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Abstract
Background: Histone deacetylases (HDACs) have been demonstrated to be aber-
rantly activated in tumorigenesis and cancer development. Thus, HDAC inhibitors 
(HDACIs) are considered to be promising anti-cancer therapeutics. However, re-
cent studies have shown that HDACIs promote the migration of many cancer cells. 
Therefore, there is a need to elucidate the underlying mechanisms of HDACIs on 
cancer cell migration to establish a combination therapy that overcomes HDACI-
induced cell migration.
Methods: KYSE-150 and EC9706 cells were treated differently. Effects of drugs 
and siRNA treatment on tumor cell migration and cell signaling pathways were in-
vestigated by transwell migration assy. Gene expression for SNAI2 was tested by 
RT-qPCR. Western blot analysis was employed to detect the level of E-cadherin, 
β-catenin, vimentin,Slug,ERK1/2, H3, PAI-1 and BRD4. The effect of drugs on cell 
morphology was evaluated through phase-contrast microscopic images.
Results: TSA promotes epithelial-mesenchymal transition (EMT) in ESCC cells 
by downregulating the epithelial marker E-cadherin and upregulating mesenchymal 
markers β-catenin, vimentin, Slug, and PAI-1. Knockdown of Slug by siRNA or in-
hibition of PAI-1 clearly suppressed TSA-induced ESCC cell migration and resulted 
in the reversal of TSA-triggered E-cadherin, β-catenin, and vimentin expression. 
However, no crosstalk between Slug and PAI-1 was observed in TSA-treated ESCC 
cells. Blocking ERK1/2 activation also inhibited TSA-induced ESCC cell migration, 
EMT, and upregulation of Slug and PAI-1 levels in ESCC cells. Interestingly, inhibi-
tion of BRD4 suppressed TSA-induced ESCC cell migration and attenuated TSA-
induced ERK1/2 activation and upregulation of Slug and PAI-1 levels.
Conclusions: Our data indicate the existence of at least two separable ERK1/2-
dependent signaling pathways in TSA-mediated ESCC cell migration: an ERK1/2–
Slug branch and an ERK1/2-PAI-1 branch. Both branches of TSA-induced ESCC cell 
migration appear to favor the EMT process, while BRD4 is responsible for two sepa-
rable ERK1/2-dependent signaling pathways in TSA-mediated ESCC cell migration.
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        LIU et al.

1  |   INTRODUCTION

Esophageal cancer is a common malignant tumor of the di-
gestive system and is mainly divided into two major histo-
pathological types: esophageal squamous cell carcinoma 
(ESCC) and esophageal adenocarcinoma.1 More than half 
of the global patients with esophageal cancer are Chinese.2 
Affected by factors, such as diet and genetics, more than 97% 
of esophageal cancers are ESCC in China.3 Various thera-
peutic approaches are currently available for the treatment of 
ESCC. However, the outcomes of ESCC patients remain poor 
and the 5-year survival rate is still lower than 20% in China.4 
Therefore, there is an urgent need to develop alternative and 
novel approaches that could effectively prevent ESCC cell 
growth and metastasis to improve ESCC patient prognosis.

Histone acetylation, dynamically controlled by histone 
acetylases (HATs) and histone deacetylases (HDACs), is a 
major type of epigenetic modification that plays a critical role 
in a number of biological processes by regulating chromatin 
structure and gene transcription. Mutations and/or abnormal 
expression of numerous HDACs have been demonstrated in 
cancer,5,6 and deregulation of the global pattern of histone 
acetylation has been associated with tumorigenesis and de-
velopment.7,8 Therefore, HDAC inhibitors (HDACIs) are 
considered to be promising therapeutic agents against human 
cancers.9–12 Inhibition of the activity of HDAC by HDACIs 
results in the maintenance of the high acetylation state of 
histones and non-histone proteins, subsequently leading to 
the modification and alteration of transcription factor com-
plexes.13,14 Multiple mechanisms, including the promotion 
of cancer cell apoptosis and cell-cycle arrest, are implicated 
in the anti-cancer actions of HDACIs. As a result, several 
HDACIs, such as suberoylanilide hydroxamic acid (SAHA), 
have been used clinically to treat hematological malignan-
cies.15 Despite these advancements, the outcomes of patients 
with solid tumors are poor in HDACI clinical trials. In recent 
years, studies have shown that HDACIs promote the migration 
of many cancer cells derived from liver, colon, and lung by 
activating tumor-promoting genes.16–18 Thus, there is a need 
to elucidate the mechanisms by which HDACIs exert anti-
cancer activity in many cancer cell types. Drug combinations 
that target HDACI-activated migration can provide improved 
therapeutic benefits in treating cancer patients with HDACIs.

