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ATF3 suppresses ESCC via downregulation of ID1
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Abstract. Esophageal cancer is one of the most prevalent
forms of cancer and has a particularly high mortality rate due
to early metastasis; however, the underlying mechanisms of
its formation and progression remain unclear. The present
study performed immunohistochemical analysis and observed
that the expression of activating transcription factor 3 (ATF3)
was reduced in esophageal squamous cell carcinoma (ESCC)
in comparison with non-tumor adjacent tissues. By contrast,
inhibitor of DNA binding 1 (ID1) was overexpressed in
ESCC tissues, demonstrating an inverse correlation with
ATF3 (P<0.01). In ESCC EC109 and KYSE450 cells lines,
transfection with an ATF3-overexpression plasmid resulted
in the inhibition of cell proliferation, motility and migra-
tion, which was associated with the induction of E-cadherin
expression and inhibition of cyclin D1 and Twist. Notably,
ATF3 exerted an inverse regulatory interaction with ID1. The
results of the present study provide additional evidence of the
tumor suppressive features of ATF3 and demonstrate a novel
mechanism of ATF3-mediated inhibition of cancer metastasis
in esophageal cancer.
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Introduction

Activating transcription factor 3 (ATF3) is a member of the
ATF/cyclic AMP-responsive element binding protein (CREB)
family of transcription factors and has been demonstrated to
form dimers with other ATF/CREB proteins, including c-Jun,
ATF2, Jun D and Jun B (1). As a transcription factor, ATF3
is critical in cell growth, apoptosis and carcinogenesis (1).
Notably, ATF3 has been reported to serve controversial roles
in oncogenesis and tumor suppression depending on the
context and cell type. Several studies support the oncogenic
role of ATF3. For example, ATF3 has been reported to be
overexpressed in breast cancer (2), prostate cancer (3) and
Hodgkin lymphomas (4), and high expression is an indicator
of poor prognosis of patients with prostate cancer (3). In vivo
and in vitro studies have also demonstrated that overexpres-
sion of ATF3 promotes cancer cell proliferation and metastasis
in prostate cancer (5,6), and is associated with upregulation
of Slug, fibronectin-1 and TWISTI transcripts, which are
important regulators of cell-extracellular matrix or cell-cell
interactions (5,6). In addition, ATF3 overexpression results
in the binding of ATF3 to the GADDI53 promoter, which
subsequently represses its transcription in cervical cancer
HeLa cells, providing a potential pathway through which
ATF3 is able to promote cancer cell survival (7). In contrast
to the aforementioned studies, growing evidence suggests that
ATF3 is able to suppress tumorigenesis. For example, it has
been demonstrated that ATF3 expression levels are reduced in
human colorectal cancer, and overexpression of ATF3 exhibits
tumor suppressive roles, such that the protein reduces metastatic
potential and promotes apoptosis in various cell lines to inhibit
carcinogenesis (8,9). In addition, ATF3 is able to suppress the
oncogenic function of mutant p53 in lung cancer (10). The
possible role of ATF3 as a tumor suppressor is supported by
its established role in transforming growth factor-f3 (TGF-f3)
signaling (11). TGF-f is a potent tumor suppressor in epithe-
lial cells that signals via Smad3 activation to directly induce
ATF3 (11). Smad3 and ATF3 subsequently form a complex,
which binds to the promoter of inhibitor of DNA binding 1
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(IDI1) and directly mediates its repression (11). Furthermore,
ATF3 may be activated by a range of anticancer compounds,
including non-steroidal anti-inflammatory drugs, curcumin,
dietary compounds resveratrol and genistein, progesterone and
the phosphatidylinositol inhibitor LY294002 (1,12). Inversely,
resveratrol and genistein also suppress ID1 expression (12).

ID1 isamember of the ID protein superfamily, which belongs
to the helix-loop-helix transcription factor family (13,14). ID1
is ubiquitously expressed in a number of tissues and functions
in a wide range of cellular processes, including proliferation,
cell differentiation, senescence and apoptosis (15). Growing
evidence suggests that ID1 is an oncogene and is critical in
promoting tumor invasion and development, as it is overex-
pressed in human cancer of the pancreas, thyroid, breast, cervix,
ovary, prostate, esophagus and lung, and high expression of ID1
is associated with a poor prognosis (16-18). Furthermore, ID1
is able to promote cell survival and induce cancer cell growth,
which may be associated with ATF3 (19).

