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Digitoxin inhibits HeLa cell growth through the induction of
G,/M cell cycle arrest and apoptosis in vitro and in vivo
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Abstract. Cervical cancer is the fourth most common gyneco-
logical malignancy affecting the health of women worldwide
and the second most common cause of cancer-related mortality
among women in developing regions. Thus, the development of
effective chemotherapeutic drugs for the treatment of cervical
cancer has become an important issue in the medical field. The
application of natural products for the prevention and treatment
of various diseases, particularly cancer, has always attracted
widespread attention. In the present study, a library of natural
products composed of 78 single compounds was screened and
it was found that digitoxin exhibited the highest cytotoxicity
against HeLa cervical cancer cells with an ICy, value of 28 nM
at 48 h. Furthermore, digitoxin exhibited extensive antitumor
activities in a variety of malignant cell lines, including the lung
cancer cell line, A549, the hepatoma cell line, MHCC97H,
and the colon cancer cell line, HCT116. Mechanistically,
digitoxin caused DNA double-stranded breaks (DSBs),
inhibited the cell cycle at the G,/M phase via the ataxia
telangiectasia mutated serine/threonine kinase (ATM)/ATM
and Rad3-related serine/threonine kinase (ATR)-checkpoint
kinase (CHK1)/checkpoint kinase 2 (CHK?2)-Cdc25C pathway
and ultimately triggered mitochondrial apoptosis, which was
characterized by the disruption of Bax/Bcl-2, the release of
cytochrome ¢ and the sequential activation of caspases and
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poly(ADP-ribose) polymerase (PARP). In addition, the in vivo
anticancer effect of digitoxin was confirmed in HeLa cell
xenotransplantation models. On the whole, the findings of the
present study demonstrate the efficacy of digitoxin against
cervical cancer in vivo and elucidate its molecular mecha-
nisms, including DSBs, cell cycle arrest and mitochondrial
apoptosis. These results will contribute to the development
of digitoxin as a chemotherapeutic agent in the treatment of
cervical cancer.

Introduction

Cervical cancer is the fourth most common gynecological
malignancy affecting the health of women worldwide, with
an estimated 570,000 new cases and 311,000 deaths in 2018.
Moreover, the incidence of cervical cancer among young
women is gradually increasing, and >85% of deaths related to
cervical cancer occur in the developing world, rendering this
type of cancer the second most common cause of cancer-related
mortality in women living in developing regions (1,2). Although
much progress has been made in the screening and preven-
tion of cervical cancer, such as vaccination, some patients
(approximately 6%) will inevitably be diagnosed with advanced,
recurrent or metastatic cervical cancer. For these patients,
chemotherapy, such as the combination of paclitaxel and cisplatin
or paclitaxel, cisplatin and bevacizumab, remains a cornerstone
of treatment (3-6). However, all these clinical chemotherapies
for cervical cancer exhibit only limited effectiveness as tumor
resistance eventually develops. Thus, the development of effec-
tive chemotherapeutic drugs for the treatment of cervical cancer
has become an important issue in the medical field.

Natural products remain an important and promising
source for the discovery of chemotherapeutic agents, such as
the antimalarial drug, artemisinin. Camptothecin (derived from
Camptotheca acuminata) and its clinical derivatives have been
mainly applied for the clinical treatment of colon, lung, ovarian,
breast, liver, pancreas and stomach cancers (7). Paclitaxel
(isolated from Taxus brevifolia) and its derivatives have been
approved for the management of metastatic breast cancer and
metastatic breast cancer (8). Furthermore, from 1981 to 2014,
approximately 49% of FDA-approved anticancer drugs were
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derived either directly from natural resources or from their
derivatives, including vinblastine and colchicine (9-14).

Digitoxin, a natural cardiac glycoside from Digitalis, has
been used in the treatment of cardiac diseases for a number of
years (15). Numerous experimental studies have demonstrated
that digitoxin exhibits significant antitumor activities in vitro
and in vivo, such as activities against renal cancer, breast cancer,
melanoma (16), lung cancer (17,18), ovarian cancer (19,20),
pancreatic cancer (21), glioma (22,23), prostate cancer (24),
liver cancer (25) and colon cancer (26). It has been reported
that the combination of digitoxin with anticancer agents leads
to synergistic effects (27-29). Mechanistic studies have revealed
that the promotion of apoptosis (21,22) and autophagy (20,30),
the inhibition of angiogenesis (31), epithelial-mesenchymal
transition (EMT) (24) and migration (19) and the suppression
of cancer cell stemness (22,23) are involved in the anticancer
effects of digitoxin. However, the anticancer effects and molec-
ular mechanisms of digitoxin against HeLa cervical cancer
cells have not yet been clearly defined.

