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The transcription factors Pea3, Erm, and Er81 can
promote cancer initiation and progression in various
types of solid tumors. However, their role in esopha-
geal squamous cell carcinoma (ESCC) has not been
elucidated. In this study, we found that the expression
levels of Pea3 and Erm, but not that of Er81, were
significantly higher in ESCC compared with nontu-
mor esophageal epithelium. A high level of Pea3 ex-
pression was significantly correlated with a shorter
overall survival in a cohort of 81 patients with ESCC
and the subgroup with N1 stage tumor (Wilcoxon-
Gehan test, P � 0.016 and P � 0.001, respectively).
Pea3 was overexpressed in seven ESCC cell lines com-
pared with two immortalized esophageal cell lines. Pea3
knockdown reduced cell proliferation and suppressed
nonadherent growth, migration, and invasion in ESCC
cells in vitro. In addition, Pea3 knockdown in ESCC cells
resulted in a down-regulation of phospho-Akt and ma-
trix metalloproteinase 13, whereas a significant positive
correlation in the expression levels was observed be-
tween Pea3 and phospho-Akt (r � 0.281, P < 0.013) and
between Pea3 and matrix metalloproteinase 13 in the
human specimens (r � 0.462, P < 0.001). Moreover,
Pea3 modulated the sensitivity of EC109 cells to doxo-
rubicin, probably via reduced activity of the phosphati-
dylinositol 3-kinase–Akt–mammalian target of Rapamy-
cin complex 1 pathway on Pea3 knockdown. In
conclusion, our results suggest that Pea3 plays an im-
portant role in the progression of ESCC. (Am J Pathol
2011, 179:992–1003; DOI: 10.1016/j.ajpath.2011.04.004)
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Esophageal squamous cell carcinoma (ESCC) is com-
mon among Asian populations.1 Despite recent ad-
vances in the detection of the premalignant lesions and
the development of combination therapies, its incidence
is increasing, and its outcome remains poor.2–4 Given the
poor prognosis of ESCC and its high incidence rate, it is
increasingly important to understand the initiation and
progression of this type of cancer and to identify the
associated prognostic factors.

Pea3, Erm, and Er81 belong to the Pea3 subgroup of
the Ets transcription factor family. This group of proteins
contains several functional domains, and the individual
members demonstrate extensive amino acid sequence
similarities.5 The roles of these proteins in mammary
gland development and tumorigenesis have also been
extensively studied and reviewed.6–8 Pea3 group tran-
scription factors promote metastatic development and
cancer progression through transcriptional activation of
metastasis-related genes, such as matrix metalloprotei-
nases (MMPs)9–13 and cyclooxygenase (COX)-2.14,15

Overexpression of Pea3 also increases the motility and
invasiveness of lung cancer cells via activation of the �
pathway and an increase in COX-2 expression.16–18

The prognostic significance of Pea3 has also been dem-
onstrated in various solid tumors. Pea3 is overexpressed in
mouse metastatic mammary adenocarcinoma19 and in hu-
man breast cancer, in which its overexpression is also cor-
related with HER-2 expression and poor prognosis.20–23 A
high level of Pea3 expression correlates with poor survival in
patients with ovarian,24,25 colorectal,26 oral,27 lung,28 and
gastric cancers.29 The other two members of the Pea3
subgroup, Erm and Er81, are also overexpressed in mam-
mary tumors.21 Erm knockdown reduces the tumorigenicity
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of mouse mammary cancer cells, and a high Erm expres-
sion level also acts as an independent adverse prognostic
factor in patients with breast cancer.30,31 Moreover, Erm
overexpression enhances the aggressiveness of cancer
cells in vitro and correlates with disease progression in en-
dometrial carcinoma.32–34

To the best of our knowledge, the roles of Pea3
group transcription factors in ESCC have not been
studied. In the present study, we investigated the ex-
pression of the three transcription factors in an ESCC
patient cohort and found that Pea3 overexpression was
associated with poor prognosis. Our findings for the
role of Pea3 in ESCC suggest that Pea3 is required for
ESCC progression by enhancing proliferation, increas-
ing tumor cell invasiveness, promoting drug resis-
tance, and activating phosphatidylinositol 3-kinase
(PI3K)—Akt signaling.

