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Blocking STAT3 signaling augments MEK/ERK inhibitor efficacy
in esophageal squamous cell carcinoma
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Esophageal squamous cell carcinoma (ESCC) is one of the world’s leading causes of death, and its primary clinical therapy relies on
surgical resection, chemotherapy, radiotherapy, and chemoradiotherapy. Although the genomic features and clinical significance of
ESCC have been identified, the outcomes of targeted therapies are still unsatisfactory. Here, we demonstrate that mitogen-
activated protein kinase (MAPK) signaling is highly activated and associated with poor prognosis in patients with ESCC. Mitogen-
activated protein kinase kinase (MEK) inhibitors efficiently blocked the phosphorylation of extracellular signal-regulated kinase 1/2
(ERK1/2) in ESCC, while signal transducer and activator of transcription 3 (STAT3) signaling was rapidly activated. Combined STAT3
inhibition prevented the emergence of resistance and enhanced MEK inhibitor-induced cell cycle arrest and senescence in vitro and
in vivo. Mechanistic studies revealed that the suppressor of cytokine signaling 3 (SOCS3) was downregulated, resulting in an
increase in STAT3 phosphorylation in MEK-inhibited cells. Furthermore, chromatin immunoprecipitation showed that ELK1, which
was activated by MEK/ERK signaling, induced SOCS3 transcription. These data suggest that the development of combined MEK and
STAT3 inhibition could be a useful strategy in ESCC targeted therapy.
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INTRODUCTION
Esophageal cancer (EC) is the sixth leading cause of cancer-related
mortality, with a 5-year survival rate of <25% [1, 2]. Histologically,
esophageal squamous cell carcinoma (ESCC) is the most common
form of EC, accounting for almost 88% of cases worldwide [3].
Surgery, chemotherapy, radiotherapy, and chemoradiotherapy are
the mainstays of ESCC treatment, but recurrence and cytotoxicity
remain significant challenges [4]. Targeted therapy is more
effective and has fewer adverse reactions [5, 6]. However, despite
a great number of genomic studies suggesting potential
biomarkers for targeted therapy, only a few biomarkers have
been successfully used for targeted therapy [7, 8]. Therefore, there
is an urgent need to integrate current data to optimize the
potential therapeutic targets for ESCC.
Several groups have mapped genomic alterations in ESCC, and

found that the receptor tyrosine kinase (RTK)-mitogen-activated
protein kinase (MAPK) pathway is frequently dysregulated; 18.3
and 11.8% of patients with ESCC show overexpression of
epidermal growth factor receptor (EGFR) and fibroblast growth
factor receptors (FGFR) [8–11]. Mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinase (ERK) signaling
is downstream of multiple RTKs and is highly activated in ESCC
[12–14]. It has also been shown that phosphorylated ERK (pERK) is
highly expressed and may be a possible marker for personalized

treatment of EC [12]. Recently, blocking the MEK/ERK pathway via
small molecule inhibitors was shown to effectively inhibit the
growth of KRAS-mutant lung cancer and melanoma [15, 16].
Oncogene-activating mutations, including mutations in EGFR,
KRAS, and BRAF, also confer susceptibility to MEK inhibitors in
ESCC [12]. This suggests that MEK/ERK signaling may be a
potential target for ESCC therapy. Although research suggests a
target role for ERK signaling in ESCC therapy, there is no clinical
trial to support the use of MEK inhibitors in the clinic [17, 18].
In diverse cancer models, MEK inhibition (MEKi) has shown

limited to no effect due to the activation of compensatory
pathways [19, 20]. For example, multiple RTKs and/or their ligands
acquire resistance to MEKi in KRAS-mutant cancers [15, 21, 22].
This shows that MEKi may play a role in therapy, especially in
combination therapy. MEKi can enhance the efficacy of EGFR
inhibitors following adaptive resistance to EGFR blockade in ESCC
[18]. Inhibition of the protein tyrosine phosphatase SHP2, a
positive signal transducer between RTKs and RAS, can enhance
the sensitivity of KRAS-amplified gastroesophageal cancer cells to
MEKi [23]. These studies demonstrate that more MEKi resistance
mechanisms and compensatory pathways need to be identified
in ESCC.
Cellular senescence is a stress response that leads to cell cycle

arrest, metabolic reprogramming, and senescence-associated
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secretory phenotype (SASP). Senescence can be induced by
different stimuli, such as oncogene signaling, DNA damage, and
oxidative stress [24]. It has been reported that MEK therapy
combined with cyclin-dependent kinase 4/6 (CDK4/6) inhibition
promotes a proangiogenic SASP in KRAS-mutant pancreatic ductal
adenocarcinoma [25]. SASP components induced by MEK and
CDK4/6 combination inhibition synergistically inhibit tumor pro-
gression through natural killer cell-mediated cytotoxicity in C57BL/6
immunocompetent mice injected with KrasG12D/+; Trp53–/–(KP) lung
tumors [26]. Inhibition of ERK and AKT signaling also induces cell
cycle arrest and senescence in several cancers [27–29]. Therefore,
combination drug therapies that induce senescence have shown
important benefits as anti-cancer agents.
Here, we sought to identify targets to augment the efficacy of

MEKi in ESCC. Through reporter gene screening, we identified

signaling transduction and activation transcription 3 (STAT3)
activation as a novel compensatory pathway for the potential
therapeutic resistance of ESCC to ERK signaling inhibition. We
demonstrated marked efficacy of combined MEK and STAT3
inhibition (STAT3i) in vitro and in vivo. These findings suggest that
the treatment efficiency of ESCC can be improved by blocking the
two signaling pathways.

RESULTS
Inhibition of ERK signaling activates the STAT3 pathway in
ESCC
We examined the mutation status of RTK- and RAS-encoding
genes, which might be attributed to ERK pathway activation as
observed in TCGA. We observed alterations in MAPK pathway-
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Fig. 1 Hyperactive phospho-ERK (pERK) in patients with ESCC is associated with poor prognosis. A Frequencies of upstream mitogen-
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blotting shows pERK expression after different concentrations of U0126 treatment in six ESCC cell lines. F Colony formation assays for six ESCC
cell lines after different concentrations of U0126 treatment for 7–10 days. The growth inhibition ratio was calculated according to the number
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related gene amplification (specifically, EGFR, FGFR1, KRAS, ERBB2,
NRAS, and NGFR) in patients with ESCC (Fig. 1A). Immunohis-
tochemistry (IHC) of pERK1/2 was performed with 72 pairs of
tumor and para-carcinoma tissues from patients with ESCC.
pERK1/2 staining was barely detectable in normal para-
carcinoma tissues (mean score 40.4), while tumor tissues (mean

score 103.2) exhibited a more diffuse pERK1/2 staining (Fig. 1B).
Consistently, the high pERK1/2 expression level was associated
with poor prognosis for overall survival in 301 patients with ESCC
(P= 0.035) (Fig. 1C, D). We then evaluated the effect of ERK1/2
inhibition in six ESCC cell lines using U0126 (a MEK1/2 inhibitor).
Phosphorylation of ERK1/2 was dramatically reduced or
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disappeared after treatment with 1 μM U0126 in all cell lines (Fig.
1E); however, as shown in Fig. 1F, ESCC cell lines exhibited
resistance to 1 μM U0126, with a half-maximal inhibitory
concentration (IC50) ranging from 10 to 30 μM (Fig. 1G). These
results demonstrate that blocking ERK signaling is insufficient to
inhibit ESCC cell growth.
Next, we investigated whether there is a compensatory

