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Glioblastoma multiforme (GBM) is the most common and malignant brain tumor, and
almost half of the patients carrying EGFR-driven tumor with PTEN deficiency are resistant
to EGFR-targeted therapy. EGFR ampilification and/or mutation is reported in various
epithelial tumors. This series of studies aimed to identify a potent compound against
EGFR-driven tumor. We screened a chemical library containing over 600 individual
compounds purified from Traditional Chinese Medicine against GBM cells with EGFR
amplification and found that cinobufagin, the major active ingredient of Chansu, inhibited
the proliferation of EGFR amplified GBM cells and PTEN deficiency enhanced its anti-
proliferation effects. Cinobufagin also strongly inhibited the proliferation of carcinoma cell
lines with wild-type or mutant EGFR expression. In contrast, the compound only weakly
inhibited the proliferation of cancer cells with low or without EGFR expression. Cinobufagin
blocked EGFR phosphorylation and its downstream signaling, which additionally induced
apoptosis and cytotoxicity in EGFR amplified cancer cells. In vivo, cinobufagin blocked
EGFR signaling, inhibited cell proliferation, and elicited apoptosis, thereby suppressing
tumor growth in both subcutaneous and intracranial U87MG-EGFR xenograft mouse
models and increasing the median survival of nude mice bearing intracranial U87MG-
EGFR tumors. Cinobufagin is a potential therapeutic agent for treating malignant glioma
and other human cancers expressing EGFR.

Keywords: cinobufagin, EGFR, glioblastoma, PTEN, Chansu

Abbreviations: AKT, v-Akt murine thymoma viral oncogene homolog; CRC, colorectal cancer; EGFR, epidermal growth factor
receptor; GBM, glioblastoma multiforme; PTEN, phosphatase and tensin homolog; MEFs, mouse embryonic fibroblasts;
NSCLCs, non-small cell lung carcinomas; SAR, structure-activity relationship; STAT3, signal transducers and activators of
transcription 3.
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INTRODUCTION

Epidermal growth factor receptor (EGFR) amplification and/or
mutation exist in different types of cancer and triggers higher
interest in EGFR as a cancer therapeutic target. Therefore, the
EGEFR target therapy has been applied in various epithelial tumors
such as lung cancer (Lynch et al., 2004, Hirsch et al., 2008), colorectal
cancer (Gibson et al., 2006), and head and neck cancer (Sundvall
et al., 2010). Glioblastoma multiforme (GBM) is the most common
and malignant brain tumor in adults, with overall survival of
15-16 months and a 5-year survival rate of 5% (Ostrom et al,
2015). Standard of care is surgery followed by radio-
chemotherapy and adjuvant chemotherapy (Touat et al, 2017).
EGFR amplification, deletion, point mutations, and/or
translocation are reported in more than half of glioblastomas
(Libermann et al, 1985; Brennan et al, 2013; Eskilsson et al.,
2018). GBM still remains a challenge because these tumors are
resistant to anti-EGFR therapy, always relapse (Stupp et al., 2009)
and recurrent tumors are less sensitive to chemotherapy than the
primary tumor, developing novel anti-EGFR agents remains urgent
(Campos et al,, 2016; Eskilsson et al., 2018). Almost half of the
patients carry EGFR-driven tumor with phosphatase and tensin
homolog (PTEN) deletion, which are resistant to EGFR target
therapy, implying PTEN deficiency plays an important role in
resistance to anti-EGFR therapy (Mellinghoff et al, 2007; Arif
et al, 2018; Brito et al,, 2019). Using PTEN-deficient glioblastoma
cell line U87MG-EGFRVIII screening and U87MG-PTEN counter-
screening, we have previously reported that G5-7 selectively blocked
Janus kinase 2 (Jak2), preventing GBM proliferation (He et al., 2013).
Chansu is extracted from Bufo bufo gargarizans Cantor and Bufo
melanostictus Schneider families, which has been widely used to treat
swelling, pain, and heart failure for thousands of years in China (Qi
et al., 2018). Cinobufacini (Huachansu), an intravenous formulated
extract from toads, has been applied to treat different types of
malignant cancers and hepatitis B virus infection (Meng et al,
2009; Cui et al, 2010; Meng et al, 2012; Zhang et al, 2018; Li
et al, 2020; Zhang et al,, 2020). Cinobufagin, the major bioactive
component of Chansu and Huachansu, can inhibit tumor growth
through decreasing oncogene expression, blocking the cell cycle,
triggering apoptosis, decreasing the new blood vessel formation,
enhancing immune response, etc. (Wang et al, 2010; Qi et al,
2011a; Yin et al, 2013; Li et al, 2015; Zhang et al, 2016; Cao
et al,, 2017; Dai et al., 2018; Zhu et al,, 2018; Li et al., 2019; Pan et al.,
2019). Cinobufagin’s anti-cancer effects have garnered considerable
attention in lung cancer, colorectal cancer, liver cancer, and gastric
cancer (Qi et al,, 2011b; Zhang et al., 2016; Lu et al., 2017; Xiong et al,,
2019). Recently, cinobufagin combined with thalidomide was used to
treat patients with lung cancer cachexia in a clinical study (Xie et al,,
2018). Nonetheless, which types of the malignant tumors are sensitive
to cinobufagin and the mechanisms of action remain unknown.
Here, we screened the library from Traditional Chinese Medicine
for individual compounds against GBM cells with EGFR
amplification and PTEN deletion and successfully identified
cinobufagin, the major active ingredient of Chansu. We found
that Cinobufagin specifically blocked proliferation of cancer cells
with EGFR expression and PTEN deletion enhanced its anti-cell
proliferation effects. In vivo study showed that cinobufagin
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suppressed the most malignant glioblastoma, U87MG-EGFR,
xenograft tumor growth and extended the life span of nude mice.
Cinobufagin might be a therapeutic compound for the treatment of
malignant glioma and other human cancers expressing EGFR.

