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Abstract: Hydrogen sulfide (H2S) plays an important role in diverse physiological and pathophysiological processes 
in cancer cells both in vitro and in vivo. We have previously shown that exogenous H2S exerts its biological effects 
on hepatoma, glioma, and esophageal cancer cells through the activation of NF-κB, p38-MAPK/ERK1/2-COX-2, and 
HSP90 pathways. However, the role of H2S and the underlying mechanism in esophageal squamous cell carcinoma 
remain unclear. Here we investigated whether exogenous H2S contributes to the biological behavior of esophageal 
squamous cancer cell line EC109, through the activation of JAK2/STAT3 signaling pathway. EC109 cells were treat-
ed with NaHS (a donor of H2S) and AG490 (a specific inhibitor of JAK2/STAT3 signaling pathway). The expression 
levels of p-JAK2, p-STAT3, caspase-3/9/12, Bax, Bcl-2, MMP-2/9, and VEGFR were measured by western blot analy-
sis. Cell viability was detected by CCK-8 and quantified by direct counting of cells under a microscope. Cell migration 
was analyzed by the scratch-wound assay, while the level of VEGF was measured by ELISA. Cells treated with NaHS 
for 24 h showed significant upregulation of p-JAK2, and p-STAT3 expression, as well as increased cell viability when 
compared to the control cells. The expression levels of caspase-3/9/12 and Bax decreased, while those of Bcl-2, 
MMP-2/9, VEGFR, and VEGF increased. NaHS induced the migration of EC109 cells. However, co-treatment with 
NaHS and AG490 significantly inhibited these effects. Thus, JAK2/STAT3 signaling pathway may contribute to H2S-
induced cell proliferation, anti-apoptosis, migration, and angiogenesis in EC109 cells.
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Introduction

Esophageal carcinoma (EC) is the sixth most 
common cause of cancer-related mortality 
worldwide, with a 5-year overall survival (OS) 
rate ranging from 15% to 25%. About 60% of 
the global EC cases occur in China, with 
4,779,000 new cases reported in 2015, while 
179,000 new cases were diagnosed in 2016 in 
the United States [1-3]. Esophageal squamous 
cell carcinoma (ESCC) is the major histological 
type of EC in China, accounting for more than 
90% of all cases [4]. Multiple therapeutic ap- 

proaches, including surgery, neo-/adjuvant ra- 
diation, and chemotherapy, are widely applied 
for ESCC, but the improvement in OS and pro-
gression-free survival (PFS), remains unsatis-
factory. This observation may be attributed to 
the lower rate of early diagnosis, recurrence, 
progression, and metastasis. The effectiveness 
of targeted therapy is notable in many cancers 
such as lung cancer, hepatoma, and gastroin-
testinal stromal tumor (GIST), but is yet to be 
achieved in the case of ESCC. Thus, better ther-
apeutic agents are required to improve patient 
survival. It is believed that a complicated series 
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of molecular and biological pathways are in- 
volved in the occurrence and progression of 
ESCC, such as epidermal growth factor recep-
tor (EGFR), Her-2, p53, and heat shock proteins 
(HSPs) signaling [5-7]. However, the detailed 
mechanisms underlying the process of onco-
genesis in ESCC are uncharacterized. 

The Janus family kinase (JAK), a type of non-
receptor protein tyrosine kinases (PTK), is 
known to be involved in the growth, survival, 
development, and differentiation of a variety of 
cells. JAKs, including four members JAK1, JAK2, 
JAK3, and tyrosine kinase 2 (TYK2), are selec-
tively associated with the cytoplasmic domains 
of various cytokine receptors [8]. It is reported 
that JAKs are key intracellular mediators in- 
volved in the signaling pathways of about 60 
cytokines and hormones [9]. A variety of stud-
ies demonstrated that activation of the JAK2 
pathway may result in a substantial increase in 
proliferation, differentiation, and apoptosis of a 
wide variety of cancer cells [10]. Signal trans-
ducer and activator of transcription 3 (STAT3) is 
an important downstream target in the JAK2 
pathway. Accumulating evidence suggests ph- 
osphorylation of STAT3 is associated with the 
oncogenic potential and anti-apoptotic activi-
ties of various tumor cells, including breast can-
cer [11], multiple myeloma [12], hepatocellular 
carcinoma, and cholangiocarcinoma [13]. Ho- 
wever, there is a paucity of data on the relation-
ship between the activated JAK2/STAT3 path-
way and ESCC progression.

