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Abstract Bufalin is the primary component of the tra-
ditional Chinese medicine BChan Su,^ which has been
widely used for cancer treatment at oncology clinics in
certain countries. Evidence suggests that this compound
possesses potent antitumor activities, although the exact
molecular mechanism(s) require further elucidation.
Therefore, this study aimed to further clarify the
in vitro and in vivo antiglioma effects of bufalin and
the molecular mechanism underlying the regulation of
drug sensitivity. The anticancer effects of bufalin were
determined by colony formation assays, apoptosis as-
says, and cellular redox state tests of glioma cells. Con-
focal microscopy was performed to determine the

expression changes of the DNA damage biomarker γ-
H2AX and the nuclear translocation of p53 in glioma
cells. Western blotting and RT-PCR were used to detect
the protein and gene expression levels, respectively.
Here, we report that bufalin induced glioblastoma cell
apoptosis and oxidative stress and triggered DNA dam-
age. The critical roles of the sodium pump α1 subunit
(ATP1A1) in mediating the XPO1-targeted anticancer
effect of bufalin in human glioma were further con-
firmed. Mechanistic studies confirmed the important
roles of Src and p53 signaling in mediating bufalin-
induced apoptosis. Importantly, bufalin also inhibited
the growth of glioma xenografts. In conclusion, our
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study indicated that therapies targeting the ATP1A1 and
p53 signaling-mediated mitochondrial apoptotic path-
ways regulated by bufalin might be potential treatments
for human glioma, and these findings will provide mo-
lecular bases for developing bufalin into a drug candi-
date for the treatment of malignant glioma.
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Introduction

Bufalin, an endogenous cardiac glycoside, is a soluble
digoxin-like immunoreactive component of Chan Su (a
traditional Chinese medicine), which is an extract of
dr ied toad venom from the skin glands of
Bufogargarizans or Bufomelanostictus. Bufalin was
shown to have antitumor activity in various tumors,
such as liver cancer, lung cancer, intestinal cancer, gas-
tric cancer, gynecological cancer, and pancreatic cancer
(Takai et al. 2012). However, the precise underlying
mechanisms remain unknown, and more efforts should
be directed toward clarifying its effects on human glio-
blastoma cells (Shen et al. 2014).

Bufalin treatment was shown to lead to simultaneous
initiation of apoptosis and ER stress, and both mito-
chondrial and ER-mediated apoptotic pathways are in-
volved in glioma cell death induced by bufalin (Shen
et al. 2014). A recent study showed that bufalin resulted
in a DNA double strand break (DSB) response, ROS
induction, and apoptosis within 24 h in a rapid response
in cancer cells (Fujii et al. 2018). DSBs could lead to
phosphorylation of ataxia telangiectasia mutated
(ATM). As a result, a histone variant H2AX is phos-
phorylated beginning within seconds, which is termed
γ-H2AX (Rogakou et al. 2000; Houtgraff et al. 2006).
Thus, γ-H2AX is frequently used as a DNA damage
biomarker.

Interestingly, the early wave of apoptosis following
DNA damage is completely dependent on the nuclear
accumulation of p53 (Phesse et al. 2014). The tumor
suppressor gene p53 has also been shown to exert its
anticancer function by inducing cell apoptosis in cancer
cells. Studies have shown that γ-H2AX triggers the
checkpoint kinase 2 (CHK2) signal transduction path-
way that activates p53 (Yuan et al. 2010). DSB-induced
phosphorylated ATM can also directly phosphorylate
p53 (Yuan et al. 2010). Thus, phosphorylated p53

transcriptionally activates the CDK inhibitor p21 and
various downstream factors and arrests the cell cycle at
G1/S (Kurz and Lees-Miller 2004). Although p53 has
been demonstrated to be critical for various chemother-
apeutic drugs, its precise roles in the anticancer effect of
bufalin and its regulatory effects on bufalin resistance
have not been elucidated.

Sodium pumps (Na+/K+-ATPase) are widespread in
eukaryotic cell membranes, consisting of equimolar ra-
tios of two main subunits in mammals, the catalytic α
and regulatory β polypeptides. Specifically, four differ-
ent α isoforms (ATP1A1-1A4) and three distinct β
isoforms (ATP1B1-1B3) have been identified in
humans (Mijatovic et al. 2007a, b). Na+/K+-ATPase
could also function as a signal transducing receptor,
and this function of signal transduction is mostly attrib-
uted to the α1 subunit (ATP1A1) (Li et al. 2011).
Cardiac glycosides can bind and inhibit the α-catalytic
subunit of the human Na+/K+-ATPase encoded by
ATP1A1, ATP1A2, ATP1A3, or ATP1A4 (Mijatovic
et al. 2007a, b). These molecules have also been shown
to kill melanoma cells by inhibitingATP1A1 (Eskiocak
et al. 2016). Furthermore, our previous research found
that bufalin inhibited the expression of ATP1A1 in
glioblastoma by promoting the activation of
proteasomes and the subsequent protein degradation of
ATP1A1, which could suppress glioma proliferation
(Lan et al. 2018). In addition, there are various other
steroidal inhibitors of Na+/K+-ATPase with strong anti-
cancer effects. Ouabain was recently suggested to have
potential anticancer effects (Xiao et al. 2017). Recent
crystallographic studies have provided insight into how
ouabain inhibits sodium pumps (Yatime et al. 2011;
Ogawa et al. 2009), and several pathways, including
key cell regulators, such as MAPK, PI-3K, AKT, PLC,
and Src, were shown to be influenced by ouabain treat-
ment (Xie and Cai 2003). Furthermore, oleandrin, which
was the first cardiotonic steroids (CTS) to be tested in
anticancer clinical trials, demonstrated a significant in-
hibitory effect on the proliferation of human cancer cells
without significantly reducing the viability of normal
cells (Pan et al. 2017). Hellebrin, which is currently
commercially available with high selectivity for
ATP1A1 (Moreno et al. 2013), was also found to be
an anticancer agent that inhibited ATP1A1. Thus,
ATP1A1 might be a potential target of the anticancer
agent bufalin. However, the precise mechanisms remain
to be elucidated.
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Protein localization is tightly linked to its function
(Mellman and Nelson 2008; Clarke and Zhang 2008).
Improper localization of a nuclear protein to the cyto-
plasm can damage its functions, and protein localization
in cells is tightly regulated by various transporters
(Mellman and Nelson 2008; Clarke and Zhang 2008).
Import of proteins inside the nucleus is carried by
importins, while export of proteins is carried by
exportins (Kau et al. 2004). Currently, among the sev-
eral known exportins in mammalian cells, exportin 1
(XPO1, also called CRM1) is themost studied prototype
(Nigg 1997; Fukuda et al. 1997). Increased expression
of XPO1 protein has been found in various cancers,
including pancreatic cancer (Huang et al. 2009), cervical
cancer (van der Watt et al. 2009), ovarian cancer (Noske
et al. 2008), mantle cell lymphoma (Zhang et al. 2013),
and glioma (Shen et al. 2009). Cancer cells utilize XPO1
to export factors such as p53, APC, p21, p27, and
various others to the cytoplasm (Turner and Sullivan
2008). Restriction of these key gatekeeper proteins to
the cytoplasmic compartment prevents them from sup-
pressing tumor growth. In addition, restoring nuclear
p53 function through inhibition of XPO1 has been
found to trigger cell apoptosis (Wood et al. 2007;
Grasso et al. 2012). These results suggest that XPO1
might be an attractive target in glioblastoma.

