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An aberrantly elevated expression of DNA polymerase ι (Pol ι) is significantly

associated with poor prognosis of patients with esophageal squamous cell carci-

noma (ESCC), yet the mechanisms behind this phenomenon remain obscure.

Based on the RNA-Seq transcriptome and real-time PCR analysis, we identified

ETS-1 as a candidate gene involved in Pol ι-mediated progression of ESCC.

Wound-healing and transwell assay indicated that downregulation of ETS-1

attenuates Pol ι-mediated invasiveness of ESCC. Signaling pathway analysis

showed that Pol ι enhances ETS-1 phosphorylation at threonine-38 through the

Erk signaling pathway in ESCC cells. Kaplan–Meier analysis, based on 93 clinical

tissue samples, revealed that ETS-1 phosphorylation at threonine-38 is associated

with poor prognosis of ESCC patients. The present study thus demonstrates that

phosphorylation of ETS-1 is a critical event in the Pol ι-induced invasion and

metastasis of ESCC.

E sophageal squamous cell carcinoma (ESCC) is one of the
most aggressive cancers. ESCC causes approximately

300 000 deaths each year worldwide, with 70% of cases occur-
ring in China.(1) Despite the improvement in treatment throughout
the past decades, the prognosis of ESCC patients remains poor,
with a 5-year survival rate of approximately 20–30%.(2) The high
mortality rate is largely attributed to aggressive invasion and
metastasis of ESCC cells.(3) Hence, a better understanding of the
molecular mechanisms relating to cancer invasion and metastasis
is critical for improving the prognosis of patients with ESCC.

Translesion DNA synthesis (TLS) is an important biological
pathway that allows continuous DNA replication in the pres-
ence of DNA lesions.(4) The process is usually associated with
widespread mutagenesis and genomic instability, because it is
undertaken by some error-prone DNA polymerases.(5) Recent
studies have demonstrated that error-prone TLS polymerases
are involved in carcinogenesis, cancer metastasis and tumor
progression.(6–8) DNA polymerase ι (Pol ι), the product of the
RAD30B gene, is well known to participate in the TLS path-
way with extremely low fidelity.(9) During the TLS process,
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Pol ι preferentially incorporates G opposite a template T in an
undamaged DNA strand, which results in the accumulation of
DNA mutation and genetic instability.(10) Accumulation of
DNA mutation and genetic instability are predisposed to can-
cer initiation. Some studies have revealed that the expression
pattern of Pol ι appears to be tissue-specific in cancer. Pol ι is
overexpressed in human bladder cancer, uveal melanoma and
breast cancer,(10–12) while it is downregulated in human lung,
stomach and colorectal cancers.(13) Hence, Pol ι is considered
a double-edged sword in regulating cancer progression.
Our previous work demonstrated that the expression of Pol ι

is upregulated in ESCC tissues, and overexpression of Pol ι is
positively correlated with lymph node metastasis and poor prog-
nosis of ESCC patients.(14,15) We also found that Pol ι promotes
invasiveness and migration of ESCC cells in vitro.(15) However,
the process of Pol ι-mediated invasion and metastasis of ESCC
cells is not well understood. To explore the potential mecha-
nisms responsible for Pol ι-mediated metastasis, RNA-Seq tran-
scriptome analysis was performed using RNA isolated from Pol
ι-knocking down and control ESCC cells. We found that, among
Pol ι-affected genes, expression of ETS-1, a key regulator in
cancer cell invasion and metastasis, is highly correlated with
expression of Pol ι. We further examined the role of ETS-1 in
Pol ι-mediated invasion and metastasis of ESCC cells in the pre-
sent study.

Materials and Methods

Tissue samples and cell lines. Human ESCC tissues and adja-
cent tissues used in this study were obtained from Nanjing Med-
ical University Affiliated Suzhou Hospital (Jiangsu, China). The
tissue samples were immediately snap-frozen and stored at
�80°C for real-time PCR analysis and histological examination.
All of the samples were obtained with informed consent and the
study was approved by the Institutional Ethics Committee of
Nanjing Medical University. Human ESCC cell lines, including
ECA-109 and KYSE-150, were obtained from the Shanghai Cell
Bank (Shanghai, China). ECA-109 cells were cultured in
DMEM medium and KYSE-150 cells were cultured in RPMI-
1640 medium. All of the media (Hyclone, Logan, UT, USA)
were supplemented with 10% FBS (Hyclone). The cells were
incubated in a humidified atmosphere, with 5% CO2 at 37°C.