In the present study, a library of natural compounds
composed of 78 single compounds was screened to identify
potential lead compounds with activity against cervical cancer.
Several compounds were found to be of interest, and digitoxin
was further evaluated in different malignant cell lines, including
the cervical cancer cell line, HeLa, the lung cancer cell line,
A549, the hepatoma cell line, MHCC97H, and the colon cancer
cell line, HCT116. Mechanistically, it was found that digitoxin
inhibited the proliferation of HeLa cells by blocking the cell
cycle at the G,/M phase via the ataxia telangiectasia mutated
serine/threonine kinase (ATM)/ATM and Rad3-related
serine/threonine kinase (ATR)-CHK1/checkpoint kinase 2
(CHK2)-Cdc25C pathway and triggering the activation of the
mitochondrial apoptotic pathway. Furthermore, the in vivo
anticancer effects of digitoxin were confirmed in HeLa cell
xenotransplantation models. The findings of the present study
provide support for the therapeutic potential of digitoxin in the
treatment of cervical cancer.

Materials and methods

Chemical agents and antibodies. The library of natural
compounds in listed in Table SI was obtained from Target
Molecule Corp. The purities of these compounds were >95%,
as determined by HPLC/UV analysis (data not shown).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was purchased from Guangzhou Xueyou Biotechnology
Co., Ltd. Propidium iodide (PI) and 4',6-dimidyl-2-phenyl-
indole (DAPI) were purchased from Roche Diagnostics. The
Annexin V-FITC/PI staining assay kit was obtained from
Beyotime Institute of Biotechnology. The antibodies listed
in Table SII were mainly purchased from Cell Signaling
Technology and ProteinTech Group, Inc. The BCA protein
assay kit and the enhanced chemiluminescent substrate were
purchased from Jiangsu Keegan Biotechnology Co., Ltd.

Animals and cell lines. A total of 15 female BALB/c (nu/nu)
nude mice (weighing 13-15 g, aged 4-5 weeks) were purchased
from Vital River Laboratory Animal Technology Co., Ltd.
and were used for the tumor xenograft experiments. Animals
(5 animals/cage) were maintained at 22+2°C coupled with
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55+10% humidity under a 12 h light/dark cycle with free access
to food and water. All animal experiments were conducted in
compliance with the ARRIVE guidelines and were approved
by the Experimental Animal Ethics Committee of Jinan
University (Guangzhou, China).

The human cervical cancer cell line, HelLa, the liver
cancer cell line, MHCC97H, the lung cancer cell line, A549
and the colorectal cancer cell line, HCT116, were obtained
from the Chinese Academy of Sciences Cell Bank. All
cells were cultured in Dulbecco's modified Eagle's medium
(Gibco; Thermo Fisher Scientific, Inc.) with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) and 1% (v/v)
penicillin-streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) at 37°C in an incubator with a humidified atmosphere and
5% CO,. The HeLa cell line was identified by short tandem
repeat (STR) profiling.

Measurement of cytotoxic activity. The cytotoxicity of the
78 natural products in the library against HeLa cells was
screened by MTT assay. Cell suspensions were seeded in
96-well plates containing DMEM with 10% FBS and 1% (v/v)
penicillin-streptomycin (PS) at a density of 5,000 cells per
well. The plates were incubated at 37°C (5% CO,) for 24 h, and
the medium was then replaced with fresh DMEM containing
the test compounds (0.1 M) for 72 h. The cells were then
incubated with 0.5 mg/ml MTT solution for 3 h. The purple
crystals were dissolved in dimethyl sulfoxide (DMSO), and
the absorbance of each well was measured at 570 nm using a
microplate reader (Epoch2, BioTek Instruments, Inc.).

Cell viability assay. HeLa, MHCC97H, A549 and HCT116
cells (5,000 cells/well) were plated in 96-well plates with
various concentrations of the digitoxin ranging from 4 to
1,000 nM for 24 h and 48 h and then exposed to 0.5 mg/ml
MTT for 3 h at 37°C. The formazan crystals were dissolved
in DMSO, and absorbance was measured at 570 nm on a
microplate reader (Epoch2, BioTek Instruments, Inc.). The
IC,, value was defined as the concentration of digitoxin with
which the percentage inhibition was equal to 50 and was the
mean from at least 3 independent experiments.