Bufalin could reduce p53 expression in certain types
of cancer cells (Wu et al. 2014) while enhancing p53
expression in others (Yu et al. 2008). For cardiac glyco-
sides, the drug sensitivity to p53 reduction is cancer cell
line-dependent but independent of p53status (wild-type
or mutant). Mechanistically, the drug-induced p53 de-
crease occurred not at the mRNA level but at the protein
level as a result of reduced synthesis rather than en-
hanced degradation (Wang et al. 2009). Significantly,
the drug-induced p53 reduction can be rescued by Src
inhibitors, suggesting the involvement of Src-activated
protein kinase (MAPK) signaling pathways, initiated
upon drug binding to Na+/K+-ATPase (Wang et al.
2009). Importantly, Na+/K+-ATPase-mediated cellular
signaling is initialized in the cholesterol and
sphingomyelin-rich plasma membrane subfractions of
the caveolae, in which ATP1A1 interacts with various
signaling proteins. Src is a primary target of ATP1A1
and is responsible for communication between Na+/K+-
ATPase and other proteins. When the Na+/K+-ATPase-
Src complex is activated, different signaling pathways,
including theMAPK pathways, are initiated in a specific
manner depending on the stimulus and cell type

(Reinhard et al. 2013). A previous study also described
an antitumor signaling mechanism of a potential
ATP1A1-targeted drug, perillyl alcohol, mediated via
inhibition of Na+/K+-ATPase and Src activation in a
glioblastoma cell line (Garcia et al. 2015). All of these
findings suggest that Na+/K+-ATPase could be a target
for anticancer drugs and help clarify the downstream
molecular mechanisms.

Thus, in the present study, we investigated how
ATP1A1, XPO1, P53, and Src regulated bufalin-
induced apoptosis in glioblastoma cells and, more im-
portantly, explored the critical roles of ATP1A1 and p53
in bufalin sensitivity.

Materials and methods

Materials

Bufalin (purity > 98%) was purchased from Yuanye
Biotech. (Jinan, Shandong, China), diluted with DMSO
and stored at − 20 °C as the stock solution. Bufalin was
diluted in culture medium to obtain the desired concen-
tration, which was stable in DMSO. Antibodies specific
to Bax, Bcl-2, cleaved caspase-3, cleaved caspase-9,
cleaved PARP, ATP1A1, XPO1, p53, Src, pSrc,β-actin,
and lamin B1 and all the secondary antibodies were
obtained from Cell Signaling Technology (Cell Signal-
ing Technology, Inc., USA). The primary antibodies for
cytosolic cytochrome c (cyto c) and mitochondrial cyto
c were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). The p53 inhibitor pifthrin-α (Pif) was
purchased from the Beyotime Institute of Technology
(Shanghai, China). Trypsin, Dulbecco’s modified Ea-
gle’s medium (DMEM) and fetal bovine serum (FBS)
were obtained from HyClone Laboratories (HyClone
Laboratories, Inc.). Phosphate-buffered saline (PBS),
protease inhibitor cocktail, and 5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). All other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO,
USA) unless otherwise specified.

Cell lines and cell culture

The human glioma cell lines U87, U251, LN229, A172,
and U118 were utilized. Cells were cultured in DMEM
supplemented with 10% fetal calf serum at 37 °C with a
humidified atmosphere of 5% CO2 and 95% air.
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Cell viability assay

Cell viability was determined by MTT assays. Briefly,
the glioma cells were seeded in 96-well plates at a
density of 6 × 103 cells per well. The cells were allowed
to adhere overnight before being placed in fresh medium
containing various concentrations of bufalin dissolved
in DMSO (final concentration, 0.1%). After the cells
had incubated for 48 h, we measured their growth. We
quantified the effects of bufalin on cell viability by
comparing the percentage of viable cells in the treated
group with that in the untreated control group.

Colony formation assay

U87 and U25 cells (1 × 103 per well) were seeded in six-
well plate incomplete medium and cultured for 24 h.
Then, we removed the medium, and cells were exposed
to various concentrations of bufalin (0, 50, and 100 nM).
After 24 h, the cells were washed with PBS and supple-
mented with fresh medium containing 10% FBS. After
incubation for 14 days, cells grew into macroscopic
colonies. We removed the medium, and the colonies
were counted after staining with 0.1% crystal violet.

Flow cytometry analysis

To determine the proportion of apoptotic cells, we per-
formed flow cytometric analysis using a flow cytometer
(BD FACS Accuri C6, CA, USA). After a 24-h treat-
ment with bufalin (0, 50, and 100 nM), the cells were
collected, washed with PBS, and fixed with ice-cold
70% ethanol at 4 °C for 4 h. The cells were stained with
propidium iodide (PI) staining buffer (0.2% Triton
X-100, 100 μg/mL DNase-free RNase A, and 50 μg/
mL PI in PBS) in the dark for 30 min. For the apoptosis
examination, the cells were washed with PBS, collected,
and stained using an Annexin V-FITC Apoptosis Detec-
tion Kit in the dark at room temperature for 15 min. The
fraction of apoptotic cells was determined using a FACS
analysis system. Each experiment was performed in
triplicate.

Investigation of the cellular redox state

Dihydroethidium (DHE) was used to determine the
cellular ROS level. Single-cell suspensions of cells treat-
ed with different concentrations of bufalin (or DMSO as
a blank control, 10 μM H2O2 for 2 h as a positive

control) for 24 h were washed and incubated with
1 μMDHE at 37 °C for 30 min. Cells were then washed
three times with probe-free PBS, and the fluorescence
intensities of cells were measured by flow cytometry.