RNA extraction and quantitative RT-PCR. Total RNA was iso-
lated using TRIzol Reagent (Invitrogen Life Technologies,
Carlsbad, CA, USA) following the manufacturer’s instructions.
The concentrations of RNA were determined using a Nano-
Drop2000 (Thermo Scientific, Rochester, NY, USA). For
reverse transcription, 1 lg of RNA per sample was reverse tran-
scribed using a RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific). Quantitative PCR analyses were conducted
to quantitate mRNA expression using a QuantiNova SYBR
Green PCR Kit (QIAGEN, Hilden, Germany) and TransStart
Tip Green qPCR Supermix (Transgen, Beijing, China) with b-
actin mRNA level as an internal control. The primers are listed
in Table S2. Relative expression levels were calculated by using
the 2�DCt method. PCR was performed using a StepOne Plus
instrument (Applied Biosystems, Rochester, NY, USA).

Stable cell line generation. The human Pol ι coding region
was amplified by RT-PCR. The amplified fragment of Pol ι
was cloned into the lentivirus vector LV5 (Shanghai Gene-
Pharma, Shanghai, China) to produce infection viruses. The cell
line ECA-109 NC/Pol ι was infected with the lentivirus con-
taining control vector or Pol ι cDNA. Pol ι or ETS-1 shRNA
and control shRNA were obtained from Guangzhou RIBOBIO

(Guangzhou, China) and cloned into the lentivirus vector LV16
(Shanghai GenePharma). ECA-109 and KYSE-150 cells were
infected with indicated lentivirus. All transfected cells were
selected by the medium containing 1 lg/mL Puromycin
(Sigma-Aldrich, St. Louis, MO, USA) for 7 days. Pol ι and
ETS-1 expression levels in the cells were verified using quanti-
tative RT-PCR (qRT-PCR) and western blot analysis.

RNA-Seq transcriptome analysis. Total RNA from KYSE-150
shNC/shPol ι was prepared and kept at �80°C. The RNA qual-
ity was determined using a Bioanalyzer 2200 (Agilent, Santa
Clara, CA, USA). RNA with RIN (RNA integrity number)
>8.0 was considered acceptable for cDNA library construction.
Sequencing and bioinformatic analysis were performed by
Shanghai Novelbio. Genes were considered to be significantly
differentially expressed between groups when the P-value was
<0.05 and the fold change of expression was more than 1.5.

Western blot analysis. Cells were harvested and lysed in RIPA
lysis buffer (Beyotime Biotechnology, Shanghai, China) con-
taining protease inhibitors for 20 min at 4°C. Equal amounts of
the proteins were separated by 10% SDS-PAGE and transferred
to PVDF membranes (Millipore, Billerica, MA, USA). After
blocking with 5% nonfat milk, the membranes were incubated
with primary antibodies against b-actin (Beyotime Biotechnol-
ogy), Pol ι (Proteintech, Rosemont, IL, USA), ETS-1, p-ETS-1,
E-cadherin, Erk1/2, p-Erk1/2 (Abcam, Cambridge, MA, USA)
and N-cadherin (Multi Sciences, Hangzhou, China). The mem-
branes were then incubated with an HRP-conjugated anti-mouse
or anti-rabbit secondary antibody (Beyotime Biotechnology).
The protein bands were visualized using High-sig ECL Western
Blotting Substrate (Tanon, Shanghai, China). Images were col-
lected using the Tanon-5200 Chemiluminescent Imaging Sys-
tem (Tanon). Endogenous b-actin protein expression was
detected as the internal control for each sample.