H2S is thought to be a gasotransmitter, like 
nitric oxide and carbon monoxide. H2S has 
important physiological functions such as the 
regulation of metabolism, cell membrane po- 
larization,smooth muscle cell relaxation, and 
neuronal excitability [14]. Recent studies have 
demonstrated that H2S enhances the prolifera-
tion, migration, and invasion of cancer cells 
[15-18], and maintains cellular bioenergetics to 
support tumor growth and promote angiogene-
sis and vasorelaxation [19]. In our preliminary 
experiments, we found evidence that exoge-
nous H2S strengthened carcinogenesis via the 
activation of NF-κB, p38-MAPK/ERK1/2-COX-2 
and HSP90 pathways [20-22]. However, the 
relationship between H2S and the JAK2/STAT3 
signaling pathway remains unclear. Here, we 
investigate whether exogenous H2S contributes 
to the biological behavior of esophageal squa-
mous carcinoma cell line EC109, through acti-
vation of the JAK2/STAT3 signaling pathway.

Materials and methods 

Cell culture and treatments

The human esophageal carcinoma cell line 
EC109 was purchased from Experimental 
Animal Center of Sun Yat-sen University (Gu- 
angzhou, China). The cells were cultured in 
Roswell Park Memorial Institute (RPMI)-1640 
medium supplemented with 10% fetal bovine 
serum and incubated in 5% CO2 and 95% air at 
37°C. The cells were treated with 500 µmol/L 
sodium hydrosulfide (NaHS; a donor of H2S, pur-
chased from Sigma-Aldrich Co., USA) and differ-
ent concentrations of AG490 (specific inhibitor 
of JAK2; Sigma-Aldrich Co., USA).

Cell Counting Kit-8 (CCK-8) assay for the mea-
surement of cell viability

EC109 cells were cultured at a concentration of 
1 × 104/mL in 96-well plates and the cell viabil-
ity was measured using the CCK-8 assay 
(Dojindo Lab, Japan). The cells were incubated 
with NaHS and AG490 for 1.5 h and absor-
bance was measured at 450 nm using a micro-
plate reader (Molecular Devices, USA). The opti-
cal density (OD) values of five wells were used 
to evaluate cell viability as follows: Cell viability 
(%) = (OD treatment group/OD control group) × 100%. In 
addition, EC109 cells were seeded in six-well 
plates, and treated with either NaHS (500 
μmol/L), AG490 (60 μmol/L), or both for 24 and 
48 h and the number of cells was counted 
directly under a microscope. The experiment 
was performed thrice.

Western blot analysis

After different treatments, the cells were har-
vested and dissolved in a lysis solution. Protein 
concentrations were quantified using the bicin-
choninic acid assay kit. Equal amounts of pro-
teins were separated by electrophoresis on a 
10% sodium dodecyl sulfate polyacrylamide gel 
(SDS-PAGE) and transferred onto polyvinyli-
dene difluoride (PVDF) membranes. The blot-
ted membrane was blocked with 5% nonfat dry 
milk (Sigma) and incubated overnight with ei- 
ther anti-p-JAK2 (1:1000 dilution), anti-p-STAT3 
(1:1000 dilution), anti-caspase-3 (1:1000 dilu-
tion), anti-caspase-9 (1:1000 dilution), anti-
caspase-12 (1:1000 dilution), anti-Bax (1:1000 
dilution), anti-Bcl-2 (1:1000 dilution), anti-
MMP-2 (1:1000 dilution), anti-MMP-9 (1:1000 
dilution), or anti-VEGFR (1:1000 dilution) anti-
body at 4°C. The membranes were washed 