mechanism induced by U0126. We examined gene alterations
using 16 cancer-related signaling pathway reporters (Supplemen-
tary Table S1). U0126 treatment upregulated the luciferase
activities of the SIE and ISRE reporters, which are STAT3 and
STAT1/STAT2 binding motifs, respectively (Fig. 2A). The SIE
luciferase activity increased after U0126 treatment in KYSE30
and KYSE150 cells (Fig. 2B). Therefore, we determined whether
U0126 could activate STAT3 in ESCC cell lines. As expected, U0126
increased STAT3Y705 phosphorylation and nuclear localization after
2 h of treatment (Fig. 2C, D). Similar results were found in KYSE450,
KYSE510, TE1, and TE3 ESCC cell lines (Fig. 2E). CRISPR-Cas9
knockout (KO) of ERK2 or ERK1/2-double knockout (DKO) resulted
in increased levels of pSTAT3 (Fig. 2F). In addition, STAT3-KO cells
showed increased levels of pERK1/2 (Fig. 2G). Next, we investi-
gated the phosphorylation levels of STAT3 and ERK1/2 in 12 ESCC
tissue and the results confirmed that the expression of pERK1/2
and pSTAT3 had an inverse correlation (r=−0.5847, P= 0.0459)
(Fig. 2H). To further evaluate the prognostic value of pSTAT3 in a
clinical setting, we performed a survival analysis of patients with
ESCC. High expression of pSTAT3 resulted in a shorter median
overall survival than low expression (P= 0.004, Fig. 2I). Using a risk
score calculation, we combined pERK1/2 and pSTAT3 to predict
the clinical outcomes of patients with ESCC. High expression levels
of both pERK1/2 and pSTAT3 (group+/+) were strongly
associated with shorter overall survival (P= 0.0009, Fig. 2J). These
results supported that both inhibiting ERK signaling pathway and
blocking STAT3 activity could prolong ESCC patient survival.

Dual inhibition of MEK and STAT3 signaling decreases the
proliferation of ESCC cells
To evaluate the compensatory effect of pERK1/2 and pSTAT3,
KYSE30 and KYSE150 cells were treated with U0126 and/or Stattic,
to target the STAT3 SH2 domain and prevent dimerization [30]. It
was found that both pSTAT3 and pERK1/2 expression decreased
upon combined treatment with U0126 and Stattic (Fig. 3A, B).
U0126 had little effect on ESCC cells but acted together with
Stattic to inhibit cell proliferation (Fig. 3C). The combination of
trametinib, another inhibitor of MEK, and JAK1/2 inhibitor
ruxolitinib can effectively inhibited colony formation and the
phosphorylation of ERK1/2 and STAT3 as well (Supplementary Fig.
S1A–D). Consistent with our combination therapy studies, STAT3-
KO cells were more sensitive to U0126 (Fig. 3D). STAT3-KO might

increase the phosphorylation of ERK1/2, resulting in cell prolifera-
tion that is more dependent on the ERK1/2 signaling pathway. We
also showed that ERK2- or ERK1/2-KO enhanced the sensitivity of
ESCC cells to Stattic (Fig. 3E). Given the additional evidence of
pERK1/2 and pSTAT3 signaling crosstalk in ESCC cells, we
monitored if ERK1/2 and STAT3 signaling contributes to cell
proliferation over time using flow cytometry. KYSE30 wild-type
(WT) cells stably expressing blue fluorescent protein (BFP) (WT-
BFP) gave rise to dominant populations when cultured with
KYSE30 ERK1/2-DKO-DsRed cells (Fig. 3F) or KYSE30 STAT3-KO-
DsRed cells (Fig. 3G) treated with Stattic and trametinib,
respectively. These observations indicate that the combined
inhibition of dual signaling pathways suppresses cell proliferation.

MEKi downregulates expression of the SOCS3 suppressor,
resulting in activation of the STAT3 pathway
In ERK1/2-DKO KYSE30 and KYSE150 cells, expression of pSTAT3
was notably increased after EGF, oncostatin M (OSM), and
interleukin-6 (IL-6) treatment when compared with WT cells
(Fig. 4A, B). These results suggest that STAT3 activation due to the
inhibition of the ERK signaling might occur through multiple
pathways. To further explore the mechanism by which MEKi
increased pSTAT3 levels, we performed RNA-seq analysis in
KYSE150 cells treated with trametinib or DMSO. A total of 143
differentially expressed genes (DEGs, fold change (FC) > 1.5, P <
0.05) were detected, including downregulation of SOCS3 expres-
sion after trametinib treatment (Fig. 4C, Supplementary Table S2).
In addition, we observed a decrease in the expression of SOCS3 at
mRNA and protein levels along with an increase in pSTAT3
expression upon MEKi in ESCC cells (Fig. 4D, E). These results
indicated that MEK signaling was required for SOCS3 expression.
In line with this conclusion, EGF stimulated SOCS3 expression in
ESCC cells, and this increase was blocked by ERK1/2-DKO (Fig. 4F,
G). In addition, the expression of the ERK2 K54R kinase-inactive
mutant in ERK1/2-DKO cells blocked SOCS3 expression (Fig. 4H).
Flag-SOCS3 overexpression or SOCS3 knockdown resulted in a
decreased or increased in STAT3 phosphorylation (Fig. 4I, J). Taken
together, ERK activity increased SOCS3 expression, and suppres-
sion of SOCS3 transcription mediated STAT3 activation in ESCC
cells.

SOCS3 is a downstream gene of the MEK/ERK/ELK1 signaling
pathway
To further characterize the activity of the SOCS3 promoter and its
associated transcription factors, we used H3K27ac ChIP-seq data
of six ESCC cell lines [31]. Two putative promoter constituents
were identified through the H3K27ac peaks (Fig. 5A). We further
identified the binding motifs of ELK1, ELK3, ELK4, and ETS2 at the
SOCS3 promoter using the JASPAR database (Fig. 5B). ChIP-seq

Fig. 2 Inverse correlation of pERK and pSTAT3 expression in ESCC. A KYSE150 cells were transfected with luciferase reporter genes of 16
tumor-associated signaling pathways and renilla luciferase for 24 h. Cells were incubated with DMSO or U0126 (5 μM) for 6 h and luciferase
activity was measured using Dual-Luciferase Assay. Log2 FC was assessed by dividing the luciferase signal obtained from U0126 treated cells
by that obtained from DMSO-treated ones. Error bars represent the mean ± SD. B KYSE30 and KYSE150 were transfected with SIE and renilla
luciferase reporter for 24 h. Cells were incubated with DMSO or U0126 (5 μM) for 6 h and luciferase activity was measured. C Western blotting
showed the expression of activated and total signal transducer and activator of transcription 3 (STAT3) and ERK expression in KYSE30 and
KYSE150 treated with U0126 in a time-dependent manner. D STAT3 and DAPI staining in KYSE30 and KYSE150 after U0126 (5 μM) treatment for
2 h. The fluorescence signal intensity of STAT3 and DAPI was analyzed using the ZEN2.3 software. Scale bar, 50 μm. EWestern blotting showed
the expression of pSTAT3 and pERK in KYSE450, KYSE510, TE1 and TE3 treated with U0126 in a time-dependent manner. F Western blotting
shows the expression of pSTAT3 in wild-type (WT), ERK1-KO, ERK2-KO, and ERK1/2-DKO ESCC cells. GWestern blotting shows the expression of
pERK in WT and STAT3-knockout (KO) cells. Densitometry analyses of pSTAT3 or pERK expression were performed. Error bars represent the
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. HWestern blotting showed the phosphorylated and total STAT3 and ERK expression in 12 human
ESCC tissue. Densitometry analyses and Pearson correlation showed a negative correlation for pSTAT3 and pERK expression. I Kaplan–Meier
analysis was performed to evaluate the effects of pSTAT3 expression on overall survival (n= 301). J Kaplan–Meier analysis was performed to
evaluate the effects of pERK associated with pSTAT3 expression on overall survival (n= 290). Group+/+: dual high expression level of pERK
and pSTAT3; group+/−: high expression of pERK and low expression of pSTAT3 or low expression of pERK and high expression of pSTAT3;
group −/−: dual low expression of pERK and pSTAT3.
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data of ELK1-binding sites in the Encyclopedia of DNA Elements
(ENCODE) database also showed an association between ELK1 and
the SOCS3 promoter (Fig. 5C). To confirm the interaction of ELK1
and the SOCS3 promoter, a ChIP-PCR assay was performed in
KYSE30 and KYSE150 cells, and ELK1 was enriched in the a and b