Immunohistochemical analyses. The expression pattern of Pol
ι and ETS-1 in human tissue samples was analyzed using
immunohistochemistry. Tumor tissue sections were deparaf-
finized and heat-treated with citrate buffer, pH 6.0, for 5 min
as an epitope retrieval protocol. The tissue sections were then
exposed to 0.03% hydrogen peroxide for 5 min to block
endogenous peroxidase activity followed by incubation with
Pol ι antibody (Proteintech) and ETS-1 antibody (Abcam)
diluted at 1:100 for 2 h at 37°C. HRP-conjugated anti-mouse/
rabbit antibody was then added for 1 h and the color was
developed using 3-30-diaminobenzidine. Following washing,
the sections were counterstained with hematoxylin, washed
and dipped briefly in a water bath containing drops of ammo-
nia, prior to dehydration and mounting in Diatex. The stained
sections were analyzed and scored using a Leica Microscope
(Leica, Wetzlar, Germany). Immunohistochemical scoring was
based on the intensity and average percentage of positive cells.
The staining intensity was scored with “1” (negative or weakly
positive), “2” (moderately positive) and “3” (strongly positive).
The average percentage of positive cells was scored as: 1
(<25%), 2 (25–50%), 3 (50–75%) and 4 (>75%).

Wound-healing and transwell assays. ECA-109 and Kyse-150
cells were seeded in six-well plates and reached confluence in
24 h. A thin mark was drawn vertically with a pipette tip in
the six-well plate. Cells were then washed three times with
PBS to remove the floating and detached cells. Fresh serum-
free medium was added, and photos were taken at an appropri-
ate time to assess cell migration using a light microscope
(Leica Corporation).
Cell invasion was assessed using Matrigel-coated Transwell

chambers (Corning, NY, USA). A total of 1 9 105 cells were
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plated in medium without FBS on 24-well Transwell inserts
pre-coated with Matrigel at 1:8 dilution (BD Bioscience, Bill-
erica, MA, USA). The lower chambers were filled with med-
ium that contained 20% FBS. After incubation for 24 or 48 h,
the cells remaining in the upper chambers were scraped off,
and the invading cells were stained with Wright-Giemsa solu-
tion (Nanjing Jiancheng Bioengineering Technology, Nanjing,
China). The penetration of cells through the membrane was
photographed under a microscope.

Statistical analysis. The quantitative results are presented as
the mean values � SEM. Statistical analyses were performed
using SPSS 19.0 software (IBM, Chicago, IL, USA). Statistical
significance was considered at a P-value <0.05. Differences
between groups were estimated using the v2-test and Student’s
t-test. The overall survival rate was calculated actuarially
according to the Kaplan–Meier method and analyzed by the
log-rank test. Relationships of variables were explored using
Pearson’s correlation.

Results

Differential gene expression in Pol ι knocking down KYSE-150

cells. Pol ι was constitutively overexpressed in KYSE-150
cells. To explore the potential mechanisms of Pol ι-mediated
motility and invasiveness of ESCC cells, RNA-Seq was per-
formed to profile the transcriptome in Pol ι-knocking down
KYSE-150 cells (KYSE-150 shPol ι) versus control KYSE-150
cells. A total of 718 genes were identified to be differentially
expressed (Table S1, shPol ι/NC ratio ≥1.50-fold or ≤0.67-fold,

P < 0.05). All differentially expressed genes between Pol ι-
knocking down KYSE-150 cells and control cells were ana-
lyzed to characterize potential pathways or biological pro-
cesses. The pathway analysis revealed the following pathways
in which those differentially expressed genes are involved:
oxidative phosphorylation, metabolic pathways and the p53
signaling pathway. The gene ontology analysis revealed the
biological processes in which those differentially expressed
genes are involved: the respiratory electron transport chain, the
cellular metabolic process and the mitochondrial electron
transport process (Fig. 1).
The protein–protein interaction network was predicted by

STRING (Fig. S1). As seen in the network, some growth fac-
tors, including TGFA, TGFBI, FGF2 and HBEGF, in company
with FN1 are located in the key nudes and their expressions
are downregulated in KYSE-150 shPol ι cells. In addition,
expression of some transcriptional factors was found to be
downregulated, including Hif-2a, ONECUT2, SOX9 and mem-
bers of the ETS family (ETS-1, ETV4, ETV5 and ELK3).

