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Abstract. Cervical cancer is one of the leading causes of 
cancer‑associated mortality in gynecological diseases and 
ranks third among female cancers worldwide. Although early 
detection and vaccination have reduced incidence rates, cancer 
recurrence and metastasis lead to high mortality due to the lack 
of effective medicines. The present study aimed to identify 
novel drug candidates to treat cervical cancer. In the present 
study, lanatoside C, an FDA‑approved cardiac glycoside used 
for the treatment of heart failure, was demonstrated to have 
anti‑proliferative and cytotoxic effects on cervical cancer cells, 
with abrogation of cell migration in a dose‑dependent manner. 
Lanatoside C also triggered cell apoptosis by enhancing reac‑
tive oxygen species production and reducing the mitochondrial 
membrane potential, which induced cell cycle arrest at the 
S and G2/M phases. Furthermore, lanatoside C inhibited the 
phosphorylation of Janus kinase 2 (JAK2) and signal trans‑
ducer and activator of transcription 6 (STAT6), while inducing 
the expression of suppressor of cytokine signaling 2, a nega‑
tive regulator of JAK2‑STAT6 signaling. Taken together, the 
results of the present study suggest that lanatoside C suppresses 
cell proliferation and induces cell apoptosis by inhibiting 
JAK2‑STAT6 signaling, indicating that lanatoside  C is a 
promising agent for the treatment of cervical cancer.

Introduction

Cervical cancer is the most frequently occurring malignancy 
worldwide, ranking third in terms of cancer mortality in gyne‑
cological tumors (1). It has an estimated incidence of >560,000 
in women and >311,000 mortalities are reported annually 
worldwide  (2,3). Although screening and prevention with 
human papilloma virus (HPV) vaccines have significantly 
contributed to lower incidence rates of cervical cancer, clinical 
prognosis remains diverse and unpredictable (4). In developing 
countries, >70% of cervical cancer cases are metastatic or inva‑
sive, resulting in high mortality rates (5,6). Systemic first‑line 
treatment with chemotherapy significantly prolongs the 5‑year 
overall survival rate; however, lack of effective and alternative 
therapy is still a major cause of cervical cancer‑associated 
mortality (7,8). Thus, it is important to develop novel drug 
candidates to treat cervical cancer. 

Resistance to cell death and enhancement of cell prolifera‑
tion are hallmarks of cancer (9). Thus, induction of apoptosis by 
chemotherapy or radiotherapy is widely used to treat cervical 
cancer (10‑12), which is usually dependent on intrinsic apop‑
totic signaling pathways that are mitochondrial‑associated 
and predominantly take place in the mitochondria (13). At 
the molecular level, pro‑apoptotic and anti‑apoptotic signals 
in the mitochondria maintain a balance for homeostasis (14). 
Once the cell is exposed to stimuli, such as oxidative stress 
or UV damage, disruption of this balance occurs, with 
cytochrome C released from mitochondria to the cytoplasm, 
leading to the activation of caspase cascades, which cleave 
proteins, such as caspase‑9, caspase‑3 and poly‑ADP ribose 
polymerase (PARP) (15). Similarly, cell cycle arrest limits 
the sustained proliferation of cancer cells: Cell cycle regu‑
lators, such as p21 and cyclin B1, which play diverse roles 
in mediating cycle progression (16). The expression of p21 
is associated with the obstruction of G1/S progression via 
cyclin‑dependent kinase  (17). Conversely, cyclin B1 is an 
essential molecule for controlling the cell cycle by initiating 
mitosis (18). However, the role of p21 and cyclin B1 in G2/M 
cycle progression remains controversial, given that different 
findings have reported opposite results of these two proteins 
in G2/M cycle inhibition (19).
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Janus kinase (JAK)/signal transducer and activator 
of transcription (STAT) signaling is involved in various 
cellular functions, including cell proliferation, differentia‑
tion and inflammation, and has been implicated in several 
diseases, such as immune dysregulation and cancer (20‑23). 
Specific combinations of JAKs (JAK1, 2, 3, and Tyk2) and 
STAT (STAT1, 2, 3, 4, 5A, 5B  and  6) isoforms possess 
different abilities to transduce cell signaling  (24). For 
example, activation of JAK3/STAT6 signaling contributes 
to the progression of renal fibrosis, while higher expression 
and activity of JAK2/STAT6 are associated with Hodgkin 
lymphoma  (25,26). The suppressor of cytokine signaling 
(SOCS) family (SOCS1‑7 and CIS) serves as a negative 
regulator in controlling the activity and degradation of 
JAKs  (25). SOCS expression is downregulated in human 
breast cancer  (27). Thus, the potential role of JAK/STAT 
signaling and SOCS family in cancer progression has 
provoked considerable interest in identifying novel inhibitors 
targeting JAK/STAT signaling in cancer treatment.