H2S activates JAK2/STAT3 pathway in ESCC

3249	 Int J Clin Exp Pathol 2018;11(7):3247-3256

thrice in TBST and incubated for 2 h with a 
horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit secondary antibody (1:2500 dilu-
tion) in TBST with 3% nonfat dry milk at room 
temperature. The membranes were washed 
thrice with TBST. Enhanced chemilumines-
cence (ECL) assay was used to detect the 
immunoreactive signals and the X-ray films 
were analyzed with Image J 1.47i software. 
Allantibodies used in the experiment were pu- 
rchased from CST Co. (Boston, USA). Experi- 
ments were performed thrice.

Scratch-wound assay

EC109 cells were cultured in six-well plates. 
After starving the cells for 24 h in the medium 
without epidermal growth factor (EGF) or FBS, 
shaped and straight scratches were made 
across each well using a sterile pipette tip to 
create a cell-free area. Cell debris was re- 
moved and a smooth scratch edge was made 
by washing with phosphate-buffered saline 

(PBS). The cells were subsequently exposed  
to the following drugs: NaHS (500 μmol/L), 
AG490 (60 μmol/L), or a mixture of both. A 
scratch was also made in cells from control 
groups; these were washed and maintained in 
the culture medium supplemented with 1% 
FBS. The wound healing assays were performed 
in growth factor-free medium to exclude any dif-
ferences in cell proliferation. The wound was 
inspected and photographed, at 200× magnifi-
cation with a phase-contrast microscope at dif-
ferent time points. The experiment was per-
formed thrice.

Enzyme-linked immunosorbent assay (ELISA) 
to assess VEGF content in the cell culture 
supernatant

EC109 cells were seeded in 96-well plates and 
subjected to different treatments. The level  
of VEGF in the culture media was assessed 
using the ELISA kit (ExCell Bio Company, 
Shanghai, China) according to the manufactur-
er’s instructions. The same experiment was 
performed thrice.

Statistical analysis

All the data were analyzed using the SPSS so- 
ftware (SPSS version 19.0; IBM SPSS Inc., 
Chicago, IL, USA). The experimental data are 
presented as the mean ± standard error of the 
mean (SEM). Differences between groups were 
analyzed by one-way analysis of variance 
(ANOVA), followed by least significant difference 
(LSD) post hoc comparison test. Statistical sig-
nificance was set at P<0.05.

Results

NaHS increases the levels of both p-JAK2 and 
p-STAT3 in EC109 cells

To determine the effects of H2S on the levels of 
p-JAK2 and p-STAT3 in EC109 cells, a time-
response experiment to quantify the expres-
sion of these proteins was performed. As shown 
in Figure 1A and 1B), the exposure of cells to 
NaHS (500 µmol/L) for the indicated time peri-
ods (6, 12, and 24 h) resulted in an upregula-
tion in the expression of p-JAK2 and p-STAT3 in 
a time-dependent manner from 6 h and the val-
ues reached their peaks at 24 h. 

Figure 1. NaHS enhances the levels of phosphory-
lated (p)-JAK2 and p-STAT3 in EC109 cells. The ex-
pression of p-JAK2 and p-STAT3 was examined by 
western blot analysis (A and B) and quantified by 
densitometric analysis with Image J 1.47i software. 
To investigate the effects of NaHS on the expression 
of p-JAK2 and p-STAT3, EC109 cells were treated with 
NaHS (500 µmol/L) for indicated time periods (6, 12, 
and 24 h). Data are presented as mean ± SEM (n=3). 
**P<0.01 versus control group. CTL, control group.
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Inhibition of JAK2/STAT3 signaling pathway 
suppresses cell proliferation in the NaHS-treat-
ed EC109 cells