Recent studies have reported that ATF3 was downregulated
in esophageal squamous cell carcinoma (ESCC) compared
with paired non-cancerous tissues, and that lower ATF3
expression in tumors was significantly correlated with shorter
survival time (20,21). Furthermore, increased expression of
ATF3 inhibited ESCC cell growth and invasion in vitro and
in nude mice via p53 signaling (21). However, it is unclear
whether ESCC tumor inhibition by ATF3 occurs through ID1
repression. ESCC is one of the most common malignancies in
worldwide. There were about 477,900 new cases and 375,000
death of ESCC in China (22). The present study aimed to deter-
mine the association between ATF3 and ID1 in ESCC tissues
and in vitro by manipulating ATF3 expression.

Materials and methods

Human samples and immunohistochemical staining. A total
of 36 pairs of ESCC tissues and their adjacent non-cancer
tissues were obtained from the Tissue Bank of the Laboratory
for Cancer Signal Transduction, Xinxiang Medical Univer-
sity (Xinxiang, China). All procedures were approved by the
Institutional Review Board of Xinxiang Medical University.

Immunohistochemical staining was conducted as
previously described (23). In brief, formalin-fixed,
paraffin-embedded tissues were sectioned and deparaffinized
with xylene, rehydrated with gradient ethanol and distilled
water, and were subsequently blocked with serum and incu-
bated with anti-AFT3 (1:100, ca no. ab191513) and anti-ID1
(1:100, cat no. ab134163) primary antibodies (Abcam,
Cambridge, MA, USA) at 4°C overnight. The sections were
then incubated with a biotinylated goat anti-rabbit IgG anti-
body, dilution (1:200; cat no. PI-1000; Vector Laboratories,
Inc., Burlingame, CA, USA), and a VECTASTAIN Elite
ABC kit (Vector Laboratories, Inc., Burlingame, CA, USA)
was used according to the manufacturer's protocol. The
sections were finally stained with 3,3'-diaminobenzidine.
Immunohistochemical staining was evaluated based on
immunostaining intensities (absent or weak, moderate and
strong) as previously described (23).

Cell culture and transfection. Human ESCC EC109 and
KYSE450 cell lines obtained from American Type Culture
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Collection (Manassas, VA, USA) were cultured in Dulbecco's
modified Eagle's medium containing 10% fetal calf serum
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA). All cells were incubated at 37°C in a humidified atmo-
sphere containing 5% CO,. An overexpression plasmid for
ATF3 was constructed as follows: Human ATF3 cDNA was
amplified and inserted into a pcDNA3-Flag vector. The expres-
sion plasmid (pFlag-ATF3) was transfected into the ESCC cell
lines using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. An
empty vector (pFlag-cDNA3) was also transfected into the
ESCC cells, which served as a negative control.

Cell proliferation assay. 3-(4,5-dimethylthiazol-2-yl) 5-(3-carb
oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay was performed to determine cytotoxicity of the EC109
and KYSE450 cells following transfection with pFlag-ATF3
using Lipofectamine 2000. pFlag-cDNA3 was used as a
control for comparison. Following 24, 36 and 48 h, cell prolif-
eration was determined by MTS assay using the CellTiter 96®
Non-Radioactive Cell Proliferation Assay kit (Promega Corpo-
ration, Madison, WI, USA) according to the manufacturer's
protocol. The remaining viable cells with MTS uptake were
determined by measuring the optical density at 570 nm using
an enzyme-linked immunosorbent assay reader (Molecular
Devices, LLC, Sunnyvale, CA, USA). Values are presented as
the mean + standard deviation. At least three measurements
were read, and the experiments were conducted three times
independently.

Wound healing and transwell assays. As previously
described (24), EC109 and KYSE450 cells transiently trans-
fected with pFlag-ATF3 plasmid or the pFlag-cDNA3 empty
vector were seeded in a 100-mm Petri dish. A wound was made
by scratching on the bottom of the dish, followed by a 36 h
incubation at 37°C. The wound healing status was checked
under an inverse microscope. Cell migration was detected
using a Transwell plate (Corning Life Sciences, Lowell, MA,
USA). Approximately 1x10° EC109 cells were transiently
transfected with the pFlag-ATF3 plasmid or the pFlag-cDNA3
empty vector, and were subsequently seeded into the Tran-
swell plate. The cells were cultured in Dulbecco's modified
Eagle's medium (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) containing 10% fetal calf serum (Invi-
trogen, Carlsbad, CA). The migrated cells were stained with
4',6-diamidino-2-phenylindole and counted under an inverse
fluorescence microscope at 48 h post-seeding.

