Am J Cancer Res 2018;8(7):1288-1296
www.ajcr.us /ISSN:2156-6976/ajcr0068691

Original Article

Bufalin inhibits glycolysis-induced cell growth and
proliferation through the suppression of Integrin
B2/FAK signaling pathway in ovarian cancer

Haoran Li*®", Shuang Hu?®", Yangyang Pang*®*, Mengjiao Li*3, Lihua Chen?, Fei Liu*3, Mingming Liu®,
Ziliang Wang?3, Xi Cheng'3

1Department of Gynecological Oncology and Cancer Institute, Fudan University Shanghai Cancer Center, Shanghai
200032, China; ?Department of Pharmacy, Fudan University Shanghai Cancer Center, Shanghai 200032, China;
3Department of Oncology, Shanghai Medical College, Fudan University, Shanghai 200032, China; *Institute of
Urology, Lanzhou University Second Hospital, Lanzhou University, Lanzhou 730000, China; °Key Laboratory of
Urological Diseases, Lanzhou University, Lanzhou 730000, China; 8School of Pharmacy, Anhui Medical University,
Hefei 230031, China. "Equal contributors.

Received November 7, 2017; Accepted November 21, 2017; Epub July 1, 2018; Published July 15, 2018

Abstract: Bufalin is the major digoxin-like component of the traditional Chinese medicine Chansu and has obvious
anti-tumor effect in major malignancies, but the role of bufalin in glucose metabolism in ovarian cancer remains
illustrated. Here, we sought to elucidate the regulatory function of bufalin on cell glucose metabolism in ovarian
cancer. The treatment of bufalin on ovarian cancer cells effectively inhibited glucose uptake and lactate production
in ovarian cancer cells. The expression levels of glycolysis-related proteins, including GLUT4, LDHB and HK2, were
decreased by the treatment of bufalin detected by qRT-PCR and immunoblotting. Mechanistically, bufalin exerted
its anti-tumor effect by targeting ITGB2/FAK signaling pathway in vitro and in vivo, which could be rescued by the
introduction of ITGB2 cDNA in ovarian cancer cells. These findings provide evidence that bufalin inhibited cellular
glycolysis-induced cell growth and proliferation through repression of the ITGB2/FAK pathway, indicating that bufalin

may be developed as a chemotherapeutic agent to treat ovarian cancer.
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Introduction

Epithelial ovarian carcinoma is the fifth most
prevalent cancer and the most malignant tumor
in female reproductive system worldwide with
nearly 22,440 new cases and 14,080 deaths
in 2017 [1, 2]. Since ovarian tumors locate
deep in the pelvic cavity and have no specific
symptoms at the early stage, more than 60% of
ovarian cancer patients have been already at
the advanced stage when diagnosed. For
advanced ovarian cancer, one of the main
causes of treatment failure is drug resistance,
so revealing the mechanisms of ovarian cancer
and finding new therapeutic agents are of
important practical significance for improving
the survival rate of ovarian cancer.

Bufalin is extracted from traditional Chinese
medicine Chansu and its active ingredient is
the digoxin-like component [3, 4]. Recent stud-

ies have demonstrated the anticancer effect of
bufalin in various types of cancers, such as
lung, breast, liver and pancreatic cancer, by
inhibiting cell proliferation, invasion and metas-
tasis, inducing cell apoptosis and cell cycle
arrest, increasing chemosensitivity and mediat-
ing the immune response [5-9]. It has been
reported that bufalin exerts its anti-proliferation
by interrupting the synthesis of DNA [10], block-
ing the transduction of cell signaling pathway
[11], changing the cell cycle distribution of can-
cer cells [12] and inhibiting the growth of can-
cer stem cells. Although the anti-cancer prop-
erty of bufalin on cell proliferation has been
widely established, the effect of bufalin on glu-
cose metabolism in cancer cells still remains
elusive.