Cell cycle analysis. The cell cycle distribution of the HeLa
cells was analyzed by PI staining assay. In brief, cells
(200,000 cells/well) in 6-well plates were treated overnight
with various concentrations of digitoxin (0, 4, 20, or 100 nM)
for 24 h or with 20 nM digitoxin for 12, 24, or 36 h and then
fixed with pre-cooled 75% ethanol at 4°C for 24 h. Cells
were incubated with PI (0.2 mg/ml) for 15 min at 37°C in the
dark. The PI fluorescence of the cells was analyzed using an
EPICS-X flow cytometry (Beckman Coulter, Inc.), and the cell
cycle distribution was analyzed using WINMDI v2.8 software
(The Scripps Research Institute).

Apoptosis assay. A total of 5x10° cells were seeded in 6-well
plates and cultured overnight. The apoptotic rate of the cells
was determined after 48 h of digitoxin treatment using the
Annexin V-FITC/PI staining assay kit according to the manu-
facturer's instructions. Briefly, the cells were harvested and
washed in PBS. The cells were then incubated with Annexin
V for 15 min followed by PI for 5 min at 37°C in the dark, final
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analyzed in an EPICS-X flow cytometry (Beckman Coulter,
Inc.), and cell apoptosis was analyzed using WINMDI v2.8
software (The Scripps Research Institute).

yH2AX staining. Immunofluorescence assays were performed
as previously described (32). Briefly, cells (100,000 cells/dish)
were incubated with digitoxin at 37°C in a special culture dish
used for confocal microscopy (20 mm) for 24 h and then fixed
with 4% paraformaldehyde, permeabilized and blocked with
QuickBlock™ Blocking Buffer (Beyotime). The cells were
then incubated with YH2A X primary antibody (1:1,000) at 4°C
overnight. Subsequently, the cells were incubated for 2 h at
room temperature and mounted. Images were observed under
a microscope (Axio Vert. Al; Carl Zeiss AG).

Western blot analysis. Various concentrations of digitoxin (0,4,
or 20 nM) were added to the HeLa cells (2,000,000 cells/dish)
in culture dishes (100 mm) for 24 h. Cellular proteins were
then prepared, and extracts were prepared using lysis buffer
(KeyGen) according to the manufacturer's instructions. The
isolated cell lysate (40 pug) was separated by 10% SDS-PAGE
and then transferred to PVDF membranes. The membranes
were blocked with QuickBlock™ Blocking Buffer (Beyotime)
and further immunoblotted with primary antibodies directed
against ATM, ATR, CHK1, CHK2, Cdc25C, Bcl-2, cyto-
chrome c, cleaved PARP, CDK1, Cyclin Bl, Bax, caspase-3,
caspase-9, cleaved caspase-3, cleaved caspase-9, and f-actin
at a dilution of 1:1,000 overnight at 4°C. A versatile imaging
system for use with enhanced chemiluminescent substrates
was used to visualize the protein bands. The membranes were
then stripped with stripping buffer (Beyotime) and reblotted
with phosphorylation site antibodies, including p-ATM
(Ser1981), p-ATR (Ser428), p-Cdc25C (Thr48), p-CDK1
(Thr14), p-CHK2 (Thr68), p-CHKI1 (Ser286) at a dilution
of 1:1,000. The secondary antibody (1:5,000) consisting of
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG for
1 hour at room temperature. All the bands were visualized
using enhanced chemiluminescence reagents (Millipore).
ImageJ and GraphPad Prism v5.0 software were to measure
the gray values and quantify the data of the bands.

Xenograft assay in nude mice. A sample of 5,000,000 HeLa
cells was subcutaneously injected into the right flank of each
mouse. When a tumor size of approximately 300 mm?® was
reached, the animals were randomly divided into 3 treat-
ment groups (n=5). The vehicle group was intravenously
administered 5% HS15 in saline. The digitoxin-treated groups
were intraperitoneally administered digitoxin (dissolved in
5% HS15 in saline) at doses of 1 and 2 mg/kg. Tumor sizes
were assessed every 2 days using calipers. Tumor volume was
calculated using the following formula: V =0.5 x a x b?, where
‘a’ refers to the longer diameter and ‘b’ refers to the shorter
diameter of the tumor. The treatment was terminated on day 19
as the size of one tumor was almost 2 cm in diameter. Animals
were anesthetized with 1.5% isoflurane and then sacrificed by
CO, inhalation. The flow rate of CO, in the euthanasia system
displaced 30% of the cage volume/min. Tumors and hearts were
collected, weighed and fixed in 4% paraformaldehyde. The
tumor and heart tissues were further examined by hematoxylin
and eosin (H&E) staining and immunohistochemistry (IHC).
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Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay. Sections were permea-
bilized with proteinase K (Servicebio) working solution
(20 pg/mL) for 25 min at 37°C. After washing 3 times with
PBS (pH 7.4) in a Rocker device (Servicebio), terminal deoxy-
nucleotidyl transferase (TdT) and dUTP (Roche Diagnostics)
were added to the sections followed by incubation at 37°C
for 2 h. The reaction was then stopped and followed by
colorization with DAPI (Servicebio) for 10 min, kept in dark.
Coverslips were subsequently mounted on glass slides with
anti-fade mounting medium (Servicebio). Finally, the sections
were analyzed under a light microscope (ECLIPSE C1, Nikon)
and photographs of the sections were obtained. The number of
TUNEL-positive cells were counted by an investigator who
was blinded to the experimental design using Image-Pro Plus
v6.0 software.

