
Niu et al. Cancer Cell Int          (2021) 21:446  
https://doi.org/10.1186/s12935-021-02150-0

PRIMARY RESEARCH

Cinobufagin-induced DNA damage response 
activates  G2/M checkpoint and apoptosis 
to cause selective cytotoxicity in cancer cells
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Abstract 

Background: Processed extracts from toad skin and parotoid gland have long been used to treat various illnesses 
including cancer in many Asian countries. Recent studies have uncovered a family of bufadienolides as the responsi-
ble pharmacological compounds, and the two major molecules, cinobufagin and bufalin, have been shown to pos-
sess robust antitumor activity; however, the underlying mechanisms remain poorly understood.

Methods: Intracellular reactive oxygen species (ROS) were measured by DCFH-DA staining and flow cytometry, and 
DNA damage was analyzed by immunofluorescent staining and the alkaline comet assay. Cytotoxicity was measured 
by MTT as well as colony formation assays, and cell cycle and apoptosis were analyzed by flow cytometry. In addition, 
apoptosis was further characterized by TUNEL and mitochondrial membrane potential assays.

Results: Here we showed that sublethal doses of cinobufagin suppressed the viability of many cancer but not non-
cancerous cell lines. This tumor-selective cytotoxicity was preceded by a rapid, cancer-specific increase in cellular ROS 
and was significantly reduced by the ROS inhibitor N-acetyl cysteine (NAC), indicating oxidative stress as the primary 
source of cinobufagin-induced cancer cell toxicity. Sublethal cinobufagin-induced ROS overload resulted in oxidative 
DNA damage and intense replication stress in cancer cells, leading to strong DNA damage response (DDR) signaling. 
Subsequent phosphorylation of CDC25C and stabilization of p53 downstream of DDR resulted in activation of the 
 G2/M checkpoint followed by induction of apoptosis. These data indicate that cinobufagin suppresses cancer cell 
viability via DDR-mediated  G2 arrest and apoptosis.

Conclusion: As elevated oxidative pressure is shared by most cancer cells that renders them sensitive to further 
oxidative insult, these studies suggest that nontoxic doses of cinobufagin can be used to exploit a cancer vulnerability 
for induction of cancer-specific cytotoxicity.
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Introduction
Current mainstream anticancer therapies, i.e., chemo- 
and radiotherapy, target both cancer and normal cells 
indiscriminately and are often ineffective in the treat-
ment of relapsed tumors. In the past decades, much 
effort has been devoted to targeting specific genetic alter-
ations or oncogenic signaling pathways [1, 2], however, 
such approaches have had limited impact on the overall 
outcome of cancer treatment because of the diversity 
of cancer genotypes, plasticity of cellular signaling, and 
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intratumor heterogeneity [3–5]. Thus, there is an ongoing 
and urgent need for novel strategies that target special 
bioactivities essential to the survival of cancer but not 
noncancerous cells. With the growing recognition that 
most cancer cells share rewired metabolic pathways [6–
8], targeting cancer metabolism is increasingly viewed as 
one of the most promising directions to develop broad-
spectrum and cancer-selective novel anticancer strategies 
[9–11].

A marked metabolic feature shared by cells under the 
influence of oncogenic transformation is elevated gen-
eration of reactive oxygen species [12–14]. ROS promote 
tumorigenesis by causing aberrant cellular signaling and 
genetic lesions that contribute to irregular cell growth 
and survival, metastasis, and angiogenesis [15, 16]. How-
ever, toxic levels of ROS can damage cellular components 
to jeopardize cell survival [17, 18]. Many studies have 
demonstrated that cancer cells are sensitive to additional 
oxidative insult due to high intrinsic oxidative pressure 
and limited spare antioxidant capacity [19–22]. Some 
studies have shown that ROS-generating or antioxidant-
suppressing agents can push oxidative pressure to toxic 
levels selectively in cancer cells [19, 22–25], raising the 
possibility of exploiting a metabolic vulnerability com-
mon to most cancer cells to produce cancer-specific 
cytotoxicity.

Amphibians secrete a diverse array of chemicals from 
their skin and special exocrine glands as a defense against 
microorganisms, predators, and infections [26, 27]. Thus, 
various forms of extracts from toads, especially mem-
bers of the Bufonidae family, have been used as tradi-
tional medicines worldwide for thousands of years [28]. 
In China and many other Asian countries, Chansu, a 
dried preparation of extracts from the skin and parotoid 
glands of the Asiatic toad (Bufo bufo gargarizans), has 
long been used in various folk prescriptions to treat pain, 
infection, inflammation, and cancer [29, 30]. A water-
soluble form of the same preparation, called cinobufacini 
(Huachansu), was developed over two decades ago for 
injection and was officially approved in China for treat-
ment of various cancers. Both experimental and clini-
cal studies have shown that cinobufacini (Huachansu) 
possesses significant anticancer efficacy with mild side-
effects [31–33], however, due to limited supply of the 
natural raw drug material and difficulties in controlling 
drug composition and quality, it is impossible to develop 
cinobufacini (Huachansu) as a therapeutic drug for can-
cer treatment.

A family of bufadienolide glycosides (bufadienolides) 
has been identified as the pharmacological compounds 
responsible for the antitumor activity of cinobufacini 
(Huachansu) [34, 35]. Cinobufagin (CBG) and bufa-
lin are the two major bufadienolides in cinobufacini 

(Huachansu) and other forms of toad extracts, and both 
have demonstrated potent antitumor efficacy in  vitro 
and in  vivo [27, 36]; however, the underlying molecular 
mechanisms remain poorly understood. Several stud-
ies reported that ROS levels were markedly increased 
in CBG-treated cancer cell lines [37, 38], but the role 
of ROS in the induction of cancer cell toxicity by CBG 
has been unclear. In this study, we showed that sublethal 
doses of CBG were able to induce a rapid increase in cel-
lular ROS levels specifically in cancer cells; CBG-induced 
ROS overload caused extensive oxidative DNA damage 
and intense replication stress, and subsequent DDR sign-
aling resulted in activation of the  G2/M checkpoint and 
induction of apoptosis to cause cytotoxicity selectively 
in cancer cells. These studies indicate that CBG-induced 
oxidative stress is a key factor driving CBG-associated 
cancer cell toxicity and support further exploration of 
using CBG to attack a cancer metabolic vulnerability.