regions (Fig. 5D). To measure the regulatory effect of ELK1 on its
target promoters, we performed a luciferase reporter assay with
the SOCS3 promoter containing either a WT or mutant ELK1-
binding motif (Fig. 5E). Induction of luciferase activity, by EGF
treatment, was much greater when the luciferase reporter was
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driven by the WT SOCS3 promoter than when driven by the
double-mutant ELK1 motif SOCS3 promoter (Fig. 5F, G). In
addition, SOCS3 expression and ELK1 phosphorylation increased
upon EGF treatment and ELK1 overexpression (Fig. 5H, I).
Moreover, inhibition of STAT3 signaling pathway alone induced
the activation of the ERK/ELK1/SOCS3 axis in both KYSE30 and
KYSE150 cells (Fig. 5J, K). These results suggest that ELK1 is
phosphorylated through ERK signaling and assembles at the
SOCS3 promoter to activate the transcription of SOCS3. Thus, while
EGF stimulation activates the EGFR to promote the MEK/ERK-
driven transcription in ESCC, MEKi decreases SOCS3 expression
and activates STAT3-dependent transcription.

Combined trametinib and Stattic treatment induces cell cycle
arrest and senescence in ESCC cells
To determine the mechanism by which MEK and STAT3 dual
inhibition reduced colony formation and cell proliferation, we
performed cell cycle assays. Compared to either trametinib or
Stattic alone, we found an increase in G1 phase arrest in cells
treated with trametinib and Stattic together (Fig. 6A). We further
explored how the combined inhibition affected cell senescence.
As shown in Fig. 6B, the number of senescence-associated SA-
β-gal-positive cells was significantly increased in the combined
treatment group when compared to either trametinib or Stattic
treatment alone. RNA-seq data of KYSE150 cells after inhibitor
treatment revealed that the trametinib and Stattic combination
downregulated a greater number of cell cycle-related genes and
increased SASP expression compared with DMSO treatment
(Fig. 6C, Supplementary Table S3). This analysis highlights that
MEK and STAT3 signaling blockade activateds the cell senescence
pathway. Then, we verified that the mRNA transcription of cell
cycle- and SASP signaling pathway-related genes were changed
after trametinib and Stattic treatment using qRT-PCR (Fig. 6D, E).
Meanwhile, the expression of p21 was elevated when two
inhibitors were used in combination (Fig. 6F). These results
suggest that combined MEK and STAT3i suppresses ESCC cell
proliferation by inducing cell senescence.

Suppression of MEK in combination with ruxolitinib leads to
regression of tumor growth in vivo
To further identify whether the induction of senescence by MEKi
and STAT3i suppresses tumor growth in vivo, KYSE30 and KYSE150
cells were implanted subcutaneously into BALB/C nude mice and
treated with DMSO, trametinib, ruxolitinib, or their combination
via intraperitoneal injection every 3 days. The xenografts treated
with both trametinib and ruxolitinib showed significantly sup-
pressed growth compared to those treated with trametinib or
ruxolitinib alone (Fig. 7A–C). The expressions of pSTAT3 and
pERK1/2 were decreased upon combination therapy compared
with those with monotreatment (Fig. 7D). IHC also showed
decreased Ki67 and increased p21 expression in xenografts upon
combination treatment compared to the control (Fig. 7E, F). All
data suggest that MEKi and STAT3i combination therapy
effectively improves anti-ESCC tumor efficacy.

DISCUSSION
Here, we identified that the ERK signaling pathway is a potential
target for ESCC therapy. ESCC cells become resistant to ERK
signaling inhibition by inducing STAT3 activation. MEKi blocks the
MEK/ERK/ELK1-driven transcription, decreases downstream target
gene SOCS3 expression and results in the activation of STAT3 in
ESCC. Combined strategy of MEKi and STAT3i can inhibit ESCC cell
proliferation and induce cell senescence in vitro and in vivo.
ESCC has a high mortality rate in China. Surgical treatment

combined with chemotherapy, radiotherapy, and chemoradiother-
apy is the primary clinical treatment for ESCC. However,
conventional cytotoxic treatments have limitations and severe
adverse effects. Although the genomic features of ESCC have been
well studied, few therapeutic targets and drugs are available for
ESCC targeted therapy [5, 10].
EGFR and ERBB2 amplification are found in the majority of ESCC

patients [9]. The EGFR inhibitors gefitinib and erlotinib can
effectively inhibit tyrosine kinase activity and lead to down-
regulation of the PI3K/AKT and MEK/ERK signaling pathways.
However, only 2.8% of patients with ESCC with EGFR amplification
achieved a response in a phase II trial of the EGFR inhibitor
gefitinib, and the EGFR expression level was positively associated
with a better prognosis [32]. These results indicate that mono-
therapy with EGFR inhibitors has no significant clinical effect on
patients with ESCC.
The MAPK pathway is the most prominent in tumors. Recently,

MEK/ERK pathway inhibitors have been proposed as a new
strategy for cancers with EGFR, RAS, and RAF mutations.
Trametinib is the first MEK inhibitor to receive FDA approval for
the treatment of melanoma with BRAF-V600E mutations [33].
However, a single agent has poor therapeutic efficacy due to the
feedback activation of oncogenic pathways and alterations in
metabolic functions [34–37]. MAPK signaling is involved in cell
proliferation and metastasis in ESCC as well [38, 39].
Constitutive activation of STAT3 can effectively induce malig-

nant transformation and tumor metastasis in ESCC [40]. STAT3 is
activated by various cytokines, such as IL-6, LIF, TNFα, EGF, and
PDGF [41]. In addition to cytokine stimulation, protein tyrosine
phosphatases and SOCS3 dysregulation also result in STAT3
activation [42, 43]. Both MAPK and STAT3 signaling pathways are
activated downstream of EGFR [16, 44]. We have previously
identified that blocking STAT3 signaling using STAT3β, a splice
variant of STAT3 can enhance chemotherapy and chemoradiother-
apy sensitivity in ESCC [45–47]. Here, we observed a negative
correlation between pERK and pSTAT3 expression in ESCC cell
lines (Fig. 2D). MEKi resulted in an increase in pSTAT3 after 2 hours
treatment, which suggests that this compensatory activation is
probably engaged through a transcriptional mechanism. RNA-seq
and ChIP-seq analysis revealed that MEKi blocked SOCS3
expression, indicating that ELK1 might be a transcription factor
for SOCS3 expression (Fig. 5L). The inverse correlation between
MEK and STAT3 signaling and their crosstalk might serve as a
negative feedback mechanism that prevents excessive cell signal
activation. Consistent with these findings, Lee et al. observed that