H&E staining and IHC. Tumor xenografts were fixed and
then embedded in paraffin. Sections were cut at a thickness of
5 ym and mounted on glass slides. For histological examina-
tion, the sections were stained with H&E (Servicebio) 3 min
at room temperature. To analyze apoptotic cells, the sections
were examined using an in situ cell death detection kit (Roche
Diagnostics) and antibodies against cleaved caspase-3 (1:1,000)
over 24 h at 4°C. To determine the proliferative index, the
sections were incubated with a Ki-67 antibody (Cell Signaling
Technology) (1:1,000) over 24 h at 4°C. The stained sections
in the present study were examined by a pathologist who was
blinded to the treatment conditions. Images were acquired
using an Olympus DP2-SAL microscope. Apoptosis (%) and
the proliferative index (%) were analyzed using Image-Pro
Plus v6.0 software.

Statistical analysis. Each experiment was performed at least
3 times, and the in vitro data are presented as the means + SD
and the in vivo data are presented as the means + SEM.
Statistical comparisons between groups were determined by
one-way analysis of variance followed by a Tukey's post hoc test
to determine the significant differences of means in multiple
groups (n>2) comparisons using GraphPad Prism v5.0. P<0.05
was considered to indicate a statistically significant difference.

Results

Digitoxin is identified from the 78 natural products in the
library screened against human cancer cells in vitro. The
inhibitory effects of 78 natural compounds were tested in
human cervical cancer HeLa cells by MTT assay. Based on
the extensive literature published by researchers in combina-
tion with our own research experience, the concentration
of 0.1 uM of the test compounds was selected (33-35). The
results are expressed as cell growth inhibition and, as shown
in Fig. 1A, the majority of the compounds exhibited no cyto-
toxicity towards HeLa cells; however, docetaxel trihydrate
(no. 55), colchicine (no. 64), berberine hydrochloride (no. 32)
and doxorubicin hydrochloride (no. 69) significantly inhibited
the proliferation of HeLa cells, and the cell growth inhibition
rate was 60-80% at a concentration of 0.1 yM. Importantly,
digitoxin (no. 63; chemical structure shown in Fig. 1B) was
identified as the most cytotoxic compound in HeLa cells.
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Figure 1. Identification of digitoxin from the 78 natural products in the library screened against human cancer cells in vitro. (A) In vitro cytotoxicity of
digitoxin in HeLa cells. The inhibitory effects of 78 natural compounds (0.1 #M) on HeLa cells were determined by MTT assay following treatment with
digitoxin. (B) Chemical structure of digitoxin. (C) Digitoxin inhibited the cell proliferation of 4 types of cancer cells in a dose- and time-dependent manner.
Each column represents the mean + SD (n=3). Data are shown as the means + SD of 3 replicates. "P<0.01 vs. control.

Subsequently, the growth inhibition curves of digitoxin were
further examined in several types of malignant cells, including
MHCC97H, A549, HCT116 and HeLa cells. As shown in
Fig. 1C, digitoxin potently decreased the viability of these cancer
cells in a dose- and time-dependent manner, with the ICs, values
ranging from 0.075 to 0.395 uM following digitoxin treatment
for 24 h and from 0.028 to 0.077 uM following digitoxin
treatment for 48 h. When comparing the IC, values, the HeLa
and A549 cells exhibited a greater sensitivity to digitoxin than

the other cell lines, HCT116 and MHCC97H. These results
indicate that digitoxin has a broad spectrum of antitumor effects
in vitro. The HeLa cell line was selected for the investigation of
the anticancer mechanism of digitoxin, since it has the highest
sensitivity towards this natural compound.