Materials and Methods

Patients and Specimens

The ESCC patient cohort has been previously de-
scribed.35 Formalin-fixed, paraffin-embedded (FFPE)
esophagectomy specimens from 81 Chinese patients
with ESCC (mean follow-up, 14.5 months; range, 0.7 to
65.2 months) were collected from Queen Mary Hospital,
Hong Kong, China, from January 1998 to December
2005. The specimens were collected consecutively,
exclusive of patients who had prior treatment directed
against ESCC. The tumor specimens were then incor-
porated into six different TMAs, as previously de-
scribed.35 Specimens for which there was not sufficient
tumor tissue available for incorporation into the TMA
block were excluded. Thirty-three paired nonneoplas-
tic esophageal epithelia were selected from the upper
resection margin of the respective esophagectomy
specimens. The clinicopathological data are summa-
rized in Table 1.

IHC Staining and Evaluation

Immunohistochemical (IHC) staining was performed as
previously described using the Dako EnVision� system-
HRP (Dako, Glostrup, Denmark).35 Pea3 monoclonal,
Er81 polyclonal, and Erm polyclonal antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA) and MMP13 anti-
bodies (Abcam, Cambridge, MA) were applied to the
TMA sections at 1:50, 1:100, or 1:150 dilutions, respec-
tively, overnight at 4°C. The primary antibody was omitted
in the negative control. The stained sections were re-
viewed by two independent observers (Y.-P.C. and
K.-W.C.) with no prior knowledge of the clinicopatholog-
ical data for the patients. All three cores of each specimen
were individually scored from 0 to 3, which indicated neg-
ative, weak, moderate, and strong staining, respectively.
The highest score was selected for later statistical analysis.
Negative and weak staining was further classified as low-
level expression, whereas moderate and strong staining
was classified as high-level expression for Kaplan-Meier

analysis. The number of samples varied slightly between
the detected markers because of the variability in the num-
ber of interpretable tissue cores in the TMA sections. The
results for phospho-Akt (pAkt) staining in the same cohort
have been previously described.35

Statistical Analysis of IHC Staining

The statistical analysis was performed using SPSS 16.0
(IBM Corporation, Armonk, NY). Differences in expression
levels among the different pathological stages were an-
alyzed using the �2 or Fisher’s exact tests, where appli-
cable. Correlations between the expression levels of dif-
ferent proteins and the tumor staging were estimated by the
Spearman’s rank correlation test. Kaplan-Meier analysis
was performed, and the results were compared using the
Wilcoxon-Gehan test to correlate the protein expression
levels with patient survival.

Cell Lines

The NE1 and NE3 immortalized esophageal cell lines
were maintained in keratinocyte serum-free medium (In-
vitrogen, Paisley, UK). The ESCC cancer cell lines
HKESC-1, HKESC-2, and HKESC-3 were maintained in
�-modified Eagle’s medium (Invitrogen), supplemented
with 10% fetal bovine serum; whereas SLMT, EC1, EC18,
and EC109 were maintained in RPMI 1640 medium (In-
vitrogen), supplemented with 10% fetal bovine serum.
The Phoenix Ampho retroviral packaging cell line and the
293T Lentiviral packaging cell line were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen), sup-
plemented with 10% fetal bovine serum. Stable pools
of NE1 or NE3 vector control and Flag-Pea3 cells were
generated using the retroviral infection of pBabe empty
vector and pBabe-Flag-Pea3, respectively. The scram-

Table 1. Patient Clinical and Pathological Features

Features No. (%) of patients

Sex
Male 62 (77)
Female 19 (23)

T stage
1 2 (3)
2 13 (16)
3 49 (60)
4 17 (21)

N stage
0 30 (37)
1 51 (63)

M stage
0 68 (84)
1 13 (16)

pTNM stage
II 32 (40)
III 36 (44)
IV 13 (16)

Histological grade
Well differentiated 13 (16)
Moderately differentiated 48 (59)
Poorly differentiated 20 (25)

The median (range) age of the 81 patients was 67 (41 to 87) years.
ble short hairpin (shScr)/shPea3-1/shPea3-2 cancer
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cells were generated by lentiviral infection using the
pLKO.1 plasmid expressing a shScr RNA and two
Pea3 shRNAs, respectively. We were unable to stably
maintain the shPea3-1 and shPea3-2 cells; therefore,
Western blot analyses and different biological assays
were performed using transiently infected cells at 72
hours after infection.