Measurement of extracellular oxygen consumption rate

Changes in the extracellular oxygen consumption rate
(OCR) of cells were monitored using the Extracellular
O2Consumption Assay Kit (cat#ab197243, Abcam).
Briefly, U87 cells (6 × 104/well) were plated into 96-
well (black wall) clear bottom plates and incubated in a
CO2 incubator at 37 °C overnight. Then, the culture
medium was removed and replaced with 150 μL of
fresh culture media supplemented with the indicated
doses of bufalin. An aliquot of 10 μL reconstituted
Extracellular O2 Consumption reagent and two drops
pre-warmed high-sensitivity mineral oil were added into
each well, and the plate was immediately monitored
using a multidetection microplate reader (Infinite
M1000 Pro, TECAN). The extracellular O2 consump-
tion signal was measured at 1.5 min intervals for 90–
120 min at 37 °C using excitation and emission wave-
lengths of 380 and 650 nm, respectively.

Mitochondrial membrane potential assay

The JC-1 probe was used to test mitochondrial
depolarizationin glioma cells. After the indicated treat-
ments, cells cultured in six-well plates were incubated
with an equal volume of JC-1staining solution (5 μg/
mL) at 37 °C for 20 min, followed by two rinses with
PBS. Mitochondrial membrane potentials were moni-
tored by counting the relative amounts of dual emissions
from mitochondrial JC-1monomers or aggregates using
an Olympus fluorescence microscope under argon ion
488 nm laser excitation. Mitochondrial depolarization
was shown by a trend of decrease in the red/green
fluorescence intensity ratio.

Na+/K+-ATPase assay in glioblastoma cells

The Na+/K+-ATPase assay in cell culture was based on
the measurement of non-radioactive Rb+ incorporation
according to a previous publication (Gill et al. 2004).
After the samples were digested with nitric acid, Rb+

measurements were performed in an inductively
coupled plasma-optical emission spectrometer (Jobin-
Yvon). Different concentrations of bufalin and 0.5 mM
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ouabain were added to specific wells. These drugs were
obtained from Sigma. Bufalin was dissolved in DMSO
and used in the cell treatments at maximum concentra-
tions of 0.1%. After a 30 min incubation at 37 °C, the
cells were washed three times with PBS, and 0.6 mL per
well of the cell lysis solution (0.15% SDS) was added to
each well. The Na+/K+-ATPase activity was expressed
as the difference between Rb+ incorporation in the ab-
sence or presence of 0.5 mM ouabain.

Comet assay

The extent of DNA damage in glioma cells treated with
bufalin was determined by using alkaline single-cell gel
electrophoresis (Comet) assay (Roy et al. 2018). In
brief, cells were treated with bufalin for indicated hours.
Untreated cells were used as control. Cells were har-
vested by using trypsin (GIBCO, USA) and pelleted
down by centrifugation. The cells were suspended in
1 × phosphate-buffered saline (PBS) and 40 μL of cell
suspension was mixed with 60 μL of 0.5% low melting
point agarose (LMPA). Then a thin smear of cell sus-
pension was prepared in pre-coated LMPA. The agarose
was allowed to solidify in the dark at 4 °C for 10 min,
the slides were submerged in lysis solution (2.5 M so-
dium chloride, 100 mM disodium EDTA, 10 mM TRIS
and 1 g sodium dodecyl sulfate, and 1% Triton X-100 at
pH 10) and incubated for 4 h in dark at 4 °C. After lysis,
cells were transferred to an electrophoresis unit contain-
ing freshly prepared electrophoresis buffer (10 N sodi-
um hydroxide and 200 mMdisodium EDTA, (pH > 13))
and left for unwinding of DNA for 30 min at 15 V,
300 mA of current. The slides were then gently lifted
from the electrophoresis buffer and placed on a staining
tray. The slides were carefully flooded with neutralizing
TRIS buffer (0.4 M Tris, pH 7.5) for 5 min and finally
the buffer was drained out. The process was then repeat-
ed for two more times followed by several washes with
distilled water and was stained with propidium iodide.
The images from the stained slides were captured by an
Olympus BX61 fluorescence microscope (Olympus
Inc., Japan) using the Cytovision7.2 software.

Western blot analysis

The cell lysate proteins were separated by electrophore-
sis on a 7.5–12% sodium dodecyl sulfate polyacryl-
amide minigel (SDS-PAGE) and then electrophoretical-
ly transferred to a PVDF membrane. The blots were

probed with the appropriate specific antibodies, and
the protein bands were detected by enhanced chemilu-
minescence. Similar experiments were performed at
least three times. The total protein concentration was
determined using a BCA Protein Assay Kit (Beyotime
Biotechnology, China). The protein density values were
determined by ImageJ (National Institutes of Health,
Bethesda, MD). Percentages are expressed as percent-
ages of the untreated groups (100%).

Reverse-transcriptase polymerase chain reaction
(RT-PCR)

Total RNAwas extracted from bufalin-treated U87 and
U118 cells using the TRIzol reagent according to the kit
protocol (TaKaRa Bio, Dalian, China). The cDNAwas
reverse-transcribed using the PrimeScript RT Reagent
Kit (TaKaRa Bio, Dalian, China) according to the man-
ufacturer’s instructions. The primer pairs were as fol-
lows: ATP1A1, forward: 5′-GGCCTTTAAGGTTG
GACGTG-3′ and reverse: 5′-CACAGTAACATTGA
GAACCCCC-3 ′ ; β-actin, forward: 5 ′-GGCA
CCCAGCACAATGAA-3′ and reverse: 5′-TAGA
AGCATTTGCGGTGG-3′. The amplification products
were analyzed using 1.5% agarose gel electrophoresis,
stained with ethidium bromide, and photographed under
ultraviolet light.

Confocal immunofluorescence

Briefly, bufalin-treated U87 cells were grown on cham-
ber slides, fixed with 4% paraformaldehyde and perme-
abilized with 0.2% Triton X-100. The samples were
probed with specific antibodies againstγ-H2AX (Cell
Signaling Technology®, Danvers, MA) and fluorescein
isothiocyanate- and rhodamine-conjugated secondary
antibodies. Subsequently, the stained samples were
mounted with 4′,6-diamidino-2-phenylindole (DAPI)
to counterstain the cell nuclei. After five additional 5-
min washes, the samples were examined under a Leica
DM 14000B confocal microscope.