Digitoxin disrupts the cell cycle. To investigate whether
digitoxin disrupts the cell cycle, the DNA content of the
digitoxin-treated cells was analyzed. The cell population
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Figure 2. Digitoxin disrupts the cell cycle. (A) Digitoxin increased the cell population in the G,/M phase. After treatment with or without digitoxin (20 nM)
for 24,36 and 48 h, the cell cycle distribution was measured by PI staining assay. Representative images are shown. (B) Quantification of the cell population
in the G,/M phase. Each column represents the mean = SD (n=3). “P<0.01, ""P<0.001 vs. the control group. (C) Digitoxin inhibited CDK1 and Cyclin BI.
HeLa cells were treated with or without digitoxin (4 and 20 nM) for 24 h, and the levels of CDK1, cyclin Bl and p-CDKI1 (Thrl4) were evaluated by western
blot analysis. B-actin was used as the loading control. (D) Quantitative data of the relative protein expression are shown as the means + SD (n=3). “P<0.01,

“"P<0.001 vs. the control group.

in the G,/M phase increased from 16.27 to 18.36, 23.46 and
31.51% in the presence of digitoxin (20 nM) for 12, 24 and
36 h, respectively (data presented in the text are the average
of 3 experiments). Moreover, when the cells were exposed to
digitoxin at concentrations of 4, 20 and 100 nM for 24 h, the
cell population in the G,/M phase markedly increased from
16.27 to 28.07% (data presented in the text are the average of
3 experiments; Fig. 2A and B). In animal cells, the G,/M transi-
tion is regulated by the activity of CDK1, which is regulated
by phosphorylation, and the concentration of cyclin B (36). In
the present study, to further reveal the molecular mechanisms
responsible for digitoxin-induced G,/M arrest, the levels of
these two key regulators, CDK1 and cyclin B1, were examined.
As shown in Fig. 2C and D, digitoxin significantly decreased
the protein expression levels of total CDK1 and phosphorylated

CDKI1 (p-CDKI1 Thrl4). Digitoxin treatment led to a marked
accumulation of the cyclin Bl protein, further suggesting that
HeLa cells treated with digitoxin are mainly blocked at the
G,/M phase.

Digitoxin induces G,/M phase arrest via the activation of
the ATM pathway. It is well known that DNA damage may
be responsible for G,/M cell cycle arrest (37). In the present
study, to investigate whether the digitoxin-induced cell
cycle arrest at the G,/M phase was related to DNA lesions,
an immunofluorescence staining assay was performed to
measure the expression level of p-yH2AX, a marker of DNA
double-stranded breaks (DSBs) (38). The results revealed
the accumulation of YH2AX (Fig. 3A and B). ATM and
ATR are activated by phosphorylation following DNA
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Figure 3. Digitoxin-induced G,/M phase arrest via the ATM pathway. (A) Immunofluorescence of YH2AX. HeLa cells were treated with digitoxin (4, 20,
or 100 nM) or not for 24 h. yYH2AX-positive cells were identified by immunofluorescence staining. Images were obtained at X200 magnification (scale bar,

100 xm). (B) Quantitative data of the YH2AX fluorescence intensities. Data are expressed as the means + SD (n=3). "

“P<0.01, "“P<0.001 vs. the control group.

(C) Digitoxin activated the ATM signaling pathway. The expression levels of ATM, p-ATM (Ser1981), ATR, p-ATR (Ser428), CHK1, p-CHK1 (Ser286),
CHK2, p-CHK?2 (Thr68), Cdc25C and p-Cdc25C (Thr48) were examined by western blot analysis. $-actin served as the reference protein. (D) Quantitative
data of the relative protein expression are illustrated as the means + SD (n=3). "P<0.05, “P<0.01, ""P<0.001 vs. the control group.

damage, and phosphorylated ATM and ATR block the cell
cycle partly through the activation of the checkpoint kinases
CHKI1 and CHK?2. Active CHK1 and CHK?2 then decrease
Cdc25C activity, which prevents the dephosphorylation of
CDK1 (Tyrl5 and Thrl4) to maintain the CDK1-Cyclin Bl
complex in an inactive state (37,39-41). In the present study,
as shown in Fig. 3C and D, the levels of p-ATM (Ser1981),

p-ATR (Ser428), p-CHK1 (Ser286) and p-CHK?2 (Thr68)
were significantly upregulated in the digitoxin-treated cells.
The level of phosphorylated Cdc25C was decreased in the
digitoxin-treated HeLa cells. Collectively, these results
demonstrated that digitoxin caused DNA damage to block the
cell cycle at the G,/M phase by triggering the activation of the
ATM/ATR-CHK1/CHK?2-Cdc25C signaling pathway.
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Figure 4. Digitoxin activates mitochondrial apoptosis. (A) Digitoxin induced apoptosis of HeLa cells. Cells were harvested and assayed by Annexin V-FITC/
PI staining assay. Representative images show a concentration-dependent effect of digitoxin. (B) Quantitative data of digitoxin-induced apoptosis. Data are
expressed as the means = SD (n=3). “P<0.05 vs. the control group. (C) Digitoxin disrupted the interaction between Bax and Bcl-2 and released cytochrome c.
The expression levels of Bax, Bcl-2 and cytochrome ¢ were evaluated by western blot analysis. 3-actin served as the reference protein. (D) Quantitative data of