HDAC1 mRNA has been reported to be elevated in ESCC 
samples, and HDAC2 levels have been correlated with the in-
vasion depth of ESCC.19,20 Related research has reported that 
trichostatin A (TSA), a broad-spectrum HDACI, suppresses 
proliferation and promotes apoptosis of ESCC cells.21,22 

Despite these reports, there is little literature on the effect of 
HDACIs on ESCC cell migration.

Previous study showed that TSA promoted the migration 
of ESCC cells.23 In this study, the mechanism by which TSA 
promotes ESCC cell migration has been explored. We found 
that TSA enhanced epithelial-mesenchymal transition (EMT) 
through the upregulation of the transcription factor Slug and 
mesenchymal markers in ESCC cells. Our research provides 
insights into the unsatisfactory effect of HDACIs on solid tu-
mors and a reasonable guide for the use of HDACIs in anti-
cancer clinical treatment.

2  |   MATERIALS AND METHODS

2.1  |  Cells and cell culture

The human esophageal squamous cell carcinoma cell lines 
KYSE-150 and EC9706 were purchased from the Cell 
Bank of the Typical Culture Preservation Committee of the 
Chinese Academy of Sciences. The two cell lines were cul-
tured in RPMI 1640 medium (Corning) containing 10% fetal 
bovine serum (Gibco).

2.2  |  Transwell migration assay

The migration of the cells was studied using a 6.5 mm-diameter 
transwell chamber insert with 8-μm pore size (Corning). Two 
hundred microliters of cell suspension (KYSE-150 5.0 × 105 
cells/ml, EC9706 3.0  ×  105 cells/ml) were seeded into the 
upper chamber with or without application of drugs, which 
were as follows: TSA (Beyotime Biotechnology), U0126-
EtOH, PD98059, PAI-039, and JQ1 (APExBIO). The lower 
chambers contained 600  μl of RPMI 1640 medium supple-
mented with 10% fetal bovine serum. After incubation for 24 h, 
the cells that migrated to the lower surface of the membrane 
of the upper chamber were fixed with 4% paraformaldehyde 
and stained with crystal violet. The non-migrating cells in the 
upper surface of the membrane were removed. Five random 
fields of each membrane were captured using a phase-contrast 
microscope (Nikon), and the cells that migrated were counted.

2.3  |  Cell morphological observation

KYSE-150 and EC9706 cells were seeded in six-well plates 
(KYS-150 2.5 × 105 cells/well, EC9706 3.5 × 105 cells/well). 
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After overnight incubation, cells were treated with or with-
out different inhibitors for 24  h. Five different fields were 
selected to observe cell phenotypic changes using a phase-
contrast microscope (Nikon).

2.4  |  Reverse transcription real-time 
quantitative polymerase chain reaction (RT-
qPCR)

RNA was extracted with TRIzol (Invitrogen) and 1 µg of RNA 
was transcribed into cDNA using the QuantiNova® Reverse 
Transcription Kit (Qiagen). PCR was conducted with 2 μl of 
cDNA as the template using QuantiNova® SYBR® Green 
PCR Kit (Qiagen) following protocol: 95°C for 30 s, 40 cy-
cles consisting of 95°C for 5 s and 60°C for 34 s. Primers were 
ordered from BGI and the sequences were as follows: SNAI2 
forward: 5′-AGCCAAACTACAGCGAACTG-3′ and re-
verse: 5′-GGTCTGAAAGCTTGGACTGT-3′; and GAPDH 
forward: 5′-GCAGGGGGGAGCCAAAAGGGT-3′ and re-
verse: 5′-TGGGTGGCAGTATGGCTCG-3′. GAPDH was 
used as an internal control. The relative expression of SNAI2 
RNA was calculated using the comparative cycle threshold 
and the 2−ΔΔCt method.