Molecular docking

Docking studies were performed to explore the potential
binding mode between bufalin and ATP1A1. First, mo-
lecular docking of the existing ATP1A1 3D model and
bufalin was performed. We downloaded the 3D struc-
ture of bufalin from PubChem (https://pubchem.ncbi.
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n lm . n i h . g o v / ) , a n d t h e n , S y s t em sD o c k
(http://systemsdock.unit.oist.jp/iddp/home/index) was
used to assess the molecular docking process. The
optimized structure of bufalin was docked to the active
site of Na+/K+-ATPase (PDB Code: 4HQJ). The genetic
algorithm was used to search for 100 binding
conformations, and then, cluster analysis based on the
docking position was performed. Second, molecular
docking of our own constructed 3D model of ATP1A1
(human) and bufalin was also performed. Because there
is currently no crystal structure for human ATP1A1, we
used the I-Tasser (Roy et al. 2010) tool to perform
homologous modeling of human ATP1A1 and bufalin
for the first time. After the construction of a homologous
model, we obtained the structure of the ATP1A1 protein
(human); however, further determination of the possible
location of its binding with bufalin was needed. There-
fore, the PDB database was searched and compared, and
we found that the ATP1A1 protein derived from
Susscrofa had a crystal complex with an ouabain (a type
of cardioside) molecule (PDBID: 4HQJ). Then, we o-
verlapped the crystal structure of 4HQJ with our human
ATP1A1 protein structure model at bufalin binding
sites, and the comparison could thus be revealed. Then,
we removed the ouabain from the crystal structure and
used this position as the center of the protein binding
pocket. The docking research was carried out by the
Glide module of the commercial software Schrodinger.
The protein was treated by Bhydrogenation > dehydra-
tion > protein structure optimization^ in the pretreat-
ment process of Glide protein. The treatment of small
molecules was carried out using the Epik mode of
Ligprep. The lattice file was then selected from the
center of the ouabain, and the 15 Åresidue around it
(the size was 15 Å × 15 Å × 15 Å) was selected as the
pocket. Then, we used Glide to obtain the only docking
conformation with the highest precision docking (XP)
and selected the first (− 5.561) conformation with the
highest score for further analysis. The binding pattern
analysis indicated that hydrogen bonding was formed
between the target small molecule bufalin and the
Arg979 amino acid of the human ATP1A1 protein.

Animal studies

Male nude mice (BALB/c nu/nu, 4 weeks old, 18–20 g)
were obtained from the Experimental Animal Center of
Dalian Medical University (Dalian, China). All animal
maintenance and treatment protocols were in

accordance with local institutional guidelines for the
care and use of laboratory animals. Mice were randomly
divided into three groups (n = 5). The control group was
given 0.5% CMC-Na for 19 days and received the
vehicle (DMSO) alone from the 8th day to the 12th
day. The bufalin group was treated with 0.5% CMC-
Na for 19 days and administered bufalin (Lan et al.
2018) intraperitoneally (1 mg/kg, dissolved in DMSO)
from the 8th day to the 12th day. The Pif groups were
administered Pif (Turcato et al. 2018) intraperitoneally
(2 mg/kg, dissolved in 0.5% CMC-Na) for 19 days and
treated with or without bufalin (1 mg/kg, dissolved in
DMSO) from the 8th day to the 12th day. The tumors
were measured using a caliper every 2 days, and the
tumor volume was calculated according to the formula
V = 1/2 (width2 × length). The body weights were also
recorded. After treatments, all experimental mice were
terminated with ether anesthesia on the 20th day, and the
total weight of the tumors in each mouse was measured.
For determination of the expression of ATP1A1, nuclear
p53, Bax, Bcl-2, cleaved caspase-9, cleaved PARP, β-
actin, and lamin B1, the tumor tissues were removed for
Western blotting analysis.

All animals were given free access to sterilized food
and water and were habituated for 7 days before the
experiments. All procedures were performed in accor-
dance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (National
Institutes of Health, Bethesda, MD, USA). The protocol
was approved by the Animal Care and Ethics Commit-
tee of Dalian Medical University.

Statistical analysis

All results are shown as the mean ± SEM. Data were
analyzed using SPSS 19.0. A typical image from at least
three similar experiments was presented. Statistical anal-
ysis was performed by an independent Student’s t test.
Two-way analysis of variance (ANOVA), followed by
Bonferroni’s test for multiple comparisons, was per-
formed to analyze the data for Fig. 1a, d, f, g. One-
way ANOVA, followed by Tukey’s post-test for multi-
ple comparisons, was performed to analyze the data for
Figs. 1b and 4a, c. For most of the in vitro and animal
experiments, Student’s t tests were used to calculate the
P value. P values less than 0.05 were considered statis-
tically significant: *P < 0.05, **P < 0.01.
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Results

Bufalin inhibited the proliferation of glioblastoma cell
sand induced mitochondria-mediated apoptosis

First, the effects of bufalin on cell proliferation were
examined in several cancer cell lines with various con-
centrations of bufalin (0 nmol/L, 20 nmol/L, and
50 nmol/L) for 24 h, 48 h, and 72 h. The results indi-
cated that bufalin significantly inhibited glioblastoma
cell proliferation (U87, U251, LN229, A172, and
U118 cells) to different degrees (Fig. 1a). Because sig-
nificant inhibitory effects of bufalin on the proliferation
of U87 and U251 cells were observed and both cell lines
had relatively high expression levels of ATP1A1 (data
not shown), we selected these cell lines for further
mechanistic investigations. Bufalin (20 and 50 nmol/L)
significantly reduced the cell viability of both U87 and
U251 cells in a time-dependent manner over 24 h, 48 h,
and 72 h of culture (Fig. 1a). U87 cells were more
sensitive to bufalin treatment than U251 cells, and
U118 cells were significantly more resistant to bufalin
treatment than other cells. Colony formation (Fig. 1b)
and apoptosis assays (Fig. 1c) also revealed similar
results in both cells after bufalin treatment for 48 h. To
determine if bufalin exposure led to oxidative stress, we
quantified ROS in U87cell cultures exposed for 24 h to
up to 50 nmol/L bufalin. As shown in Fig. 1d, bufalin
treatment induced a significant dose-dependent ROS
increase compared to that of the control cells. The extent
of the increase in ROS in U87 cells was also significant-
ly greater than that in U251 cells. Because mitochondri-
al dysfunction is closely related to oxidative stress, we
next detected mitochondrial apoptosis-related proteins
in U87 cells treated with bufalin. The potential cell
signaling pathways related to apoptosis, including Bax,
Bcl-2, cleaved caspase-3, cleaved caspase-9, cytosolic
cyto c, and mitochondrial cyto c, were also investigated
in U187 cells. As shown in Fig. 1e, bufalin treatment
significantly increased the expression levels of Bax,
cleaved caspase-3, cleaved caspase-9, and cytosolic
cyto c and decreased the expression levels of Bcl-2
and mitochondrial cyto c in U87 cells at a concentration
of 50 nmol/L. These results indicated that the mitochon-
drial apoptosis pathway contributes to bufalin-induced
glioblastoma cell death. Moreover, decreases in OCR
indicators of mitochondrial function could also be in-
duced by bufalin (Fig. 1f). JC-1, a fluorescent probe,
was used to test the mitochondrial membrane potential.