relative protein expression are shown as the means + SD (n=3). "P<0.05,

P<0.001 vs. the control group. (E) Digitoxin facilitates the activation of caspase-3,

caspase-9 and PARP. The expression of caspase-9, caspase-3, cleaved caspase-9, cleaved caspase-3 and cleaved PARP was detected. 3-actin was used as the
loading control. (F) Quantitative data of the relative protein expression are shown as the means + SD (n=3). "P<0.05, “P<0.01, “"P<0.001 vs. the control group.

Digitoxin activates mitochondrial apoptosis. To determine
whether digitoxin induces cell apoptosis, an Annexin V-FITC/PI
double staining assay was performed. HeLa cells were treated
with increasing concentrations of digitoxin (20, 100 and 500 nM)
for 48 h. The apoptotic ratio of HeLa cells increased by approxi-
mately 2-fold from 8.95 to 23.77% at 48 h (data in the text are the
average of 3 experiments; Fig. 4A and B). To investigate whether
digitoxin-induced apoptosis is mediated by the mitochondrial
pathway, the changes in the levels of Bax/Bcl-2 were analyzed.
As was expected, Bax expression was upregulated and Bcl-2

expression was almost unaltered in the digitoxin-treated cells
(Fig. 4C and D). Moreover, it was found that the expression of
cytochrome ¢ was significantly increased in the digitoxin-treated
cells (Fig. 4C and D). In addition, the caspase signaling pathway
was activated, which was characterized by the downregulation
of caspase-9 and caspase-3, and the upregulation of cleaved
caspase-9, cleaved Caspase-3 and cleaved poly(ADP-ribose)
polymerase (PARP) (Fig. 4E and F). Taken together, these results
indicated that digitoxin triggered the activation of the mitochon-
drial apoptotic pathway in HeLa cells.
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Figure 5. Anticancer effect of digitoxin in vivo. (A) Growth curves of subcutaneous xenografts of HeLa cells. Nude mice were randomized into 3 groups
(n=5) and intraperitoneally injected with digitoxin (1 or 2 mg/kg) each day for a period of 19 days. Tumor volume was recorded every 2 days. The tumor
volume (mm?®) of the HeLa xenografts is shown as the mean = SEM. “P<0.01, ““P<0.001 vs. the group without digitoxin treatment [control (CTL)].
(B) Representative images of HeLa-derived tumor xenografts (n=5). (C) Tumor weight of HeLa xenografts (n=5). "P<0.05 vs. the group without digitoxin treat-
ment. (D and E) Immunohistochemistry was conducted with a TUNEL staining kit, anti-cleaved caspase-3 and anti-Ki-67 antibodies. Representative images are
shown. Images were obtained at magnification, x200 (scale bar, 100 gm). (F) Quantification of TUNEL (%), cleaved caspase-3 and Ki-67 staining was calculated
using Image-Pro Plus v6.0 software. Each column represents the mean + SEM (n=5). “P<0.01, “"P<0.001 vs. the 5% Solutol-HS15 control. (G) Representative
images of morphological changes in the myocardium. Heart tissues were observed by H&E staining. Original magnification, x20; scale bar, 100 ym.

Anticancer effects of digitoxin in vivo. The antitumor effects of
digitoxin were examined in nude mice harboring HeLLa tumor
xenografts. As shown in Fig. SA and B, the tumor volume
in the vehicle control group increased from 344.78+39.25 to
1054.18+414.04 mm?®, while the tumor volume in the digi-
toxin-treated group (2 mg/kg) increased from 330.71+45.61 to
214.56.93+73.25 mm?, demonstrating that digitoxin treatment
exerted a tumor-suppressive effect. The tumor weight of the
digitoxin-treated group was much lower than that of the control
group, with an inhibitory rate of approximately 80% (Fig. 5C).
Compared with those in the vehicle group, TUNEL-positive
cells were observed approximately 3-fold more clearly in the
tumors in the digitoxin-treated groups (Fig. 5D). To further
confirm whether digitoxin exerts its anticancer effects in vivo
by activating the caspase pathway, the protein levels of cleaved
caspase-3 were detected in tumor tissues. As was expected,
cleaved caspase-3 was strongly increased (Fig. S5E and F). In
addition, Ki-67 staining was used to examine the effects of

digitoxin on tumor proliferation, and the results demonstrated
that the number of Ki-67-positive cells were reduced by >50%
in the digitoxin-treated groups compared with the control
group (Fig. 5F). Of note, compared with the control group,
digitoxin treatment did not lead to a reduction in body weight at
the end of treatment (Fig. S1), and mice in the digitoxin group
did not exhibit any abnormalities in food intake or behavior,
suggesting that digitoxin may exhibit low or no toxicity at the
doses used in the present study. Furthermore, pathological
analysis of the heart demonstrated that there were no apparent
changes in the digitoxin-treated tumor-bearing mice (Fig. 5G).