2.5  |  Small interfering RNA (siRNA) 
transfection

KYSE-150 (2.5 × 105) and EC9706 (3.5 × 105) cells were cul-
tured in six-well plates overnight and siRNA was transfected 
into the cells using Lipofectamine 2000 reagent (Invitrogen) 
according to the manufacturer's instructions. The se-
quences of siRNA (GenePharma) were as follows: SNAI2 
forward: 5′-CCGUAUCUCUAUGAGUUACUCCA-3′ 
and reverse: 5′-UGGAGUAACUCUCAUAGAGAUA
CGG-3′; and negative control forward: 5′-UUCUCC​
GAACGUAGCUTT-3′ and reverse: 5′-ACGUGACGUU​
CGGAGAATT-3′.

2.6  |  Western blot

KYSE-150 and EC9706 cells were lysed in RIPA buffer. 
Protein concentration was determined using BCA 
Protein Assay Kit (Beyotime Biotechnology). Thirty 
micrograms of protein from each group were electro-
phoresed on 10% SDS-PAGE and then transferred to 
a polyvinylidene fluoride membrane (Millipore). The 
membrane was blocked with 5% nonfat milk (Beyotime 
Biotechnology) and then individually incubated with the 
listed primary antibodies (all in a 1:1000 dilution), E-
cadherin, β-catenin, vimentin, Slug, ERK1/2, p-ERK1/2, 

PAI-1, H3, H3K9Ac, BRD4 (all from Cell Signaling 
Technology), and GAPDH (Boster). After washing 
in TBS-T, the membranes were incubated with HRP-
conjugated secondary antibodies (1:8000, Dingguo) 1 h. 
After washing, the blots were processed with BeyoECL 
chemiluminescence kit (Beyotime Biotechnology) and 
imaged with an Amersham Imager 600 system (GE 
Healthcare Biosciences).

2.7  |  Statistical analysis

All values are expressed as mean ± standard deviation (SD). 
The significance of differences between the two groups was 
tested by Student's t-test and differences were considered sig-
nificant at p < 0.05.

3  |   RESULTS

3.1  |  TSA facilitates ESCC cell migration via 
regulation of EMT

Using transwell migration assay, it was found that ESCC 
cell migration was enhanced after treatment with TSA for 
24 h in a dose-dependent manner (Figure 1A). Compared 
with the control, TSA-treated KYSE-150 and EC9706 cells 
had stretched and had an elongated spindle-like pheno-
type, which is a separable feature of the mesenchymal cells 
(Figure 1B). TSA not only decreased the expression of E-
cadherin, but also increased the levels of β-catenin, vimen-
tin, Slug, and H3K9Ac (Figure 1C–1E). These data indicate 
that TSA facilitates ESCC cell migration by targeting the 
EMT pathway.

3.2  |  TSA promotes ESCC cell migration 
through Slug-mediated EMT

Slug is a transcription factor that is considered to be an impor-
tant regulator of EMT-related signaling molecules (SNAI2 
is the gene name and Slug is the protein name). To explore 
whether TSA promotes EMT in ESCC cells by influenc-
ing Slug expression, we measured the RNA level of SNAI2 
(Figure 2A) and knocked down SNAI2 by the transfection of 
si-SNAI2 in ESCC cells. Knockdown of SNAI2, confirmed 
by RT-qPCR (Figure 2B), significantly reversed the effect of 
TSA on ESCC cell migration (Figure 2C). Moreover, knock-
down of SNAI2 impaired TSA-induced downregulation of 
E-cadherin and TSA-induced upregulation of β-catenin and 
vimentin (Figure  2D–2F). These results indicate that TSA 
facilitates ESCC cell migration via slug-mediated induction 
of EMT.
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3.3  |  TSA promotes ESCC cell migration by 
activating the ERK1/2-Slug signaling pathway