MATERIALS AND METHODS

Cells, Reagents, and Mice

Human glioblastoma cell lines were gifts from Keqgiang Ye at Emory
University. Liver cancer cell lines (except MHCC97H) were
purchased from ATCC. MHCC97H, lung cancer, and colorectal
cell lines were from a national collection of authenticated cell
cultures of China. All cells were maintained in DMEM or
RPMI1640 with 10% FBS and 1x penicillin/streptomycin/
glutamine. U87MG was stably transfected with vector control,
PTEN, epidermal growth factor receptor variant III (EGFR vIII),
and EGFR, and the stable transfected cells were maintained with
various antibiotics: 400 ug/ml of G418 for PTEN, 0.7 ug/ml of
puromycin for wild-type EGFR, and 150 ug/ml of hygromycin
for EGFRVIIL. LN229-EGFR and SF763-EGFR stable transfected
cells were maintained with 150 ug/ml of hygromycin. All
experiments were performed with mycoplasma-free cells. The
primary antibodies were from Cell Signaling and the second
antibodies were from Invitrogen. The Traditional Chinese
Medicine monomer library composed of over 600 natural
compounds was provided by Nature Standard of Shanghai.
CytoTox 96 Non-Radioactive Cytotoxicity Assay and Caspase-
Glo 3/7 Assay were from Promega. Male nude mice (BALB/c nu/
nu, 6 weeks of age) and male C57BL/] (MGI Cat# 2160531, 8 weeks
of age) mice were obtained from Shanghai SLAC Laboratory Animal
Co. Ltd. Mice were housed with a maximum of five per cage and fed
autoclaved chow and water with 12 h light and dark cycles. All efforts
were made to minimize discomfort to the animals. The animals
required physical restraint for injection of tumor cells and delivery of
drugs, and measurement of tumor size with a caliper (hand-held).
All procedures were approved by the Institutional Animal Care and
Use Committee of Shanghai Jiao Tong University and were
performed at the Animal Center of Shanghai Jiao Tong University.

In Vitro Proliferation, Cytotoxicity, and
Apoptosis Assay

Three thousand cells were seeded in each well of a 96-well plate.
The next day, the medium was replaced with fresh medium
containing different concentrations of compounds or vehicle.
Cells were incubated at 37°C for the indicated times. The cell
proliferation, released lactate dehydrogenase (LDH), and caspase
3/7 activity were monitored by cell counting kit 8 (CCKS),
CytoTox 96 Non-Radioactive Cytotoxicity, and Caspase-Glo 3/
7 assays, respectively, according to the manufacturer’s protocols.

Subcutaneous and Intracranial Xenograft

Model
Cells (2x10%) in phosphate buffered saline (PBS) were inoculated
subcutaneously into 6-week-old male nude mice. Treatment
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commenced once tumors had reached a mean volume of 100 mm”. The
mice were randomly divided into three groups and were treated with
vehicle control or cinobufagin (1 and 5 mg kg ") by daily intraperitoneal
injection for indicated days. Tumor volume was calculated using the
formula (length x width?)/2, where length is the longest axis and width
is the measurement at right angles to the length. For the intracranial
model, after anesthetized by intraperitoneal injection of mixture of
ketamine/xylazine (95:5 mg/kg), mice were placed in the stereotaxic
instrument and cells (1x10°) were stereotactically inoculated into the
right striatum, 3 mm below the dural surface on day 0. On day 7, the
mice were intraperitoneally injected with D-luciferin potassium salt and
were examined with IVIS Lumina II to confirm tumor formation. Then,
the mice were randomly divided into two groups and were daily
intraperitoneally injected with vehicle or cinobufagin (5mg kg ™).
Ten days after drug treatment, mice from each group were analyzed
by IVIS Lumina II again for tumor luminescence intensity.

Flow Cytometric Analysis

Cells were treated with vehicle or cinobufagin for 24h, then
harvested and washed twice with cold PBS. After fixed in 70%
ethanol at —20°C for at least 24 h, the cells were washed with PBS and
incubated with propidium iodide (20 pg/ml)/RNase A (20 pg/ml) in
PBS for 45 min. The samples were analyzed on a BD&LSR Fortessa.

Immunofluorescence Staining

For immunofluorescence staining, paraffin-embedded tissue
sections from intracranial model were deparaffinized in xylene,
rehydrated in graded alcohols, and were boiled in 10 mM sodium
citrate buffer (pH 6.0) for 10 min. Frozen sections from
subcutaneous model were rehydrated in PBS. Then, the
sections from both models were permeabilized with PBS+0.1%
Triton X-100. The sections were blocked with 1% bovine serum
albumin in PBS at 37°C for 30 min followed primary anti-Ki67 (1:
300) or anti-active caspase 3 (1:400) incubation at 4°C overnight.
The sections were washed with PBS and incubated with Alexa
Fluor 488-labeled goat anti-mouse or anti-rabbit IgG antibody (1:
500) at room temperature for 60 min, followed by rinsing with
PBS for 10 min and staining with 4',6-diamidino-2-phenylindole
(DAPI) for another 10 min at room temperature. After mounting,
the sections were examined under a fluorescence microscope.

Statistics Analysis

Data are presented as means + SD. Statistical evaluation was
carried out by Student’s t-test (two groups) or ANOVA (three
groups) plus Bonferroni post hoc. Data were considered
statistically significant when p < 0.05.

RESULTS

Screening Reveals Cinobufagin That
Selectively Inhibits Proliferation of
EGFR-Amplified, PTEN-Deficient

Glioblastoma Cells
To seek compounds effective in treating the most malignant type of
GBM with EGFR amplification and PTEN deletion, we developed a
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cell-based screening assay to identify individual compounds from
Traditional Chinese Medicine that specifically block the cell
proliferation of U87MG-EGFR with EGFR amplification and
PTEN deficiency but mildly inhibit the proliferation of
U87MG-PTEN cells without EGFR amplification and with wild-
type PTEN. The positive compounds that markedly inhibited the
proliferation of U87MG-EGEFR cells over 50% were applied to the
second-round screening in U87MG-PTEN cells. The compounds
that exhibited a robust antiproliferative effect on U87MG-EGFR
cells but a weak effect on U87MG-PTEN cells were chosen for
further evaluating the cytotoxicity toward mouse embryonic
fibroblasts (MEFs). The promising compounds that produced
cytotoxicity less than 20% in MEFs were further evaluated.
After screening approximately 600 individual compounds of
Chinese medicine by this process, we identified two
compounds, cinobufagin and resibufogenin, that selectively
inhibit U87MG-EGFR not U87MG-PTEN cell proliferation.
Interestingly, both cinobufagin and resibufogenin are extracted
from Chansu with similar chemical backbones (Figure 1).