ETS-1 expression is positively correlated with Pol ι expres-

sion. Twelve genes involved in cancer cell invasion or metasta-
sis were selected and validated by qRT-PCR in KYSE-150
shPol ι and KYSE-150 shNC cells (Fig. 2a). Expression of
FGF2, HBEGF, ETS-1, STC2, ONECUT2, CLIC4 and Hif-2a
was downregulated, while expression of MIEN1, HSPB1,
MDK, SEMA3F and CXCL16 was upregulated in KYSE-150
shPol ι cell. These observations are consistent with the results
from our transcriptome analysis. To further establish the rela-
tionship between Pol ι and the selected candidate genes,

Fig. 1. Informatics of identified transcripts. RNA isolated from KYSE-150 shPol ι cells and control KYSE-150 cells were analyzed by RNA-Seq anal-
ysis. (a) Heat map of differentially expressed transcripts. (b) Gene ontology (GO) analysis and (c) pathway analysis, based on all identified tran-
scripts. P-value of GO analysis and enrichment of pathway analysis are listed for each category. P-value of pathway is colored in red (P < 0.05)
and blue (0.05< P <0.1).
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expression of ETS-1 and Hif-2a was validated in 75 ESCC tis-
sue samples, and expression of other selected genes in 40
ESCC tissue samples by qRT-PCR analysis. As shown in
Fig. 2b, Pol ι expression is positively correlated to that of ETS-
1, CLIC4, CXCL16 and Hif-2a. Surprisingly, CXCL16 was
upregulated in KYSE-150 shPol ι cells, but was positively cor-
related with Pol ι in tissue samples. Generally, esophageal can-
cer tissues also include fibroblasts(16) that express high level of

CXCL16.(17,18) Whether other types of cells with tumor tissues
contribute to the high expression of CXCL16 merits further
investigation. We focused on ETS-1 for further exploration
because of the higher correlation of Pol ι and ETS-1 expression
and the established nature of ETS-1 as a proto-oncogene.(19)

Downregulation of ETS-1 attenuates Pol ι-induced esophageal

squamous cell carcinoma cell invasion and migration in vitro. To
explore the role of ETS-1 in Pol ι-mediated invasion and

Fig. 2. Validation of differentially expressed transcripts in Pol ι downregulation cells. (a) Thirteen differentially expressed transcripts were vali-
dated by quantitative RT-PCR (qRT-PCR) in Pol ι downregulation KYSE-150 cells (n = 3, mean � SD). Student’s t-test was applied for statistical
analyses, *P < 0.05, **P < 0.01. (b) The Pearson’s correlation between expression of Pol ι and that of ETS-1, Hif-2a, CXCL16 and CLIC4 was evalu-
ated, based on qRT-PCR results using patient tissue samples.
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migration of ESCC cells, ETS-1 expression was downregulated
using the RNA interference technology. ETS-1-shRNA was
cloned into the lentivirus LV16 plasmid and infectious len-
tivirus was established to infect ECA-109 Pol ι (Pol ι overex-
pression cell line) and KYSE-150 cells. After puromycin
selection, the knockdown efficiency was confirmed by western
blot. ETS-1 expression was successfully downregulated (data
not shown). Transwell and wound-healing assays were then
employed to assess the ability of invasion and migration of the
ETS-1 knockdown cells. As shown in Fig. 3a, the ECA-109
Pol ι cells are better able to invade through the Matrigel
coated membrane than the control cells, and knockdown of
ETS-1 significantly decreases the invasive potential of ECA-
109 Pol ι and KYSE-150 cells. The wound-healing assay indi-
cated that the ECA-109 Pol ι cells narrow the wound area
more effectively as compared to the control cells; the gap in
the ETS-1 knockdown cell monolayer is more slowly closed as
compared with that of control ECA-109 and KYSE-150 cells
(Fig. 3b). Thus, the expression of ETS-1 in ECA-109 Pol ι
cells was closely correlated to cell migration ability. Collec-
tively, these data demonstrated that Pol ι-mediated invasion
and migration in vitro is attenuated by downregulation of ETS-
1 expression.