TSA has been demonstrated to activate multiple intracellu-
lar signaling pathways, such as ERK1/2.24 To investigate the 
mechanism underlying TSA facilitation of ESCC cell migra-
tion, the levels of phosphorylated ERK1/2 (p-ERK1/2) and 
the active form of ERK1/2, were examined in TSA-treated 
ESCC cells. As shown in Figure 3A, TSA clearly increased 
the phosphorylation of ERK1/2. Next, we investigated 
whether TSA regulates ESCC cell migration via the ERK1/2 
pathway. Using MEK1/2 inhibitors (U0126 and PD98059), 
which inhibit ERK1/2 activity, we examined the effect of 
ERK1/2 on TSA-induced ESCC cell migration. TSA-treated 
ESCC cells were cultured in the absence or presence of 
U0126 or PD98059, followed by transwell assays. The re-
sults revealed that both U0126 and PD98059 prevented TSA-
induced ESCC migration (Figure 3B and 3C). The effect of 
U0126 on TSA-induced changes in the morphology of ESCC 
cells and the levels of EMT markers were also evaluated. 
Treatment of TSA-treated cells with U0126 resulted in their 
transformation from a mesenchymal cell-like shape to a rela-
tively elliptical morphology compared to cells treated with 

TSA alone (Figure 3D). The TSA-induced alterations in the 
levels of EMT-related proteins were at least partially attenu-
ated by U0126 (Figure 3E–3G). These findings demonstrate 
an essential role of the ERK1/2 pathway, as a critical regula-
tor of Slug, in modulating EMT in TSA-treated ESCC cells.

3.4  |  TSA promotes ESCC cell migration by 
activating the ERK1/2-PAI-1 pathway

Our previous RNA-sequencing results showed that the ex-
pression levels of 73 genes increased more than twofold 
after TSA treatment (data not shown). Of these 73 genes, 
plasminogen activator inhibitor 1 (PAI-1) has attracted 
particular interest. PAI-1 has been known for many years 
as an inhibitor of tissue urokinase plasminogen activator 
(uPA) and plasminogen activator (tPA), with important 
roles in regulating cell migration by modulating extracel-
lular matrix proteolysis. Expression of the PAI-1 gene is 
promoted by multiple transcription factors, such as acti-
vator protein 1 (AP-1), whose activation is mainly driven 
by ERK1/2 signaling. Accumulated evidence has shown 
that ERK1/2-driven signaling promotes the expression of 

F I G U R E  1   TSA promotes esophageal 
squamous cell carcinoma (ESCC) cell 
migration and epithelial-mesenchymal 
transition (EMT). (A) TSA-induced ESCC 
cell migration was assessed by transwell 
assay. (B) Phase contrast images of ESCC 
cells treated with TSA were captured by a 
Nikon digital microscope. (C–E) Protein 
expression levels of EMT markers and 
H3K9Ac were analyzed by western blot. 
**p < 0.01 versus control. Scale bars in (A) 
and (B) are 100 μm

(A)

(B) (C)

(D) (E)
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PAI-1.25 Therefore, we examined the expression of PAI-1 
protein in ESCC cells after TSA treatment in the absence 
or presence of U0126. TSA evidently increased the expres-
sion of PAI-1 and p-ERK1/2, whereas U0126 prevented 
TSA-induced changes in the expression of these proteins 

(Figure 4A), indicating that TSA enhances the expression 
of PAI-1 through the ERK1/2 signaling pathway in ESCC 
cells. The effects of PAI-1 on TSA-induced ESCC cell mi-
gration, morphological changes, and EMT markers were 
also studied by administrating the PAI-1 inhibitor PAI-039. 

F I G U R E  2   TSA facilitates migration of esophageal squamous cell carcinoma (ESCC) cells by increasing the expression of Slug. (A) Relative 
levels of SNAI2 mRNA in ESCC cells after treatment with TSA was examined by RT-qPCR. (B) Relative level of SNAI2 mRNA in control cells 
and SNAI2-knockdown cells treated with TSA was examined by RTqPCR. (C) Cell migration of control cells and SNAI2-knockdown cells was 
examined by transwell assay, and migrated cells were quantified. (D–F) The expression levels of epithelialmesenchymal transition (EMT) markers 
in control cells and SNAI2-knockdown cells after treatment with TSA. Scale bar represents 100 μm. **p < 0.01 versus control, $$p < 0.01 versus 
control, ##p < 0.01 versus TSA

(A)

(C)

(B)

(D)

(E)