In summary, a library of 78 natural products was screened,
and digitoxin exhibited the highest cytotoxicity against cervical
cancer HeLa cells. Mechanistically, digitoxin caused DNA
DSBs and then blocked the cell cycle at the G,/M phase via the
ATM/ATR-CHK1/CHK2-Cdc25C pathway. In addition, the
accumulation of cytochrome c caused by the digitoxin-induced
activation of caspase-9 and caspase-3, ultimately triggered the
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Figure 6. Digitoxin inhibited HeLa cell growth through G,/M arrest and apoptosis. A library of 78 natural products was screened, and digitoxin exhibited the
highest cytotoxicity against cervical cancer HeLa cells. Mechanistically, digitoxin caused DNA double-stranded breaks and then blocked the cell cycle at the
G,/M phase via the ATM/ATR-CHK1/CHK2-Cdc25C pathway. In addition, the accumulation of cytochrome ¢ caused by the digitoxin-induced activation of
caspase-9 and caspase-3, ultimately triggered mitochondrial apoptosis of HeLa cells. Moreover, the in vivo anticancer effects of digitoxin were confirmed in
HeLa cell xenotransplantation models. These data indicate that digitoxin is an effective therapeutic agent for cervical cancer.

mitochondrial apoptosis of HeLa cells (Fig. 6). Moreover, the
in vivo anticancer effects of digitoxin were confirmed in HeLa
cell xenotransplantation models. These data indicate that digi-
toxin is an effective therapeutic agent for cervical cancer.

Discussion

Traditionally, natural products, such as colchicine, doxorubicin
hydrochloride, vinblastine (VBL) and paclitaxel (Taxol®), have
been one of the primary sources of drug discovery in the field
of cancer research and are among the most effective cancer
chemotherapeutics that are currently available (42-44). In
previously published data, the ICs, values of colchicine and
doxorubicin hydrochloride against HeLa cells were shown to
be 1.08 and 0.374 uM (45,46), respectively. In the present study,
digitoxin displayed potent antiproliferative activity with an ICs,
value of 0.028 uM. According to these data, digitoxin appears
to have at least as much antitumor activity as colchicine and
doxorubicin hydrochloride against HeLa cells in vitro. Of note,
Hosseini et al reported that digitoxin exerted cytotoxic effects
against HeLa cells with an IC, value of 5.62 yg/ml (47), which
is different from the value observed in the present study. There
may be several reasons for this difference, including the cell
culture conditions, the experimental details of the cell viability
assay, and the storage concentration of digitoxin.

In detail, it was found that digitoxin induced DSBs
and then triggered the DNA damage response ATM/ATR-

CHK1/CHK2-Cdc25C pathway in human cervical cancer HeLa
cells. It has been reported that a number of small molecules
can arrest the cell cycle at the G,/S or S phase to prevent incor-
rect DNA replication or at the G,/M phase to prevent entry into
mitosis with damaged DNA (48). The present study found that
digitoxin impeded cell cycle progression at the G,/M phase,
suggesting that digitoxin may not block DNA replication,
but instead induce DNA damage. The DNA damage factors,
phosphorylated ATM, ATR and YH2AX, accumulate upon the
activation of DNA damage checkpoints (49,50), as observed
in the present study. CHK?2 is phosphorylated by ATM (39),
and CHKI1 is activated by the ATR-dependent phosphoryla-
tion (40). Activated CHK?2 and CHK1 inactive Cdc25C to
maintain the CDK1-Cyclin Bl complex in an inactivate state
in the G, phase, thereby inhibiting the G,/M transition (41). In
the present study, the CHK1 and CHK?2 kinases were activated,
and the levels of the Cdc25C phosphatase were downregulated.
Overall, these data demonstrated that digitoxin induced DNA
damage and ultimately led to G,/M cell cycle arrest via the
ATM/ATR-CHK1/CHK2-Cdc25C pathway in HeLa cells.