Integrins, formed by the combination of 18
Kinds of a-subunits and 8 kinds of B-subunits,
are probably the most important class of cell-
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adhesion receptors. By regulating cell-cell and
cell-matrix contacts, integrins participate in cell
proliferation, invasion and migration, differen-
tiation and survival [13-16]. Due to lack of
kinase activity, integrins function by recruiting
and activating kinases, such as focal adhesion
kinases (FAKs) and Src family kinases (SFKs).
Activated FAK-Src aims to promote cell motility,
cell cycle progression and cell survival [17, 18].
Increasing studies have confirmed that integ-
rins are frequently overexpressed in malignant
tumors [19-22], indicating that integrin-related
signaling pathway might be effective targets to
treat various cancers. Several preclinical stud-
ies concerning on various integrin inhibitors
have shown their potentials in blocking ovarian
cancer progression such as targeting o531
[23], avB3 [24] and avp5 [25].

In this study, the effect of bufalin on cell glu-
cose metabolism was determined to explore
the possible mechanism of bufalin-induced
proliferative inhibition of ovarian cancer cells.
We showed that bufalin inhibited cell growth
and proliferation of ovarian cancer through sup-
pressing cancer cell glucose metabolism by tar-
geting ITGB2/FAK signaling pathway, which pro-
vided the new evidence that bufalin may be
developed as a potential therapeutic agent to
treat ovarian cancer patients.

Materials and methods
Cell lines and cell culture

The established human ovarian cancer cell line
A2780 and Hey were obtained from American
Type Culture Collection (ATCC). All cells were
maintained in Dulbecco’s modified Eagle’s
medium (DMEM, HyClone, Thermo Scientific,
USA) supplemented with 10% fetal bovine
serum (Gibco, Life technologies, USA), 100 U/
ml penicillin (Biowest, Nuaillé, France), and 100
U/ml streptomycin (Biowest, Nuaillé, France)
and incubated at 37°C in a humidified atmo-
sphere with 5% CO,,.

Drug treatment

Bufalin was purchased from Sigma-Aldrich (St
Louis, MO) and its store concentration was 2
mM. All ovarian cells were treated with different
concentrations (nmol/L) bufalin for 48 h.

Cell viability assay

To evaluate cell viability rate, we plated 8 x 103
cancer cells per well in 96-well plates with 100
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pl maintenance medium. The next day, the cells
were treated with various concentrations of
bufalin. Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) was used to
monitor cell viability after 48 hours and the
number of viable cells was assessed by mea-
surement of absorbance at 450 nm after two-
hour incubation by a Microplate Reader (BioTek
Instruments, Winooski, VT, USA). The viability
rate was calculated as experimental OD value/
control OD value.

Cell proliferation assay

To evaluate cell proliferation rate, we plated 1 x
103 cells per well in 96-well plates with 100
pl maintenance medium. Cell Counting Kit-8
(CCK-8) (Dojindo Laboratories, Kumamoto, Ja-
pan) was used to monitor cell growth at 1-7
day and the number of viable cells was as-
sessed by measurement of absorbance at 450
nm by a Microplate Reader (BioTek Instru-
ments, Winooski, VT, USA). The proliferation in-
dex was calculated as experimental OD va-
lue/control OD value. Cell numbers were cal-
culated with the following equation, cell num-
ber = proliferation index x 1000.

Plasmids construction and viral infection

To selectively overexpress ITGB2, the recombi-
nant plasmid pENTER-ITGB2 containing human
full cDNA sequence of ITGB2 was purchased
from Vigene Biosciences (Jinan, China). We
subcloned the cDNA sequence of ITGB2 in-
to lentivirus vector pPCDHCMV-MCS-EF1-PURO,
generating the recombitant plasmid pCDH/
ITGB2 cDNA. Lentivirus carrying ITGB2 cDNA
were generated and harvested as described
previously. Both A2780 and Hey cells were
infected and the positive clones were selected
with puromycin. Control cell lines were gener-
ated by infection with viruses containing the
empty vector by following the same protocol.