To search for more effective and selective derivatives, we
collected the bioactive compounds of Chansu with similar
structure and performed structure-activity relationship (SAR)
studies, and found that arenobufagin 3-hemisuberate,
cinobufotalin, and cinobufagin at 0.1 uM exhibited more potent
antiproliferative effect on U87MG-EGFR cells and almost no
effects on other cells derived from the same parent cells,
including U87MG-Vehicle, U87MG-PTEN, and U87MG-
EGFRVIIL. One of the derivatives, resibufogenin, which is
another positive hit identified in the screening assay, also
exhibited selective antiproliferative activity against U87MG-
EGFR at 05uM but no effect at 0.1 uM. Interestingly,
cinobufagin and cinobufotalin exhibited potent antiproliferative
activity against U87MG-EGEFR at both 0.1 and 0.5 uM. They also
displayed effective antiproliferative effect on U87MG-EGFRVIII at
0.5 uM, which is often overexpressed in GBM (Figure 1D). It is
worth noting that cinobufagin, resibufogenin, and cinobufotalin
have similar chemical structures except for the acetyl group and
hydroxyl groups. Cinobufagin with acetylation was more potent
than resibufogenin, implying the acetyl group is critical for its
biological effect. Cinobufotalin with an additional 1-hydroxy group
was a little bit weak than cinobufagin. So, we selected cinobufagin
for further biochemical and pharmacological studies.

Cinobufagin Inhibits EGFR and its
Downstream Signaling Cascades, Induces
Apoptosis and Cytotoxicity of EGFR
Amplified Cells

To explore the potential molecular mechanisms of cinobufagin
inhibiting U87MG-EGEFR cell proliferation, we conducted the
titration assay followed by Western blotting to monitor the
signaling pathways mediated by EGFR. Immunoblotting
showed that phosphorylation of EGFR at both Tyr1068 and
Tyr1173 was inhibited by cinobufagin in U87MG-EGEFR cells,
which was almost undetectable in U87MG-PTEN cells
(Figure 2A). Signal transducer and activator of transcription 3
(STATS3), another promising therapeutic target for GBM patients,
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FIGURE 2 | Cinobufagin blocks EGFR phosphorylation and induces cell apoptosis and cytotoxicity. (A) Cinobufagin blocks EGFR signaling in a dose-dependent
manner. Western blot analysis of U87MG-EGFR and U87MG-PTEN cells treated with different concentrations of cinobufagin for 6 h. Blots are representative of three
experiments. (B) Cinobufagin blocks EGFR signaling in a time-dependent manner. Western blot analysis of UB7MG-EGFR cells treated with 0.5 uM cinobufagin for
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with a range of doses of cinobufagin for 6 or 24 h, then the caspase 3/7 activity was measured with Caspase-Glo 3/7 Assay. (D) Cinobufagin specifically induces
cytotoxicity of UB7MG-EGFR cells. The cells were treated with different doses of cinobufagin (CB) or resibufogenin (RB) for 6 or 72 h, then the released LDH were
measured with cytoTox 96 Non-radioactive Cytotoxicity Assay. Data are means + SD.

is also a critical mediator of EGFR. Inhibition of STAT3 enhances
the efficiency of EGFR inhibitor in PTEN-deficient and PTEN-
intact GBM cells (Zulkifli et al, 2017). As expected, the
phosphorylation of STAT3 was dramatically decreased by
cinobufagin in U87MG-EGFR and U87MG-PTEN cells.
Consistent with the decreased phosphorylation of EGFR and
STATS3, the phosphorylation of downstream molecular, V-akt
murine thymoma viral oncogene homolog (Akt), was also
decreased by cinobufagin in U87MG-EGFR cells, not in
U87MG-PTEN cells (Figure 2A). The time-course assay
demonstrated that cinobufagin initially blocked EGFR
phosphorylation in U87MG-EGFR cells at 15min, and
obviously decreased EGFR and STAT3 phosphorylation from
6 to 48 h (Figure 2B). Flow cytometric analysis revealed that
cinobufagin substantially arrested cell cycle at G2 and S phases in
U87MG-Vehicle, U87MG-EGFRVIII, and U87MG-EGFR cells,
except for US7MG-PTEN cells, suggesting that the cell cycle

arrest contributes to cinobufagin’s antiproliferative effect in GBM
cells (Supplementary Figure S1).

The time-course assay also showed that cinobufagin at
0.5 uM strongly increased active caspase 3 at 24 and 48 h,
detected by Western blotting. The more sensitive
luminescence assay for caspase 3/7 activity demonstrated that
cinobufagin markedly induced apoptosis of U87MG-EGER cells
at 0.1 uM and reached the highest rate at 1 pM but did not affect
U87MG-PTEN cells at 1 uM after 6h of treatment. When
incubation time was extended to 24 h, cinobufagin at 0.1 uM
induced the highest apoptosis rate in U87MG-EGFR and did not
affect U87MG-PTEN cells except at 1 pM (Figure 2B,C). We
treated the cells with different doses of cinobufagin for 6 or 72 h.
The cytotoxicity assay showed that even 10 uM cinobufagin did
not induce cytotoxicity in both U87MG-EGFR and U87MG-
PTEN cells after 6 h of incubation. If the incubation time was
extended to 72 h, cinobufagin significantly induced stronger
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cytotoxicity in U87MG-EGEFR cells in a dose-dependent manner
than that in U87MG-EGFRVIII cells or MEFs, while its
derivative compound resibufogenin induced weak cytotoxicity
(Figure 2D).

To study whether cinobufagin exerts its anti-cell proliferative
effect directly through inhibiting EGFR kinase activity, we
performed an in vitro kinase assay using the commercial
EGFR protein in the presence of different doses of cinobufagin
and found that even the high dose of cinobufagin did not affect
EGFR kinase activity, while the EGFR inhibitor, erlotinib,
robustly blocked the EGFR kinase activity (Supplementary
Figure S2). The kinase activity profiling and phosphatase
activity profiling showed that none of the 83 kinases and 5
phosphatases  tested ~ was  affected by  cinobufagin
(Supplementary Figure S3, Supplementary Tables S1, S2).

Cinobufagin Inhibits Proliferation of
EGFR-Expressing Cancer Cells

EGFR is often mutated and/or amplified in various human
cancers and is an important target for multiple cancer

therapies in the clinical practice (Yarden and Pines, 2012). To
characterize whether EGFR-overexpressed or mutated carcinoma
cells are sensitive to cinobufagin, we screened more cancer cell
lines, including glioblastoma, lung cancer, colorectal cancer
(CRC), and liver cancer cell lines, with different status of
EGFR. The glioblastoma cell lines without EGFR amplification
were less sensitive to cinobufagin compared with the EGFR-
overexpressed GBM cells (Supplementary Figure S4A).
Interestingly, cinobufagin strongly inhibited the proliferation
of lung cancer cells with wild-type or mutated EGFR
expression. A549 with wild-type EGFR was most sensitive to
cinobufagin among these selected lung cancer cells
(Figure 3A,B). We included two colorectal cancer cell lines to
test their sensitivities to cinobufagin. The cell proliferation assays
showed that HCT-116 with high EGFR expression was more
sensitive to cinobufagin compared with the SW620 with
undetectable EGFR (Figure 3C,D). We also chose different
liver cancer cell lines to test whether their sensitivities to
cinobufagin are related to EGFR status. Noticeably, the most
sensitive SK-HEP-1 cells expressed high EGFR, while the resistant
HepG2 cells expressed undetectable EGFR (Supplementary
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Figure S4B,C). Hence, cinobufagin exerts selective anti-cancer
effect toward EGFR-overexpressed cancer cells.