Significantly, increased dose-dependent cell death was
inversely correlated with decreased mitochondrial mem-
brane potential in bufalin-induced glioma cells based on
the results of the JC-1 assay. In the current study, treat-
ment with the indicated doses of bufalin for 24 h caused
a significant decrease in the mitochondrial membrane
potential, as detected by enhanced green intensity and
reduced red intensity in JC-1 assays (Fig. 1g).

Bufalin triggered DNA DSBs to induce glioblastoma
apoptosis

The fluorescence of phosphorylated H2AX (γ-H2AX)-
positive cells was observed and measured under a laser
scanning confocal microscope, and the fluorescence
intensity significantly increased in a time-dependent
manner (Fig. 2a). Western blotting analysis showed
similar results (Fig. 2b). In addition, we found that the
upward trend of γ-H2AX expression level was consis-
tent with that of apoptosis rate, suggesting that the
upregulation of γ-H2AX was positively related to the
increased apoptosis induced by bufalin treatment (Fig.
2c). The above data indicated that bufalin induced apo-
ptosis by triggering DNA damage (DSBs) through
phosphorylation of H2AX in U87 cells. In addition,
inhibition of ROS with the antioxidant N-acetyl-
cysteine (NAC) attenuated bufalin-induced upregula-
tion of γ-H2AX (Supplementary Fig. S1). Besides, to
exert direct measurement of DNA damage and validate
the consequence of accumulated intracellular oxidative
stress in bufalin-treated glioma cells, we have also ana-
lyzed the extent of DNA damages by comet assay at
different time points. The extent of DNA damage was
determined from the tail length of the comet. Our results
showed that the severity of glioma cell DNA damage
was prominent after 24 h treatment of bufalin (Fig. 2d).
Representative images of comet assay are provided in
Fig. 2d. These results indicated that ROS stress could be
involved in bufalin-induced DNA damage.

Bufalin increased nuclear translocation of p53

The DNA-binding tumor suppressor p53 serves as
a cornerstone in the cellular response to stress
(Van Maerken et al. 2014). This protein activates
apoptosis-related genes to mediate programmed
cell death, cell cycle control, and cell apoptosis
mechanisms. If the DNA damage is limited, p53
activation induces a cellular program to allow
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DNA repair, whereas in cases of severe DNA
damage, the p53 response will induce the cell to
undergo apoptosis (Van Maerken et al. 2014).
Thus, we next examined whether bufalin induced
DNA damage in glioblastoma cells via activation
of the p53 signaling pathway. After treatment with
the indicated doses of bufalin, total p53 expression

in U87 and U251 cells decreased significantly
(Fig. 3a). Total p21 expression in U87 and U251
cells also significantly decreased (Fig. 3a). Intrigu-
ingly and more importantly, nuclear p53 was up-
regulated both in U87 and U251 cells, while cy-
tosolic p53 was downregulated (Fig. 3b). Further-
more, bufalin (50 nmol/L) significantly increased

Fig. 1 Bufalin inhibited glioblastoma cell growth and induced
mitochondria-mediated apoptosis. a Cancer cells (U87, U251,
LN229, A172, and U118) were cultured with the indicated con-
centrations of bufalin for the indicated time, and then, cell viability
was determined byMTTassays (*P < 0.05, **P < 0.01 vs. control;
#P < 0.05, ##P < 0.01 vs. other cell lines). b U87 and U251 cells
were cultured with bufalin for 48 h. The induced colony formation
was analyzed, and the colony formation numbers were calculated.
The data are presented as the mean ± SD of at least three separate
experiments (**P < 0.01, bufalin treatment vs. vehicle control
groups). c After treatment with bufalin for 48 h, the levels of
apoptosis were determined in U87 and U251 cells by FACS
analysis, and the percentage of apoptotic cells was calculated. d
Effect of bufalin on cellular ROS production. The results are

expressed as a ratio of relative fluorescent intensity. Each bar
represents the mean ± SD from three experiments (*P < 0.05 and
**P < 0.01 versus DMSO control). e Western blot analysis of the
expression of Bax, Bcl-2, cytosolic cytochrome c (cyto c), mito-
chondrial cyto c, cleaved caspase-9, and cleaved caspase-3. f U87
cells were exposed to the indicated doses of bufalin for 24 h, and
the reduction of oxygen consumption rate (OCR) induced by
bufalin was examined. g Changes in the mitochondrial membrane
potential were determined by JC-1 staining, and a quantitative
analysis of the shift of mitochondrial orange-red fluorescence to
green fluorescence among the groups (red/green fluorescence
ratio) was conducted. Data from three independent experiments
are shown. *P < 0.05, **P < 0.01 vs. control
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nuclear p53 expression in both U87 and U251
cells in a time-dependent manner at 24 h,48 h,
72 h, 96 h, 120 h, and 144 h of culture (Fig.
3c). We also found that the upward trend of

nuclear p53 expression was consistent with that
of the apoptosis rate, suggesting that the upregu-
lation of nuclear p53 was positively related to the
increased apoptosis induced by bufalin treatment.

Fig. 2 Detection of γ-H2AX expression in U87 cells by immu-
nofluorescence assays and immunoblot analysis after treatment
with bufalin for the indicated time. a Confocal laser scanning
microscopic observation. Values represent the mean ± SD (n =
5). **P < 0.001 vs. blank control. b, c The upregulation of γ-
H2AX was positively related to the increased apoptosis induced
by bufalin treatment. b Western blot analysis of γ-H2AX in U87
and U251 cells. c The percentage of apoptotic cells after treatment

with bufalin for the indicated hours. d Determination of DNA
damage in bufalin-treated U87 cells at different time points of
treatment. Comet assay was performed to visualize the extent of
DNA damage in U87 cells after bufalin treatment. The DNA
damage effects were determined from visual scores of comet assay
as explained in the BMaterials and methods^ section. Fluorescent
images of comet assay are obtained from 20 different fields and
best obtained image has been represented (20 ×magnification)
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Changes in p53 expression and subcellular localization
could impact bufalin sensitivity under the regulation
of XPO1

As mentioned above, nuclear p53 expression could
be related to bufalin-induced apoptosis in human

glioblastoma cells. Thus, we further examined the
precise effect of p53 on the treatment efficacy of
bufalin. As shown in Fig. 4a, we found that the
p53 mRNA level in U118(p53mt) cells was sub-
stantially lower than that in U87(p53wt) cells (up-
per panel). Bufalin treatment had no effect on p53

Fig. 3 Positive relationship between nuclear p53 expression
levels and apoptosis rates induced by bufalin treatment for the
indicated hours. aWestern blot analysis for the expression of total
p53 and p21 in U87 and U251 cells after treatment with bufalin for
48 h. b Western blot analysis for the expression of nuclear and
cytosolic p53. c Levels of p53, lamin B1, and β-actin in the
cytoplasmic and nuclear fractions of U87 cells as assessed by