RT-PCR and real-time PCR

Total RNAs of A2780 and Hey cells were isolat-
ed using Trizol reagent (Invitrogen, Life technol-
ogies, USA) respectively and reversely tran-
scribed into cDNA using PrimeScript TM RT
reagent Kit (Takara Biotechnology, Shiga, Ja-
pan). PCR products were amplified with TaKa-
Ra Taq TM with reactions of 30 cycles of
(94°C, 30s;58°C, 30 sand 72°C, 1 min) using
the Mastercycler 1 eprealplex (eppendorf AG,
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Figure 1. Bufalin suppresses cell proliferation by inhibiting cell glycolysis.
A, B. In A2780 and Hey cell lines, exposure to bufalin resulted in significant
decrease of cell viability compared with control in a dose-dependent man-
ner. C. Glucose uptake dramatically decreased in A2780 and Hey cells when
compared with controls (P < 0.05). D. Lactate production dramatically de-
creased in A2780 and Hey cells when compared with controls (P < 0.05).
E-G. The results of real-time PCR and Western blot exhibited that mRNA level
and protein level of GLUT4, LDHB and HK2 were down-regulated while FBP1

was up-regulated (P < 0.05).

Hamburg, Germany). Five microliters of PCR
products were analyzed by electrophoresis on
1.5% agarose gel containing ethidium bromide
and visualized under UV illumination. Real-time
PCR was carried out in the Applied Biosystems
Prism 7900 system (Applied Biosystems, Life
technologies, USA) using ExScipt Syber green
QPCR kit (Takara Biotechnology, Shiga, Japan)
in the following conditions: an initial denatur-
ation of 95°C for 30 s, one cycle; 95°C for 5 s;
55°C for 30 s; and 72°C for 30 s, 40 cycles
followed by a melting curve analysis to check
the specificity of amplification. Each sample
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primer pairs of HK2 used
were 5-CCTGAGGACATCATG-
CGAGG-3' (forward primer)
and (5-TGAGACCAGGAAACT-
CTCGTC-3’) (reverse primer).
The primer pairs of LDHB
were 5-GGAAGGAAGTGCATA-
AGATGGTGG-3’ (forward prim-
er) and 5-CCCCTTTACCATT-
GTTGACACG-3’ (reverse prim-
ers). The primer pairs of
GLUT4 were 5-TGGAAGGA-
AAAGGGCCATGCTG-3’ (forwa-
rd primer) and 5-CAATGA-
GGAATCGTCCAAGGATG-3’ (re-
verse primers).

HK:

Glycolysis analysis

Glucose Uptake Colorimetric Assay Kit (Bio-
vision, U.S.A.) and Lactate Colorimetric Assay
Kit (Biovision, USA) were purchased to examine
the glycolysis process in ovarian cancer cells
according to the manufacturer’s protocol.

Western blot analysis

Western blot analysis was performed to deter-
mine the expression levels of various proteins
in cells. Cells were pre-treated with bufalin or
DMSO (diluent) for 48 h. Then Cells were col-
lected and lysed in RIPA lysis buffer (Beyotime)
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and protease inhibitor cocktail (Roche Di-
agnostics). The total protein concentration was
determined by BCA protein assay kit (Beyo-
time). Equal amounts (30 pg per load) of pro-
tein samples were subjected to SDS-PAGE el-
ectrophoresis and transferred on to polyvinyli-
dene fluoride (PVDF) membranes (Millipore).
The blots were blocked in 5-8% non-fat milk,
and incubated with primary antibodies, fol-
lowed by incubation with secondary antibodies
conjugated with horseradish peroxidase (HRP).
The protein bands were developed with the
chemiluminescent reagents (Millipore). Anti-
body to ITGB2, GLUT4, LDHB, HK2 were from
Proteintech, and antibody to B-Actin was pur-
chased from Sigma-Aldrich. FAK and phospho-
FAK Y397 were purchased from Cell Signaling
Technology.

Colony formation assay

Cells treated with bufalin or DMSO (diluent) at
single concentration for 48 h were seeded in
six-well plates at a density of 500 per well. The
cells were cultured with fresh medium and
allowed to grow at least for 1 week before being
fixed with ice-cold methanol and stained with
Crystal violet.