Materials and methods
Chemicals and cells
Cinobufagin was purchased from Yuanye Biotechnol-
ogy (Shanghai, China). Stock solution of cinobufagin was 
prepared in 100% dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St. Louis, MO, USA) and then diluted in com-
plete cell culture medium to make working solutions. The 
same solutions without cinobufagin were used as vehicle 
controls.

Human SW480, SW1116 colorectal adenocarcinoma 
and BEAS-2B bronchial epithelial cell lines were pur-
chased from American Type Culture Collection (ATCC) 
(Manassas, VA, USA) and the human L-O2 liver and 
NCM460 colon epithelial cell lines were purchased 
from KenGen (Nanjing, China). All other cell lines were 
bought from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). All cell lines were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, 
ThermoFisher Scientific, Shanghai, China) containing 
10% fetal bovine serum (FBS) (Gibco, ThermoFisher Sci-
entific, Shanghai, China). The cells were maintained at 
37 °C in a humidified incubator with 5% CO2, following 
instructions from the providers. Cell authenticity was 
confirmed by short tandem repeats (STR) profiling.

MTT cell proliferation assay
Cells were seeded in triplicate wells of 96-well plates 
at 4 ×  103 cells per well and treated with cinobufagin 
(drug concentrations and treatment times were indi-
cated in the figures and figure legends). 20  μl of 5  mg/
ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) (Sigma-Aldrich) was added to each well, 
and the plates were kept at 37  °C for another 4 h. After 
carefully removing the MTT-containing medium, 150 μl 
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of DMSO was added to each well and the plates were 
kept at 37  °C for 10  min with shaking. Absorbance was 
read at 595 nm by a BioRad 680 microplate reader (Bio-
Rad Laboratories, Hercules, CA, USA). All MTT assays 
were repeated three times and the data were presented 
as mean ± standard deviation (SD) of three independent 
experiments.

Colony formation assay
Cells seeded in 12-well plates (~ 30% confluence) were 
treated with the indicated drugs for 5 days, fixed in ice-
cold methanol, and then briefly stained with crystal violet 
solution (0.5% crystal violet in 25% methanol) (Sigma-
Aldrich). The violet crystals were dissolved in 70% etha-
nol, and absorbance at 595 nm was measured.

Measurement of cellular ROS
Cells were seeded in triplicate wells of 6-well plates at 
1 ×  105 cells per well and treated with cinobufagin. Cel-
lular ROS were stained by a cell-based ROS assay kit 
(Beyotime, Shanghai, China) following manufacturer’s 
instructions. Briefly, cells were washed with PBS, and 
incubated with 10  μM (DCFH-DA) for 30  min at 37  °C 
in the dark. After washing three times in PBS, photos 
were taken immediately using an Olympus fluorescent 
microscope. The cells were then collected through trypsi-
nization and analyzed on the BD FACS-Calibur flow 
cytometer (BD Biosciences, San Jose, CA, USA). Cellular 
ROS levels were expressed as the average 2’,7’-dichlor-
ofluorescein fluorescence intensity. Results were 
mean ± SD of three independent experiments.

Immunofluorescent staining
Cells were seeded on round coverslips in 24-well plates 
and treated with cinobufagin. After washing in PBS, cells 
were fixed in ice-cold 4% paraformaldehyde (PFA) for 
30  min and washed three times with phosphate buffer 
saline (PBS).

For immunostaining of 8-oxoguanine (8-oxoGua), 
fixed cells were incubated in Alexa 488-conjugated avi-
din (Rockland Immunochemicals, Limerick, PA, USA) 
(0.5  mg/ml) for 1  h at room temperature, washed three 
times in PBS, and the coverslips with stained cells were 
sealed on glass slides in the VECTASHIELD Mounting 
Medium with DAPI (Vector Laboratories, Burlingame, 
CA, USA). Images were acquired using a Zeiss LCM 
510 confocal microscope, signal intensity was quantified 
using the ImageJ software. At least 50 cells per sample 
were measured.

For immunofluorescent staining of 53BP1 or γH2AX, 
the cells were incubated sequentially in blocking buffer 
(3% fetal bovine serum, 0.1% Triton X-100 in PBS), rabbit 
anti-53BP1 (Bethyl Laboratories, Montgomery, TX, USA) 

or rabbit-anti-γH2AX-pS139 (Abcam, Cambridge, UK) 
primary antibody, and Cy3-conjugated goat anti-rabbit 
secondary antibody (Jackson ImmunoResearch Labo-
ratories, West Grove, PA, USA), each for 1  h at room 
temperature. Cells were then washed three times in PBS, 
and the coverslips with stained cells were sealed on glass 
slides in the VECTASHIELD Mounting Medium with 
DAPI (Vector Laboratories). Images were acquired using 
a Zeiss LCM 510 confocal microscope. Foci were quanti-
fied using the ImageJ software, more than 100 cells per 
sample were analyzed.

Comet assay
Measurement of DNA strand breaks in individual cells 
by the alkaline comet assay (single cell gel electrophore-
sis assay) was performed according to the instructions 
included in the OxiSelect Comet Assay kit (Cell Biolabs, 
San Diego, CA, USA). Cells grown in 6-well plates were 
treated with cinobufagin and collected through trypsini-
zation. Cell pellets were resuspended in 1.2% low-melt-
ing point agarose maintained at 37  °C at 10 ×  105 cells/
ml, which were then layered on a frosted slide from the 
OxiSelect Comet Assay kit. The slides were stored at 
4 °C overnight in pre-cooled lysis buffer (100 mM EDTA, 
2.5 M NaCl, 10 mM Tris–HCl, 1% Triton X-100 and 10% 
DMSO, pH 10.0). After washing twice with an enzyme 
buffer (40  mM HEPES, 0.1  M KCl, 0.5  mM EDTA and 
0.2  mg/ml BSA, pH 8.0), the slides were incubated in 
the enzyme buffer with or without 1.0  μg/ml OGG1 
(ProSpec, Rehovot, Israel) for 45  min at 37  °C, washed 
briefly in the enzyme buffer, and denatured in pre-chilled 
alkali buffer (300  mM NaOH, 1  mM EDTA) in a hori-
zontal electrophoresis chamber (Bio-Rad Laboratories) 
for 30 min. Electrophoresis was then proceeded at 20 V 
and 300 mA in the same buffer for 30 min. After incuba-
tion in cold neutralizing buffer (250  mM Tris–HCl, pH 
7.5) for 30 min, slides were immersed in cold 70% ethanol 
for 5  min and allowed to air dry. At the end, cells were 
stained with Vista Green DNA dye provided by the kit at 
room temperature for 15 min. Images were acquired with 
an Olympus fluorescent microscope and quantified using 
the Comet Assay IV software (Perceptive Instruments, 
Edmunds, UK). The tail moment was defined as the prod-
uct of the tail length and the fraction of total DNA in the 
tail, at least 50 cells per sample were analyzed.