Fig. 3 Dual inhibition of ERK and STAT3 signaling decreases the proliferation of ESCC cells. A, B Western blotting shows the expression of
pSTAT3 and pERK in KYSE30 (A) and KYSE150 (B) after treatment with U0126 (5 μM) and/or Stattic (1 μM) for 4 h. Densitometry analyses of
pSTAT3 or pERK expression are shown. Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. C Colony formation assays of
KYSE30 and KYSE150 cells treated with a combination of U0126 and Stattic at different concentrations as indicated. The percentage growth at
each inhibitor concentration is presented (middle). Data are presented as the mean of three independent experiments. D, E Colony formation
assays of KYSE30 and KYSE150 STAT3-KO (D) and ERK1/2-KO (E) cells treated with U0126 at different concentrations, showing the colony
formation number (means of three independent experiments). Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. F KYSE30
WT cells were stably transduced with EV-BFP (WT-BFP), and KYSE30 ERK1/2-DKO cells with EV-DsRed (DKO1/2-DsRed). Cells were mixed at
equal numbers and treated with Stattic (0.1 μM). G KYSE30 WT cells were stably transduced with EV-BFP (WT-BFP), and KYSE30 STAT3-KO with
EV-DsRed (STAT3-KO-DsRed). Cells were mixed at equal numbers and treated with trametinib (0.1 μM). Flow cytometry was performed to
monitor the proportions of BFP+ and DsRed+ cells at various time points. Shown are representative FACS plots from three independent
experiments. Error bars represent the mean ± SD.
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MEKi leads to autocrine activation of STAT3 via FGFR and IL-6
receptors in mutationally activated EGFR-driven non-small-cell
lung cancers [37]. STAT3 inhibition (STAT3i) resulting in ERK
activation may be involved in other mechanisms in ESCC and has
been studied in pancreatic cancer [34]. Recently, Nagaraj et al.
showed an inverse correlation between pSTAT3 and pERK1/2 in
pancreatic cancer, in which STAT3i results in ERK activation
through the TACE-AREG-EGFR axis [34]. These studies suggest that
the intracellular complexity of signaling pathway crosstalk allows

cell-dependent regulation and tumor cell develop different
resistance mechanisms that drive a feedback loop for STAT3
activation in response to stress. While the crosstalk between
STAT3 and ERK signaling is complex, we sought to identify its role
in mediating tumor cell target therapy in our ESCC models after
combined inhibition. Indeed, both STAT3 and MEKi resulted in
decreased cell proliferation not only through inhibition of the
STAT3 and ERK signaling feedback but also by inducing
senescence via increasing cell cycle arrest and SASP (Fig. 6).

-101 SOCS3

C
D

KN
1B

TL
R

9
SO

C
S1

C
O

L5
A2

M
IR

22
1

SL
C

11
A2

PD
IA

3
C

U
L4

A
C

C
L2

D
IC

ER
1

D
U

SP
22

PT
G

S2
PT

G
ER

1
C

TF
1

S1
PR

1
FG

FR
2

W
N

T5
A

JA
K3

N
FK

B1
TY

K2
JA

K2
KL

R
K1

BM
X

R
B1

PR
KA

A1
JA

G
1

PL
O

D
2

SO
D

2
PR

KA
B1

D
C

BL
D

2
S1

00
A8

M
M

P3
SO

X2
IG

F1
R

PM
L

N
FE

2L
2

G
AB

BR
1

ER
BB

2
R

AC
1

BI
R

C
6

SR
F

ZC
3H

12
A

PT
PN

6
C

D
KN

2A
SM

AR
C

A2
PI

K3
C

A
PA

R
D

3
IT

G
A1

SN
AI

2
FE

R
ST

AT
3

EG
FR

SA
A1

IR
AK

4
VT

C
N

1
N

O
TC

H
1

IL
6R

C
D

KN
1A

EH
F

JU
N

M
U

C
1

C
D

H
1

ES
R

2
JA

K1
M

C
L1

PI
K3

R
1

SP
TB

N
1

AC
VR

1B
IL

17
R

B
ID

1
G

PX
8

R
N

F6
C

R
EB

1
AD

K
N

R
AS

C
D

27
4

IL
10

R
B

C
LC

F1
G

AD
D

45
G

ST
AT

5A
AQ

P9
PO

U
5F

1
M

AP
K3

TN
FR

SF
1A

PI
TX

1
AD

IP
O

R
1

PR
D

M
1

PG
R

M
C

1
M

ES
T

C
AS

P3
LI

N
C

00
51

8
R

PN
2

G
FA

P
ER

N
1

IL
6S

T
M

AP
K1

LI
FR

LE
PR

R
PL

34
R

O
R

A
N

R
4A

3
O

SM
R

TN
F

M
AP

K8
ST

K1
1

M
YC

PI
M

1
S1

PR
2

TW
IS

T1
PT

PN
11

R
PS

6K
B1

C
D

K2
N

F1
LI

F
BC

L2
L1

C
C

N
D

1
N

R
G

1
H

IF
1A

IN
PP

5D
IT

G
B1

C
KS

1B
BI

R
C

5
G

PI
SO

C
S3

BR
C

A1
FO

S
XB

P1
KI

F2
0A

VE
G

FA
SO

C
S5

M
D

M
2

YA
P1

YE
S1

VE
G

FC
IL

6
FG

F2
PP

AR
A

IL
11

BC
L2

TG
FB

1
IF

N
L1

SR
C

AK
T1

D
M

SO
Tr

am
et

in
ib

JAK-STAT3

DEGs

143

206

3176

α-Tubulin

pSTAT3

STAT3

pERK1/2

ERK1/2

EGF (50ng/ml)

OSM (10ng/ml)

IL-6 (10ng/ml)

- + - - - + - -
- - + - - - + -
- - - + - - - +

KYSE150

WT ERK1/2-DKO

WT

EGF (min)   0  15  30  60   0  15  30 60   0  15  30  60 

pSTAT3

STAT3

pERK1/2

ERK1/2

α-Tubulin

KYSE30

CB

A WT

OSM (min)    0   15  30 60     0   15  30  60    0  15   30  60 
pSTAT3

STAT3

pERK1/2

ERK1/2

α-Tubulin

SOCS3

pSTAT3

STAT3

pERK1/2

ERK1/2
α-Tubulin

Trametinib (h)  0   1    2   4  0   1  2  4   
KYSE30 KYSE150

KYSE30 KYSE150
0.0

0.5

1.0

1.5

R
el

at
iv

e 
SO

C
S3

m
R

N
A 

ex
pr

es
si

on

0h
1h
2h
4h

***

***
***

** **

SOCS3

pSTAT3

STAT3

pERK1/2

ERK1/2

α-Tubulin

EGF (min)   0  15 30 60  0  15 30 60
WT ERK1/2-DKO

KYSE30

SOCS3

pSTAT3

STAT3

pERK1/2

ERK1/2

α-Tubulin

EGF    –   +   –   +

ERK1/2-
DKOWT

KYSE150

SOCS3

α-Tubulin

ERK2

EV ER
K2

-H
A

ER
K2

-K
54

R
-H

A

ERK1/2-  DKO

FED

α-Tubulin

pSTAT3

STAT3
Flag

Trametinib (h)    0     1     2     4      0     1     2     4 0     1     2     4      0     1     2     4
EV Flag-SOCS3 EV Flag-SOCS3

KYSE30 KYSE150

IH

G

KYSE30

KYSE30

ERK1/2-DKO1 ERK1/2-DKO2 ERK1/2-DKO2ERK1/2-DKO1
WT

IL6 (min)   0  15  30 60  0  15 30 60  0  15  30 60 
pSTAT3

STAT3

pERK1/2

ERK1/2

α-Tubulin
KYSE30

ERK1/2-DKO1 ERK1/2-DKO2

J

SOCS3

pSTAT3

STAT3

α-Tubulin

shSOCS3  NC   1     2    NC   1     2
KYSE30 KYSE150

pERK1/2

ERK1/2

Trametinib

Fig. 4 MEKi results in STAT3 phosphorylation, which occurs through SOCS3 downregulation. A Western blotting shows the expression of
pSTAT3 and pERK in KYSE30 WT, ERK1/2-DKO-1, and ERK1/2-DKO-2 after EGF (50 ng/ml), OSM (10 ng/ml), or IL-6 (10 ng/ml) treatment.
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pERK were determined using western blotting. C RNA-seq heat map analyses of differentially expressed genes (DEGs) involved in the JAK-
STAT3 signaling pathway after trametinib or DMSO treatment. A fold change cutoff of log2 <−0.58 or >0.58 and a p value cutoff of P < 0.05
were selected and overlapped for JAK-STAT3 signaling pathway genes. D qRT-PCR results show the transcription level of SOCS3 mRNA after
trametinib treatment at various time points. Error bars represent the mean ± SD. **P < 0.01, ***P < 0.001. E KYSE30 and KYSE150 cells were
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luciferase activity was evaluated. Error bars represent the mean ± SD. G Luciferase activity was evaluated in mutant ELK1 motif reporter-
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and STAT3 was activated when EGFR signaling was induced.
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Furthermore, gene KO studies indicate that downregulation of
ERK1/2 or STAT3 enhances STAT3i or MEKi therapeutic efficacy in
ESCC cells. Importantly, combination therapy can also play a role
in tumor inhibition in vivo in ESCC xenografts. Numerous studies
have shown that targeting MEK alone fails to sustain the signaling