(F)
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Transwell assays revealed that PAI-039 suppressed TSA-
induced ESCC cell migration (Figure 4B). PAI-039 altered 
the morphology of the majority of TSA-treated cells from 
a spindle-like shape to relatively elliptical or circular in ap-
pearance (Figure 4C). Moreover, PAI-039 at least partially 
reversed the effects of TSA on protein levels of E-cadherin, 
β-catenin, vimentin, and PAI-1, but did not influence the 
expression of Slug (Figure 4D–4F). Combination of Slug 

and PAI-1 inhibition revealed stronger ability for in-
hibiting the migration of ESCC cells compared to alone 
(Figure 4G). In addition, the knockdown of SNAI2 did not 
impair the expression of PAI-1, which was TSA-induced 
(Figure  4H). Altogether, these data show that TSA pro-
motes ESCC cell migration by activating ERK1/2-PAI-1 
signaling, but PAI-1-driven EMT in TSA-induced ESCC 
cell migration is independent of Slug.

F I G U R E  3   TSA promotes esophageal 
squamous cell carcinoma (ESCC) cell 
migration and epithelial-mesenchymal 
transition (EMT) by activating ERK1/2 
pathway. (A)Phosphorylation of ERK1/2 
(p-ERK1/2) after treatment of ESCC 
cells with TSA for 24 h was examined 
by western blot. (B and C) ESCC cells 
were treated with TSA in the absence or 
presence of U0126 and PD98059 for 24 h. 
Cell migration was measured and migrated 
cells were quantified. (D and E) ESCC 
cells were treated with 200 nM TSA in the 
absence or presence of 10 μM U0126. The 
cell morphology was captured by a phase 
contrast Nikon microscope equipped with 
a digital camera (D) and cell lysates were 
subjected to immunoblot analysis with 
the appropriate antibodies (E–G). Scale 
bars represents 100 μm. **p < 0.01 versus 
control. ##p < 0.01 versus TSA

(A)

(B)

(C)

(D)

(E)
(G)

(F)
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3.5  |  TSA activating ERK pathway may be 
associated with BRD4

BRD4 belongs to the bromodomain and extra terminal do-
main (BET) family and recognizes acetylated lysine residues 
of histones through two tandem bromodomain modules. BRD4 

causes chromatin remodeling and is a major transcriptional reg-
ulator. Genome-wide studies have revealed that class I HDACI-
induced genes were enriched for BRD4 occupancy, indicating 
a critical role of BRD4 in the transcription of a subgroup of 
genes regulated by class I HDACI.26 In this study, we found 
that TSA, mainly inhibiting class I and II HDAC, increased 

F I G U R E  4   TSA promotes esophageal 
squamous cell carcinoma (ESCC) cell 
migration and epithelial-mesenchymal 
transition (EMT) by activating ERK/PAI-
1 pathway. (A) ESCC cells were treated 
with TSA in the absence or presence of 
U0126 and the PAI-1 levels were examined 
by western blot. (B, C and D) ESCC cells 
were treated with TSA in the absence or 
presence of PAI-1 inhibitor PAI-039, cell 
migration was studied and migrated cells 
were quantified (B); images of ESCC cell 
morphology were taken under the phase 
contrast Nikon microscope equipped with 
a digital camera (C) and cell lysates were 
subjected to immunoblot analysis with the 
appropriate antibodies (D–F). (G) ESCC 
cells were treated with TSA in the absence 
or presence of PAI-039 and/or si-SNAI2, 
cell migration was studied and migrated 
cells were quantified. (H) The expression 
of PAI-1 by western blot after SNAI2 
knockdown. Scale bars represents 100 μm, 
**p < 0.01 versus control. ##p < 0.01 versus 
TSA. &&p < 0.01 versus TSA+PAI-039 and 
TSA+si-SNAI2

(A)

(B)

(C)

(E)

(G)

(H)

(F)

(D)
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the acetylation of H3 in ESCC cells (Figure 1C). Thus, we rea-
soned that a subgroup of genes induced by TSA would be trans-
activated in a BRD4-dependent manner that relies on acetylated 
H3, resulting in the activation of ERK1/2 in ESCC cells and we 
found that TSA increased the expression of BRD4 in ESCC 
cells (Figure 5A). Based on the above, we explored whether 
BRD4 participates in TSA-induced activation of ERK1/2 and 
ESCC cell migration. It was found that JQ1, a BRD4 inhibitor, 
inhibited TSA-induced ESCC cell migration (Figure 5B), and 
at least partially reversed TSA-induced effects on the levels of 
p-ERK1/2, PAI-1, and all EMT markers examined in this study 
(Figure 5C–5E). These results suggest that TSA might activate 
ERK1/2 in a BRD4-dependent manner, and subsequently pro-
mote ESCC cell migration through EMT.