Flow cytometric analysis of cell cycle and apoptosis
Cells were seeded in triplicate wells of 6-well plates at 
1 ×  105 cells per well, treated with cinobufagin, and col-
lected through trypsinization. The cell pellets were 
washed twice in PBS before the following analyses. All 
experiments were performed three times and the results 
were presented as mean ± SD.
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For cell cycle analysis, cell pellets were fixed in 70% 
ice-cold ethanol at − 20 °C for 1 h. After washing in PBS 
twice, cells were stained with working solutions from the 
Cell Cycle Detection kit (BestBio, Shanghai, China). Sam-
ples were loaded onto and analyzed by the MoFlo XDP 
Cell Sorter (Beckman Coulter, Indianapolis, IN, USA). 
Data were processed with the FlowJo software (FlowJo, 
Ashland, OR, USA).

For the analysis of apoptosis, cells were resuspended 
in a binding buffer from the Annexin V-FITC Apopto-
sis Detection kit (BestBio) according to the instructions 
provided by the manufacturer. The cells were loaded onto 
and analyzed by the MoFlo XDP Cell Sorter (Beckman 
Coulter) and data were processed with the CytExpert 
software (Beckman Coulter).

TUNEL assay
Cells were seeded on round coverslips in 24-well plates 
and treated with cinobufagin. After washing in PBS, 
cells were fixed in ice-cold 4% paraformaldehyde (PFA) 
for 30 min and washed three times with PBS. Fixed cells 
were incubated in 0.1% Triton X-100 in PBS for 2  min 
on ice, washed twice with PBS, and then incubated in a 
working solution from the One-Step TUNEL Apoptosis 
Assay kit (Beyotime) for 60 min at 37 °C. After washing 
three times in PBS, the coverslips with stained cells were 
sealed on glass slides in the VECTASHIELD Mounting 
Medium with DAPI (Vector Laboratories). Photos were 
captured using a Zeiss LCM 510 confocal microscope.

Measurement of MMP
Cells were seeded in triplicate wells of 6-well plates at 
1 ×  105 cells per well and treated with cinobufagin. Mito-
chondrial membrane potential (MMP) was measured 
using a commercial Mitochondrial Membrane Potential 
Assay kit with JC-1 (Beyotime) following manufacturer’s 
instructions. Images were taken using an Olympus fluo-
rescent microscope.

Western blot
Cells grown in 6-well plates were scraped off the plates 
in 100  μl of radioimmunoprecipitation buffer (150  mM 
NaCl, 1.0% IGEPAL CA-630, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate, and 50  mM Tris, pH 
8.0) (Sigma-Aldrich) with 1  mM phenylmethane sulfo-
nylfluoride (Sigma-Aldrich). Samples were centrifuged 
at 4  °C for 20  min at 12,000 × g and protein concentra-
tions were determined by a BCA Protein Assay kit (Ding-
guo, Changchun, China). Proteins were denatured at 
95 °C for 10 min, separated on a 12% SDS-PAGE gel, and 
transferred to PVDF membranes. The membranes were 
blocked in 5% (w/v) non-fat milk in TBST (10 mM Tris, 
100 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h at room 

temperature, and then incubated sequentially in primary 
and secondary antibodies each for 1 h at room tempera-
ture. Signals were developed using a Tanon-5200 chemi-
luminescence image analysis system (Tanon, Shanghai, 
China). All experiments were performed three times.

Primary antibodies included γH2AX-pS139 polyclonal 
antibody (ab11174) (Abcam, Cambridge, UK); Chk1-
pS317 (12302S) and Chk2-pT68 (2661S) (Cell Signaling, 
Danvers, MA, USA); Chk1 (bs-1681R), GAPDH (bs-
2188R), CDC25C (bs-10579R), activated caspase 3 (bsm-
33199  M), caspase 3 (bsm-52289R), CDC25C-pS216 
(bs-3096R),  cyclin B (bs-6656R), p53-pS15 (bs-3702R) 
and p53 (bs-2092R) (Bioss, Beijing, China); CDC25A 
(abs131784) and Chk2 (abs131635) (Absin Bioscience, 
Shanghai, China); 53BP1 (A300-272A) (Bethyl, Mont-
gomery, TX, USA); Phospho-CDK1 (AF5761) (Beyo-
time, Shanghai, China); RPA2 (NBP1-23017) (NOVUS, 
Shanghai, China). Secondary antibodies were goat anti-
mouse-Alexa 488 (115-545-003) and goat anti-rabbit-Cy3 
(111-165-003) (Jackson ImmunoResearch, West Grove, 
PA, USA); goat anti-mouse-HRP (bs-40296G-HRP) and 
goat anti-rabbit-HRP (bs-40295G-HRP) (Bioss).

Mouse xenograft study
Animal studies were performed in compliance with ani-
mal protocols approved by the Institutional Animal Care 
and Use Committee of Jilin University. SW1116 cells 
(2 ×  106) were inoculated subcutaneously into the flank 
of 6-week-old athymic BALB/c nude mice (Charles River, 
Boston, MA, United States). The animals were randomly 
placed in control and treatment groups (7 mice per 
group). When tumors reached about 100  mm3, the mice 
were treated once daily with 2, 5 or 10 mg/kg cinobufagin 
oral gavage (p.o.) for 3 weeks. Tumor volume was meas-
ured every day, and tumor weight was measured at the 
end of treatment. 5  μm-thick paraffin sections of heart, 
liver, and kidney tissues were stained with hematoxylin–
eosin solutions.