Western blot analysis. The upregulation of nuclear p53 was posi-
tively related to the increased apoptosis induced by bufalin treat-
ment for the indicated hours. Upper, Western blot analysis for the
expression of nuclear p53 in U87 and U251 cells. Lower, the
percentage of apoptosis after treatment with bufalin for the indi-
cated hours
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activation in either U87 or U118 cells according to
the RT-PCR results. Significantly, bufalin de-
creased p53 expression in U87 cells with wild-
type p53 (p53wt) but had nearly no effect in
U118 cells with mutant p53 (p53mt) (lower panel).
Thus, we concluded that p53 status or expression
levels exert a critical effect on the bufalin-induced
cytotoxic effect on human glioblastoma. Using the
p53-specific inhibitor pifithrin-α (Pif), we found
that bufalin-induced apoptosis in U87(p53wt) cells
decreased; however, in U118(p53mt) cells, there
was no change after treatment with Pif, suggesting
that p53 has an important role in the apoptotic
effect of bufalin (Fig. 4b). Then, we silenced p53
in U87(p53wt) cells to examine whether p53 inhi-
bition could affect the cytotoxic effect of bufalin
(Fig. 4c), and intriguingly, the results further con-
firmed the role of p53 in bufalin-induced glioblas-
toma apoptosis. As mentioned previously, XPO1
could export p53 from the nucleus to the cyto-
plasm. Thus, we further examined whether XPO1
affected the bufalin-induced p53 expression chang-
es. Bufalin treatment decreased XPO1 expression
significantly (Fig. 4d), and bufalin was found to
promote the nuclear retention of p53 the protein,
showing similar results as leptomycin B, which is
a known potent and selective inhibitor of XPO1
(Fig. 4e). Furthermore, silencing XPO1 significant-
ly increased nuclear p53 expression, and intrigu-
ingly, XPO1 overexpression attenuated the in-
creased nuclear p53 after treatment with bufalin
(Fig. 4f). These results indicated that bufalin could
inhibit XPO1, and XPO1 inhibition was partly
responsible for the increased nuclear p53 retention
induced by bufalin. Thus, we concluded that
bufalin affects p53 nuclear transport by blocking
XPO1.

The sodium pump α1 subunit mediated
the XPO1-targeted anticancer effects of bufalin

Because ATP1A1 could be a potential target of
bufalin, we further examined whether bufalin af-
fects XPO1 via ATP1A1. U87cells were treated
with bufalin for 48 h before cell harvest. Western
blot analysis showed that bufalin treatment marked-
ly suppressed ATP1A1 expression levels (Fig. 5a).
Then, the effect of ATP1A1 knockdown on the
anticancer effect of bufalin was determined in

U87cells. Cells were treated with si-ATP1A1to
knockdown ATP1A1 expression (Fig. 5b) and treat-
ed with bufalin at the indicated doses, and then, we
measured the IC50 values of bufalin. As shown in
Fig. 5c, ATP1A1 knockdown markedly changed the
IC50 values of bufalin for glioblastoma cells. In
addition, Na+/K+-ATPase activity in glioblastoma
cells was tested based on the incorporation of Rb+

by cells in the absence and presence of 0.5 mM
ouabain. Na+/K+-ATPase activity, which was
expressed as the difference between Rb+ incorpora-
tion in the absence or presence of 0.5 mM ouabain,
was inhibited by bufalin (50, 100, 150, 200, 300,
and 400 nM) in a dose-dependent manner (Fig. 5d).
Furthermore, bufalin-induced suppression of XPO1
and downstream p21 expression was impeded by
ATP1A1 knockdown (Fig. 5e). These findings in-
dicated that ATP1A1 knockdown could block
bufalin-induced XPO1 inhibition and the anticancer
effect of bufalin. Taken together, these results sug-
gest that bufalin could inhibit human glioblastoma
growth via binding to ATP1A1. Molecular docking
was used to determine the potential binding mode
between bufalin and Na+/K+-ATPase (Fig. 5f). Cur-
rently, the crystal structure of CTS-bound Na+/K+-
ATPase has been resolved; however, there are many
forms of Na+/K+-ATPase structures and bufalin/
Na+/K+-ATPase binding structures with different
b i n d i n g s c o r e s . U s i n g S y s t e m s D o c k
(http://systemsdock.unit.oist.jp/iddp/home/index),
we selected the best binding pattern with the
highest binding score (Supplementary Fig. S2).
The docking analysis was performed based on the
binding energy, conformation, and electrostatic in-
teraction. From the docking conformational distri-
bution, with low binding energy, bufalin was em-
bedded in the active site and showed a good fit
with the formation of two hydrogen bonds with
amino acid residues His613 and Asn713 of the
enzyme. This model elucidated the likely interac-
tion of bufalin with ATP1A1 (Fig. 5f, upper panel).
Because there is currently no crystal structure for
human ATP1A1, for the first time, we used the I-
Tasser (Roy et al. 2010) tool to perform homolo-
gous modeling of human ATP1A1 and bufalin.
After the construction of the homologous model,
molecular docking was carried out using the Glide
module of the commercial software Schrodinger.
The binding pattern analysis also indicated that
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Fig. 4 Bufalin inhibited nucleocytoplasmic transport of the p53
protein by blocking XPO1. a Bufalin had no effect on p53 activa-
tion in both U87 and U118 cells according to the RT-PCR results.
We found that the p53 mRNA level in U118 cells was significantly
lower than that in U87 cells. Significantly, bufalin decreased p53
expression in U87 cells with wild-type p53 (p53wt) but had nearly
no effect in U118 cells with mutant p53(p53mt). **P < 0.01 com-
pared with the control group; ##P < 0.01 compared with the U87
cells. b Suppressing p53 activation using the p53 inhibitor
pifithrin-α (Pif) eliminated the increased apoptosis induced by
bufalin treatment (50 nM) in U87(p53wt). In U118(p53mt) cells,
the apoptosis-inducing effect of bufalin was weak, and Pif had

nearly no impact on the apoptotic effect of bufalin. cWestern blot
analysis for the expression of XPO1 in U87 cells after treatment
with the indicated doses of bufalin. d Bufalin promoted nuclear
retention of p53, and leptomycin B, a known potent and selective
inhibitor of XPO1, also restored nuclear p53 expression. e Silenc-
ing XPO1 significantly increased nuclear p53 expression (left
panel). In addition, Western blot analysis confirmed that bufalin
could lead to nuclear retention of p53, while overexpression of
XPO1 could attenuate this effect (right panel). All values are
denoted as the mean ± SD. n = 3. *P < 0.05, **P < 0.01 compared
with the control group; ##P < 0.01 compared with the bufalin
treatment group
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hydrogen bonding was formed between bufalin and
the Arg979 amino acid of the human ATP1A1
protein (Fig. 5f, lower panel). Furthermore, the
comparison at the binding site between the existing
ATP1A1 3D model and our own constructed model
is shown in Supplementary Fig. S3.