blockade [19, 21]. The identification of MEKi compensatory
signaling is favorable for combination therapy to overcome the
acquired resistance against a single therapeutic agent.
Senescence is a complicated physiological process that occurs

in response to external and internal stimuli. The effect of inhibitor-
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induced tumor cell senescence has made it an attractive
therapeutic strategy. Therapy-induced cellular senescence sup-
presses tumor growth and enhances anti-tumor immunotherapy
by inducing cell cycle arrest and SASP [26, 48]. Inhibition of STAT3
activation reprograms the SASP and improves the efficacy of
docetaxel-induced senescence by activating immunosurveillance
in PTEN−/− prostate tumors [49]. Blockade of long-term ERK
signaling also induces senescence through MYC degradation and
p16 reactivation in KRAS-mutant pancreatic cancer [28]. It was also
previously reported that the inhibition of MAPK and CDK4/6
induces cell cycle arrest and senescence in KRAS-mutant lung
cancer cells [26]. However, senescence induced by combined
inhibition of STAT3 and ERK signaling has not been studied in
ESCC. In this study, dual blockade of STAT3 and ERK significantly
induced cell cycle arrest and increased SA-β-gal staining, as well as
SASP (Fig. 6). Senescence is considered a double-edged sword in
tumor development [50]. Oncogene activation that induces cell
senescence during tumor initiation can inhibit tumor growth. For
example, HRAS, EGFR, and HER2 activation can drive a permanent
cell cycle arrest and senescence in mammary epithelial cells [51–
53]. SASP can suppress tumor growth by inducing paracrine
senescence and recruiting immune cells due to the release of
chemokines and cytokines [54]. However, SASP also promotes
tumor cell proliferation, relapse after chemotherapy, and immu-
nosuppression [55–58]. Our data indicate that the combined
inhibition of STAT3 and MEK induces ESCC cell senescence, which
plays an anti-tumor role in nude mice. Whether senescence and
SASP can modify the tumor microenvironment and promote anti-
tumor activity requires further research.
In summary, we explored the increased phosphorylation of

ERK1/2 and STAT3 in association with poor prognosis to
demonstrate their potential role in ESCC targeted therapy. We
further identified that MEKi induces the activation of
STAT3 signaling through the ERK-ELK1-SOSC3 axis. Dual inhibition
of MEK and STAT3 signaling results in the disruption of potential
crosstalk disruption, which can effectively inhibit tumor growth
in vitro and in vivo. These findings improve our understanding of
the crosstalk between the ERK and STAT3 signaling pathways, and
combination therapy with MEK and STAT3 inhibitors may be
beneficial for ESCC therapy.

MATERIALS AND METHODS
Reagents and antibodies
The MEK1/2 inhibitor U0126 (V1121) was purchased from Promega.
Trametinib (MEK1/2 inhibitor, HY-10999), Stattic (STAT3 inhibitor, HY-
13818), and ruxolitinib (JAK1/2 inhibitor, HY-50856) were obtained from
MedChemExpress (MCE, China). Blasticidin (BSD, R21001) and EGF
(PHG0311) were obtained from Thermo Fisher Scientific. OSM (10452-
HNAH) and human recombinant IL-6 (10395-HNAE) were purchased from
Sino Biological Inc. (Beijing, China). X-gal (0428-1 G) was purchased from
Maygene Inc. (Guangzhou, China).
Antibodies against STAT3 (9139 s), p-STAT3 Y705 (9145 s), p-p44/42

MAPK (ERK1/2) (4370 s), p44/42 MAPK (ERK1/2) (4695 s), cyclin E2 (4656),
and cyclin B1 (12231) were obtained from Cell Signaling Technology
(Shanghai, China). pERK (E-4) (sc-7383) and p-ELK-1 (B-4) (sc-8406) were

purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies
against GAPDH (60004-1-Ig), α-tubulin (66031-1-Ig), Flag (DDDDK tag)
(20543-1-AP), SOCS3 (14025-1-AP), p21 (10355-1-AP), and cyclin D1 (60186-
1-Ig) were purchased from Proteintech. Anti-ELK1 antibody (ab32106) was
purchased from Abcam (Shanghai, China).

Cell culture
Sources of ESCC cell lines have been described previously [59]. The human
ESCC cell lines KYSE30, KYSE150, KYSE450, KYSE510, and TE3 were grown
in RPMI 1640 medium (Thermo Fisher), and TE1 and HEK293T cells were
maintained in DMEM (Thermo Fisher). The media contained 10% fetal
bovine serum (Thermo Fisher), penicillin (100 U/ml), and streptomycin
(100 g/mL), and cells were incubated at 37 °C in 5% CO2. All cell lines were
verified by STR analysis and free of mycoplasma contamination (IGEbio,
Guangzhou, China).

ESCC tissue specimens
ESCC tissue specimens (n= 301) were collected after surgical resection at
the Shantou Central Hospital (Shantou, China), between 2007 and 2013,
with the approval of the ethical committee of the Shantou University
Medical College (SUMC-2017-12, 2018.01.01). Written informed consent
was obtained from all patients. All tumors were confirmed as ESCC by
pathologists in the Clinical Pathology Department of the Hospital. Only the
follow-up data of patients who died from ESCC were included in tumor-
related deaths, and the follow-up deadline was July 2019. Patients
suffering from severe postoperative complications, other tumors, or those
who died of other causes were excluded. Information on the various
clinicopathological characteristics is listed in Supplementary Table S4.

Hematoxylin and eosin (HE) staining and
immunohistochemistry (IHC)
IHC of esophageal carcinoma tissues was performed as described in our
previous study [60]. Anti-pERK and pSTAT3 antibodies were used.
Xenograft tumors from nude mice were fixed in 4% paraformaldehyde
for 6 h at room temperature and dehydrated overnight. Fixed tissues were
sectioned at 4 μm and processed for HE, and IHC was performed using
anti-pERK (1:500) and anti-pSTAT3 (1:200) antibodies following standard
procedures [60].

Risk score calculations and survival analysis
The expression of pERK and pSTAT3 in ESCC specimens was calculated
based on the intensity of staining in tumor cells using the Vectra
automated multispectral histopathological quantitative analysis system
(InForm Version 2.1; PerkinElmer), and the scores (from 0 to 300) were used
for the following analyses. A high or low concentration of a given protein
was defined using X-tile software (Release 3.6.1). Clinical survival analyses
were performed using SPSS (version 22.0; IBM, Chicago, IL, USA) or
GraphPad Prism 8 software (La Jolla, CA, USA). Overall survival was defined
as the time from the date of primary surgery to the date of death due to
EC, and data for survivors was recorded at the last follow-up.

RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA was extracted using TRIzol (15596018, Life Technologies) as previously
described [47]. Total RNA was reverse transcribed using HiScript® III RT
SuperMix for qPCR (+gDNA wiper) (R323-01, Vazyme) according to the
manufacturer’s instructions. Quantitative PCR was performed using ChamQ
Universal SYBR qPCR Master Mix (Q711-02, Vazyme) and Applied
Biosystems 7500/7500 Fast Real-Time PCR System (Thermo Fisher). The

Fig. 6 Combined trametinib and Stattic treatment induces tumor cell cycle arrest and senescence in ESCC. A KYSE30 and KYSE150 cells
were treated with trametinib and/or Stattic for 48 h, and cell cycle analysis was performed using flow cytometry. The histogram shows the
percentage of cells in different cell cycle phases. B KYSE30 and KYSE150 cells were treated with trametinib and/or Stattic for 48 h, and cell
senescence assays were performed using SA-β-Gal staining. The histogram shows the percentage of SA-β-Gal-positive cells. Scale bar, 20 μm.
Error bars represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. C Heat map of SASP and cell cycle-related gene expression in KYSE150
cells treated with trametinib (100 nM) and Stattic (100 nM) for 2 days. Three biological replicates are shown. D, E qRT-PCR verified the mRNA
expression of the senescence-associated cell cycle (D) and SASP (E) genes. Error bars represent the mean ± SD of three experimental
replicates. *P < 0.05, **P < 0.01, ***P < 0.001. F KYSE30 and KYSE150 cells were treated with trametinib and/or Stattic for 48 h, expressions of
p21, cyclin A2, cyclin B1, and cyclin D1 were examined. Densitometry analyses of p21 represent three independent experiments. Error bars
represent the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. G A schematic diagram of how MEKi and STAT3i induce cellular senescence
in ESCC.
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mass at the endpoint (C) are shown. D Western blotting results show the expression of pSTAT3 and pERK1/2 in xenograft tumors exposed to
the indicated treatment. Densitometry analyses of pSTAT3 and pERK1/2 expression normalized to STAT3 and ERK1/2 expression, respectively.
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0.001.
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primer sequences used for quantitative PCR are listed in Supplementary
Table S5. ACTB was used as an internal reference and for normalization.
mRNA expression was determined using a comparative threshold (CT)
value. The CT value was normalized using the formula: ΔCT= CT (target
gene) – CT (ACTB). Relative mRNA expression was normalized against the
relative value obtained from the control group using the formula: ΔΔCT=
ΔCT (treatment group) – ΔCT (control group). The expression FC was
determined according to the following formula: FC= 2−ΔΔCT. All experi-
ments were performed in triplicates.

RNA-seq
RNA-seq was performed using a BGISEQ-500 system (BGI, Wuhan, China).
Data were aligned using STAR (version 2.7.6a), and differentially expressed
mRNAs were identified using DESeq2 (version 1.16.1). An FC cutoff of
log2 <−0.58 or >0.58 and a p value cutoff of P < 0.05, were deemed
significant for the regulated gene sets. JAK-STAT3 signaling pathway-
related genes were retrieved from GeneCards (https://www.genecards.org/
Search/Keyword?queryString=jak-STAT3).

Chromatin immunoprecipitation sequencing (ChIP-seq) data
analysis
ChIP-seq data were obtained from our previous studies using the GEO
database (GEO ID: GSE76861 and GSE106563) [61, 62]. H3K27ac ChIP-seq
bigwig files were obtained as previously described [31]. ELK1 ChIP-seq bigwig
files in K562, HepG2, HeLa, A549, and GM12878 cell lines were obtained from
the ENCODE [63]. All files were visualized using the INTEGRATIVE GENOMICS
VIEWER (http://www.broadinstitute.org/igv/home). H3K27ac and ELK1 peaks
within ±1 kb of the SOCS3 transcription start sites were recorded.

ChIP-PCR assay
ChIP-PCR assays were performed as previously described [61]. In brief, 1 × 107

KYSE30 and KYSE150 cells were crosslinked with formaldehyde (1%) (28908,
Thermo Fisher) and neutralized with glycine. Cells were lysed, and DNA was
disrupted by sonication (Covaris E220, Woburn, MA, USA). Each ultrasonic
product was divided into two equal volumes. Anti-ELK1 and normal IgG were
added to each volume and incubated at 4 °C overnight. Dynabeads protein
A/G magnetic beads (Invitrogen) were added for 4 h at 4 °C. Complexes were
immunoprecipitated, and DNA was eluted and purified using QIAquick PCR
Purification Kit (28106, QIAGEN, Germany). The immunoprecipitated DNA was
quantified via PCR with SOCS3 promoter-specific primers and separated on a
1.8% agarose gel. The primer sequences used for ChIP-PCR are listed in
Supplementary Table S5. The relative enrichment was normalized to a 1%
input. IgG antibody was used as a negative control.

Xenograft studies
All animal studies were conducted in accordance with the protocols
approved by the Animal Research Committee of the Shantou Administration
Center (SUMC2021-348). Six-week-old female nude mice were randomly
divided into eight groups (five mice each) and 1 × 106 KYSE30 and KYSE150
cells (resuspended in 100 μL PBS) were implanted subcutaneously into the
right flanks of female nude mice (Vital River Laboratories, Beijing, China).
The mice were then examined every 3 days for weight and tumor growth.
Ten days after cell injection when the xenograft tumors were palpable,
trametinib (3mg/kg), ruxolitinib (20mg/kg), or both were injected
intraperitoneally every 3 days to optimize the inhibitor dose in nude mice
as previously reported [18, 37]. Tumor size was measured every 3 days and
the volume was calculated using the following formula: (length ×width2)/2.
Fifteen days after tumor cell injection (xenograft tumor volume reached
1000mm3) and the mice were euthanized. Tumors were resected and
weighted, and then fixed in 4% paraformaldehyde, snap-frozen, and stored
at −80 °C for further histopathological processing.

Statistical analysis
Statistical analysis was performed using SPSS (version 17.0; SPSS Inc.,
Chicago, IL, USA) and GraphPad Prism 8 software (GraphPad Prism
Software Inc., San Diego, CA, USA). Student’s t test was used for
independent sample analysis. Pearson correlation analysis and U0126
IC50 values were calculated using Prism 8 software. All data represent at
least three independent experiments. Overall survival curves were
estimated using the Kaplan–Meier method and compared using the log-
rank test. Statistical significance was set at P < 0.05 and denoted as *P <
0.05, **P < 0.01, ***P < 0.001.

DATA AVAILABILITY
All data generated or analyzed in this study are included in this paper and can be
obtained from the corresponding author according to formal requirement.

REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

cancer statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209–249.

2. Zhang X, Yang Y, Sun Y, Ye B, Guo X, Mao T, et al. Adjuvant therapy for patho-
logical T3N0M0 esophageal squamous cell carcinoma. J Thorac Dis. 2019;11:
2512–22.

3. Arnold M, Soerjomataram I, Ferlay J, Forman D. Global incidence of oesophageal
cancer by histological subtype in 2012. Gut. 2015;64:381–7.

4. Zhang AD, Su XH, Shi GF, Han C, Wang L, Liu H, et al. Survival Comparision of
Three-dimensional Radiotherapy Alone vs. Chemoradiotherapy for Esophageal
Squamous Cell Carcinoma. Arch Med Res. 2020;51:419–28.

5. Yang YM, Hong P, Xu WW, He QY, Li B. Advances in targeted therapy for eso-
phageal cancer. Signal Transduct Target Ther. 2020;5:229.

6. Ruhstaller T, Thuss-Patience P, Hayoz S, Schacher S, Knorrenschild JR, Schnider A,
et al. Neoadjuvant chemotherapy followed by chemoradiation and surgery with
and without cetuximab in patients with resectable esophageal cancer: a rando-
mized, open-label, phase III trial (SAKK 75/08). Ann Oncol. 2018;29:1386–93.

7. Cancer Genome Atlas Research N, Analysis Working Group: Asan U, Agency BCC,
Brigham, Women’s H, Broad I, et al. Integrated genomic characterization of
oesophageal carcinoma. Nature. 2017;541:169–75.

8. Song Y, Li L, Ou Y, Gao Z, Li E, Li X, et al. Identification of genomic alterations in
oesophageal squamous cell cancer. Nature. 2014;509:91–5.

9. Gao YB, Chen ZL, Li JG, Hu XD, Shi XJ, Sun ZM, et al. Genetic landscape of
esophageal squamous cell carcinoma. Nat Genet. 2014;46:1097–102.

10. Lin DC, Hao JJ, Nagata Y, Xu L, Shang L, Meng X, et al. Genomic and molecular
characterization of esophageal squamous cell carcinoma. Nat Genet. 2014;46:467–73.

11. Sawada G, Niida A, Uchi R, Hirata H, Shimamura T, Suzuki Y, et al. Genomic
Landscape of Esophageal Squamous Cell Carcinoma in a Japanese Population.
Gastroenterology. 2016;150:1171–82.