Plasmids

The pLKO.1 shScr plasmid (ID:17920) was obtained
from Addgene (Cambridge, MA; donated by Professor
Sheila A. Stewart), and the pLKO.1-shPea3-1 and
shPea3-2 plasmids (ID: NM_001986.1-736s1c1 and
NM_001986.1-1264s1c1) were obtained from Sigma (St
Louis, MO). The pBabe-vector was obtained from Add-
gene (ID: 1764), and the pBabe-FlagPea3 plasmid was
generated by cloning of the Flag-Pea3 from pCMV7.1-
Pea3 (a gift from Prof. John A. Hassell) into the pBabe
vector.

RT-PCR

RNA was extracted by TRIzol (Invitrogen), and reverse
transcription was performed using the SuperScript III
first strand synthesis system (Invitrogen), according to
the manufacturer’s instructions. PCR was performed
using Phusion High Fidelity Taq polymerase (New Eng-
land Biolabs, Ipswich, UK), according to the manufac-
turer’s instructions. The primers for different PCR prod-
ucts are listed in Table 2. Quantitative RT-PCR was
performed according to the manufacturer’s instruc-
tions (Applied Biosystems, Foster City, CA) using Pea3
(Hs00385910_m1) and MMP13 (Hs00233992_m1)
Taqman assays.

Table 2. Details of Primers for PCRs

RT-PCR
products Primers

MMP1
Forward 5=-TTACATCGTGTTGCGGCTCATGAA-3=
Reverse 5=-CGGACTTCATCTCTGTCGGCAAAT-3=

MMP2
Forward 5=-ACCGCGACAAGAAGTATGGCTTCT-3=
Reverse 5=-CAAGCCTCGTATACCGCATCAATCTTT-3=

MMP7
Forward 5=-CAGGCTCAGGACTATCTCAAGAGA-3=
Reverse 5=-GTTCATCCTCATCGAAGTGAGCAT-3=

MMP9
Forward 5=-CCAACTCGGTTTGGAAACGCAGAT-3=
Reverse 5=-TCCGGCACTGAGGAATGATCTAAG-3=

MMP13
Forward 5=-GGAGCACTCATGTTTCCTATCTAC-3=
Reverse 5=-GCGAACAATACGGTTACTCCAGAT-3=

MMP14
Forward 5=-CATCCAGGGTCTCAAATGGCAACA-3=
Reverse 5=-GACAAACATCTCCCCTCGGAGCAT-3=

Actin*
Forward 5=-GTGGGGCGCCCCAGGCACCA-3=
Reverse 5=-CTCCTTAATGTCACGCACGATTTC-3=
*Data are from Yuen et al.36
Western Blot Analysis

Western blot analysis was performed as previously de-
scribed.37 Pea3 (Santa Cruz Biotechnology) and actin
(Sigma) monoclonal antibodies were used at a dilution of
1:150 and 1:10,000, respectively. pAkt, total Akt, phos-
pho—extracellular signal-regulated kinase (ERK) 1/2, to-
tal ERK1/2, poly (ADP-ribose) polymerase, caspase 3,
cleaved caspase 3, caspase 9, and cleaved caspase 9
antibodies (Cell Signaling, Danvers, MA) were used at a
dilution of 1:1000.

Colony Formation

Five hundred cells were seeded in a 6-well plate and
allowed to grow for 10 days. The cells were then fixed
with 70% ethanol, and the colonies were stained with
0.1% crystal violet. The plate was photographed, and the
number of colonies was counted.

Crystal Violet Proliferation Assay

One thousand cells were seeded in a 24-well plate and
allowed to grow for 24 hours. The cells were fixed with
70% ethanol and stained with 0.1% crystal violet. After
washing, the retained crystal violet was extracted using
70% ethanol and measured by spectrophotometric anal-
ysis at 590 nm.

BrdU Cell Proliferation Analysis

5-Bromo-2=-deoxyuridine (BrdU) incorporation was per-
formed using the BrdU cell proliferation assay (Calbi-
ochem, Darmstadt, Germany), according to the manufac-
turer’s instructions.