As shown in Figure 2, the treatment of cells 
with different concentrations (70, 80 and 90 
µmol/L) of AG490, an inhibitor of JAK2/STAT3 
signaling pathway, resulted in significant toxici-
ty to the cells, in a dose-dependent manner. In 
addition, the treatment of EC109 cells with 
NaHS (500 µmol/L) for 24 h resulted in a sig-
nificant increase in cell viability, which was 
inhibited by pre-treatment with AG490 (60 
µmol/L) for 2 h. To further analyze the effect  
of NaHS and AG490 on EC109 cell prolifera-
tion, cells were treated with either with NaHS, 

AG490, or the combination of NaHS and AG490 
for 24 and 48 h and the cell number was count-
ed using the fully automatic inverted micro-
scope. Treatment with AG490 resulted in a 
reduction in NaHS-induced cell proliferation. 
These findings indicate that inhibition of the 
JAK2/STAT3 signaling pathway suppressed the 
proliferative effect of NaHS.

The effect of NaHS treatment on apoptosis 
regulators is suppressed by the inhibition of 
JAK2/STAT3 signaling pathway

To detect the effects of NaHS on cleaved cas-
pase-3, caspase-9, caspase-12, Bax and Bcl-2 
in EC109 cells, the cells were treated with 

Figure 2. (A) AG490 reduces the proliferation of EC109 cells. EC109 cells were treated with different doses of 
AG490 (1, 10, 20, 30, 40, 50, 60, 70, 80, and 90 µmol/L) for 24 h. (B) AG490 reduces cell proliferation stimulated 
by NaHS in EC109 cells. EC109 cells were co-treated with NaHS (500 µmol/L) and different doses of AG490 (1, 10, 
20, 30, 40, 50, and 60 µmol/L) for 24 h. (C) Effects of NaHS and AG490 on EC109 cell proliferation. EC109 cells 
were treated with NaHS, NaHS + AG490, and AG490 for 24 and 48 h. Cell number was counted directly under a 
microscope. AG490 reduced the NaHS-induced proliferation of EC109 cells (A and B). Data are expressed as mean 
± SEM (n=3). **P<0.01 versus the control group. ++P<0.01 versus the NaHS group. C. **P<0.01 versus control 
group. ++P<0.01 versus NaHS group.
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NaHS (500 µmol/L) for the indicated time peri-
ods (6, 12 and 24 h). As shown in Figure 3, 
NaHS significantly increased the expression of 
Bcl-2 that reached its peak at 24 h, while the 
expression levels of caspase-3, caspase-9, 
caspase-12, and Bax were decreased. When 
EC109 cells were treated with NaHS (500 
µmol/L) and AG490 (60 µmol/L) for 24 h, the 
expression of cleaved caspase-3, caspase-9, 
caspase-12 and Bax, that were suppressed by 
NaHS, were significantly enhanced, while the 
expression of Bcl-2, induced by NaHS, was sig-
nificantly attenuated following AG490 treat-
ment. Thus, NaHS downregulates the expres-
sion of cleaved caspase-3/9/12 and Bax, and 
upregulates the expression of Bcl-2 in EC109 
cells. AG490 suppresses the NaHS-induced 
decrease in cleaved caspase-3/9/12 and Bax, 
and inhibits the increase in Bcl-2 expression 
following NaHS treatment. 

NaHS upregulates the level of MMP-2 and 
MMP-9 in EC109 cells

To observe the effects of NaHS on MMP-2 and 
MMP-9 expression in EC109 cells, the cells 
were exposed to NaHS (500 µmol/L) for the 
indicated time periods (6, 12, and 24 h). As 
shown in Figure 4, NaHS treatment significantly 
increased the expressions of MMP-2 and MMP-
9, with maximum expression observed at 24 h. 
The cells treated with NaHS (500 µmol/L) and 
AG490 (60 µmol/L) for 24 h showed a signifi-
cant decrease in NaHS-induced expression of 
MMP-2 and MMP-9. 