Lanatoside C is an FDA‑approved cardiac glycoside that 
is widely used for treating arrhythmias and heart failure due 
to its ability to arrest Na+ and K+ interchange across cell 
membranes  (28). Lanatoside C has recently been reported 
to possess several other advantages in treating dengue virus 
infection  (29), pulmonary fibrosis  (30) and cancer  (28). 
Lanatoside  C exerts its anti‑proliferative effect in gastric 
cancer in vitro (26) and liver cancer in vivo (31); however, the 
effect and molecular mechanism of lanatoside C in cervical 
cancer remain unknown.

In the present study, the anti‑proliferative effect of 
lanatoside  C on human cervical cancer HeLa cells was 
evaluated. The results demonstrated that Lanatoside  C 
promoted cell apoptosis and induced cell cycle arrest at 
the G2/M phase, which was closely associated with down‑
regulation of JAK2/STAT6 signaling, and increased SOCS2 
expression. The present study provides novel insight on the 
molecular mechanism of lanatoside C in cervical cancer, 
which suggests that lanatoside C is a potential chemotherapy 
candidate for cervical treatment.

Materials and methods

Cell lines and culture. HeLa and BEAS‑2B cells were 
purchased from the Cell Bank of Type Culture Collection of 
the Chinese Academy of Sciences. Cells were maintained in 
RPMI‑1640 medium (Thermo Fisher Scientific, Inc.) supple‑
mented with 10% (v/v) fetal bovine serum (FBS) (Thermo 
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml 
streptomycin (both purchased from Thermo Fisher Scientific, 
Inc.), at 37˚C with 5% CO2.

Reagents and antibodies. Lanatoside  C was purchased 
from Sigma‑Aldrich; Merck KGaA, dissolved in DMSO 
and stored as stock, at a final concentration of 100 mM at 
‑20˚C. A crystal violet stain kit was purchased from Nanjing 
Jiancheng Bioengineering Institute. The MMP assay kit 
with JC‑1, the reactive oxygen species (ROS) assay kit, Cell 
Counting Kit‑8 (CCK‑8) assay, PBS and loading buffer (1X) 
were purchased from Beyotime Institute of Biotechnology. 
DMSO, crystal violet, propidium iodide (PI), JAK inhibitor 

I and RNase were purchased from Sigma‑Aldrich; Merck 
KGaA. The Annexin V‑FITC/PI apoptosis detection 
kit was purchased from MultiSciences Biotech Co. Ltd 
(https://www.multisciences.net/). Primary antibodies 
against cleaved caspase‑9 (9505), cleaved caspase‑3 
(9664), cleaved PARP (9548), cyclin B1 (12231), p21(2947), 
phosphorylation‑JAK2 (3771), total‑JAK2 (3230), phosphor‑
ylation‑STAT6 (56554), total‑STAT6 (5397), SOCS2 (2779) 
and β‑actin (3700) were purchased from Cell Signaling 
Technology, Inc. The dilution concentration of primary 
antibody was 1:1,000. The secondary antibodies (Goat 
anti‑Mouse IgG; cat. no. 115‑005‑003 and Goat anti‑Rabbit 
IgG; cat. no. 111‑005‑003) were purchased from Jackson 
ImmunoResearch Laboratories, Inc. The dilution concen‑
tration of secondary antibody was 1:5,000. Methanol and 
ethanol were purchased from Sinopharm Chemical Reagent 
Co., Ltd. The BCA protein Assay kit was purchased from 
Beyotime Institute of Biotechnology.

Colony formation assay. The colony formation assay 
was performed to assess the effect of lanatoside  C on 
cell proliferation. Briefly, HeLa cells were seeded into 
6‑well plates at a density of 500 cells/well. Due to the high 
sensitivity of the colony formation assay for unicellular 
proliferation (32), the doses of lan atoside C in this experiment 
were 0, 50, 100 and 500 nM. Cells were treated with different 
concentrations of lanatoside C. After 10 days, the culture 
medium was discarded and cells were fixed in methanol for 
20 min, followed by staining with 0.5% crystal violet solution 
at roomtemprature. Cells were rinsed with water and dried at 
room temperature. The number of cell colonies were manually 
counted.