Immunoblotting. For immunoblotting, human ESCC EC109
and KYSE459 cells were collected 48 h post-transfection
with pFlag-ATF3 or pFlag-cDNA3 empty vector. Cells were
lysed using 1X radioimmunoprecipitation assay (RIPA)
buffer (Upstate Biotechnology, Inc., Lake Placid, NY, USA)
containing a protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA). Following cell lysis, 45 ug protein was
loaded on a 10% sodium dodecyl sulfate (SDS) gel followed by
transfer to a polyvinylidene fluoride membrane. The membrane
was probed with antibodies against Flag (cat no. ab49763,
dilution 1:1000) , ATF3 (cat no. ab191513, dilution 1:250),
ID1 (cat no. ab134163, 1:250), cyclin D1 (cat no. ab134175,
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Table I. Expression status of ATF3 and ID1 and their correla-
tion in esophageal squamous cell carcinoma tissues.

Absent/weak, Moderate, Strong, Total,
Protein n (%) n (%) n (%) n (%)
ATF3 10 (27.7) 17 (47.2) 9(25.0) 36(100.0)
ID1 4 (11.1) 10 (27.8) 22 (61.1) 36 (100.0)

X?=9.84; P<0.01 in the correlation analysis of ATF3 expression and ID1
expression in ESCC. n refers to the number of cases studied in each
group. ATF3, activating transcription factor 3; ID1, inhibitor of DNA
binding 1.

ID1¢

Figure 1. Immunohistochemical analysis of ATF3 and ID1 expression in normal
esophageal epithelial and ESCC. ATF3 expression was reduced in ESCC tis-
sues, whilst ID1 expression was increased in ESCC tissues compared with
the normal esophageal epithelial cells. Magnification, x200. ATF3, activating
transcription factor 3; ID1, inhibitor of DNA binding 1; ESCC, esophageal
squamous cell carcinoma.

dilution 1:250), E-cadherin (cat no. ab40772, dilution 1:300;
Abcam), phosphorylated (p)-STAT3 (cat no. 9131s, dilution
1:300), Twist (cat no. 4119s, 1:300; Cell Signaling Technology,
Inc., Danvers, MA, USA), glyceraldehyde 3-phosphate dehy-
drogenase (cat no. G8795, dilution 1:500) and -actin (cat no.
A8481, dilution 1:1000; Sigma-Aldrich). Secondary antibodies
(cat no. SC-2004, goat anti-rabbit IgG-HRP, dilution 1:1000;
cat no. SC-2005, goat anti-mouse IgG-HRP, dilution 1:1000)
were purchased from Santa Cruz Biotechnolog, Dallas, TX,
USA. The signals were visualized using an enhanced chemilu-
minescence kit (Beyotime Institute of Biotechnology, Haimen,
China) according to the manufacturer's protocol.

Quantitative reverse transcriptional PCR (RT-gPCR) assay.
To determine the alterations of ID1 at mRNA levels, the
EC109 and KYSE450 cells transfected with pFlag-ATF3 or
pFlag-cDNA3 were collected after 48 h post transfection.
Total RNA were extracted and RT-qPCR were conducted to
determine the changes of ID1 mRNA using the following
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Figure 2. Increased expression of ATF3 inhibits ESCC cell proliferation and
motility. Overexpression of ATF3 by transfection with ATF3 expression plasmid
inhibited (A) EC109 and (B) KYSE450 cell proliferation after 36 and 48 h
compared with the cells transfected with the empty vector (‘P<0.05 vs. empty
vector). (C) Wound healing assay determined that the overexpression of ATF3
inhibited cell motility. ATF3, activating transcription factor 3; OD, optical
density.

primers: IDI-forward: TGGATGGCGGGTTTCAGATG,
ID1-reverse: TCTTCGGTCAGACGATTGACA. The detailed
procedure was reported previously (23).