Statistical analysis
Statistical analyses were carried out in GraphPad Prism 
7 (GraphPad Software, San Diego, CA, USA). Compari-
sons between two groups were performed by unpaired 
two-tailed Student’s t-test, and p < 0.05 was considered 
statistically significant.

Results
Sublethal cinobufagin increases ROS levels specifically 
in cancer cells
To evaluate the in  vitro anticancer potency of cinobuf-
agin and determine the dose range for subsequent exper-
iments, we studied the  IC50 values of CBG against the 
human colorectal adenocarcinoma cell lines SW480 and 
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SW1116. After treatment with CBG for 24, 48 or 72  h, 
the  IC50 values were 103.60, 35.47 or 20.51 nM in SW480 
cells and 267.50, 60.20 or 33.19  nM in SW1116 cells 

(Fig. 1A), all were in the low nanomolar range, indicating 
that CBG was potently cytotoxic in these cancer cells.

Similar to the SW480 and SW1116 colorectal can-
cer cells, the viability of some diverse human cancer cell 

Fig. 1 Sublethal cinobufagin increases ROS levels specifically in cancer cells. A Measurement of  IC50 by MTT. SW480 and SW1116 cancer cells were 
treated by 0.9, 2.7, 8.2, 24.7, 74.0, 222.2, 666.7 or 2000.0 nM CBG for 24, 48 or 72 h.  IC50 values were derived in the Prism 7 software. B Evaluation of 
cytotoxicity by MTT. Cells were treated by 100 nM CBG for 24 h. Cell viability was shown as the percentage of vehicle control of the corresponding 
cell line. Viability of the cancer but not noncancerous cell lines was reduced by 40–50%. C Representative images of cells stained by DCFH-DA. 
Cells were treated by 100 nM CBG for 3 h. Oxidization of DCFH-DA-derived, membrane-impermeable DCFH generated highly fluorescent 
2’,7’-dichlorofluorescein (DCF). Intensity of DCF fluorescence served as a measure of cellular ROS. A prominent increase in ROS levels was induced in 
SW480 and SW1116 but not NCM460 cells, and NAC blocked the ROS increase in the cancer cells (scale bar: 25 μm). D, E Measurement of ROS levels 
by flow cytometry. Treatment by 100 nM CBG for 3 h caused a pronounced increase in ROS levels in SW480 and SW1116 but not NCM460 cells, NAC 
blocked the ROS increase in SW480 and SW1116 cells (D); significant increase in ROS levels in the cancer cells was evident 15 min after treatment 
by 100 nM CBG (E). F MTT assay. SW480 cancer cells were treated with 12.5, 25, 50 or 100 nM CBG, with or without NAC, for 24 h. NAC significantly 
reduced the cytotoxicity induced by CBG. n.s.: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001 vs vehicle control or NAC-treated group (n = 3)
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lines, including the osteosarcoma MG-63, hepatocellular 
carcinoma HepG2, melanoma M21, and two other colo-
rectal carcinoma cell lines HCT116 and SW620, was also 
reduced by 40–50% after 24 h of treatment with 100 nM 
CBG, a dose close to the  IC50 value of 24-h treatment in 
SW480 cancer cells (Fig.  1B). Similar results were also 
showed by a 5-day colony formation assay with the pan-
creatic epithelioid carcinoma PANC-1, cervical squa-
mous cell carcinoma SiHa, hepatocellular carcinoma 
HepG2, lung epithelial carcinoma A549 and adenocar-
cinoma HCC827, and the colorectal adenocarcinoma 
SW480 and SW1116 cells (Additional file 1: Figure S1A). 
Together, these results demonstrated a similar degree of 
CBG-induced cytotoxicity in a broad range of cancer cell 
types. In stark contrast, the viability of three noncancer-
ous human cell lines, including the NCM460 colon and 
BEAS-2B lung epithelial cell lines, and the L-O2 hepato-
cyte cell line, was almost not affected by the same treat-
ment (Fig. 1B, Additional file 1: Figure S1A), revealing an 
interesting difference between cancer and noncancerous 
cells towards CBG’s cytotoxicity-inducing activity.

Oncogenic transformation is associated with increased 
generation of ROS and agents that promote generation of 
additional ROS or weaken the antioxidant systems may 
push oxidative pressure to toxic levels selectively in can-
cer cells, resulting in cancer-specific oxidative toxicity. 
CBG has been shown to markedly increase ROS levels 
in cancer cells. To understand the mechanisms under-
lying the differential cytotoxicity of CBG in cancer and 
noncancerous cells, we measured cellular ROS levels by 
the oxidant-sensing probe 2’,7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA). Remarkably, a prominent 
increase in ROS levels was revealed in the SW480 and 
SW1116 colorectal cancer cells after 3  h of treatment 
by 100  nM CBG (Fig.  1C, D); in contrast, similar treat-
ments caused no change in ROS levels in the noncancer-
ous NCM460 colon epithelial cells (Fig. 1C, D). Similarly, 
a marked increase in ROS levels was induced by the same 
treatment in the lung epithelial carcinoma A549 and 
HCC827 and the hepatocarcinoma HepG2 cells but not 
in the noncancerous BEAS-2B lung epithelial cells and 
the L-O2 hepatocytes (Additional file 1: Figure S1B–C). 
Significant ROS increase in the cancer cells was evident 
as early as 15 min after 100 nM CBG treatment (Fig. 1E), 
and the ROS inhibitor N-acetyl cysteine effectively 
blocked the ROS increase in the cancer cells (Fig. 1C, D, 
Additional file 1: Figure S1B, C). Interestingly, NAC also 
significantly reduced the cytotoxicity of CBG in cancer 
cells (Fig. 1F), correlating CBG-induced cytotoxicity with 
ROS elevation. Thus, a rapid increase in ROS levels was 
induced specifically in cancer cells by a sublethal dose of 
CBG, and ROS elevation resulted in cytotoxicity selec-
tively in cancer cells.

Sublethal cinobufagin‑induced ROS overload leads 
to oxidative DNA damage
Elevated ROS can cause oxidative DNA damage that 
may lead to cell cycle arrest, premature cellular senes-
cence, or programmed cell death if the damage results 
in intense DNA damage response signaling. To inves-
tigate if activation of DDR was responsible for CBG-
induced suppression of cancer cell viability, we first 
checked whether oxidative DNA damage was resulted 
from CBG-induced ROS elevation.