Cell viability assay. The cytotoxic effect of lanatoside  C 
on HeLa cells was assessed via the CCK‑8 assay. HeLa 
cells were seeded into 96‑well culture plates at a density of 
5,000 cells/well and incubated overnight at 37˚C. Cells were 
subsequently incubated with different concentrations of 
lanatoside C (0, 0.1, 0.5, 1, 2.5, 5 and 10 µM or lanatoside C 
(2.5 µM) plus IL‑4 (10 ng/ml) for 24 h. Following incubation, 
10 µl CCK‑8 solution was added to each well for 2 h at 37˚C 
and the absorbance was measured at a wavelength of 450 nm, 
using a microplate reader (Thermo Fisher Scientific, Inc.).

Cell migration assay. The effect of lanatoside C on HeLa cell 
migration was assessed via the wound healing and Transwell 
assays. For the wound healing assay, HeLa cells were seeded 
into 12‑well plates at a density of 5x105 cells/well, cultured 
overnight and replaced with serum‑free medium to mini‑
mize cell proliferation. Sterilized 200 µl pipette tips were 
subsequently used to scratch the wounds and cells were 
washed with PBS. Fresh culture medium was subsequently 
added, along with different concentrations of lanatoside C 
(0, 0.25, 0.5 and 1 µM) for 24 h. A light microscope was used 
to observe the changes in the scratch area (x200). 

For the Transwell assay, Transwell chambers with 
8 µm pores (Corning, Inc.) were used. Briefly, HeLa cells 
(2x105 cells/well) were pretreated with different concentrations 
of lanatoside C and plated into upper chambers with 8‑µm 
pores without FBS, while the lower chambers were filled with 
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cell culture medium supplemented with 10% FBS. Following 
incubation for 24 h at 37˚C, cells in the upper chambers were 
removed using a cotton swab, while the migratory cells were 
fixed with methanol for 20 min at room temperature and 
stained with 0.5% crystal violet solution at room temperature 
for 20 min. Cells were washed twice with PBS, and the stained 
cells were observed under a light microscope (x200). 

Apoptosis assay. The effect of lanatoside C on apoptosis was 
detected using the Annexin V‑FITC/PI apoptosis detection 
kit. Cells (5x105 cells/well) were seeded into 12‑well plates 
and cultured overnight at 37˚C. Cells were incubated with 
different concentations of lanatoside C (0, 0.5, 1 and 2.5 µM) 

for 24 h. Cells were subsequently harvested and incubated 
with 10 µl Annexin V‑FITC and 5 µl of PI solution for 5 min 
at room temperature in the dark. Apoptotic cells were subse‑
quently analyzed using a flow cytometer (FACS Calibur; BD 
Biosciences), and Flowjo 7.6 software (BD Biosciences). 

Detection of MMP. To investigate the effect of lanatoside C 
on MMP, a JC‑1 stain kit was used to detect changes in MMP. 
HeLa cells were seeded into 12‑well plates at a density of 
5x105 cells/well and cultured overnight at 37˚C. Cells were 
treated with different concentrations (0, 0.5, 1 and 2.5 µM) 
of lanatoside  C for 24  h, collected following centrifuga‑
tion (500 x g, at 4˚C for 3 min) and stained with a JC‑1 dye 

Figure 1. Lanatoside C inhibits HeLa cell proliferation. (A) HeLa cells were treated with different concentrations of lanatoside C (0, 50, 100 and 500 nM) 
for 10 days, and the colony formation assay was performed. (B) Quantification analysis of colony formation assay of HeLa cells was performed. (C) Cellular 
cytotoxicity of lanatoside C on HeLa cells detected via the CCK‑8 assay and the value of IC50 was calculated. (D) The viability of BEAS‑2B cells was assessed 
via the CCK‑8 assay following treatment with lanatoside C. Data are presented as the mean ± SEM (n=3). *P<0.05; ***P<0.001. IC50, half maximal inhibitory 
concentration; CCK‑8, Cell Counting Kit‑8.  
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working solution for 20 min at 37˚C. After washing twice with 
pre‑cooled JC‑1 dye buffer, the cells were analyzed via flow 
cytometry (FACS Calibur; BD Biosciences).