Co-immunoprecipitation assay. EC109 cells were transfected
with pFlag-ATF3 or pFlag-cDNA3 for 48 h. The cells were
collected and incubated on ice for 15 min in RIPA lysis buffer
supplemented with protease inhibitor cocktail. Total cell lysate
was centrifuged at 8,000 x g for 15 min at 4°C. A total of 300 mg
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Figure 3. Increased expression of ATF3 inhibits ESCC cell migration.
(A) Transwell assay determined that transfection with the ATF3-overexpression
plasmid inhibited EC109 cell migration after 48 h compared with the cells
transfected with the empty vector. (B) Quantification of the migrated cells
between the cells transfected with the empty vector or ATF3 plasmids
("P<0.05 vs. empty vector group). ATF3, activating transcription factor 3;
ESCC, esophageal squamous cell carcinoma.

supernatant was incubated with anti-Flag antibody (GenScript
Corporation, Scotch Plains, NJ, USA) overnight at 4°C on a
rotator, followed by the addition of Protein A/G PLUS-Agarose
(Santa Cruz Biotechnology, Inc.) for 2 h at 4°C. The immu-
nocomplex was separated by 12% SDS-polyacrylamide gel
electrophoresis. The PVDF membrane was probed with
anti-ID1 antibody to detect the ATF3/IDI complex.

Statistical analysis. Data were presented as mean + standard
deviation (SD), the Student-t test was used for groups' quantity
comparison, and Chi-square test was used for correlation
analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

Inverse correlation between ATF3 and IDI expression in the
ESCC tissues. Using immunohistochemical staining, it was
observed that ATF3 was expressed in the ESCC and adjacent
non-tumor tissues; however, ATF3 expression was reduced
in the ESCC tissues compared with the adjacent non-tumor
tissues (Fig. 1). By contrast, ID1 was overexpressed in ESCC
tissues compared with the adjacent non-tumor tissues (Fig. 1).
These results therefore demonstrate a significant inverse corre-
lation between ATF3 and ID1 expression in the ESCC tissues
(Table I; X*=9.84; P<0.01).

ATF3 inhibits cell proliferation, motility and migration in
ESCC cells. To determine the roles of ATF3 in ESCC cells,
the ATF3 overexpression plasmid was transfected in to the
EC109 and KYSE450 cells. It was observed that increased
ATF3 expression significantly inhibited cell proliferation in
each ESCC cell line (Fig. 2A and B). Wound healing assay
demonstrated that ATF3 overexpression inhibited ESCC
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Figure 4. (A) Increased expression of ATF3 affected the expression of
proteins associated with cell proliferation and epithelial-mesenchymal transi-
tion/metastasis and (B) repressed IDI mRNA levels in esophageal squamous
cell carcinoma cells ("P<0.05 vs. empty vector groups). ATF3, activating tran-
scription factor 3; ID1, inhibitor of DNA binding 1; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; p-STAT3, phosphorylated signal transducer and
activator of transcription 3.
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Figure 5. Co-immunoprecipitation assay demonstrated that ATF3 physi-
cally binds with ID1. ESCC cell line EC109 cells were transfected with the
pFlag-ATF3 plasmid and harvested 48 h post-transfection. The cell lysate
was pulled down by anti-flag antibodies and the immunocomplex was probed
by anti-IDI antibodies.

cell motility (Fig. 2C), and Transwell assay determined that
ATF3 significantly inhibited ESCC cell migration (P<0.05)
(Fig. 3).

To determine the mechanisms underlying these results,
immunoblotting was performed. The results demonstrated
that ATF3 repressed ID1 expression. In addition, ATF3
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downregulated the expression of cyclin DI, p-STAT3 and
TWIST, and upregulated the expression of E-cadherin (Fig. 4A).

ATF3 represses IDI expression in ESCC cells. The present
study subsequently investigated the effects of ATF3 on ID1
expression by transfecting ATF3 overexpression plasmids
into ESCC EC109 and KYSE450 cells. The ID1 mRNA levels
and their interactions were subsequently determined, and
the results demonstrated that increased expression of ATF3
significantly suppressed ID1 expression at the mRNA level
(Fig. 4B) as determined by reverse transcription-quantitative
polymerase chain reaction, which was consistent with the
inhibition of IDI at the protein level (Fig. 4A).

To further investigate the interaction between ATF3 and
ID1, co-immunoprecipitation assay was performed. Anti-Flag
antibodies were used to pull down the immune-complex
and anti-ID1 antibodies were used to probe the complex. As
presented in Fig. 5, there was a strong band in the precipitated
immune-complex, therefore suggesting that the ATF3 and ID1
proteins had bound together.