Bufalin reduced total p53 expression levels
by triggering and activating the Src signaling pathway

The Na+/K+-ATPase was shown to be preassembled
with its partners in caveolae (Bai et al. 2016), and the
binding of cardiac glycosides to the pump activates the
signalosome to transduce the signals via multiple path-
ways, including Src, FAK, MAPK, PI-3K, and EGFR
(Wang et al. 2009; Jansson et al. 2012; Newman et al.
2008; Xie and Cai 2003; Liang et al. 2006). We first
determined whether bufalin could activate Src in U87
cells. As shown in Fig. 5g, treatment of cells with
bufalin for 20 min caused Src activation, indicated by
the increased phosphorylation at the activation sites
(pSrc-Y418). We then determined the effect of Src on
drug-induced p53 reduction because Src might be an
upstream molecule activated upon bufalin binding. In
U87 cells, the potent Src tyrosinekinase inhibitor PP2
(Hanke et al. 1996) blocked p53 reduction by bufalin in
a dose-dependent manner (Fig. 5h). We next explored
the interaction between XPO1 and Src. First, we used
U87extracts to immunoprecipitate Src and detected
XPO1 by immunoblo t ana lys i s . Then , we
immunoprecipitated XPO1 and detected Src by immu-
noblotting (Fig. 5i). The results indicated that Src di-
rectly interacted with XPO1. Thus, we concluded that
bufalin increased Src activation, suppressing the activa-
tion of XPO1, which is important for the translocation of
nuclear p53 to the cytoplasm.

Inhibition of p53 eliminated bufalin-induced
mitochondrial apoptosis in vivo

Bufalin has been shown to exert apoptosis-inducing
effects in vitro. Therefore, we further examined its anti-
cancer effect in animals, and the effects of p53 suppres-
sion on bufalin-induced tumor suppression, mitochon-
drial apoptosis, and p53 expression changes were de-
tected in a bufalin-treated mouse model (Fig. 6a). As
shown in Fig. 6b, bufalin treatment inhibited glioblas-
toma growth in vivo in all groups. Specifically, in
models using U87(p53wt) cells, Pif had an obvious

protective effect against bufalin-induced tumor inhibi-
tion; however, in models using U118(p53mt) cells, the
effect of bufalin was much weaker, and Pif had nearly
no obvious protective effect against bufalin. Measure-
ments of tumor weights showed similar results as those
of tumor volume (Fig. 6c). Then, the tumor tissues from
three different groups were extracted and prepared for
Western blotting analysis (Fig. 6d). The results indicated
that bufalin treatment promoted nuclear p53 retention
and increased the expression of apoptosis-related pro-
teins such as Bax, cleaved caspase 9, and cleaved cas-
pase PARP. However, Pif treatment significantly atten-
uated these protein expression changes. These results
further confirmed that bufalin treatment promoted nu-
clear retention of p53 protein and induced mitochondrial
apoptosis, while Pif attenuated this nuclear translocation
and reversed the changes in apoptosis-related protein
expression induced by bufalin treatment.

In addition, the cytotoxic mechanisms of bufalin
regarding its effect on the ATP1A1/p53 signaling path-
way are represented graphically in Fig. 7. Bufalin was
found to induce mitochondrial apoptosis, ROS induc-
tion, and DNA DSBs in glioblastoma cells in this study.
ATP1A1 is a potential target of the bufalin-induced
anticancer effects (Lan et al. 2018), and we found that
ATP1A1/p53 signaling could mediate the bufalin sensi-
tivity of human glioblastoma cells for the first time.
Mechanically, we found that bufalin-induced ATP1A1-
targeted nuclear transport of p53 protein was mediated
by XPO1. Previously, the Na+/K+-ATPase was reported
to be preassembled with its partners in caveolae (Bai
et al. 2016), and the binding of cardiac glycosides to
Na+/K+-ATPase could activate the signalosome to trans-
duce the signals via multiple pathways, including Src,
FAK, MAPK, PI-3K, Ras, caveolin-1, and EGFR
(Wang et al. 2009; Jansson et al. 2012; Bai et al. 2016;
Newman et al. 2008; Xie and Cai 2003; Liang et al.
2006). For the first time, we also found that bufalin
activates Src in caveolae in glioma cells, followed by
suppressed activation of XPO1. Furthermore, XPO1
inhibition was found to be important for the subcellular
translocation of p53 mediated by bufalin in this study.

Discussion

Cardiac glycosides are a class of natural products that
have been used for medical purposes for a long time.
Three well-known cardiac glycosides, digoxin, ouabain,
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and digitoxin, are used for the treatment of congestive
heart failure as they inhibit Na+/K+-ATPase to increase
intracellular calcium concentrations (Ahmed et al. 2008;
Gjesdal et al. 2008). In addition to treatment of heart
failure patients, the drugs were also found to be benefi-
cial to breast cancer patients (Stenkvist et al. 1979) and
were associated with a reduced risk of leukemia, lym-
phoma, kidney, urinary tract cancer (Haux et al. 2001),
and glioma (Lan et al. 2018). In recent years, research on
bufalin in cancer treatment has attracted increasing at-
tention from drug researchers worldwide, and this com-
pound has shown sufficient promise to emerge as a
potent, novel, and effective anticancer therapy for can-
cer patients (Wang et al. 2018).

In the present study, we found that bufalin effectively
inhibited glioblastoma cell growth and enhanced apo-
ptosis induction in a dose-dependent manner. Further-
more, we showed that the effects of bufalin on cell
apoptosis were mediated by blocking the ATP1A1 sig-
naling pathway and activating the cyto c/caspase-
dependent apoptotic pathway. In this process, down-
stream p53 status and subcellular localization could
obviously affect bufalin-induced apoptosis. In addition,
XPO1 had a critical effect on the bufalin-induced inhi-
bition of p53 nucleocytoplasmic transport. Furthermore,
targeted inhibition of XPO1 by bufalin was mediated by
Src, and these results showed that activation of the Src
signaling pathway triggered by the binding of bufalin to
the sodium pump was responsible for p53 reduction.