Intracellular ROS determination. Changes in intracellular 
ROS levels were detected using the fluorescence probe 
DCFH‑DA, according to the instructions of the ROS assay 
kit. Briefly, cells were treated with 2.5 µM lanatoside C for 
0, 4 and 6 h, and stained with DCFH‑DA solution at 37˚C 
for 20 min. Cells were washed three times with serum‑free 
cell culture solution to remove the free DCFH‑DA, and DCF 
fluorescence was detected via fluorescence microscopy (Leica, 
Germany) in four randomly selected fields. Results were 
analyzed using ImageJ software 1.8.0_172 (National Intitutes 
of Health) to determine the mean fluorescence intensity (MFI), 
which reflects ROS levels.

Cell cycle analysis. Cell cycle distribution was assessed via 
PI staining. HeLa cells (5x105 cells/well) were seeded into 
12‑well plates for 12 h and subsequently treated with different 
concentrations of lanatoside C for 24 h. Cells were digested 
using trypsin and fixed in pre‑cooled 70% ethanol overnight 
at 4˚C. Cells were washed three times with PBS and centri‑
fuged (500 x g, at 4˚C for 3 min) for collection. Cells were 
treated with 10 µg/ml RNase solution for 20 min at room 
temperature and stained with 40 µg/ml PI solution for 20 min 
at room temperature. Cell cycle distribution was subsequently 
measured using a flow cytometer (FACS Calibur).

Western blotting. HeLa cells were seeded into 6‑well plates 
at a density of 1x106 cells/well. Following incubation over‑
night at room temperature, cells were treated with different 
concentrations of lanatoside C (0, 0.5, 1 and 2.5 µM) for 24 h. 
Cells were washed twice with PBS, harvested using RIPA 
lysis buffer (Beyotime Institute of Biotechnology) and protein 
concentration was determined using the BCA method. The 
samples were subsequently heated at 100˚C for 5 min. Proteins 
were separated by 10% SDS‑PAGE, with 20 µg protein loaded 
per lane. And then protein were transferred onto nitrocellulose 
membranes and blocked with 5% milk at room temperature 
for 2 h. After washing with washing buffer, the membranes 
were incubated with the corresponding primary antibodies 
overnight at 4˚C, and subsequently incubated with secondary 
HRP‑linked antibody at room temperature for 2 h. Membranes 
were re‑washed three times with washing buffer for 15 min. 
Protein bands were visualized using ECL western blotting 
substrate (Thermo Fisher Scientific, Inc.) and ImageJ software 
1.8.0_172 (National Intitutes of Health) was used to measure 
the band density.

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism 5 software (GraphPad Software, 
Inc.). All experiments were performed in triplicate and 
data are presented as the mean ± SEM. Data were analyzed 
using one‑way ANOVA followed by Bonferroni correction. 
P<0.05 was considered to indicate a statistically significant 
difference.

Figure 2. Lanatoside C decreases HeLa cell migration. (A) HeLa cells were treated with different concentrations of lanatoside C (0, 0.25, 0.5 and 1 µM) for 
24 h, and the wound healing assay was performed. (B) Quantification analysis of HeLa cell migration was performed. (C) The Transwell assay was performed 
to assess HeLa cell migration. HeLa cells were allowed to migrate from the upper chamber without serum to the lower chamber which contained 10% serum. 
(D) Quantification analysis of HeLa cell migration was performed. Data are presented as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001. 
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Results

Lanatoside C inhibits HeLa cell proliferation. To determine 
whether lanatoside C has an anti‑proliferative effect on cervical 
cancer cells, a colony formation assay was performed using 
HeLa cells. Following treatment with 50, 100 and 500 nM 
lanatoside  C for 10  days, the number of HeLa cell 

colonies significantly decreased in a dose‑dependent manner 
(Fig. 1A and B). The CCK‑8 assay was performed to assess the 
cellular toxicity of lanatoside C. As presented in Fig. 1C, treat‑
ment with different concentrations of lanatoside C produced an 
inhibitory curve and the half maximal inhibitory concentration 
for HeLa was 378.5 nM. The cell toxicity of lanatoside C on 
normal human epithelial BEAS‑2B cells was also assessed. As 