In vivo tumor growth assay

Animal experiments were approved by the
Ethics Committee at FUSCC. Briefly, female
BALB/c nude (Shanghai Slac Laboratory Animal
Co. Ltd, 4-6 weeks) were injected subcutane-
ously with A2780 cells (5 x 10° suspended in
0.1 mL PBS for each mouse). Once reaching an
average tumor volume of 100 mm?, mice were
randomized into groups (n = 5). Then they were
intraperitoneally treated with bufalin (10 mg/
kg) thereafter. Administration of vehicle or
agents and measurement of tumor growth with
a digital caliper were done once every other
day. After treated with bufalin, all the mice were
subjected to perform positron emission tomo-
graphy/computedtomography (PET/CT) scan.
The glucose uptake of tumor was evaluated by
the standard uptake value (SUV). Tumor vol-
umes were calculated with the following equa-
tion: V=L x W2 x 0.52. V represented the vol-
ume, L represented length, and W was the
width. Mice were sacrificed and the tumors
were dissected and weighed one week after
the last bufalin injection. RT-PCR of xenograft
tumor were done according to the protocol
above.
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Statistical analysis

All experiments were performed in triplicate.
Results in this study were calculated using
Graph Pad Prism and reported as mean + S.E.
Comparisons between controls and treated
groups were determined by t test or one-way
ANOVA followed by Tukey’s multiple comparison
tests. P value less than 0.05 was taken as sta-
tistical significance.

Results

Bufalin suppresses cell glycolysis in ovarian
cancer cells

Ovarian cancer cells, A2780 and Hey, were
treated with a series of concentration of bufalin
(shown in Figure 1A, 1B) for 24, 48 and 72 h,
respectively. In both cancer cell lines, exposure
to bufalin resulted in significant decrease of
cell viability compared with control in a dose-
dependent and time-dependent manner (p <
0.05, Figure 1A, 1B). The half-maximal inhibi-
tory concentration (IC50) value for A2780 and
Hey cells were 21.47 (95% CI 18.43-25.01) nM
and 25.59 (95% Cl 21.04-31.12) nM, respec-
tively. Concentrations used in subsequent
experiments were calculated from above dose-
response curves.

To evaluate whether bufalin regulated cell glu-
cose metabolism in ovarian cancer, we treated
A2780 and Hey cells with bufalin with low toxic
dosages and then performed glucose uptake
and lactate production assays. As is shown in
Figure 1C, 1D, both glucose uptake and lactate
production dramatically decreased in A2780
and Hey cells, compared with the correspond-
ing controls (P < 0.05). Furthermore, we used
gRT-PCR and Western blotting to detect the
expression levels of glycolysis-related proteins
in A2780 and Hey cells after bufalin treatment.
Compared with their controls, the results of
gRT-PCR and Western blotting exhibited that
mMRNA and protein expression levels of GLUT4,
LDHB and HK2 were decreased (P < 0.05)
(Figure 1E-G).

Bufalin regulates glucose metabolism by
inhibiting the expression of ITGB2 in ovarian
cancer cells

Integrins have been demonstrated to play vital

roles in cell glucose metabolism in vertical can-
cer, so we inferred that the members of integrin
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Figure 2. ITGB2 restores the effect of bufalin on cell growth and proliferation by upregulating cell glycolysis. A, B. The
mRNA level and protein level of ITGB2 was suppressed after cisplatin treatment in a dose-dependent manner. C.
overexpression of ITGB2 rescued the effect of bufalin on cells in glucose uptake assays when compared with their
controls treated with bufalin (P < 0.05). D. Overexpression of ITGB2 rescued the effect of bufalin on cells in lactate
production assays when compared with their controls treated with bufalin (P < 0.05). E, F. The results of CCK8 ex-
hibited that bufalin’s inhibitory effect on ovarian cancer cell growth and proliferation was obviously weakened by the
induction of ITGB2 when compared with controls (P < 0.05, E-G). G. The results of Colony formation assay exhibited
that bufalin’s inhibitory effect on colony formation ability was obviously weakened by the induction of ITGB2 when
compared with controls (P < 0.05).
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Figure 3. Bufalin disrupts ITGB2/FAK (Tyr397) signal-
ing pathway to regulate ovarian cancer cell glycolysis.
A. Bufalin suppressed the expression of focal adhe-
sion kinase (FAK) and phosphorylated FAK (p-FAK) (P
< 0.05). B. ITGB2 overexpression attenuated bufalin-
induced suppression on FAK and p-FAK (P < 0.05).