One of the most common targets of ROS is the nucle-
obase guanine in both nucleic acid macromolecules 
(DNA and RNA) and the free nucleotides dGTP and 
GTP. Oxidation of guanine generates 8-oxoguanine 
(8-oxoGua) which can be revealed by labeled avidin [39]. 
Immunofluorescent staining using Alexa 488-conju-
gated avidin showed that treatment with 100  nM CBG 
for 3  h markedly increased nuclear 8-oxoGua levels in 
the SW480 cancer but not in the NCM460 noncancerous 
colon epithelial cells (Fig. 2A, B). Similarly, a significant 
increase in 8-oxoGua levels was induced in the A549 
lung epithelial and HepG2 hepatocellular carcinoma but 
not in the noncancerous BEAS-2B lung epithelial cells 
and the L-O2 hepatocytes (Additional file 2: Figure S2A), 
demonstrating the presence of CBG-induced, cancer-
specific oxidative DNA damage. NAC effectively blocked 
production of 8-oxoGua in the cancer cells (Fig.  2A, B, 
Additional file  2: Figure S2A), correlating 8-oxoG gen-
eration with CBG-induced ROS overload.

Another major form of oxidative DNA damage is sin-
gle-strand DNA breaks (SSBs) produced either directly 
through ROS-mediated oxidization or as intermediates 
of base excision repair (BER) of oxidized nucleobases. 
Double-strand DNA breaks (DSBs) may be generated 
when DNA replication forks collide with SSBs or DNA 
repair complexes during DNA replication. The alkaline 
comet assay provides a measure of total DNA strand 
breaks in single cells because alkaline treatment con-
verts all SSBs into DSBs. The results of alkaline comet 
assay showed that treatment by 100  nM CBG for 3  h 
greatly increased the number of total DNA strand 
breaks in the SW480, A549 and HepG2 cancer but not 
in the NCM460, BEAS-2B and L-O2 noncancerous 
cells, and NAC effectively blocked the generation of 
DNA breaks (Fig. 2C, D, Additional file 2: Figure S2B).

OGG1 is the glycosylase that removes 8-oxoGua and 
cut the DNA strand to generate an SSB during BER. 
Pre-incubation with OGG1 significantly increased the 
number of DNA breaks revealed by alkaline comet 
assay in the cancer cells (Fig.  2C, D, Additional file  2: 
Figure S2B), indicating the presence of a large number 
of 8-oxoGua in the cancer DNA.
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To check if DSBs were produced in CBG-treated can-
cer cells, we stained 53BP1, a protein that concentrates 
at sites of DSB to yield 53BP1 staining foci, therefore 
allowing direct visualization and measurement of DSBs. 
Immunofluorescent staining showed that 3  h of treat-
ment by 100  nM CBG markedly increased the number 
of SW480, A549 and HepG2 cancer cells with strongly 
stained nuclear 53BP1 foci (Fig. 2E, Additional file 2: Fig-
ure S2C), while no change in 53BP1 staining signal was 
evident in similarly treated NCM460, BEAS-2B and L-O2 
noncancerous cells (Fig. 2E, Additional file 2: Figure S2C). 
Increase in the number of 53BP1-positive cancer cells 
became significant 1 h after treatment by 100 nM CBG 
and continued in a time-dependent manner (Fig.  2F). 
NAC effectively blocked generation of 53BP1 foci 
(Fig.  2E-F, Additional file  2: Figure S2C). These results 
showed that some of the DNA strand breaks detected by 

the alkaline comet assay were DSBs and confirmed the 
presence of DSBs, the most toxic form of DNA damage, 
in CBG-treated cancer cells.

Together, these data demonstrated that sublethal CBG-
induced ROS elevation immediately resulted in extensive 
oxidative DNA damage, including DSBs, specifically in 
cancer cells.

Replication stress and DDR are resulted 
from cinobufagin‑induced DNA damage
Acute generation of extensive DNA damage may result 
in collision between moving DNA replication forks and 
damaged DNA or DNA repair complexes, leading to gen-
eration of DSBs and replication stress, both of which may 
activate the ATM-Chk2 or ATR-Chk1 DDR signaling 
pathway.

Fig. 2 Cinobufagin-induced ROS overload results in oxidative DNA damage. A Representative images of 8-oxoGua immunostaining (scale 
bar: 10 μm) and B Quantification of 8-oxoGua intensity in single cells. Cells were treated by 100 nM CBG for 3 h. Nuclear 8-oxoGua intensity 
was quantified by ImageJ, at least 50 cells per sample were analyzed. C Representative images of alkaline comet assay (scale bar: 25 μm) and D 
Quantification of tail moment in single cells. Cells were treated by 100 nM CBG for 3 h. Tail moment was defined as the product of tail length and 
fraction of total DNA in the tail and was quantified by the Comet Assay IV software. At least 50 cells per sample were analyzed. E Representative 
images of 53BP1 immunostaining (scale bar: 25 μm) and F Quantification of 53BP1-positive cells. Cells were treated by 100 nM CBG for 3 h (E) or for 
the indicated times (F). At least 5000 cells per treatment group were analyzed. n.s.: not significant, ***: p < 0.001, ****: p < 0.0001 vs vehicle control or 
NAC-treated group (n = 3)
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Indeed, in the SW480 and SW1116 colorectal can-
cer as well as the A549 lung and HepG2 hepatocellular 
carcinoma cells, treatment by 100  nM CBG produced 
a rapid and progressive increase in the number of cells 
with strong pan-nuclear γH2AX staining, which was 
not seen in the noncancerous NCM460, BEAS-2B and 
L-O2 cells (Fig.  3A, B, Additional file  3: Figure S3A). A 
marked increase in the levels of γH2AX was also revealed 
by Western blot analyses in the cancer but not non-
cancerous cells (Fig.  3C, Additional file  3: Figure S3B), 
indicating the presence of intense replication stress. Con-
sistently, a time-dependent increase in phospho-RPA32 
(RPA32-pS4, S8) levels was demonstrated by Western 
blot in SW480 and SW1116 colorectal cancer cells (Addi-
tional file 3: Figure S3C). Generation of γH2AX-positive 
cells and the increase in γH2AX levels in the cancer cells 
were effectively blocked by NAC (Fig. 3A, B, Additional 
file  3: Figure S3A–B), correlating CBG-induced replica-
tion stress with induction of oxidative DNA damage.