Figure 3. Lanatoside C induces HeLa cell apoptosis. (A) HeLa cells were treated with lanatoside C for 24 h and Annexin‑V/PI staining with flow cytometry 
detection was performed. (B) Quantification analysis of apoptotic rates in lanatoside C‑treated HeLa cells was performed. (C) Expression of apoptosis‑related 
proteins, cleaved caspase‑9, cleaved caspase‑3 and cleaved PARP was detected via western blotting. β‑actin served as the loading control. The expression levels 
of (D) cleaved caspase‑9, (E) cleaved caspase‑3 and (F) cleaved PARP were quantified using ImageJ software. Data are presented as the mean ± SEM (n=3). 
*P<0.05; **P<0.01; ***P<0.001. LC, lanatoside C.  
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presented in Fig. 1D, lanatoside C did not have a toxic effect 
on BEAS‑2B cells at 5 mM, indicating that lanatoside C has 
no anti‑proliferative effect on normal epithelial cells. Taken 
together, these results suggest that lanatoside C inhibits the 
proliferation of HeLa cells.

Lanatoside  C reduces HeLa cell migration. Cancer cell 
migration leads to cancer recurrence and metastasis  (33). 
To determine whether lanatoside C affects cell migration, 
the wound healing assay was performed to detect HeLa cell 
migration. Lanatoside C significantly decreased the formation 
of the wound healing area in HeLa cells (Fig. 2A and B). To 
further confirm this result, the Transwell assay was performed 
to determine the inhibitory effect of lanatoside C on cell 
migration. Following treatment with lanatoside  C, fewer 
HeLa cells migrated from the upper chamber without serum 
to the lower chamber with 10% serum (Fig. 2C and D), indi‑
cating that lanatoside C significantly impeded cell migration. 
Collectively, these results suggest that lanatoside C inhibits 
HeLa cell migration.

Lanatoside C promotes cell apoptotic response in HeLa cells. 
Given that lanatoside C has an inhibitory effect on HeLa cell 
proliferation, the pro‑apoptotic activity of lanatoside C in 
HeLa cells was assessed via Annexin V/PI staining. Following 
treatment with lanatoside C, the number of apoptotic HeLa 
cells increased in a dose‑dependent manner (Fig. 3A and B). 
Apoptosis‑related proteins in lanatoside C‑treated HeLa cells 
were detected via western blotting. The expression levels 
of cleaved caspase‑9 (Fig.  3C  and  D), cleaved caspase‑3 
(Fig. 3C and E) and cleaved PARP (Fig. 3C and F) were signif‑
icantly upregulated following treatment with lanatoside C, in a 
dose‑dependent manner. Taken together, these results suggest 
that lanatoside C induces apoptosis in HeLa cells.

Lanatoside C decreases MMP and enhances intracellular 
ROS production. Given that cleaved caspase‑9, cleaved 

caspase‑3 and cleaved PARP are involved in mitochon‑
dria‑related cell death (34), the effect of lanatoside C on 
mitochondrial function was determined. JC‑1 staining was 
performed to assess MMP. The JC‑1 polymer decreased 
substantially following treatment with lanatoside  C 
(Fig.  4A  and  B), suggesting that lanatoside  C decreases 
MMP in HeLa cells. In addition, intracellular ROS are 
accompanied by mitochondrial dysfunction (35); thus, ROS 
production was detected using a DCFH‑DA probe. Treatment 
with lanatoside C (2.5 µM) significantly increased ROS 
generation in a time‑dependent manner (Fig. 4C and D). 
Collectively, these results suggest that lanatoside  C 
decreases MMP in HeLa cells and increases intracellular 
ROS generation. 

Lanatoside C inhibits G2/M cell cycle arrest in HeLa cells. 
Given that cancer cells maintain cell proliferation and resist 
cell death by accentuating the cell cycle  (36), the effect 
of lanatoside C on the cell cycle of HeLa cells was deter‑
mined. PI staining and flow cytometry demonstrated that 
lanatoside C significantly induced cell cycle arrest in HeLa 
cells (Fig. 5A). Following treatment with lanatoside C, the 
percentage of cells in the S phase and G2/M phase increased 
in a dose‑dependent manner, while the number of HeLa 
cells in the G1 phase decreased (Fig. 5B). Furthermore, the 
expression of cell cycle‑related proteins was detected, and 
the expression levels of p21 and cyclin B1 significantly 
decreased and increased, respectively, in a dose‑dependent 
manner (Fig. 5C‑E). Taken together, these results suggest 
that lanatoside C induces cell cycle S and G2/M arrest, in 
which the expression of cyclin B1 is induced and p21 is 
attenuated.