family, including o or B subunits, may be affect-
ed by the treatment of bufalin. We found that,
shown in Figure 2A, 2B, the mRNA and protein
level of ITGB2 were decreased after bufalin
treatment in a dose-dependent manner, dem-
onstrating ITGB2 might be a downstream effec-
tor of bufalin in A2780 and Hey cells (P < 0.05).

To further confirm the role of ITGB2 in bufalin-
induced glycolysis inhibition, we established
A2780/ITGB2 OE and Hey/ITGB2 OE cells sta-
bly expressing ITGB2 cDNA. We found that over-
expression of ITGB2 effectively rescued the
effect of bufalin on ovarian cancer cells in glu-
cose uptake and lactate production when com-
pared with their controls (P < 0.05, Figure 2C,
2D). The results of CCK8 and colony formation
assay also showed that bufalin’s inhibitory
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effect on ovarian cancer cell growth and prolif-
eration was obviously weakened by the induc-
tion of ITGB2 when compared with controls (P <
0.05, Figure 2E-G). Furthermore, we found that
ITGB2 overexpression rescued the expression
levels of GLUT4, LDHB and HK2 in A2780 and
Hey cells treated with bufalin (P < 0.05, Figure
3A-C).

Bufalin disrupts ITGB2/FAK signaling pathway
to regulate cell glycolysis in ovarian cancer

It is well established that integrins can recruit
and activate FAK and its subsequent down-
stream signaling pathway in order to regulate
cell growth and proliferation. In our study, we
also found that bufalin suppressed the expres-
sion of focal adhesion kinase(FAK) and phos-
phorylated FAK (Tyr397) (P < 0.05, Figure 3A,
3B). Furthermore, the induction of ITGB2 atten-
uated bufalin-induced suppression on FAK and
p-FAK (P < 0.05, Figure 3A, 3B).

Bufalin inhibits cell proliferation and glycolysis
of ovarian cancer cells in vivo

To test the antitumor effect of bufalin in vivo,
we injected A2780 cells into nude mice to
observe subcutaneous tumor formation. After
the volume of the tumor reached 100 mm?3, the
mice were subjected to bufalin treatment every
other day. As shown in Figure 4A, 4B, the treat-
ment with bufalin obviously slowed the grow-
th speed of xenografts in vivo, compared with
the corresponding controls. The tumor volume
and tumor weight in the mouse treated by bu-
falin were significantly lower than those in con-
trol group (P < 0.05, Figure 4C, 4D). In addi-
tion, based on the detection results of PET-CT,
we found that bufalin can significantly sup-
pressed the glucose uptake in ovarian cancer
in vivo and resulted in a lower SUVmax value
(Figure 4E, 4F). To determine whether the bufa-
lin inhibited the expression of ITGB2, FAK,
p-FAK, GLUT4, LDHB and HK2 in vivo, we per-
formed gRT-PCR to detect these genes expres-
sion in tumor tissues from the mouse with or
without the treatment of bufalin. As shown in
Figure 4G, the expression levels of ITGB2, FAK,
GLUT4, LDHB and HK2 were largely reduced,
compared with the their controls.

Discussion
In the present study, we described the function-

al role of bufalin in the regulation of glucose
metabolism in ovarian cancer cells by blocking
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and proliferation [26]. Cur-
rently, we assessed the im-
pact of bufalin on glucose
metabolism in ovarian cancer
cells and found that bufalin,
known as a sodium-potassi-
um ATPase inhibitor, also
could be acted as an anti-
metabolic agent.