Similar to induction of replication stress, Western 
blot analyses also showed a time-dependent, significant 
increase in levels of phosphorylated Chk1 and Chk2, 
demonstrating strong activation of both ATR-Chk1 and 
ATM-Chk2 DDR signaling pathways specifically in the 
cancer but not noncancerous cells (Fig.  3C, Additional 
file 3: Figure S3B). Again, increase in phosphorylation of 
Chk1 and Chk2 in the cancer cells was reversed by NAC 
(Additional file 3: Figure S3B). The induction of increase 
in the levels of phosphorylated γH2AX, Chk1 and Chk2 
in the cancer cells by CBG was similar to that induced by 
a positive control  H2O2 (Additional file 3: Figure S3D).

Interestingly, DSBs, represented by 53BP1 foci, became 
markedly increased 1  h after CBG-treatment (Fig.  2F), 
while phosphorylation of Chk2, which is stimulated 
mainly by DSB, peaked after 3  h of CBG treatment 
(Fig. 3C), and phosphorylation of Chk1, which is stimu-
lated primarily by replication stress, became significantly 
increased after 6  h of CBG treatment (Fig.  3C). Taken 
together, these results showed that CBG-induced oxi-
dative DNA damage resulted in generation of DSBs and 
intense replication stress, which subsequently caused the 
activation of the ATM-Chk2 and ATR-Chk1 DDR signal-
ing pathways, respectively.

DDR signaling activates the  G2/M cell cycle checkpoint
DDR signaling can cause cell cycle arrest in  G1, S or 
 G2 phase via mechanisms including phosphorylation-
mediated inactivation of the phosphatase CDC25 and/
or upregulation of the p53-p21Cip1/Waf1 axis; p53 can also 
upregulate pro-apoptotic proteins to induce apoptosis. 
Cell cycle arrest and apoptosis will both result in sup-
pression of cell viability.

In the SW480 and SW1116 cancer cells, Western blot 
analyses showed that treatment by 100 nM CBG induced 
a significant, progressive decrease in the levels of cyclin 
B and conspicuous accumulation of CDK1-pT15 (Addi-
tional file  3: Figure S3C), indicating activation of the 
 G2/M cell cycle checkpoint. Consistently, treatment by 
100  nM CBG induced a time-dependent, prominent 
increase in phosphorylation of CDC25C, the key driver 
of  G2/M transition, and a corresponding decrease in the 
total protein levels of CDC25C (Fig. 4A), demonstrating 
that CDC25C was rapidly inactivated by DDR signaling 
to block  G2/M transition, i.e., to activate the  G2/M cell 
cycle checkpoint. The levels of both phosphorylated and 
total p53 proteins, as well as  p21Cip1/Waf1, were similarly 
increased in the CBG-treated SW480 and SW1116 can-
cer cells, indicating activation of the p53-p21Cip1/Waf1 axis 
(Fig. 4A), which could promote activation of the  G1, S or 
 G2/M checkpoints. 

Consistent with the results of Western blot indicat-
ing activation of the  G2/M checkpoint, flow cytometry 
analyses showed that treatment by 100 nM CBG caused 
a rapid and progressive accumulation of SW480 and 
SW1116 cancer cells in the 4n group and a fast decrease 
in the size of the 2n population (Fig. 4B, C), confirming 
the induction of  G2 arrest. The size of the 2n-4n popu-
lation showed nearly no change (Fig.  4B, C), suggest-
ing little or no induction of cell cycle arrest in S phase, 
which was consistent with the constant protein levels of 
CDC25A (Fig. 4A).

Apoptosis is induced after  G2 arrest
Cell cycle analyses by flow cytometry showed that treat-
ment by 100  nM CBG resulted in a fast and continuous 
increase in the size of the  subG1 population (cells with < 2n 
DNA), which reached ~ 33% after treatment by 100  nM 
CBG for 48  h (Fig.  4B, C), indicating a time-dependent, 
steady increase of cell death. To evaluate the modes of cell 
death, we examined the levels of cleaved caspase 3 by West-
ern blot. The results showed that the amount of activated 
caspase 3 was markedly increased after 24 h of treatment 
by 100 nM CBG and reached much higher levels after 48 h 
of treatment (Fig.  5A), suggesting significant induction 
of caspase-dependent apoptosis. CDC25C was intensely 
phosphorylated within hours of CBG treatment to imple-
ment  G2 arrest (Fig.  4A), while caspase 3 became sig-
nificantly activated after 24 h of CBG treatment (Fig. 5A), 
suggesting apoptosis was induced after  G2 arrest, likely as a 
consequence of extended  G2 arrest and DDR signaling due 
to persistent stress and/or unresolvable damage.

Consistent with the increase in caspase 3 activa-
tion, flow cytometry analyses showed that the num-
ber of Annexin V-positive SW480 and SW1116 cancer 
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Fig. 3 Cinobufagin-induced oxidative DNA damage leads to replication stress and activation of DNA damage response. A Representative images 
of γH2AX immunostaining (scale bar: 10 μm) and B Quantification of γH2AX-positive cells. Cells were treated by 100 nM CBG for the indicated 
times. At least 5000 cells per treatment group were analyzed. Treatment by 100 nM CBG induced a rapid, time-dependent increase in both the 
intensity of γH2AX staining signal and the number of γH2AX-positive cells. C Western blot. Cells were treated by 100 nM CBG for the indicated 
times. A time-dependent, rapid increase in levels of γH2AX and phosphorylated Chk1 and Chk2 was induced by CBG treatment. n.s.: not significant, 
*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 vs vehicle control or NAC-treated group (n = 3)
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cells was significantly increased by CBG treatment in a 
time-dependent manner, reaching ~ 38% after treatment 
by 100  nM CBG for 48  h (Fig.  5B, C). The pan-caspase 
inhibitor Z-VAD-FMK blocked the increase of Annexin 
V-positive cells (Fig.  5C), confirming the induction of 
caspase-dependent apoptosis by a sublethal dose of CBG.