Discussion

Esophageal cancer is one of the most prevalent forms of cancer
worldwide and is frequently fatal, with a 5-year survival rate
of <20% (25). The underlying mechanisms of carcinogenesis
and progression remain largely unknown. Recent studies
using genome-wide analysis and whole genome sequencing
have identified several signal nucleotide polymorphisms
(SNPs) or mutations associated with ESCC (26-29); however,
the majority of these do not have biological functions. Thus,
increasing attention is being focused on the identification of
oncogenes or tumor suppressors. The present study inves-
tigated the transcription factor ATF3 and observed that its
expression was reduced in ESCC, and that increased expres-
sion of ATF3 resulted in tumor inhibition, characterized by
suppression of cell proliferation, motility and migration. In
addition, it was noted that ATF3 also negatively regulated
the oncogene ID1, and repressed the expression of cyclin D1,
STAT3 and TWIST.

Controversial roles of ATF3 have been reported in
various types of cancer in which ATF3 exhibits oncogenic or
suppressive functions in cancer formation and progression.
Consistent with a recent study of ESCC (21), the results of the
current study demonstrated that ATF3 expression was lower
in the ESCC tissues compared with the adjacent non-tumor
tissues, and the expression levels negatively correlated with
cancer differentiation, thus indicating the tumor suppressive
functions of ATF3 in ESCC. By contrast, expression levels of
the oncogene ID1 were higher in the ESCC tissues compared
with the adjacent non-tumor tissues. ATF3 and IDI expres-
sion demonstrated a significant inverse correlation in the
ESCC tissues. In vitro experiments further indicated that
increased expression of ATF3 repressed ID1 expression at
the protein and mRNA level in ESCC cells, and that there
was a negative regulatory interaction between ATF3 and IDI,
supported by results from co-immunoprecipitation assays.
The present study therefore provides additional evidence
that ATF3 inhibits ID1 expression through a protein-protein
interaction.
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Tumor formation is understood to result from uncontrol-
lable cell growth, which is associated with overexpression of
cell cycle regulators (30), including cyclin dependent kinases,
cyclins (e.g. cyclin D1) and cyclin dependent kinase inhibitors.
Numerous studies have reported that cyclin D1 is overex-
pressed in cancer tissues and inhibition of cyclin D1 expression
in vitro leads to cell proliferation inhibition (31,32). In the
present study, it was demonstrated that increased expres-
sion of ATF3 repressed cyclin D1 expression in the ESCC
cells. Furthermore, STAT3 is known to serve a crucial role
in carcinogenesis, particularly the activated form of STAT3,
p-STAT3 (33,34). The current study observed that increased
ATF3 expression was able to suppress the levels of p-STAT3
in the ESCC cell lines, and the downregulation of cyclin D1
and p-STAT?3 partially led to inhibition of ESCC cell prolif-
eration in vitro.

Cancer-associated mortality is primarily caused by metas-
tasis, and the latter is linked to the upregulation of TWIST and
downregulation of E-cadherin (35-40). A number of studies
have reported that loss of E-cadherin expression increases
cancer metastasis by separating cancer cells from another, thus
activating specific downstream signal transduction pathways
resulting in epithelial-mesenchymal transition (41-45). Perturba-
tion of E-cadherin-mediated cell adhesion is implicated in the
progression of tumors, poor prognosis and metastasis (35-40).
An increasing body of evidence indicates the importance
of E-cadherin in cancer metastasis and development, and
the possible regulation of E-cadherin by glycogen synthase
kinase 33, TWIST/Snail and Akt/protein kinase B (41-43). Main-
taining the expression of E-cadherin may prevent tumor invasion
and metastasis and restore epithelial morphology (44,45). In the
present study, it was observed that increasing ATF3 expression
upregulated E-cadherin expression in the ESCC cells and down-
regulated the expression of Twist, resulting in the inhibition of
ESCC cell migration in vitro.

In conclusion, the current study demonstrated that
ATF3 expression was decreased and ID1 expression was
overexpressed in ESCC tissues; however, increasing ATF3
expression led to inhibition of cell proliferation, migra-
tion and motility in vitro, which was associated with the
upregulation of E-cadherin and the downregulation of
cyclin D1 and Twist, and most importantly highlighted the
inverse regulatory interaction between ATF3 and ID1. These
results provide additional evidence of the tumor suppressive
features of ATF3 and demonstrate the novel mechanism of
ATF3-mediated inhibition of cancer metastasis in esopha-
geal cancer.
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