Wound healing was faster in cells treated with 
NaHS than in those treated with AG490

As shown in Figure 5, the wound closure was 
faster in EC109 cells cultured in the presence 
of NaHS for 24 h than in cells from the control 

Figure 3. (A) NaHS downregulates the expression of cleaved caspase-3, caspase-9, caspase-12, and Bax and up-
regulates the expression of Bcl-2 in EC109 cells. EC109 cells were treated with NaHS (500 µmol/L) for 6, 12, and 
24 h. AG490 upregulates the NaHS-induced decreased in the expression of cleaved caspase-3, caspase-9, cas-
pase-12 and Bax (B-F) and inhibits the NaHS-induced increase i expression of Bcl-2 in EC109 cells (E). EC109 cells 
were co-treated with NaHS (500 µmol/L) and AG490 (60 µmol/L) for 24 h. The expressions of cleaved caspase-3, 
caspase-9, caspase-12, Bax, and Bcl-2 were measured by western blot analysis followed by densitometric analysis. 
Data are presented as the mean ± SEM (n=3). **P<0.01 versus control group; ++P<0.01 versus NaHS group. 
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group and those treated with NaHS and AG490. 
Furthermore, treatment with AG490 had an 
inhibitory effect on wound healing, indicating 
that inhibition of the JAK2/STAT3 signaling 
pathway may suppress cell migration induced 
by NaHS treatment.

The compound AG490 suppresses NaHS-
induced upregulation of VEGFR and VEGF in 
EC109 cells

As shown in Figure 6, the levels of VEGFR and 
VEGF were significantly increased in NaHS-
treated EC109 cells, with peak values reported 
at 24 h. However, the increase in levels of 
VEGFR and VEGF was suppressed following 
AG490 treatment.

Discussion

In the present study, we demonstrated that pre-
treatment of EC109 cells with exogenous H2S 
results in proliferation, anti-apoptosis, migra-
tion, and angiogenesis through activation of the 
JAK2/STAT3 signaling pathway. As observed in 

our previous study, H2S has a positive effect on 
the proliferation of EC109 cells, as evident from 
the increase in the cell viability and number. 
Furthermore, the treatment of cells with NaHS 
resulted in a decrease in cell apoptosis, proba-
bly owing to the reduction in the level of cas-
pase-3, caspase-9, caspase-12, and Bax, and 
an increase in the level of Bcl-2. NaHS-tr- 
eatment stimulated cell migration and induced 
the expression of MMP-2 and MMP-9. On the 
other hand, treatment of cells with AG490 
resulted in suppression of the effects induced 
by NaHS treatment.

The mechanism underlying the effects of H2S is 
complicated and involves several signaling mol-
ecules and pathways. Evidence suggests that 
H2S acts as a neuroprotective agent in the brain 
at physiological concentrations and protects 
neurons against oxidative stress, apoptosis, 
and endocytoplasmic reticulum (ER) stress 
damage induced by multiple drugs [23-25]. On 
the other hand, H2S has been shown to have 
tumor-promoting ability as it enhances cancer 
cell growth, anti-apoptosis and migration. 
These effects are mediated via the activation 
of signaling pathways such as NF-κB, p38-
MAPK/ERK1/2-COX-2 and HSP90 pathways 
[20-22]. Additionally, the JAK2/STAT3 signaling 
pathway is involved in various biological pro-
cesses and contributes to cell proliferation, dif-
ferentiation, growth, and apoptotic and anti-
apoptotic effects [26-28]. JAK2 functions as a 
typical kinase to mediate the phosphorylation 
of STAT3 and plays a crucial role in the regula-
tion the JAK2/STAT3 signaling pathway in mul-
tiple cancer cell lines [29]. However, the roles of 
JAK2/STAT3 signaling pathway in NaHS-treated 
EC109 cells have not been studied. In order to 
determine the potential mechanism, we investi-
gated the role of NaHS in JAK2/STAT3 signaling 
pathway activation in EC109 cells. Our data 
showed that the treatment of cells with NaHS 
markedly increased the expression levels of 
p-JAK2 and p-STAT3 in a time-dependent man-
ner, suggesting that NaHS may activate the 
JAK2/STAT3 signaling pathway in EC109 cells. 
We also examined the role of the JAK2/STAT3 
signaling pathway in NaHS-induced prolifera-
tion and apoptosis. The exposure of cells to 
NaHS for 24 h significantly decreased cell 
apoptosis through the upregulation of Bcl-2 
and downregulation of caspase-3, caspase-9, 
caspase-12, and Bax, which are pro-apoptotic 