PTEN Deficiency Enhances Cinobufagin’s
Antiproliferation Effect

EGFR amplification accompanied by loss of PTEN is common in
clinical trials; these patients carrying EGFR-driven tumors with
PTEN mutation are resistant to anti-EGFR treatment. In the
initial screening, we selected the compounds that specifically
blocked the most malignant GBM cells’ (U87MG-EGFR/PTEN
null) proliferation and displayed less or no effects on PTEN
normal cells. As expected, we identified cinobufagin as the leading
compound, which efficiently blocked U87MG-EGFR cell
proliferation and had less effect on U87MG-PTEN cells. We
tested the cinobufagin antiproliferation effect on other GBM cells
LN229-EGFR and SF763-EGFR, which overexpress EGFR and

have normal PTEN, and observed that cinobufagin had less effect
on LN229-EGFR and SF763-EGFR than that on PTEN-deficient
U87MG-EGFR. To confirm PTEN’s role, we further knocked
down PTEN at both LN229-EGFR and SF763-EGFR and found
that these cells with low PTEN were more sensitive to cinobufagin
(Figure 4).

Cinobufagin Inhibits Subcutaneous

Xenograft Growth in Nude Mice

To study cinobufagin’s anti-cancer effect in vivo, the U§7MG-
EGER cells were subcutaneously inoculated in nude mice. After
daily intraperitoneal injection of vehicle or drugs (1 or 5mg
kg™') for 26 days, tumor growth in the cinobufagin-treated
group was much slower than that in the vehicle-treated
group (Figure 5A). To explore the molecular mechanisms of
cinobufagin in vivo, we monitored the major signaling effectors
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of EGFR and STATS3 in the tumors by Western blotting, and
found that p-EGFR and its downstream signaling machinery
p-STAT3 and p-Akt were obviously decreased by cinobufagin
(Figure 5B). The cell proliferation marker (Ki67) staining was
also significantly decreased in tumors treated with cinobufagin
compared with that in vehicle-treated tumors (Figure 5C),
suggesting that this compound strongly inhibits tumor cell
proliferation in vivo. To explore whether this compound also
affects tumor growth via triggering apoptosis, the active
caspase-3 immunostaining was conducted, and the data
showed that the cinobufagin triggered stronger apoptosis,
whereas vehicle elicited negligible apoptosis (Figure 5D).
These data indicated that cinobufagin blocks tumor growth
in vivo through inhibiting cell proliferation and triggering

apoptosis. Thus, cinobufagin inhibits EGFR and STAT3
signaling to block tumor growth in nude mice.

Cinobufagin Decreases Intracranial Tumor
Growth and Extends the Life Span of
Tumor-Bearing Nude Mice

To further evaluate the therapeutic potential of cinobufagin on
the orthotopic glioblastomas, we stereotactically inoculated
U87MG-EGEFR cells in the corpus striatum of nude mice and
monitored tumor growth by luciferase bioluminescence imaging.
After confirming tumor formation in the brains on day 7, each
group of animals was intraperitoneally injected with vehicle (0.5%
B-cyclodextrin) or cinobufagin (5mg kg™') once a day. The
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survival was evaluated by Kaplan-Meier analysis. The median
survival time (23 days) for the cinobufagin treatment group was
significantly longer than 20.5days for the vehicle group

(Figure 6A). The mice were subjected to luciferase
bioluminescence imaging 10days after treatment. The
luminescence intensity of brain tumor treated with

cinobufagin was decreased about 70% (Figure 6B,C).

Next, we tested the signaling molecules in these samples and
found that cinobufagin strongly decreased p-EGFR, p-STATS3,
and p-Akt levels in the intracranial tumors as compared with the
vehicles (Figure 6D), which were consistent with what were
observed in subcutaneous tumors. Moreover, Ki67 and active
caspase-3 immunostaining of intracranial tumors were
significantly = decreased in cinobufagin-treated  group
compared with those in the vehicle-treated group
(Figure 6E,F). Therefore, cinobufagin blocks EGFR/STATS3

signaling in glioblastoma and shrinks brain

elongating nude animal survival.

tumors,

DISCUSSION

We found cinobufagin, a monomer of Chansu from Traditional
Chinese Medicine, that demonstrated selective antiproliferative
activity against EGFR-overexpressed and PTEN-deficient GBM
cells, compared with normal EGFR and PTEN cells. It also
exhibited antiproliferative activity in various carcinoma cancer
cells with EGFR expression, including lung cancer cells, colorectal
cancer cells, and liver cancer cells. Cinobufagin blocked the
oncogenic pathways mediated by EGFR and STAT3, and
triggered apoptosis in a dose-dependent manner in vitro and
in vivo (Figures 2, 5, 6). Intraperitoneal administration of
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cinobufagin dose-dependently inhibited the tumor growth of
U87MG-EGFR in subcutaneous xenograft model. Moreover,
cinobufagin significantly inhibited tumor growth and extended
the life span of intracranial xenograft mice, implying that this
monomer itself or its metabolites could cross the brain-blood
barrier to exert anti-tumor effects (Figure 6).

The early studies showed that the anti-cancer activity of
cinobufagin is manifested in eliciting apoptosis, inhibiting
autophagy, blocking cell cycles, and inhibiting cell
proliferation (Zhang et al., 2016; Zhu et al, 2018; Dai et al,
2018; Cao et al, 2017; Zhang et al, 2019). In the study, we
demonstrated ~ that  cinobufagin = exhibited  specific
antiproliferation effect in the special carcinoma cells with
EGFR expression, including glioblastoma cells, lung cancer
cells, colorectal cells, and hepatocellular carcinoma cells
(Figures 1A, 3A,C, 4B,C, Supplementary Figure S4A,B). We
further characterized that cinobufagin displayed antiproliferation
effects on the cells with EGFR mutation, which are resistant to
EGFR inhibitor (Figure 3A). Zhang et al. and other groups’
reports indicate that cinobufagin blocks Akt signaling pathway,
decreases Bcl-2, and induces mitochondrial cytochrome c release
to trigger apoptosis, or inhibits STAT3 and Notch pathways to
suppress tumor cell growth (Yin et al., 2013; Zhang et al., 2016;
Zhangetal., 2019). Pan et al. reported that cinobufagin arrests cell
cycle at G2/M or S phase and induces apoptosis in melanoma and
nasopharyngeal carcinoma cells (Pan et al., 2019; Pan et al., 2020).
Our work is consistent with these studies and further
demonstrated that cinobufagin inhibits EGFR/STAT3 and its
downstream signaling to arrest cell cycle at G2/M phase, to
inhibit cell proliferation, and to promote apoptosis (Figures
2A,B, 3B,D). Our work also validated that cinobufagin
inhibited tumor growth and elongated nude mice life span via
blocking EGFR and STAT3 signaling pathways and inducing
apoptosis in vivo (Figures 5B-D, 6D-F). Our study demonstrates
that the malignant tumors with wild-type or mutated EGFR are
sensitive to cinobufagin. Unfortunately, the in vitro kinase assay
displayed that cinobufagin did not inhibit EGFR and STAT3
activity (Supplementary Figure S2 and Supplementary Table
S1). It also cannot affect the EGFR upstream kinase Jak2 or
phosphatases  activity =~ (Supplementary  Figure  S3,
Supplementary Tables S1, S2). We failed to identify the
cellular target of cinobufagin after screening around 90 kinases
and phosphatases (Supplementary Tables S1, S2).