12. Tasioudi KE, Saetta AA, Sakellariou S, Levidou G, Michalopoulos NV, Theodorou D,
et al. pERK activation in esophageal carcinomas: clinicopathological associations.
Pathol Res Pr. 2012;208:398–404.

13. Zhen H, Li G, Zhao P, Zhang Y, Wang J, Yu J, et al. Raltitrexed Enhances the
Antitumor Effect of Apatinib in Human Esophageal Squamous Carcinoma Cells
via Akt and Erk Pathways. Onco Targets Ther. 2020;13:12325–39.

14. Wang X, Zhao Y, Fei X, Lu Q, Li Y, Yuan Y, et al. LEF1/Id3/HRAS axis promotes the
tumorigenesis and progression of esophageal squamous cell carcinoma. Int J Biol
Sci. 2020;16:2392–404.

15. Sun C, Hobor S, Bertotti A, Zecchin D, Huang S, Galimi F, et al. Intrinsic resistance
to MEK inhibition in KRAS mutant lung and colon cancer through transcriptional
induction of ERBB3. Cell Rep. 2014;7:86–93.

16. Caunt CJ, Sale MJ, Smith PD, Cook SJ. MEK1 and MEK2 inhibitors and cancer
therapy: the long and winding road. Nat Rev Cancer. 2015;15:577–92.

17. Lu YX, Chen DL, Wang DS, Chen LZ, Mo HY, Sheng H, et al. Melatonin enhances
sensitivity to fluorouracil in oesophageal squamous cell carcinoma through
inhibition of Erk and Akt pathway. Cell Death Dis. 2016;7:e2432.

18. Zhou J, Wu Z, Wong G, Pectasides E, Nagaraja A, Stachler M, et al. CDK4/6 or
MAPK blockade enhances efficacy of EGFR inhibition in oesophageal squamous
cell carcinoma. Nat Commun. 2017;8:13897.

19. Samatar AA, Poulikakos PI. Targeting RAS-ERK signalling in cancer: promises and
challenges. Nat Rev Drug Disco. 2014;13:928–42.

20. Infante JR, Somer BG, Park JO, Li CP, Scheulen ME, Kasubhai SM, et al. A ran-
domised, double-blind, placebo-controlled trial of trametinib, an oral MEK inhi-
bitor, in combination with gemcitabine for patients with untreated metastatic
adenocarcinoma of the pancreas. Eur J Cancer. 2014;50:2072–81.

21. Manchado E, Weissmueller S, Morris JPT, Chen CC, Wullenkord R, Lujambio A,
et al. A combinatorial strategy for treating KRAS-mutant lung cancer. Nature.
2016;534:647–51.

22. Anderson GR, Winter PS, Lin KH, Nussbaum DP, Cakir M, Stein EM, et al. A
Landscape of Therapeutic Cooperativity in KRAS Mutant Cancers Reveals Princi-
ples for Controlling Tumor Evolution. Cell Rep. 2017;20:999–1015.

23. Wong GS, Zhou J, Liu JB, Wu Z, Xu X, Li T, et al. Targeting wild-type KRAS-
amplified gastroesophageal cancer through combined MEK and SHP2 inhibition.
Nat Med. 2018;24:968–77.

24. Hernandez-Segura A, Nehme J, Demaria M. Hallmarks of Cellular Senescence.
Trends Cell Biol. 2018;28:436–53.

25. Ruscetti M, Morris JPT, Mezzadra R, Russell J, Leibold J, Romesser PB, et al.
Senescence-Induced Vascular Remodeling Creates Therapeutic Vulnerabilities in
Pancreas Cancer. Cell. 2020;181:424–41. e421

Z.-Y. Zheng et al.

12

Cell Death and Disease          (2022) 13:496 

https://www.genecards.org/Search/Keyword?queryString=jak-STAT3
https://www.genecards.org/Search/Keyword?queryString=jak-STAT3
http://www.broadinstitute.org/igv/home


26. Ruscetti M, Leibold J, Bott MJ, Fennell M, Kulick A, Salgado NR, et al. NK cell-
mediated cytotoxicity contributes to tumor control by a cytostatic drug combi-
nation. Science. 2018;362:1416–22.

27. He Q, Xue S, Tan Y, Zhang L, Shao Q, Xing L, et al. Dual inhibition of Akt and ERK
signaling induces cell senescence in triple-negative breast cancer. Cancer Lett.
2019;448:94–104.

28. Hayes TK, Neel NF, Hu C, Gautam P, Chenard M, Long B, et al. Long-Term ERK
Inhibition in KRAS-Mutant Pancreatic Cancer Is Associated with MYC Degradation
and Senescence-like Growth Suppression. Cancer Cell. 2016;29:75–89.

29. de la Puente P, Muz B, Jin A, Azab F, Luderer M, Salama NN, et al. MEK inhibitor,
TAK-733 reduces proliferation, affects cell cycle and apoptosis, and synergizes
with other targeted therapies in multiple myeloma. Blood Cancer J. 2016;6:e399.

30. Spitzner M, Roesler B, Bielfeld C, Emons G, Gaedcke J, Wolff HA, et al. STAT3
inhibition sensitizes colorectal cancer to chemoradiotherapy in vitro and in vivo.
Int J Cancer. 2014;134:997–1007.

31. Wang QY, Peng L, Chen Y, Liao LD, Chen JX, Li M, et al. Characterization of super-
enhancer-associated functional lncRNAs acting as ceRNAs in ESCC. Mol Oncol.
2020;14:2203–30.

32. Janmaat ML, Gallegos-Ruiz MI, Rodriguez JA, Meijer GA, Vervenne WL, Richel DJ,
et al. Predictive factors for outcome in a phase II study of gefitinib in second-line
treatment of advanced esophageal cancer patients. J Clin Oncol. 2006;24:1612–9.

33. Gilmartin AG, Bleam MR, Groy A, Moss KG, Minthorn EA, Kulkarni SG, et al.
GSK1120212 (JTP-74057) is an inhibitor of MEK activity and activation with
favorable pharmacokinetic properties for sustained in vivo pathway inhibition.
Clin Cancer Res. 2011;17:989–1000.

34. Nagathihalli NS, Castellanos JA, Lamichhane P, Messaggio F, Shi C, Dai X, et al.
Inverse Correlation of STAT3 and MEK Signaling Mediates Resistance to RAS
Pathway Inhibition in Pancreatic Cancer. Cancer Res. 2018;78:6235–46.

35. Bryant KL, Stalnecker CA, Zeitouni D, Klomp JE, Peng S, Tikunov AP, et al. Com-
bination of ERK and autophagy inhibition as a treatment approach for pancreatic
cancer. Nat Med. 2019;25:628–40.

36. Kinsey CG, Camolotto SA, Boespflug AM, Guillen KP, Foth M, Truong A, et al.
Protective autophagy elicited by RAF->MEK->ERK inhibition suggests a treatment
strategy for RAS-driven cancers. Nat Med. 2019;25:620–7.

37. Lee HJ, Zhuang G, Cao Y, Du P, Kim HJ, Settleman J. Drug resistance via feedback
activation of Stat3 in oncogene-addicted cancer cells. Cancer Cell. 2014;26:
207–21.

38. Nan P, Wang T, Li C, Li H, Wang J, Zhang J, et al. MTA1 promotes tumorigenesis
and development of esophageal squamous cell carcinoma via activating the
MEK/ERK/p90RSK signaling pathway. Carcinogenesis. 2020;41:1263–72.

39. Zhang F, Zhang Y, Da J, Jia Z, Wu H, Gu K. Downregulation of SPARC Expression
Decreases Cell Migration and Invasion Involving Epithelial-Mesenchymal Transi-
tion through the p-FAK/p-ERK Pathway in Esophageal Squamous Cell Carcinoma.
J Cancer. 2020;11:414–20.

