects of bafilomycin C1 on inducing apoptosis.

Furthermore, we investigated the antitumor effects of
bafilomycin C1 in SMMC7721 xenograft model. The
results showed that bafilomycin C1 retarded the tumor
growth without apparent adverse reactions or side effects
(Fig. 4a—c; Table 1). H&E staining elucidated the histolo-
gical changes of tumor tissue treated by bafilomycin Cl
(Fig. 4d). In addition, western blot and TUNEL assay
showed that the delay in the growth of tumor resulted from
cell-cycle arrest and apoptosis caused by bafilomycin C1
(Fig. 4e, ).

In conclusion, bafilomycin C1 effectively induced
growth delay, partial cell-cycle arrest, and activated apop-
totic pathway of SMMC7721 cells in vitro and in vivo. It
indicates that bafilomycin C1 could serve as a potential
candidate for hepatic carcinoma chemotherapy.
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