Chansu, a traditional medicine from Chinese toad, has been
widely used in clinic in Asian countries. Huachansu, which is a
water-soluble extract from toad and an intravenous formulated
agent, has been used in clinic for treating late-stage liver cancer,
lung cancer, and gastric cancer (Gibson et al., 2006; Meng et al.,
2009; Zhang et al., 2018; XU and WU, 2017; MA and LU, 2011).
Both Chansu and Huachansu are mixtures, which include
various bioactive components, such as cinobufagin, bufotalin,
bufalin, arenobufagin, and so on, and show potential anti-
cancer effect, as well as side effects (Meng et al, 2016). In
the current study, we collected the bioactive components of
Chansu and performed SAR analysis, and found that each
derivative had unique selectivity and antiproliferation
efficacy. Among them, cinobufagin, cinobufotalin, and

Cinobufagin Blockades EGFR Expressing Tumors

resibufogenin have similar chemical structure except for the
acetyl group and hydroxy groups. Cinobufagin and
cinobufotalin, having same acetylation and different hydroxy,
exhibit better selectivity and higher efficiency against cancer
cells with EGFR expression and PTEN deletion than
resibufogenin (Figure 1D), implying the acetyl group
increases the inhibitory effect and 1-hydroxy is not critical.
Toma et al. reported that cinobufagin can be metabolized to
desacetylcinobufagin (Toma et al., 1987), and our study showed
that resibufogenin without the acetyl group had less inhibitory
effect, implying that the deacetylation of cinobufagin might
contribute to its low anti-cancer efficacy in vivo. In the near
future, we could focus on cinobufagin and modify it to enhance
its anti-cancer efficiency and selectivity in vitro and in vivo, and
to avoid the side effect.

Chansu has been used in clinic for a long time, but its toxicity
cannot be ignored. Two preclinical studies showed that
intraperitoneal injection of 10 mg kg™' cinobufagin is tolerable
in nude mice (Lu et al., 2017). However, in our study, we tried the
highest dose of cinobufagin (10 mg kg™') via intraperitoneal
injection and found that one-third of the nude mice were
dead, and then reduced the highest dose to 5mg kg™'. We
daily injected C57BL/] mice with 5mg kg™' cinobufagin up to
1 month and performed complete blood count and did not
observed any abnormity and difference between cinobufagin
and vehicle-treated groups (Supplementary Table S3). We
also treated the cells in vitro with different doses of
cinobufagin and monitored the toxicity and apoptosis. The
data showed that cinobufagin did not cause cellular toxicity in
MEFs, but triggered significant cell apoptosis after 6h of
treatment, and caused significant cytotoxicity and apoptosis
after 72 h of treatment in U87MG-EGFR cells (Figure 2C,D).
Cinobufagin’s structure is similar to ouabain, one of the digitalis
drugs used to treat congestive heart failure through targeting Na™*/
K*-ATPase, which can trigger neuron-glia necrosis at high
concentration (50-100 uM) (Xiao et al., 2002). However,
ouabain inhibits cancer cell proliferation and cannot cause
significant changes of intracellular ration of Na*/K" at low
concentration (<100 nM) (Kometiani al., 2005). So
cinobufagin might not induce intracellular changes of ratio of
Na®/K" to trigger cytotoxicity at low concentration (<0.5 pM).
However, it could be possible that cinobufagin triggers acute
cytotoxicity due to high concentration at the site of injection,
leading to mice death.

At this moment, the cellular targets of cinobufagin remain
unclear. Future efforts are necessary to delineate the potential
molecular targets for deciphering cinobufagin’s anti-cancer
effects. Optimization of this compound might warrant a new
drug for the treatment of malignant glioma and other human
cancers expressing EGFR.

et

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 775602


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong University.

AUTHOR CONTRIBUTIONS

KH: Conceptualization, investigation, writing, funding
acquisition. G-XW: Methodology. L-NZ: Methodology. X-FC:
Methodology. X-BS: Methodology, writing—review. YS:
Methodology, writing—review. T-PX: Resources. S-WH:
Writing—review and editing, funding acquisition. Z-GH:
Writing—review and editing, resources.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81402950, 81761138045, 82073116),
Scientific Research Foundation for the Returned Overseas

REFERENCES

Arif, S. H., Pandith, A. A., Tabasum, R., Ramzan, A. U,, Singh, S., Siddiqi, M. A.,
et al. (2018). Significant Effect of Anti-tyrosine Kinase Inhibitor (Gefitinib) on
Overall Survival of the Glioblastoma Multiforme Patients in the Backdrop of
Mutational Status of Epidermal Growth Factor Receptor and PTEN Genes.
Asian J. Neurosurg. 13, 46-52. doi:10.4103/ajns. AJNS_95_17

Brennan, C. W., Verhaak, R. G., McKenna, A., Campos, B., Noushmehr, H.,
Salama, S. R., et al. (2013). The Somatic Genomic Landscape of Glioblastoma.
Cell 155, 462-477. doi:10.1016/j.cell.2013.09.034

Brito, C., Azevedo, A., Esteves, S., Marques, A. R., Martins, C., Costa, I, et al.
(2019). Clinical Insights Gained by Refining the 2016 WHO Classification of
Diffuse Gliomas with: EGFR Amplification, TERT Mutations, PTEN Deletion
and MGMT Methylation. BMC Cancer 19, 968. doi:10.1186/s12885-019-6177-0