Intriguingly, for the first time, our studies indi-
cated that p53 status and expression level might in
part be responsible for bufalin sensitivity in human
glioma. In U87 cells with the wild-type p53 gene,
restoring nuclear p53 function through inhibition
of XPO1 induced by bufalin triggered cell apopto-
sis, and treatment with the p53-specific inhibitor
Pif obviously eliminated bufalin-induced apoptosis;
however, in U118 cells with the mutant p53 gene,
bufalin-induced apoptosis was limited, and p53
suppression could not attenuate bufalin-induced
apoptosis-related signaling activation. These results
indicated that p53 status/expression might in part
determine drug sensitivity for glioma treatment
with bufalin or other chemotherapeutic drugs with
similar targets.

For the first time, we reported the precise mo-
lecular mechanisms regarding XPO1-targeted regu-
lation of p53 in human glioblastoma. The role of
XPO1 has only been previously reported by Liu
et al. (2016), who identified XPO1 as an attractive
molecular target for the treatment of human glioma
and indicated that XPO1 inhibition might represent
a novel treatment approach. Here, we report that
XPO1-mediated regulation of p53 translocation is
responsible for bufalin-induced glioblastoma cell
apoptosis. Accumulating lines of evidence have
suggested that the misregulation of nuclear protein
export dynamics is involved in cancer cell surviv-
al, tumor progression, and drug resistance (Mor
et al. 2014; Liu et al. 2015). These observations,
together with previous findings, have stimulated
considerable interest in drugs targeting the nuclear
export of proteins.

Fig. 5 ATP1A1 could mediate the XPO1-targeted anticancer
effect of bufalin. a Bufalin inhibited ATP1A1 protein expression
in human glioma cells. U87 cells were treated with bufalin for
48 h, and cells were harvested for ATP1A1 level measurement by
Western blot analysis. b, c) Knocking down ATP1A1 markedly
changed the IC50 values of bufalin in U87 cells. U87cells were
treated with si-ATP1A1 to knockdown ATP1A1 expression (b).
Then, the cells were treated with bufalin at the indicated doses, and
an MTT assay was performed to determine cell viability (c) and
determine whether ATP1A1 knockdown could hinder the antican-
cer effect of bufalin inhuman glioma cells. d The effect of bufalin
on the activity of Na+/K+-ATPase in the U87 and U251 cell lines.
Cells were treated with bufalin (50–450 nM) for 30 min. The Na+/
K+-ATPase activity was expressed as the difference between the
Rb+ uptake in the absence or presence of 0.5 mM ouabain. Each
point represents the mean ± SD from at least three different
experiments conducted in triplicate. e Bufalin-induced inhibition
of XPO1 expression could be impeded by ATP1A1 knockdown.
Western blotting was used to determine the expression levels of
XPO1 in U87cells treated with bufalin under ATP1A1 knock-
down. All values are denoted as the mean ± SD. n = 3.
**P < 0.01 compared with the control cultures. f Docking confor-
mations of bufalin and ATP1A1. (1) Interactions between bufalin
and the key residues of existing 2Dmodels and 3Dmodels of Na+/
K+-ATPase with low binding energy have been presented. H-bond
interactions between bufalin and the active site residues (His613
and Asn713) of ATP1A1 formed. (2) Human ATP1A1structure
modeling and docking. Human ATP1A1 was modeled, and the
molecular docking of our own constructed 3D model of ATP1A1
(human) and bufalin was also performed. g–i Nuclear p53 reten-
tion caused by XPO1 inhibition of bufalin was mediated by Src. g
Activation of Src upon bufalin exposure. Cells were serum starved
for 36 h, exposed to bufalin (50 nmol/L) for the indicated periods
of time, and analyzed by Western blotting. pSrc, the phosphory-
lated form of Src. h p53 reduction rescued by the Src inhibitor
PP2. Cells were left untreated or treated with bufalin alone or in
combination with increasing concentrations of PP2 for 24 h. Cell
lysates were prepared for Western blotting. i Co-IP showed that
ATP1A1 directly interacts with Src

R
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In addition, the current study found that the U87 cell
line was more sensitive to bufalin than the U251 cell
line, and more intriguingly, U118 cells were significant-
ly far more resistant to bufalin treatment than other cells;
thus, the anticancer effects of bufalin could be cell type
dependent, according to current research and our

previous studies. The p53 gene status of various glioma
cell lines has already been established (Yee et al. 2001).
Specifically, U251 and U118 were reported to have p53
mutations, while U87 had wild-type p53. Previously, we
reported that ATP1A1 could partly determine the sensi-
tivity of bufalin treatment (Lan et al. 2018), while its

Fig. 6 In vivo data supporting the critical role of p53 in mediating
the effect of ATP1A1 on bufalin resistance. a The flow chart of
experiments. b Tumor volumes were measured on the indicated
days. c The rats were euthanized 24 h after completion of treat-
ment, and tumor weights were measured. d Western blot analysis

for the expression of ATP1A1, nuclear p53, Bax, Bcl-2, cleaved
caspase 9, and cleaved PARP in the mouse models. The values are
presented as the mean ± SD, n = 5. (**P < 0.01 compared with the
control cultures; ##P < 0.01 compared with the bufalin treatment
group)
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downstream factor, p53, was also found to be an impor-
tant determinant for bufalin treatment efficacy in the
current study. The clear correlation between p53 status
or expression levels and resistance to bufalin suggests
that p53 detection in tumor biopsy specimens might
allow the development of a specific biomarker that
predicts the response to bufalin or various other similar
candidate drugs. Our results suggested that when clini-
cal treatment efficacy of bufalin is tested in glioma
patients, this opportunity should be seized to evaluate
p53 levels as a resistance marker. Various observations
have indicated that p53 status can be an important factor
in radiation-induced apoptosis in response to radiother-
apy (Yee et al. 2001), while our data argue that p53
expression should be measured in pretreatment biopsies
of these different cancer types before bufalin treatment.
We predict that the approach presented in our study may
continue to yield clinically relevant resistance mecha-
nisms that identify promising candidates for other
much-needed predictive biomarkers to properly stratify
individual patients before therapy.

In conclusion, our findings revealed the novel signal-
ing pathway of bufalin in cancer cells. The results par-
tially explain the different sensitivities of cancer cells

toward bufalin treatment; that is, different cancer cells
exhibit different expression levels or significant varia-
tions of p53 proteins. Thus, p53 status and expression
level might be the key factors responsible for the sensi-
tivities of different cancer cells to bufalin. ATP1A1 is a
potential target for the bufalin-induced antiglioma ef-
fect, and ATP1A1 knockdown could block the antican-
cer effect of bufalin. Mechanically, bufalin-induced
ATP1A1-targeted nuclear transport of p53 protein was
found to be mediated by XPO1. These findings provide
new insights into the molecular mechanisms of bufalin
against cancer cells and provide some vital guidelines
for the rational use of bufalin to treat cancer patients
based on ATP1A1 and p53 expression patterns in cancer
cells.
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