40. Liu K, Jiang M, Lu Y, Chen H, Sun J, Wu S, et al. Sox2 cooperates with
inflammation-mediated Stat3 activation in the malignant transformation of
foregut basal progenitor cells. Cell Stem Cell. 2013;12:304–15.

41. Heinrich PC, Behrmann I, Muller-Newen G, Schaper F, Graeve L. Interleukin-6-type
cytokine signalling through the gp130/Jak/STAT pathway. Biochem J.
1998;334:297–314.

42. Yoshimura A, Naka T, Kubo M. SOCS proteins, cytokine signalling and immune
regulation. Nat Rev Immunol. 2007;7:454–65.

43. Kim M, Morales LD, Jang IS, Cho YY, Kim DJ. Protein Tyrosine Phosphatases as
Potential Regulators of STAT3 Signaling. Int J Mol Sci. 2018;19:2708.

44. Zulkifli AA, Tan FH, Putoczki TL, Stylli SS, Luwor RB. STAT3 signaling mediates tumour
resistance to EGFR targeted therapeutics. Mol Cell Endocrinol. 2017;451:15–23.

45. Zhang HF, Chen Y, Wu C, Wu ZY, Tweardy DJ, Alshareef A, et al. The Opposing
Function of STAT3 as an Oncoprotein and Tumor Suppressor Is Dictated by the
Expression Status of STAT3beta in Esophageal Squamous Cell Carcinoma. Clin
Cancer Res. 2016;22:691–703.

46. Zheng ZY, Yang PL, Li RY, Liu LX, Xu XE, Liao LD, et al. STAT3beta disrupted
mitochondrial electron transport chain enhances chemosensitivity by inducing
pyroptosis in esophageal squamous cell carcinoma. Cancer Lett. 2021;522:
171–183.

47. Zheng ZY, Yang PL, Luo W, Yu SX, Xu HY, Huang Y, et al. STAT3beta Enhances
Sensitivity to Concurrent Chemoradiotherapy by Inducing Cellular Necroptosis in
Esophageal Squamous Cell Carcinoma. Cancers (Basel). 2021;13:901.

48. Rodier F, Campisi J. Four faces of cellular senescence. J Cell Biol. 2011;192:547–56.
49. Toso A, Revandkar A, Di Mitri D, Guccini I, Proietti M, Sarti M, et al. Enhancing

chemotherapy efficacy in Pten-deficient prostate tumors by activating the
senescence-associated antitumor immunity. Cell Rep. 2014;9:75–89.

50. Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M, Alimonti A. Cellular
Senescence: Aging, Cancer, and Injury. Physiol Rev. 2019;99:1047–78.

51. Sarkisian CJ, Keister BA, Stairs DB, Boxer RB, Moody SE, Chodosh LA. Dose-
dependent oncogene-induced senescence in vivo and its evasion during mam-
mary tumorigenesis. Nat Cell Biol. 2007;9:493–505.

52. Angelini PD, Zacarias Fluck MF, Pedersen K, Parra-Palau JL, Guiu M, Bernado
Morales C, et al. Constitutive HER2 signaling promotes breast cancer metastasis
through cellular senescence. Cancer Res. 2013;73:450–8.

53. Garbers C, Kuck F, Aparicio-Siegmund S, Konzak K, Kessenbrock M, Sommerfeld A,
et al. Cellular senescence or EGFR signaling induces Interleukin 6 (IL-6) receptor
expression controlled by mammalian target of rapamycin (mTOR). Cell Cycle.
2013;12:3421–32.

54. Rao SG, Jackson JG. SASP: Tumor Suppressor or Promoter? Yes! Trends Cancer.
2016;2:676–87.

55. Takamori H, Oades ZG, Hoch OC, Burger M, Schraufstatter IU. Autocrine growth
effect of IL-8 and GROalpha on a human pancreatic cancer cell line, Capan-1.
Pancreas. 2000;21:52–6.

56. Coppe JP, Kauser K, Campisi J, Beausejour CM. Secretion of vascular endothelial
growth factor by primary human fibroblasts at senescence. J Biol Chem.
2006;281:29568–74.

57. Achuthan S, Santhoshkumar TR, Prabhakar J, Nair SA, Pillai MR. Drug-induced
senescence generates chemoresistant stemlike cells with low reactive oxygen
species. J Biol Chem. 2011;286:37813–29.

58. Di Mitri D, Alimonti A. Non-Cell-Autonomous Regulation of Cellular Senescence in
Cancer. Trends Cell Biol. 2016;26:215–26.

59. Liu W, Xie L, He YH, Wu ZY, Liu LX, Bai XF, et al. Large-scale and high-resolution
mass spectrometry-based proteomics profiling defines molecular subtypes of
esophageal cancer for therapeutic targeting. Nat Commun. 2021;12:4961.

60. Zhan XH, Jiao JW, Zhang HF, Xu XE, He JZ, Li RL, et al. LOXL2 Upregulates
Phosphorylation of Ezrin to Promote Cytoskeletal Reorganization and Tumor Cell
Invasion. Cancer Res. 2019;79:4951–64.

61. Jiang Y, Jiang YY, Xie JJ, Mayakonda A, Hazawa M, Chen L, et al. Co-activation of
super-enhancer-driven CCAT1 by TP63 and SOX2 promotes squamous cancer
progression. Nat Commun. 2018;9:3619.

62. Jiang YY, Lin DC, Mayakonda A, Hazawa M, Ding LW, Chien WW, et al. Targeting
super-enhancer-associated oncogenes in oesophageal squamous cell carcinoma.
Gut. 2017;66:1358–68.

63. Consortium EP, Moore JE, Purcaro MJ, Pratt HE, Epstein CB, Shoresh N, et al.
Expanded encyclopaedias of DNA elements in the human and mouse genomes.
Nature. 2020;583:699–710.

ACKNOWLEDGEMENTS
This work was supported by grants from the National Natural Science Foundation of
China (81772532) and the Guangdong Esophageal Cancer Institute Science and
Technology Program (M202012).

AUTHOR CONTRIBUTIONS
Z-YZ designed and performed the majority of the experiments, analyzed and
interpreted the data, and wrote the paper. M-YC performed the analysis of ESCC tissue
specimens. WL performed nude mice experiments. Y-QZ performed xenograft
immunohistochemistry experiments. X-EX performed H&E and immunohistochemistry
experiments of ESCC patient tissue specimens. YC performed bioinformatics analysis.
L-YX and E-MLidesigned the study, provided advice, interpreted the data, revise the
paper and supervised the study.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-04941-3.

Correspondence and requests for materials should be addressed to En-Min Li or Li-
Yan Xu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Z.-Y. Zheng et al.

13

Cell Death and Disease          (2022) 13:496 

https://doi.org/10.1038/s41419-022-04941-3
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Z.-Y. Zheng et al.

14

Cell Death and Disease          (2022) 13:496 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Blocking STAT3�signaling augments MEK/ERK inhibitor efficacy in esophageal squamous cell carcinoma
	Introduction
	Results
	Inhibition of ERK signaling activates the STAT3 pathway in ESCC
	Dual inhibition of MEK and STAT3�signaling decreases the proliferation of ESCC cells
	MEKi downregulates expression of the SOCS3�suppressor, resulting in activation of the STAT3 pathway
	SOCS3 is a downstream gene of the MEK/ERK/ELK1�signaling pathway
	Combined trametinib and Stattic treatment induces cell cycle arrest and senescence in ESCC cells
	Suppression of MEK in combination with ruxolitinib leads to regression of tumor growth in�vivo

	Discussion
	Materials and methods
	Reagents and antibodies
	Cell culture
	ESCC tissue specimens
	Hematoxylin and eosin (HE) staining and immunohistochemistry (IHC)
	Risk score calculations and survival analysis
	RNA extraction and quantitative real-time PCR (qRT-PCR)
	RNA-seq
	Chromatin immunoprecipitation sequencing (ChIP-seq) data analysis
	ChIP-PCR assay
	Xenograft studies
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