Campos, B., Olsen, L. R., Urup, T., and Poulsen, H. S. (2016). A Comprehensive
Profile of Recurrent Glioblastoma. Oncogene 35, 5819-5825. do0i:10.1038/
onc.2016.85

Cao, Y., Yu, L, Dai, G,, Zhang, S., Zhang, Z., Gao, T, et al. (2017). Cinobufagin
Induces Apoptosis of Osteosarcoma Cells through Inactivation of Notch
Signaling. Eur. J. Pharmacol. 794, 77-84. doi:10.1016/j.ejphar.2016.11.016

Cui, X., Inagaki, Y., Xu, H., Wang, D., Qi, F., Kokudo, N., et al. (2010). Anti-
hepatitis B Virus Activities of Cinobufacini and its Active Components Bufalin
and Cinobufagin in HepG2.2.15 Cells. Biol. Pharm. Bull. 33, 1728-1732.
doi:10.1248/bpb.33.1728

Dai, G., Zheng, D., Guo, W., Yang, J., and Cheng, A. Y. (2018). Cinobufagin
Induces Apoptosis in Osteosarcoma Cells via the Mitochondria-Mediated
Apoptotic Pathway. Cell Physiol Biochem 46, 1134-1147. doi:10.1159/
000488842

Eskilsson, E., Rgsland, G. V., Solecki, G., Wang, Q., Harter, P. N., Graziani, G., et al.
(2018). EGFR Heterogeneity and Implications for Therapeutic Intervention in
Glioblastoma. Neuro Oncol. 20, 743-752. doi:10.1093/neuonc/nox191

Gibson, T. B., Ranganathan, A., and Grothey, A. (2006). Randomized Phase III
Trial Results of Panitumumab, a Fully Human Anti-epidermal Growth Factor
Receptor Monoclonal Antibody, in Metastatic Colorectal Cancer. Clin.
Colorectal Cancer 6, 29-31. doi:10.3816/CCC.2006.n.01

He, K, Qi, Q., Chan, C. B,, Xiao, G., Liu, X., Tucker-Burden, C., et al. (2013).
Blockade of Glioma Proliferation through Allosteric Inhibition of JAK2. Sci.
Signal. 6, ra55. doi:10.1126/scisignal.2003900

Hirsch, F. R., Herbst, R. S., Olsen, C., Chansky, K., Crowley, J., Kelly, K., et al.
(2008). Increased EGFR Gene Copy Number Detected by Fluorescent In Situ

Cinobufagin Blockades EGFR Expressing Tumors

Chinese Scholars of Ministry of Education of China
(15Z102050016), Shanghai Pujiang Talent Plan (14PJ1404700),
Shanghai Jiao Tong University SMC-Morningstar Young
Scholars Award (15X100080059), National Science and
Technology Major Project (2017ZX10203207), and National
Key Research and Development Program of China
(2020YFC2002705).

ACKNOWLEDGMENTS

The authors are most grateful to Dr. Keqiang Ye for helpful
advice, discussions, and review of the article.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.775602/
full#supplementary-material

Hybridization Predicts Outcome in Non-small-cell Lung Cancer Patients
Treated with Cetuximab and Chemotherapy. J. Clin. Oncol. 26, 3351-3357.
doi:10.1200/JC0O.2007.14.0111

Kometiani, P., Liu, L., and Askari, A. (2005). Digitalis-induced Signaling by Na+/
K+-ATPase in Human Breast Cancer Cells. Mol. Pharmacol. 67, 929-936.
doi:10.1124/mol.104.007302

Li, C., Hashimi, S. M., Cao, S., Qi, J., Good, D., Duan, W., et al. (2015). Chansu
Inhibits the Expression of Cortactin in colon Cancer Cell Lines In Vitro and In
Vivo. BMC Complement. Altern. Med. 15, 207. doi:10.1186/s12906-015-0723-3

Li, Q, Liang, R. L., Yu, Q. R, Tian, D. Q., Zhao, L. N., Wang, W. W_, et al. (2020).
Efficacy and Safety of Cinobufacini Injection Combined with Vinorelbine and
Cisplatin Regimen Chemotherapy for Stage III/TV Non-small Cell Lung Cancer:
A Protocol for Systematic Review and Meta-Analysis of Randomized
Controlled Trials. Medicine (Baltimore) 99, €21539. doi:10.1097/
MD.0000000000021539

Li, X., Chen, C, Dai, Y., Huang, C,, Han, Q,, Jing, L., et al. (2019). Cinobufagin
Suppresses Colorectal Cancer Angiogenesis by Disrupting the Endothelial
Mammalian Target of Rapamycin/hypoxia-Inducible Factor la axis. Cancer
Sci. 110, 1724-1734. doi:10.1111/cas.13988

Libermann, T. A., Nusbaum, H. R., Razon, N., Kris, R., Lax, L, Soreq, H., et al.
(1985). Amplification, Enhanced Expression and Possible Rearrangement of
EGF Receptor Gene in Primary Human Brain Tumours of Glial Origin. Nature
313, 144-147. doi:10.1038/313144a0

Lu, X. S, Qiao, Y. B, Li, Y., Yang, B, Chen, M. B,, and Xing, C. G. (2017).
Preclinical Study of Cinobufagin as a Promising Anti-colorectal Cancer Agent.
Oncotarget 8, 988-998. doi:10.18632/oncotarget.13519

Lynch, T.J., Bell, D. W., Sordella, R., Gurubhagavatula, S., Okimoto, R. A., Brannigan,
B. W, et al. (2004). Activating Mutations in the Epidermal Growth Factor
Receptor Underlying Responsiveness of Non-small-cell Lung Cancer to
Gefitinib. N. Engl. ]. Med. 350, 2129-2139. doi:10.1056/NEJM0a040938

Ma, J., and Lu, M. (2011). Clinical Research on 109 Cases of Non-small Cell Lung
Cancer Treated by Cinobutacini Injection Plus Gemcitabine and Cisplatin.
J. Traditional Chin. Med. 52, 2115-2118. d0i:10.13288/j.11-2166/r.2011.24.034

Mellinghoff, I. K., Cloughesy, T. F., and Mischel, P. S. (2007). PTEN-mediated
Resistance to Epidermal Growth Factor Receptor Kinase Inhibitors. Clin.
Cancer Res. 13, 378-381. doi:10.1158/1078-0432.CCR-06-1992

Meng, Q, Yau, L. F,, Ly, J. G,, Wu, Z. Z,, Zhang, B. X., Wang, J. R,, et al. (2016).
Chemical Profiling and Cytotoxicity Assay of Bufadienolides in Toad Venom
and Toad Skin. J. Ethnopharmacol 187, 74-82. doi:10.1016/j.jep.2016.03.062