Lanatoside  C inhibits the JAK2/STAT6/SOCS2 signaling 
pathway. Activation of JAK2/STAT6 signaling is associ‑
ated with cancer progression, and SOCS family proteins 
are negative modulators of JAK/STAT signaling (37). Thus, 

Figure 4. Lanatoside C decreases MMP and increases cellular ROS production in HeLa cells. (A) Following treatment with lanatoside C for 24 h, MMP 
was detected via JC‑1 staining and flow cytometry in HeLa cells. (B) JC‑1 polymer in HeLa cells was analyzed to determine quantitative changes in the loss 
of MMP. (C) Cells were treated with lanatoside C at 2.5 µM for 4 or 6 h, and cellular ROS production in HeLa cells was monitored via DCFH‑DA probe 
with fluoresce microscopy detection. (D) Statistical analysis of ROS production (MFI, mean fluorescence intensity) in HeLa cells using ImageJ software. 
Data are presented as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001. MMP, mitochondria membrane potential; ROS, reactive oxygen species; LC, 
lanatoside C. 
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the effect of lanatoside  C on the JAK2/STAT6 signaling 
pathway was determined. As presented in Fig. 6A, lanato‑
side C suppressed JAK2 and STAT6 phosphorylation in a 
dose‑dependent manner (Fig. 6B and C). Following treatment 
with lanatoside C, the negative regulator, SOCS2, increased 
in a dose‑dependent manner (Fig. 6D). To further confirm the 
effect of S on the JAK2/STAT6 signaling pathway, the effect 
of IL‑4 on the inhibitory effect of lanatoside C was examined. 
As presented in Fig. 6E, the inhibition of lanatoside C on 
p‑STAT6 was counteracted by IL‑4 (Fig. 6E). Furthermore, 
the expression of SOCS2 induced by lanatoside C decreased in 
the presence of IL‑4 (Fig. 6E). Furthermore, the inhibition of 
lanatoside C proliferation in HeLa cells was recovered by IL‑4 
(Fig. 6F). To further determine the inhibition of lanatoside C 
on HeLa cell proliferation via JAK2/STAT6/SOCS2 signaling, 
JAK inhibitor was used to decrease JAK2 activation. The 
JAK inhibitor was used to further clarify the inhibition of 

lanatoside C on JAK2. (Fig. 6G). The results demonstrated that 
the interference of JAK inhibited the proliferation of HeLa 
cells. However, combined treatment with lanatoside C and 
JAK inhibitor I did not increase the anti‑proliferation effect of 
lanatoside C on HeLa cells, which indicates that lanatoside C 
inhibits the downstream signal of JAK2. Taken together, these 
results suggest that lanatoside C inhibits HeLa cell prolifera‑
tion via JAK2/STAT6/SOCS2 signaling. 

Discussion

The results of the present study demonstrated that lanatoside C 
had an antitumor effect on cervical cancer cells, with a strong 
inhibition of cell proliferation and migration, and the induction 
of cell cycle arrest and apoptosis via a mitochondria‑related 
pathway. Inhibition of JAK2‑STAT6 signaling was observed 
in lanatoside C‑treated cervical cancer cells, which was associ‑
ated with the induction of SOCS2. These results are similar to 
those of a previous study, in which chemical JAK2 inhibition 
resulted in decreased tumor growth of Hodgkin lymphoma 
both in vitro and in vivo  (38). Lanatoside C was approved 
for treating heart failure by the FDA (28), and its potential 
application in the treatment of cervical cancer is demonstrated 
in the present study. 

Although the recovery rate for early stage of cervical 
cancer is up to 80% due to effective treatments, such as 
concurrent chemotherapy and surgery, prognosis remains 
poor in patients with recurrent or metastatic cervical 
cancer  (39,40). Metastatic cancer cells require migratory 
and invasive abilities to invade and migrate through the 
stoma toward the vasculature and lymphatics  (41). Given 
that lanatoside C significantly inhibits cell migration (28), 
its application in preventing cervical cancer metastasis 
or treating patients with metastasis has been proposed. 
Furthermore, the cervical cancer cell cycle was blocked 
by lanatoside C. Several clinical drugs, such as Taxol, also 
target cell cycle progression (42). Taxol can induce G2/M 
arrest, whereas lanatoside  C initiates both S and G2/M 
arrest (43). The pattern of molecular regulation of cyclins 
may be diverse, including the expression level of cyclin B, 
which is either upregulated or downregulated in the G2/M 
cell cycle‑inhibited condition (44). This suggests that the 
excessive accumulation and degradation of cyclin B may 
contribute to G2/M cycle arrest, and cyclin B is a potential 
target for maintaining cell cycle progression (45).