Pol ι activates ETS-1 through the Erk signaling pathway. To
examine the potential interaction of Pol ι and ETS-1, western
blot was performed using cell lysates from ESCC cells. As
shown in Fig. 4, in ECA-109 Pol ι cells, phosphorylation of
ETS-1 at threonine-38 is dramatically enhanced as compared
with that in control cells. Conversely, downregulation of Pol ι
expression significantly reduced the phosphorylation of ETS-1
in ESCC cells. Previous reports indicate that phosphorylation
of threonine-38 by Erk1/2 activates Ets1.(19) Thus, Pol ι could
induce phosphorylation of ETS-1 through the Erk signaling
pathway. As expected, we found that overexpression of Pol ι
augments Erk1/2 phosphorylation, whereas downregulation of

Pol ι decreases Erk1/2 phosphorylation (Fig. 4). Because ETS-
1 is capable of activating its own transcription,(20) the altered
phosphorylation at threonine-38 will lead to altered expression
of ETS-1. These results indicated that Pol ι activates ETS-1
through the Erk signaling pathway.
Epithelial to mesenchymal transition (EMT) contributes to

cancer cell invasion, metastasis and acquisition of therapeutic
resistance, and is marked by loss of E-cadherin and gain of N-
cadherin.(21) Hence, EMT markers, E-cadherin and N-cadherin,
were examined by western blot in our model systems. Our
results demonstrated that Pol ι is able to initiate the EMT pro-
cess in ESCC cells (Fig. S2).

Phosphorylation of ETS-1 is positively correlated with Pol ι
expression and poor prognosis in human esophageal squamous

cell carcinoma. Our previous work demonstrated that the
expression level of Pol ι is closely associated with tumor pro-
gression and poor prognosis of ESCC.(15) To confirm the cor-
related expression among Pol ι, ETS-1 and ETS-1
phosphorylation at threonine-38, immunohistochemical staining
was performed in 93 ESCC tissues. A significant positive cor-
relation was observed between phosphorylation of ETS-1 and
expression of Pol ι in these ESCC tissues, yet no correlation
was evident between ETS-1 expression and Pol ι expression
(Fig. 5a and Tables S3 and S4). One possible explanation is
that the positive correlation of Pol ι and ETS-1 is due to the
phosphorylation of ETS-1, which is capable of activating its
own transcription,(20) while the ETS-1 protein is regulated by
posttranslational modification, such as ubiquitination, resulting
in variation of stability and exhibiting no correlation with Pol ι
in ESCC tissues. Kaplan–Meier survival analysis indicated that
the phosphorylation of ETS-1 is closely correlated with poor
prognosis, while the expression of ETS-1 is not related to
overall survival (Fig. 5b). These results indicated that ETS-1
phosphorylation at the threonine-38 participates in Pol ι-

Fig. 3. Downregulation of ETS-1 inhibits esophageal squamous cell carcinoma cell invasion and migration. (a) The invasion of ECA-109 and
KYSE-150 cells was measured using a Transwell assay (n = 3). 1 9 105 cells were seeded per chamber and after culture for 24 or 48 h, the cells
were stained with Wright-Giemsa solution and photographed at 9200. (b) The migration of ECA-109 and KYSE-150 cells was measured with the
wound healing assay (n = 5, mean � SD). 4 9 105 cells were seeded per well in a six-well plate and photographed at 940. The results were com-
pared using Student’s t-test, *P < 0.05, **P < 0.01.
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mediated invasion and metastasis in ESCC, and is highly cor-
related with poor prognosis in ESCC patients.

Discussion

Due to its error-prone characters, ectopic expression of Pol ι
may contribute to the accumulation of genomic mutation, car-
cinogenesis and tumor progression. Previously, we found that
overexpression of Pol ι is associated with a metastatic and
aggressive tumor phenotype in ESCC.(15) However, the

underlying mechanisms remain to be clarified. In this study,
using RNA-Seq transcriptome analysis, 718 genes were identi-
fied to be differentially expressed between Pol ι-knocking
down and control ESCC cells. Among the identified genes,
expression of 12 cancer metastasis-related genes was found to
be significantly altered and these genes may be involved in the
process of Pol ι-mediated metastasis of ESCC.
Of these cancer metastasis-related genes, ETS-1 was selected

as a key candidate gene because its expression was highly cor-
related with Pol ι expression in ESCC tissues and it is a

Fig. 4. Western blot analysis of ETS-1, pETS-1,
Erk1/2 and pErk1/2 in esophageal squamous cell
carcinoma cells. Expressions of ETS-1, pETS-1, Erk1/2
and pErk1/2 were validated by western blot in ECA-
109 and KYSE-150 cells with Pol ι overexpression or
downregulation.