Meng, Z., Garrett, C. R, Shen, Y., Liu, L, Yang, P., Huo, Y., et al. (2012).
Prospective Randomised Evaluation of Traditional Chinese Medicine

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 775602


https://www.frontiersin.org/articles/10.3389/fphar.2021.775602/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.775602/full#supplementary-material
https://doi.org/10.4103/ajns.AJNS_95_17
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1186/s12885-019-6177-0
https://doi.org/10.1038/onc.2016.85
https://doi.org/10.1038/onc.2016.85
https://doi.org/10.1016/j.ejphar.2016.11.016
https://doi.org/10.1248/bpb.33.1728
https://doi.org/10.1159/000488842
https://doi.org/10.1159/000488842
https://doi.org/10.1093/neuonc/nox191
https://doi.org/10.3816/CCC.2006.n.01
https://doi.org/10.1126/scisignal.2003900
https://doi.org/10.1200/JCO.2007.14.0111
https://doi.org/10.1124/mol.104.007302
https://doi.org/10.1186/s12906-015-0723-3
https://doi.org/10.1097/MD.0000000000021539
https://doi.org/10.1097/MD.0000000000021539
https://doi.org/10.1111/cas.13988
https://doi.org/10.1038/313144a0
https://doi.org/10.18632/oncotarget.13519
https://doi.org/10.1056/NEJMoa040938
https://doi.org/10.13288/j.11-2166/r.2011.24.034
https://doi.org/10.1158/1078-0432.CCR-06-1992
https://doi.org/10.1016/j.jep.2016.03.062
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

He et al.

Combined with Chemotherapy: a Randomised Phase II Study of Wild Toad
Extract Plus Gemcitabine in Patients with Advanced Pancreatic
Adenocarcinomas. Br. J. Cancer 107, 411-416. doi:10.1038/bjc.2012.283

Meng, Z., Yang, P., Shen, Y., Bei, W., Zhang, Y., Ge, Y., et al. (2009). Pilot Study
of Huachansu in Patients with Hepatocellular Carcinoma, Nonsmall-Cell
Lung Cancer, or Pancreatic Cancer. Cancer 115, 5309-5318. doi:10.1002/
cncr.24602

Ostrom, Q. T., Gittleman, H., Fulop, J., Liu, M., Blanda, R., Kromer, C,, et al. (2015).
CBTRUS Statistical Report: Primary Brain and Central Nervous System
Tumors Diagnosed in the United States in 2008-2012. Neuro Oncol. 17
(Suppl. 4), ivl. doi:10.1093/neuonc/nov189

Pan, Z., Luo, Y., Xia, Y., Zhang, X,, Qin, Y., Liu, W., et al. (2020). Cinobufagin
Induces Cell Cycle Arrest at the S Phase and Promotes Apoptosis in
Nasopharyngeal Carcinoma Cells. Biomed. Pharmacother. 122, 109763.
doi:10.1016/j.biopha.2019.109763

Pan, Z., Zhang, X., Yu, P,, Chen, X,, Lu, P, Li, M., et al. (2019). Cinobufagin
Induces Cell Cycle Arrest at the G2/M Phase and Promotes Apoptosis in
Malignant Melanoma Cells. Front. Oncol. 9, 853. do0i:10.3389/
fonc.2019.00853

Qi, F,, Inagaki, Y., Gao, B., Cui, X., Xu, H., Kokudo, N,, et al. (2011). Bufalin and
Cinobufagin Induce Apoptosis of Human Hepatocellular Carcinoma Cells via
Fas- and Mitochondria-Mediated Pathways. Cancer Sci. 102, 951-958.
doi:10.1111/j.1349-7006.2011.01900.x

Qi, F., Li, A, Inagaki, Y., Kokudo, N., Tamura, S., Nakata, M., et al. (2011).
Antitumor Activity of Extracts and Compounds from the Skin of the Toad Bufo
bufo Gargarizans Cantor. Int. Immunopharmacol 11, 342-349. doi:10.1016/
j.intimp.2010.12.007

Qi, J., Zulfiker, A. H. M., Li, C., Good, D., and Wei, M. Q. (2018). The Development
of Toad Toxins as Potential Therapeutic Agents. Toxins (Basel) 10, 336.
doi:10.3390/toxins10080336

Stupp, R., Hegi, M. E., Mason, W. P., van den Bent, M. J., Taphoorn, M. J.,
Janzer, R. C., et al. (2009). Effects of Radiotherapy with Concomitant and
Adjuvant Temozolomide versus Radiotherapy Alone on Survival in
Glioblastoma in a Randomised Phase III Study: 5-year Analysis of the
EORTC-NCIC Trial. Lancet Oncol. 10, 459-466. doi:10.1016/S1470-
2045(09)70025-7

Sundvall, M., Karrila, A., Nordberg, J., Grénman, R., and Elenius, K. (2010). EGFR
Targeting Drugs in the Treatment of Head and Neck Squamous Cell
Carcinoma. Expert Opin. Emerg. Drugs 15, 185-201. doi:10.1517/
14728211003716442

Toma, S., Morishita, S., Kuronuma, K., Mishima, Y., Hirai, Y., and Kawakami, M.
(1987). Metabolism and Pharmacokinetics of Cinobufagin. Xenobiotica 17,
1195-1202. doi:10.3109/00498258709167411

Touat, M., Idbaih, A., Sanson, M., and Ligon, K. L. (2017). Glioblastoma Targeted
Therapy: Updated Approaches from Recent Biological Insights. Ann. Oncol. 28,
1457-1472. doi:10.1093/annonc/mdx106

Wang, D. L., Qi, F. H., Xu, H. L., Inagaki, Y., Orihara, Y., Sekimizu, K., et al. (2010).
Apoptosis-inducing Activity of Compounds Screened and Characterized from
Cinobufacini by Bioassay-Guided Isolation. Mol. Med. Rep. 3, 717-722.
doi:10.3892/mmr_00000323

Xiao, A. Y., Wei, L., Xia, S., Rothman, S., and Yu, S. P. (2002). Ionic Mechanism of
Ouabain-Induced Concurrent Apoptosis and Necrosis in Individual Cultured
Cortical Neurons. J. Neurosci. 22, 1350-1362. doi:10.1523/jneurosci.22-04-
01350.2002

Xie, M., Chen, X, Qin, S., Bao, Y., Bu, K,, and Lu, Y. (2018). Clinical Study on
Thalidomide Combined with Cinobufagin to Treat Lung Cancer Cachexia.
J. Cancer Res. Ther. 14, 226-232. doi:10.4103/0973-1482.188436