Integrins modulated a wide
variety of cell-cell and cell-
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Figure 4. Bufalin inhibits cell proliferation and glycolysis of ovarian cancer
cells through suppressing ITGB2 in vivo A, B. Treatment with bufalin slowed
the speed of tumor growth in vivo (P < 0.05). C, D. The tumor volume and
tumor weight in the experimental group were significantly lower than those
in control group (P < 0.05). E, F. Bufalin can significantly suppressed the
glucose uptake in ovarian cancer in vivo and resulted in a lower SUV (P <
0.05). G. We performed real-time PCR on tumor sections from the tumors.
The expression levels of ITGB2, FAK, p-FAK, GLUT4 and LDHB were largely

reduced while FBP1 increased (P < 0.05).

ITGB2/FAK signaling, which provides a deep
understanding of cytotoxic mechanism of bufa-
lin and offers more potential biomarkers for
diagnosis and treatment of ovarian cancer in
future.

Growing evidence has shown that tumor cells
harbor a higher rate of aerobic glycolysis com-
pared with oxidative phosphorylation. Rounds
of anticancer agents leads to inefficient ATP
synthesis thus becomes a hinder for cell growth
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i, matrix interactions that lead
B to cell migration, proliferation,
. differentiation and survival.
— B-integrins is an important
Bufalin

subunit of integrin. It has
been reported that intergrin 3
subunits, such as B1, B3 and
5, mediated cancer cell gr-
owth, proliferation, invasion
and migration [13, 27]. We
also showed that bufalin
exerted its anti-tumor effects
through the regulation of
ITGB5 in cervical cancer [28].
Herein, we found that the
expression level of ITGB2 was
obviously decreased in ovari-
an cancer cells treated with
bufalin. Meanwhile, the induc-
tion of ITGB2 cDNA into ovari-
an cancer cells partly attenu-
ated the anti-tumor effect of
bufalin. We also demonstrat-
ed that ITGB2 not only en-
hanced glucose uptake and
lactate production to boost
cancer cell growth and prolif-
eration, but also offset bufa-
lin-induced cytotoxicity to
ovarian cancer cells, indicat-
ing ITGB2 as a novel thera-
peutic target for ovarian cancer patients.
Therefore, therapy targeting ITGB2 could fur-
ther benefit more drug-resistant, recurrent and
metastatic patients.

FAK located at the intersection of various sig-
naling pathways controlling cancer growth and
metastasis. This includes kinase-dependent
control of cell proliferation [29]. Integrin-FAK
signaling has been shown to activate a number
of signaling pathways through phosphorylation

Am J Cancer Res 2018;8(7):1288-1296
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and protein-protein interactions to promote
tumorigenesis [30]. Currently, Small molecule
FAK inhibitors emerge as a novel chemothera-
peutic agent in cancer treatment and have
already exhibited enhanced effect in combina-
tion with cytotoxic drugs [31, 32] or agents tar-
geting angiogenesis [33, 34]. In this study, FAK,
as the downstream regulatory protein of ITGB2,
was efficaciously inhibited by the treatment of
bufalin, suggesting the combination treatment
of bufalin and FAK inbihitors might bring bett-
er treatment effect through more effectively
blocking ITGB2/FAK signaling.

Platium-based chemotherapy is the first line
chemotherapeutic agent in the current treat-
ment of ovarian cancer. In addition to persis-
tent accumulation of irreparable DSBs, glycoly-
sis inhibition may be another mechanism for
cisplatin treatment [35]. Therefore, combined
treatment of bufalin and cisplatin hold promise
for the treatment of chemoresistant cancer
cells [36] and contributed to overcome the
resistance of cisplatin-based regimen after fur-
ther validation.

In summary, we demonstrated that bufalin
inhibited cellular glycolysis-induced cell growth
and proliferation through the repression of the
ITGB2/FAK signal pathway. Our results not only
provide the new insight into the underlying
mechanism of bufalin-induced glycolysis, but
also offer the important implications for the
development of therapeutic approaches using
bufalin to prevent metastasis in various can-
cers, including ovarian cancer.
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