4  |   DISCUSSION

Previous studies have demonstrated that HDACIs, a new class 
of antitumor drugs, affect a variety of biological processes. 

These include promoting cell apoptosis and cell cycle arrest 
and inhibiting EMT, migration, and invasion of cells.17,27–29 
Several HDACIs are in clinical trials for the treatment of he-
matological malignancies and the HDACI SAHA has been 
approved by the FDA for the treatment of cutaneous T-cell 
lymphoma.30 However, recent studies have indicated that 
HDACIs provide limited benefit to patients with solid tumors 
and even promote the metastasis of cancer cells.16–18 TSA, a 
classic HDACI that inhibits class I and II HDACs has been 
demonstrated to suppress ESCC cell proliferation,21,22 previ-
ous study found that TSA promotes ESCC cell migration23 
and we found that TSA promotes ESCC cell invasion (Figure 
S1). Thus, combination therapeutic strategies that selectively 
overcome HDACI-induced cell migration will provide im-
proved anti-cancer therapeutic benefits. Here, we describe 
the possible mechanisms by which TSA promotes ESCC cell 
migration, supporting the concept of combination therapy 
with HDACI for ESCC patients.

EMT is a process in which epithelial cells lose cell polarity 
and intercellular adhesion and transform into a mesenchymal 

F I G U R E  5   TSA-induced esophageal 
squamous cell carcinoma (ESCC) cell 
migration and epithelial-mesenchymal 
transition (EMT) may be associated with 
BRD4. ESCC cells were treated with 
TSA in the absence or presence of BRD4 
inhibitor JQ1 for 24 h. (A) The expression 
analysis of BRD4 in ESCC cells by western 
blot. (B) Cell migration was examined and 
migrated cells were quantified; (C–E) cell 
lysates were subjected to immunoblots with 
the specific antibodies. Scale bar represents 
100 μm. **p < 0.01 versus control, 
##p < 0.01 versus TSA

(A)

(B)

(C) (D)

(E)
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phenotype, thus gaining migratory and invasive traits. EMT 
contributes to cancer metastatic status and prognosis.31–34 
EMT-related transcription factors, including Snail, Slug, 
and Twist, potentiate EMT progression by inhibiting the ex-
pression of epithelial markers, such as E-cadherin, and by 
promoting the expression of mesenchymal markers such as 
β-catenin and vimentin.35 This study showed that the appli-
cation of TSA promotes ESCC cell migration and the EMT 
process. Knockdown of SNAI2 blocked TSA-induced ESCC 
cell migration and TSA-induced upregulation of E-cadherin 
and downregulation of β-catenin and vimentin. In this study, 
we showed that TSA facilitates ESCC cell migration by pro-
moting slug-mediated EMT.

ERK1/2 is a proline-directed serine/threonine protein ki-
nase that participates in diverse cancer processes, including 
cell migration and invasion. For instance, it has been reported 
that the ERK1/2-activated signaling pathway regulates breast 
cancer cell migration by maintaining Slug expression.36 In 
some cancer cells, TSA has been demonstrated to activate 
multiple intracellular signaling pathways, such as ERK1/2.24 
In the present study, we demonstrated that TSA resulted in 
the activation of ERK1/2 in ESCC cells, whereas inhibition 
of ERK1/2 activity via application of the MEK1/2 inhibitor 
U0126 prevented TSA-induced ESCC migration, EMT, and 
upregulation of Slug levels, thus suggesting the ERK1/2-
slug pathway as a critical regulator of EMT in TSA-induced 
ESCC migration.