Moreover, labeling of apoptotic cells by the TUNEL 
assay revealed that sublethal doses of CBG induced a 

marked, dose-dependent increase in TUNEL-positive 
SW480 cancer cells (Fig.  5D), and measurement of 
MMP by the JC-1 probe demonstrated a dose-depend-
ent induction of MMP dissipation (Fig.  5E). These 
results further confirmed the activation of the mito-
chondrial apoptosis pathway by sublethal doses of CBG 
in the cancer cells, following DNA damage-induced 
DDR signaling.

Fig. 4 DDR signaling activates the  G2/M checkpoint to induce  G2 arrest. A Western blot. Cells were treated by 100 nM CBG for the indicated times. 
A time-dependent, rapid increase in phosphorylation of CDC25C and p53, as well as total protein levels of p53 and  p21Cip1/Waf1, was induced. 
B, C Analysis of cell cycle by flow cytometry. Cells were treated by 100 nM CBG for 24 or 48 h. Treatment by 100 nM CBG caused a progressive 
accumulation of cells in the 4n group, a rapid decrease in the size of the 2n population and no significant change in the size of the 2n-4n 
population. The  subG1 population (cells with < 2n DNA) increased continuously. Some cells with > 4n DNA were generated during the first 24 h 
but disappeared after 48 h of treatment (B), they were excluded from quantitative measurements (C). n.s.: not significant, *: p < 0.05, **: p < 0.01, 
***: p < 0.001, ****: p < 0.0001 vs vehicle control (n = 3)
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Cinobufagin induces regression of tumor xenografts 
in vivo
To assess the clinical potential of CBG, we evaluated 
the effects of treatment with CBG on tumor xeno-
grafts. Nude mice bearing SW1116 tumor xenografts 
were treated with either PBS (vehicle control) or CBG 
(dosed once daily by oral gavage, at 2, 5 or 10 mg/kg), for 
20 days. The results showed that all three doses of CBG 
significantly inhibited the growth of the tumor, with the 
10  mg/kg dose induced substantial regression of estab-
lished tumors (Fig. 6A–C), demonstrating in vivo efficacy 
for CBG. No significant difference in body weight was 
observed between control and the drug-treated groups 
(Fig. 6D), and microscopic examination of hematoxylin–
eosin stained tissue sections of liver, heart, and kidney 
showed normal histological morphology and structure 
for all groups, suggesting that the drug was well tolerated.

Discussion
Chansu is a dried preparation of extracts from the skin 
and parotoid glands of the Asiatic toad and has long been 
used in various folk formulations to treat a number of ill-
nesses including pain, infection, inflammation and can-
cer in many Asian countries [27, 29, 30]. Cinobufacini 
(Huachansu) is the soluble form of Chansu developed 
for injection, which has been approved in China for the 
treatment of various forms of cancer [27, 28]. Both exper-
imental and clinical studies have shown that cinobufacini 
possesses significant, broad-spectrum anticancer activ-
ity with mild side-effects [31–33, 40, 41]. However, due 
to limited supply of the natural raw drug material and 
difficulties in controlling drug composition and quality, 
it is impossible to develop cinobufacini as a therapeutic 
drug for cancer treatment. The bufadienolide glycosides 
cinobufagin and bufalin have been shown to be the major 
responsible pharmacological compounds in cinobufa-
cini [29, 30, 35, 42]. As pure compounds, cinobufagin 
and bufalin have both demonstrated potent anticancer 
activity, which establishes them as promising candidates 
for developing effective anticancer drugs [35, 42]. How-
ever, they have also displayed other bioactivities includ-
ing  Na+/K+-ATPase inhibition [34], cardiotoxicity [43], 

generation of ROS [44], and inhibition of the PI3K/Akt/
mTOR [45, 46], MAPK [47], Notch [48], Wnt/β-catenin 
[49] and STAT3 [50, 51] signaling pathways. Thus, it is 
difficult to use therapeutically effective doses of cinobuf-
agin or bufalin for cancer treatment.

In this study, we showed that a sublethal dose of cin-
obufagin suppressed the viability of many cancer but not 
noncancerous cell lines. This tumor-selective cytotoxic-
ity was blocked by the ROS inhibitor NAC, suggesting 
that it was resulted from cinobufagin-induced cancer-
specific ROS toxicity. Oncogenic transformation is asso-
ciated with elevation of oxidative stress due to increased 
basal ROS output [13, 14]. Thus, cancer cells are highly 
dependent on cellular antioxidant systems to defend 
against the toxicity of increased intrinsic oxidative pres-
sure, which makes them more sensitive to additional 
oxidative insult or inhibition of antioxidant activities 
than normal cells [24, 52, 53]. Consistent with previous 
studies reporting that ROS-generating or antioxidant-
suppressing agents can push oxidative pressure to toxic 
levels selectively in cancer cells [19, 22–25], our studies 
showed that a rapid increase in cellular ROS was induced 
by sublethal cinobufagin in cancer but not noncancerous 
cells, and ROS elevation caused cancer-specific cytotox-
icity. These results suggested that the antioxidant defense 
capacity of the cancer cells was overwhelmed by suble-
thal cinobufagin-induced ROS overproduction, while 
the noncancerous cells were able to resist cinobufagin-
induced oxidative pressure to prevent ROS overload.

Cinobufagin-induced ROS increase in the cancer cells 
was followed by accumulation of 8-oxoGua. The glycosy-
lase OGG1 removes 8-oxoGua and cut the DNA strand 
to generate an SSB during BER [54]. SSBs are also pro-
duced directly through ROS-mediated oxidization [55]. 
In proliferating cells, fast moving DNA replication forks 
may collide with SSBs and DNA repair complexes to 
cause stalling and collapse of replication forks, leading to 
generation of replication stress and DSBs [56]. Indeed, we 
found that sublethal cinobufagin-induced ROS in cancer 
cells rapidly resulted in a marked increase in the num-
ber of DNA strand breaks including DSBs and produced 
intense replication stress.