Figure 4. (A) NaHS promotes expression of MMP-2 
and MMP-9 in EC109 cells. (B and C) EC109 cells 
were treated with NaHS (500 µmol/L) for 6, 12, 
and 24 h. AG490 suppresses the NaHS-induced in-
crease in the expression of MMP-2 and MMP-9 in 
EC109 cells. EC109 cells were treated with NaHS 
(500 µmol/L) and AG490 (60 µmol/L) for 24 h. The 
protein levels of MMP-2 and MMP-9 were evaluated 
by western blot analysis. Data are shown as the 
mean ± SEM (n=3). **P<0.01 versus control group; 
++P<0.01 versus NaHS group. 
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proteins of the Bcl-2 family. Moreover, the 
effects observed following NaHS treatment 
were suppressed in the presence of AG490. 
Our findings are in line with those previously 
reported [30].

Many studies have demonstrated that the inva-
sion and metastasis of cancer cells is facilitat-
ed through an increase in the expression of 
MMPs viaremodeling of the extracellular matrix 
(ECM) [31]. MMP-2 and MMP-9 are two impor-
tant enzymes known for their ability to degrade 
type IV collagen, one of the crucial elements of 
ECM [32]. Furthermore, MMP-2 and MMP-9 are 
upregulated in several types of cancer cells 
and this upregulation is correlated with metas-
tasis and migration [33-36]. Our data show that 
NaHS stimulated the expression of MMP-2 and 
MMP-9 in EC109 cells, leading to their faster 
migration than that observed in the control 
group. All of these effects were suppressed fol-
lowing AG490 treatment, indicating that H2S 

promotes cancer cell invasion and migration 
through activation of the JAK2/STAT3 signaling 
pathway. 

Hydrogen sulfide stimulates the expression of 
VEGF, which is important in the process of 
wound healing and tumor angiogenesis and 
may contribute to malignant behavior such as 
persistent proliferation and metastasis [37]. As 
shown in previous studies, NaHS upregulated 
the expression of VEGFR and VEGF in EC109 
cells and this effect was suppressed by AG490. 
Hence, we hypothesize that the overexpression 
of JAK2/STAT3 in ESCC may be associated with 
upregulation of VEGFR and VEGF, resulting in 
tumor angiogenesis.

In conclusion, our data revealed that H2S 
enhances cell proliferation and migration, and 
exhibits anti-apoptotic and angiogenic effects 
in EC109 cells. These effects may be mediated 
through the phosphorylation of JAK2 and 

Figure 5. Treatment of EC109 cells with AG490 results in the suppression of cell migration-induced NaHS. NaHS-
induced EC109 cells showed faster migration than cells from the control group and NaHS + AG490 group. Wound 
closure was monitored at 24 and 48 h, and a representative image from three independent experiments is shown 
(original magnification, 200×).
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STAT3, which results in the overexpression of 
MMP-2, MMP-9, Bcl-2, VEGFR, and VEGF, and 
the downregulation of caspase-3, caspase-9, 
caspase-12, and Bax. These results provide 
new insight into cancer physiology and highlight 
a new drug target for therapy. The detailed 
mechanisms underlying H2S effects in EC109 
esophageal cells remain unclear and need to 
be studied.
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