Different branches of the ERK1/2 pathways are involved 
in promoting cell migration.37 Our previous RNA-sequencing 
results revealed that 73 genes were significantly upregulated 
twofold in TSA-treated KYSE-150 cells when compared with 
control cells (data not shown). PAI-1, one of these genes, 
related to EMT function as well as the ERK1/2 pathway, 
attracted our attention. PAI-1 plays important roles in regu-
lating cell adhesion, migration, and invasion.38–40 It has been 
reported that PAI-1 is a poor prognostic factor for disease 
progression in certain cancer types, such as colon cancer, 

breast cancer, and glioma.41–43 In the promoter region of the 
PAI-1 gene, there are multiple transcription factor binding 
sites, such as for the activator protein 1 (AP-1), whose acti-
vation is mainly driven by ERK1/2 signaling. Accumulated 
evidence also shows that ERK1/2-driven signaling activates 
the transcription of PAI-1.44 We demonstrated via RT-qPCR 
and western blotting that TSA indeed increased the levels of 
PAI-1 mRNA and protein. Interestingly, we found that inhi-
bition of ERK1/2 blocked TSA-induced increase in PAI-1 
levels in ESCC cells, suggesting that TSA increases PAI-1 
expression via activation of the ERK1/2 signaling pathway. 
To evaluate the functional consequences of elevated PAI-1, 
we applied a PAI-1 inhibitor and found that the inhibition 
of PAI-1 conspicuously prevented TSA-induced ESCC cell 
migration, EMT, upregulation of E-cadherin, and downreg-
ulation of β-catenin and vimentin, but did not inhibit TSA-
induced upregulation of Slug, indicating that the upregulation 
of PAI-1 is linked with TSA-mediated ESCC cell migration 
via promotion of EMT, which is not related to the alteration 
of Slug level.

Our data indicate the existence of at least two separable 
ERK1/2-dependent signaling pathways in TSA-mediated ESCC 
cell migration: an ERK1/2– Slug branch and an ERK1/2-PAI-1 
branch, and both branches appear to favor the EMT process. 
ERK1/2 activation is at the core of these two branches. Hence, 
determination of the mechanism of activation of ERK1/2 is 
necessary to enhance our understanding of TSA-regulated 
signaling systems controlling ESCC cell migration. Increased 
acetylation levels of histones have been suggested to be asso-
ciated with HDACI-based anti-cancer therapy. BRD4 belongs 
to the BET family of bromodomain-containing proteins that 
function as epigenetic readers of histoneacetyllysine residues 
that regulate gene transcription. Previous studies have reported 
that class I HDACI-induced genes are enriched for BRD4 oc-
cupancy, indicating a critical role of BRD4 in the expression 
of a subgroup of genes induced by class I HDACI.26 Recently, 
Liao et al. have reported that the BRD4 inhibitor JQ1, which 

F I G U R E  6   A possible model to 
illustrate the mechanism of TSA promoting 
ESCC cell EMT and migration. Ac, 
acetylation; TF, transcription factor; P, 
phosphorylation.
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binds competitively to the bromodomain and inhibits BRD4 
interaction with acetylated histone to suppress the transcrip-
tion of oncogenes, attenuated ERK1/2 phosphorylation in the 
NUT midline carcinoma cell line NMC1015.45 These findings 
raise the possibility that BRD4 may play a role in TSA-driven 
ERK1/2 activation in ESCC cells. Consistent with the findings 
of our study, TSA causes an increase in histone H3 acetylation 
level, while unexpectedly, the BRD4 inhibitor JQ1suppressed 
TSA-mediated ESCC cell migration and attenuated TSA-driven 
ERK1/2 phosphorylation as well as EMT. Moreover, JQ1 
blocked TSA-induced upregulation in the level of both Slug 
and PAI-1. Our data provide mechanistic evidence that BRD4 
is responsible for two separable ERK1/2-dependent signaling 
pathways in TSA-mediated ESCC cell migration. Based on pre-
vious reports and our findings, it is critical to further identify 
the molecular machinery that mediates the effect of BRD4 on 
ERK1/2 activation in TSA-treated ESCC cells.

5  |   CONCLUSION

We revealed a promising regulatory axis involved in TSA-
mediated ESCC cell migration (Figure  6). Specifically, 
ERK1/2 activation initiated by BRD4 recruiting acety-
lated histones or transcription factors plays a central role 
in TSA-mediated ESCC cell migration. The two separable 
ERK1/2-dependent signaling pathways, ERK1/2-Slug and 
ERK1/2-PAI-1, contribute to TSA-mediated ESCC cell mi-
gration and EMT. Although further investigation is needed to 
fully clarify the underlying mechanisms of HDACIs on can-
cer cell migration, our findings provide the basis for combi-
nation therapy with HDACI for ESCC patients to overcome 
HDACI-driven cell migration side effects.
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