It has been reported that digitoxin blocks the cell cycle at
the G,/M phase by decreasing the expression of both cyclin Bl
and CDK1 in NCI-H460 and H1975 lung cancer cells (17,51).
Accordingly, the present study also found that digitoxin signif-
icantly decreased the protein expression levels of total CDK1
and phosphorylated (p-CDK1 Thrl4). However, digitoxin
treatment led to a marked accumulation of cyclin Bl protein in
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HeLa cells. This evidence indicates that the molecular mecha-
nisms through which digitoxin modulates the cell cycle may be
context-dependent. In eukaryotic cells, the expression of cyclin
Bl is very low in the G, phase, is synthesized and significantly
increased in the S phase, and peaks at the late G, phase and
early mitosis. When cells enter late mitosis, the expression
of cyclin Bl is significantly decreased (52-56). In the present
study, the cell population in the G,/M phase was increased in
the presence of digitoxin, suggesting that digitoxin consistently
triggered G,/M phase arrest, and the accumulation of cyclin
Bl protein in digitoxin-treated HeLa cells further suggested
that digitoxin led to G,/M arrest. Nevertheless, the reasons for
this differential effect of digitoxin are complex and warrant
further investigation in the future.

Digitoxin, as a Na*/K*-ATPase inhibitor, is widely applied
in the clinical management of heart diseases, such as congestive
heart failure and cardiac arrhythmias (57). It should be noted
that digitoxin may cause cardiac side-effects. It has been demon-
strated that digitoxin leads to poisoning at serum concentrations
of 108-205 ng/ml (approximately 140-270 nM) (15,58). Other
studies have reported that digitoxin exerts anticancer effects at
concentrations ranging from 20 to 33 nM, and no notable toxicity
has been observed in cardiac patients (16,59). As previously
demonstrated, the growth of tumors was attenuated effectively
in mice bearing M214 melanomas after 27 days digitoxin treat-
ment and no cardiac side-effects were observed (60). In the
present study, it was found that digitoxin exhibited cytotoxicity
in HeLa cells with an ICs, value of approximately 28 nM and
the mechanism involved was digitoxin-induced G,/M phase cell
cycle arrest at concentrations of 4 and 20 nM. In vivo, compared
with the control treatment, digitoxin treatment did not lead to a
reduction in body weight at the end of treatment, and mice in the
digitoxin group did not exhibit any abnormalities in food intake or
behavior, and heart pathological analysis demonstrated that there
were no apparent changes in digitoxin-treated tumor-bearing
mice. Combining the results from others laboratories with the
current experimental data, it is suggested that digitoxin does
not cause cardiac side-effects at the concentration used in the
present study. Furthermore, digitoxin has been demonstrated to
exert a notable killing effect on HeLa cells (ICs, = 5.62 ug/ml),
but to cause almost no damage to normal human lymphocyte
cells (ICs, = 412.94 ug/ml) (47). Previous studies have proven
that the cardiac glycosides are generally more toxic to cancer
cells than normal peripheral blood mononuclear cells (34,61,62).
Thus, digitoxin has few adverse side-effects on normal human
cells at the concentration used in the present study. However,
prospective clinical trials need to be performed to determine
whether digitoxin is useful as an anticancer agent.

Several trials related to the use of digitoxin in combination
with other anticancer agents are currently reported. For example,
the combination of digitoxin with standard chemotherapeutic
agents in clinical practice, such as 5-fluorouracil, cisplatin and
oxaliplatin, has additive effects against colon cancer HT-29 and
HCT116 cells (63). Digitoxin and its synthetic analog, MonoD,
exert potent anti-proliferative effects at clinically relevant
concentrations in serum-starved conditions, while paclitaxel,
hydroxyurea and colchicine were only active in lung cancer
cells growing in routine culture conditions. Furthermore,
digitoxin and its analog have been shown to potentiate the
effects of hydroxyurea or paclitaxel (64). These data indicate
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that digitoxin has potential clinical applications in translational
oncology particularly in combination with other drugs.

In conclusion, the present study screened a library of
natural compounds composed of 78 single compounds to iden-
tify potential lead compounds with activity against cervical
cancer, and digitoxin exhibited the highest cytotoxicity in
the different malignant cell lines. Mechanistically, digitoxin
causes DNA DSBs, blocks the cell cycle at the G,/M phase via
the ATM/ATR-CHK1/CHK?2-Cdc25C pathway, and ultimately
triggers mitochondrial apoptosis. Furthermore, the in vivo
anticancer effects of digitoxin were confirmed in HeLa cell
xenotransplantation models. These results shed new light on
the mechanisms of digitoxin-induced cell cycle arrest, which
is valuable for the further study of the application of digitoxin
to anticancer chemotherapy in clinical practice.
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