Aberrant activation and mutation of JAK2 has been 
implicated in cancer progression, including cell motility, 
invasion and proliferation  (46). Preclinical studies have 
developed JAK2 inhibitors, such as ruxolitinib for myelo‑
fibrosis (46,47), suggesting that the clinical application of 
JAK2 blockade is warranted. However, inhibiting JAK/STAT 
signaling remains a challenge in controlling cancer due to 
the pleiotropic roles of JAKs in immune regulation  (48). 
JAK2 serves as a kinase following cytokine binding to the 
receptor during oligomerization (49). Phosphorylated JAK2 
phosphorylates Src homology 2 (SH2) domain‑containing 
proteins, such as STATs, which dock on cytokine recep‑
tors  (46,50). In the JAK2/STAT6 canonical signaling 
pathway, STAT6 is phosphorylated by JAK2, which 
promotes STAT6 dimerization and nuclear translocation to 

Figure 5. Lanatoside C suppresses HeLa cell cycle. (A) HeLa cells were 
treated with different concentrations of lanatoside C (0, 0.5, 1 and 2.5 µM) 
for 24 h and cell cycle was assessed via PI staining with flow cytometry 
detection. (B) Quantification of cell cycle phase distribution in HeLa cells 
was performed. (C) Western blot analysis was performed to detect the expres‑
sion of cell cycle related proteins, cyclin B1 and p21, in HeLa cells treated 
with different concentrations of lanatoside C for 24 h. The alternations of 
(D) p21 and (E) cyclin B1 in HeLa cells were quantified. Data are presented 
as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001. LC, lanatoside C.  
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regulate the transcription of genes affecting cell prolifera‑
tion and apoptosis (51). The present study investigated the 
activated profiles of JAK2 and STAT6, and lanatoside C 
inhibited their activation. Constitutively active STAT6 is 
also associated with increased cell proliferation in leukemia 
and lymphomas (52). Although a previous study revealed the 
association of single nucleotide polymorphisms in JAK2 and 
STAT6 in cervical cancer populations, direct evidence of 
STAT6 activation in cervical cancer is still insufficient (53). 
Notably, the JAK/STAT signaling pathway is one of many 
control pathways that promote cell motility by regulating 
actin dynamics and activating key metastasis‑promoting 
genes (54). Activation of STAT6 may contribute to inducing 
the epithelial‑to‑mesenchymal transition (EMT) process and 

aggressiveness (55). STAT6 activation is associated with the 
expression of the EMT core regulator, ZEB1 (56). 

In the present study, the presence of IL‑4 recovered 
the inhibition of lanatoside C on cancer cell proliferation, 
indicating that the mechanism of lanatoside C on cancer 
cell proliferation is associated with inhibition of the 
JAK2/STAT6/SOCS2 signaling pathway. It has been 
reported that Na+, K+‑ATPase is the target of lanatoside C, 
which inhibits Na+, K+‑ATPase pump to induce cancer cell 
apoptosis  (57). Based on the results of the present study, 
lanatoside C may have several potential targets on antitumor 
cell proliferation. The results of the present study demon‑
strated that the SOCS2/JAK2/STAT6 signaling pathway is a 
newly identified signal for lanatoside C.