Fig. 5. Phosphorylation of ETS-1 is positively correlated with Pol ι expression and poor prognosis in clinical esophageal squamous cell carcinoma
samples. (a) Immunohistochemical staining of Pol ι, ETS-1 and p-ETS-1 in paraffin-embedded tissues: (i) low expression of Pol ι; (ii) moderate
expression of Pol ι; and (iii) high expression of Pol ι. (b) Kaplan–Meier survival analysis based on expression of ETS-1 and p-ETS-1. All samples
were grouped according to the staining intensity.
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known proto-oncogene.(19) ETS-1, belonging to the family of
ETS transcriptional factors, is a key regulator in cancer cell
invasion, metastasis and EMT.(20) A number of studies indi-
cated that ETS-1 overexpression is associated with lymph node
and distant metastasis, and poor prognosis in most cancer
types.(22–24) Importantly, we demonstrated in the present study
that Pol ι-mediated invasion and migration of ESCC cells is
attenuated by specific knockdown of ETS-1. These findings
indicate that ETS-1 acts as a mediator of the Pol ι-induced
invasion and migration of ESCC cells. Interestingly, we found
that phosphorylation of ETS-1 at Threonine-38 is significantly
enhanced in Pol ι-overexpression ESCC cells as compared to
control cells. Moreover, Pol ι expression was not correlated
with the level of ETS-1 protein in ESCC tissues. Hence, the
ETS-1 phosphorylation at Threonine-38 plays an important
role in Pol ι-mediated invasion and migration of ESCC cells.
Phosphorylation at threonine-38 residue is an established

event that regulates ETS-1 activity.(25) A large number of
studies have reported that threonine-38 is phosphorylated by
the RAS/ERK1/2 signaling pathway, resulting in the recruit-
ment of CBP (CAMP-responsive element binding protein-
CREB-binding protein) and P300 to the pointed domain of ETS-
1.(26–28) An interaction of CBP/P300 with ETS-1 transcription-
ally activates ETS-1 target genes, such as MMP and EMT
markers,(29,30) to promote cancer invasion and metastasis. In
ESCC cells lines, we observed that elevated Pol ι expression
enhances Erk phosphorylation and inhibition of Pol ι attenuates
Erk phosphorylation. It has been well established that Pol ι

increases the mutagenesis(11,31) and consequent DNA damage
repair.(10,32) Some DNA damage repair is Erk1/2-dependent or
accelerated by Erk1/2 activation.(33,34) It has also been reported
that Pol ι can interact with p53,(35) which can activate Erk1/
2.(36) Therefore, we hypothesize that Erk1/2 is activated by
Pol ι via the DNA damage repair system. Meanwhile, the
expression of EMT markers, N-cadherin and E-cadherin, was
also altered in Pol ι-overexpression or Pol ι-knocking down
ESCC cells. These results indicated that Pol ι induces ETS-1
phosphorylation at threonine-38 through the Erk signaling
pathway. In addition, our clinical data demonstrated that phos-
phorylation of ETS-1 at threonine-38 is closely correlated with
poor prognosis of ESCC patients, whereas there is no correla-
tion between ETS expression and overall survival of ESCC
patients. Thus, phosphorylation of ETS-1 is critical to Pol ι-
mediated invasion and migration of ESCC cells.
In conclusion, the present study demonstrates that Pol ι-

induced invasion and metastasis of ESCC cells is, at least in
part, mediated by phosphorylation of ETS-1 at threonine-38.
These findings provide new insight that is valuable for our
understanding of the mechanisms of Pol ι-induced metastasis
and progression in ESCC, and that further indicates that Pol ι
is a potential biomarker and therapeutic target for ESCC.
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