Cinobufagin Blockades EGFR Expressing Tumors

Xiong, X, Lu, B, Tian, Q., Zhang, H., Wu, M., Guo, H,, et al. (2019). Inhibition of
Autophagy Enhances Cinobufagin-induced Apoptosis in Gastric Cancer.
Oncol. Rep. 41, 492-500. doi:10.3892/0r.2018.6837

Xu, C., and Wu, Q. (2017). Guiding Journal of Traditional Chinese Medicine and
Pharmacology) Advances in the Clinical Study of Cinobufacini for Non-small
Cell Lung Cancer. Guiding J. Traditional Chin. Med. Pharmacol. 23, 100-103.
doi:10.13862/j.cnki.cn43-1446/r.2017.17.035

Yarden, Y., and Pines, G. (2012). The ERBB Network: at Last, Cancer Therapy
Meets Systems Biology. Nat. Rev. Cancer 12, 553-563. doi:10.1038/nrc3309

Yin, J. Q., Wen, L., Wy, L. C,, Gao, Z. H,, Huang, G., Wang, J., et al. (2013). The
Glycogen Synthase Kinase-3f/nuclear Factor-Kappa B Pathway Is Involved in
Cinobufagin-Induced Apoptosis in Cultured Osteosarcoma Cells. Toxicol. Lett.
218, 129-136. doi:10.1016/j.toxlet.2012.11.006

Zhang, C., Ma, K., and Li, W. Y. (2019). Cinobufagin Suppresses the Characteristics
of Osteosarcoma Cancer Cells by Inhibiting the IL-6-OPN-STAT3 Pathway.
Drug Des. Devel Ther. 13, 4075-4090. doi:10.2147/DDDT.S224312

Zhang, D., Wang, K., Zheng, J., Wu, J., Duan, X,, Ni, M., et al. (2020). Comparative
Efficacy and Safety of Chinese Herbal Injections Combined with Transcatheter
Hepatic Arterial Chemoembolization in Treatment of Liver Cancer: a Bayesian
Network Meta-Analysis. J. Tradit Chin. Med. 40, 167-187. doi:10.19852/
j.cnki.jtem.2020.02.001

Zhang, G., Wang, C,, Sun, M., Li, J., Wang, B,, Jin, C,, et al. (2016). Cinobufagin
Inhibits Tumor Growth by Inducing Intrinsic Apoptosis through AKT
Signaling Pathway in Human Nonsmall Cell Lung Cancer Cells. Oncotarget
7, 28935-28946. doi:10.18632/oncotarget.7898

Zhang, X., Yuan, Y., Xi, Y., Xu, X, Guo, Q., Zheng, H., et al. (2018). Cinobufacini
Injection Improves the Efficacy of Chemotherapy on Advanced Stage Gastric
Cancer: A Systemic Review and Meta-Analysis. Evid. Based Complement.
Alternat Med. 2018, 7362340. doi:10.1155/2018/7362340

Zhu, L., Chen, Y., Wei, C., Yang, X., Cheng, J., Yang, Z., et al. (2018). Anti-
proliferative and Pro-apoptotic Effects of Cinobufagin on Human Breast
Cancer MCF-7 Cells and its Molecular Mechanism. Nat. Prod. Res. 32,
493-497. doi:10.1080/14786419.2017.1315575

Zulkifli, A. A, Tan, F. H,, Putoczki, T. L., Stylli, S. S., and Luwor, R. B. (2017).
STATS3 Signaling Mediates Tumour Resistance to EGFR Targeted Therapeutics.
Mol. Cel Endocrinol 451, 15-23. doi:10.1016/j.mce.2017.01.010

Conflict of Interest: T-PX is an employee of, and may own stock/stock options in
Shanghai Nature Standard Technical Services Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 He, Wang, Zhao, Cui, Su, Shi, Xie, Hou and Han. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

November 2021 | Volume 12 | Article 775602


https://doi.org/10.1038/bjc.2012.283
https://doi.org/10.1002/cncr.24602
https://doi.org/10.1002/cncr.24602
https://doi.org/10.1093/neuonc/nov189
https://doi.org/10.1016/j.biopha.2019.109763
https://doi.org/10.3389/fonc.2019.00853
https://doi.org/10.3389/fonc.2019.00853
https://doi.org/10.1111/j.1349-7006.2011.01900.x
https://doi.org/10.1016/j.intimp.2010.12.007
https://doi.org/10.1016/j.intimp.2010.12.007
https://doi.org/10.3390/toxins10080336
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1016/S1470-2045(09)70025-7
https://doi.org/10.1517/14728211003716442
https://doi.org/10.1517/14728211003716442
https://doi.org/10.3109/00498258709167411
https://doi.org/10.1093/annonc/mdx106
https://doi.org/10.3892/mmr_00000323
https://doi.org/10.1523/jneurosci.22-04-01350.2002
https://doi.org/10.1523/jneurosci.22-04-01350.2002
https://doi.org/10.4103/0973-1482.188436
https://doi.org/10.3892/or.2018.6837
https://doi.org/10.13862/j.cnki.cn43-1446/r.2017.17.035
https://doi.org/10.1038/nrc3309
https://doi.org/10.1016/j.toxlet.2012.11.006
https://doi.org/10.2147/DDDT.S224312
https://doi.org/10.19852/j.cnki.jtcm.2020.02.001
https://doi.org/10.19852/j.cnki.jtcm.2020.02.001
https://doi.org/10.18632/oncotarget.7898
https://doi.org/10.1155/2018/7362340
https://doi.org/10.1080/14786419.2017.1315575
https://doi.org/10.1016/j.mce.2017.01.010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Cinobufagin Is a Selective Anti-Cancer Agent against Tumors with EGFR Amplification and PTEN Deletion
	Introduction
	Materials and Methods
	Cells, Reagents, and Mice
	In Vitro Proliferation, Cytotoxicity, and Apoptosis Assay
	Subcutaneous and Intracranial Xenograft Model
	Flow Cytometric Analysis
	Immunofluorescence Staining
	Statistics Analysis

	Results
	Screening Reveals Cinobufagin That Selectively Inhibits Proliferation of EGFR-Amplified, PTEN-Deficient Glioblastoma Cells
	Cinobufagin Inhibits EGFR and its Downstream Signaling Cascades, Induces Apoptosis and Cytotoxicity of EGFR Amplified Cells
	Cinobufagin Inhibits Proliferation of EGFR-Expressing Cancer Cells
	PTEN Deficiency Enhances Cinobufagin’s Antiproliferation Effect
	Cinobufagin Inhibits Subcutaneous Xenograft Growth in Nude Mice
	Cinobufagin Decreases Intracranial Tumor Growth and Extends the Life Span of Tumor-Bearing Nude Mice

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