Figure 6. Lanatoside C inhibits the JAK2‑STAT6 signaling pathway. (A) Alternations of p‑JAK2, total‑JAK2, p‑STAT6, total‑STAT6 and SOCS2 in HeLa 
cells treated with lanatoside C for 24 h were detected via western blotting. β‑actin served as the loading control. Statistical analysis of alternated level of 
(B) JAK2 phosphorylation, (C) STAT6 phosphorylation and (D) SOCS2 was measured using ImageJ software. (E) Western blot analysis was performed 
to detect the expression levels of p‑STAT6, total‑STAT6 and SOCS2 in HeLa cells treated with lanatoside C (2.5 µM) or lanatoside C (2.5 µM) plus IL‑4 
(10 ng/ml) for 24 h. (F) The CCK‑8 assay was performed to assess the viability of HeLa cells treated with lanatoside C (2.5 µM) or lanatoside C (2.5 µM) plus 
IL‑4 (10 ng/ml) for 24 h. (G) The CCK‑8 assay was performed to assess the viability of HeLa cells treated with lanatoside C (2.5 µM), JAK inhibitor I (0.1 µM) 
or lanatoside C plus JAK inhibitor I for 24 h. Data are presented as the mean ± SEM (n=3). *P<0.05; **P<0.01; ***P<0.001. p, phospho; CCK‑8, Cell Counting 
Kit‑8; JAK2, Janus kinase 2; STAT6, signal transducer and activator of transcription 6; SOCS, suppressor of cytokine signaling; LC, lanatoside C.  
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In non‑cancerous cells, STAT6 activation by IL‑4 induction 
leads to the upregulation of growth factor independence‑1 and 
downregulation of the cell cycle inhibitor p27Kip1, causing 
cell proliferation (52). From an immunological perspective, 
the immune system plays a critical role in controlling cervical 
cancer progression in HPV‑induced cases  (58). Given that 
JAK/STAT signaling contributes to the activation and cytokine 
production of multiple immune cells, such as macrophages 
and NK cells, inhibition of STAT6 activation may abrogate 
cancer cell immune evasion (59,60). For example, supernatants 
from HeLa cells render macrophages from M1 to M2 with 
STAT6 activation, which upregulates the expression pattern of 
cytokines, such as IL‑10 and GM‑CSF, providing a favorable 
environment for tumor growth (61). Thus, it is presumed that 
drugs targeting JAK2/STAT6 signaling in both cancer cells 
and tumor‑associated immune cells can enhance their efficacy. 
Furthermore, the inhibitory effect of lanatoside C on other 
signaling pathways is also worthy of attention. Lanatoside C 
has been reported to suppress cancer cell proliferation by atten‑
uating the MAPK, Wnt, and PI3K/AKT/mTOR pathways (57). 
The MAPK pathway is critical for the proliferation and migra‑
tion of cancer cells and cancer progression (62). Activation of 
the MAPK signaling pathway can keep cancer cells in the G2/M 
phase (57). The PI3K/AKT/mTOR pathway is associated with 
autophagy; the inhibitor of PI3K/AKT/mTOR is regarded as a 
novel and efficient drug for cancer therapy (63). Although the 
inhibitory effect of lanatoside C on JAK2/STAT6 signaling in 
cervical cancer cells has been reported, whether lanatoside C 
inhibits JAK/STAT signaling in immune cells requires further 
investigation. 

In addition to the positive regulators of JAK/STAT 
signaling, inhibitory factors, such as protein inhibitors of 
activated STATs and suppressors of cytokine signaling are 
involved in the negative feedback loop of JAK/STAT activa‑
tion (20). Directly transcribed by STATs, the SOCS family 
can exert its inhibitory effect via spatial competition for 
cytokine receptor phosphotyrosines in an SH2‑dependent 
manner, or via direct inhibition of JAK proteins with kinase 
inhibitory regions, while promoting JAK protein degrada‑
tion in a ubiquitin‑mediated signaling pathway (64). In the 
present study, the JAK2 protein expression was not affected, 
while the phosphorylation of STAT6 was significantly 
inhibited, suggesting that SOCS2 may exert its regulatory 
effect mainly by decreasing the activity of JAK to inhibit 
JAK/STAT signal transduction. Similarly, trichostatin A, 
a histone deacetylase inhibitor, suppresses JAK2/STAT3 
signaling by upregulating SOCS1 and SOCS3 by histone 
modifications in human colorectal cancer cells (65). Although 
these results suggest the regulatory role of SOCS2 in the 
JAK2/STAT6 signaling pathway, the molecular mechanism 
by which SOCS2 mediates JAK2/STAT6 signaling requires 
further investigation. 

A cervical cancer mouse model and clinical samples 
treated with lanatoside C should be investigated to confirm 
that lanatoside C can reduce this signal and to further clarify 
the mechanism of lanatoside C in cancer therapy.

In conclusion, the results of the present study demon‑
strated that lanatoside C is as a promising anticancer agent 
for treating cervical cancer, in terms of inhibiting cell prolif‑
eration, migration and inducing apoptosis. Furthermore, 

lanatoside C inhibits JAK2/STAT6 signal transduction by 
upregulating SOCS2 expression. Taken together, these find‑
ings suggest that lanatoside C is a potential chemotherapy 
candidate for cervical cancer treatment. However, the present 
study is not without limitations. A cervical cancer mouse 
model and clinical samples treated with lanatoside C should 
be investigated to confirm that lanatoside C can reduce this 
signal and to further clarify the mechanism of lanatoside C 
in cancer therapy.
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