(See figure on next page.)
Fig. 5 Apoptosis is induced after  G2 arrest. A Western blot. Cells were treated by 100 nM CBG for the indicated times. Levels of activated caspase 
3 were markedly increased after treatment by 100 nM CBG for 24 h. B, C Flow cytometry analysis of apoptosis. Cells were treated by 100 nM CBG 
for the indicated times. The number of Annexin V-positive cells increased dramatically after 24 h of treatment by 100 nM CBG. The pan-caspase 
inhibitor Z-VAD-FMK blocked the increase in Annexin V-positive cells. D TUNEL assay. SW480 cancer cells were treated by the indicated doses of CBG 
for 24 h. Apoptotic cells were labeled by FITC-conjugated dUTP. CBG treatment dose-dependently increased the degree of apoptosis (scale bar: 
50 μm). E Measurement of mitochondrial membrane potential. SW480 cancer cells were treated by the indicated doses of CBG for 24 h and stained 
with JC-1. The mitochondrial membrane potential probe JC-1 forms aggregate in the mitochondria of healthy cells and emits red fluorescence. Loss 
of mitochondrial membrane potential causes JC-1 to disperse into monomers and emits green fluorescence. CBG treatment dose-dependently 
increased the intensity of green fluorescence, while the intensity of red fluorescence decreased (scale bar: 25 μm). n.s.:  not significant, ***: p < 0.001, 
****: p < 0.0001 vs vehicle control (n = 3)
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Fig. 5 (See legend on previous page.)
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DSB may activate the ATM-Chk2 DDR signaling path-
way, while replication stress may result in generation of 
RPA-coated single-stranded DNA (ssDNA) which will 
activate the ATR-Chk1 DDR pathway [57, 58]. Consist-
ently, we found that both the ATM-Chk2 and ATR-Chk1 
DDR signaling pathways were strongly activated in the 
cinobufagin-treated cancer cells, immediately following 
the generation of cinobufagin-induced DSBs and repli-
cation stress. DDR signaling promotes DNA repair and 
induces cell cycle arrest to allow for replication fork sta-
bilization and restart; however, if the damage or stress is 

not resolved in time or is unresolvable, persistent or strong 
DDR signaling may activate apoptosis to eliminate the cell. 
Prolonged cell cycle arrest and apoptosis will both result in 
suppression of cell viability. Here we demonstrated that in 
the cinobufagin-treated cancer cells, the  G2/M checkpoint 
was quickly activated to induce  G2 arrest through DDR-
mediated phosphorylation of CDC25C and upregulation 
of p53 and  p21Cip1/Waf1, which was followed by induction 
of apoptosis likely through p53-upregulated expression 
of pro-apoptotic proteins. Interestingly, a recent study 
found that arenobufagin, a minor bufadienolide isolated 

Fig. 6 Cinobufagin induces regression of tumor xenografts in vivo. A A photograph of tumor mass dissected out at the time of study termination. B 
Tumor weight measured at the end of the study. C Tumor volume-time curve. D Body weight-time curve. (E) Hematoxylin-eosin-stained sections of 
liver, heart, and kidney tissues (magnification: ×400). n.s.: not significant, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 vs. vehicle control
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from Chansu, also induced apoptosis by upregulating p53 
and its downstream target Noxa [59]. Together, these data 
indicated that sublethal cinobufagin suppressed cancer cell 
viability via DDR-mediated  G2 arrest and apoptosis.

Unlike conventional DNA-damaging chemotherapies 
that target cancer and normal cells indiscriminately, 
here we showed that sublethal doses of cinobufagin were 
able to induce oxidative DNA damage and cytotoxicity 
selectively in tumor cells by exploiting a cancer vulner-
ability common to most oncogenically transformed cells. 
Within the range of the sublethal doses tested here, bufa-
dienolides showed little or no other biological activities 
at the cellular level [43, 47, 51], suggesting that clinically 
safe and effective doses of cinobufagin can be found in 
the process of downstream drug development. However, 
cancer cells may survive genotoxic attacks by upregulat-
ing DNA repair and genome maintenance functions [57, 
60]. Thus, recent years have witnessed fast development 
of novel anticancer agents that target DNA repair or 
key components of DDR, such as inhibitors of PARP1/2, 
ATR, ATM, Chk1, Chk2 and Wee1 [61–63]. Combining 
nontoxic doses of cinobufagin with these novel inhibitors 
is expected to produce synergistic lethality selectively in 
cancer cells, thereby greatly enhancing the anticancer 
efficacy while reducing side-effects of both drugs.
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Additional file 1: Figure S1. (A) Colony formation assay. The indicated 
cells were treated with PBS (control) or 100 nM CBG for 5 days. (B) Repre-
sentative images of cells stained by DCFH-DA. Cells were treated by 100 
nM CBG for 3 h (scale bar: 25 m). (C) Measurement of ROS levels by flow 
cytometry. Cells were treated by 100 nM CBG for 3 h. n.s.: not significant, *: 
p < 0.05, **: p < 0.01, ***: p < 0.001 vs vehicle control (n = 3).

Additional file 2: Figure S2. Cinobufagin-induced ROS overload 
results in oxidative DNA damage. (A) Representative images of 8-oxoG 
immunostaining (scale bar: 10 m) and quantification of 8-oxoG intensity 
in single cells. Cells were treated by 100 nM CBG for 3 h. Nuclear 8-oxoG 
intensity was quantified by ImageJ, at least 50 cells per sample were ana-
lyzed. (B) Representative images of alkaline comet assay (scale bar: 25 m) 
and quantification of tail moment in single cells. Cells were treated by 100 
nM CBG for 3 h. At least 50 cells per sample were analyzed. (C) Representa-
tive images of 53BP1 immunostaining (scale bar: 25 m) and quantification 
of 53BP1-positive cells. Cells were treated by 100 nM CBG for 3 h. At least 
5000 cells per treatment group were analyzed. n.s.: not significant, *: p < 
0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 vs vehicle control or NAC-
treated group (n = 3).

Additional file 3: Figure S3. Cinobufagin-induced oxidative DNA damage 
leads to replication stress and activation of DNA damage response. (A) 
Representative images of gH2AX immunostaining (scale bar: 10 m) and 
quantification of gH2AX-positive cells. Cells were treated by 100 nM CBG 
for 3 h. At least 5000 cells per treatment group were analyzed. (B-D) West-
ern blot. Cells were treated by 100 nM CBG for 3 h or the indicated times. 
n.s.: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001 
vs vehicle control or NAC-treated group (n = 3).
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