Soft Agar Nonadherent Growth Assay

Five thousand EC109 cells resuspended in medium
containing 0.35% (w/v) low melting point agarose were
laid on top of a solidified bottom layer of 0.7% (w/v)
agarose in normal medium. The top layer was allowed
to solidify, and a few drops of medium were added to
the solidified agarose. The cells were incubated at
37°C, and a few drops of medium were added to the
cells every 2 days until formed colonies could be visu-
alized. The plate was photographed, and the formed
colonies were counted.

Migration and Invasion Assays

EC109 cells were washed twice with 1� PBS and re-
suspended at densities of 5 � 104 and 2.5 � 105 cells
per 200 �L in serum- and phenol red—free medium for
the migration and invasion assays, respectively. The
cells were added to the upper chamber of a Boyden
chamber with or without Matrigel (1 mg/mL) for the
invasion and migration assays, respectively. Phenol
red—free medium, supplemented with 10% fetal bo-

vine serum, was used as the chemoattractant. Migra-
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tion and invasion were allowed to proceed for 16 and
24 hours, respectively, at 37°C.

Flow Cytometry Analysis of Propidium Iodide
Staining

Trypsinized and floating cells were collected and fixed
with 70% ethanol overnight at 4°C. Fixed cells were in-
cubated with propidium iodide (PI) (10 �g/mL) and
RNase A (10 �g/mL) for 30 minutes at 37°C, and the
stained cells were analyzed by flow cytometry using an
LSRII flow cytometer (BD Biosciences, Oxford, UK).

MTT Assay

MTT reagent (Melford, Ipswich, UK) was added to the
cells at a concentration of 0.2 mg/mL. The cells were
incubated at 37°C for 3 hours. The crystalized MTT was
then allowed to dissolve in dimethyl sulfoxide. Absor-
bance at 570 nm was measured. Background reading
was subtracted, and the data were presented as percent-

Figure 1. IHC staining of Pea3, Erm, and Er81 and their correlation with
epithelium and ESCC specimens stained for Pea3, Erm, and Er81. Original m
cases that demonstrated staining with different levels of Pea3, Erm, and Er8
and tumor specimens stained for Pea3. D: Bar chart showing the percentage
different T stages; the result of Spearman’s rank correlation test for all tumo
cohort (left) and in patients with N1 tumors (right). F: Kaplan-Meier analyse
analyses were compared using the Wilcoxon-Gehan test. G: Pea3 expression
and was highly expressed in the esophageal cancer cell lines HKESC-1, HKE
independent experiments is shown.
age of control wells.
Statistical Analysis of the in Vitro Assays

The Student’s t-test was used to determine the statistical
significance between different groups of samples in our
in vitro studies.

Results

Pea3 and Erm, but Not Er81, Are
Overexpressed in ESCC

Pea3 was either moderately or strongly expressed in
54.5% (42 of 77) of the ESCC specimens in both nuclear
and cytoplasmic regions, whereas all of the nontumor
esophageal epithelium specimens (32 of 32) demon-
strated either negative or weak staining for Pea3 (Figure
1, A and B; �2 test, P � 0.001). High expression levels of
Erm were detected in 56.6% (43 of 76) of the ESCC
specimens, predominantly in the nuclear region, but only
30% (9 of 30) of the nontumor esophageal epithelia ex-
pressed similar levels of Erm (Figure 1, A and B; �2 test,

athological parameters. A: Representative images of nontumor esophageal
ation: �40 (top); �400 (bottom). B: Bar charts showing the percentage of
tumor and tumor specimens. C: Representative images of paired nontumor
s that demonstrated staining with different levels of Pea3 in specimens with
ens is shown. E: Kaplan-Meier analyses of Pea3 in the whole ESCC patient
(left) and Er81 (right) in the whole ESCC patient cohort. All Kaplan-Meier

detectable in the NE1 and NE3 immortalized esophageal epithelial cell lines
KESC-3, SMLT-1, EC1, EC18, and EC109. A representative image from three
clinicop
agnific

1 in non
of case

r specim
s of Erm
was un
P � 0.013). In contrast, the expression levels of Er81
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were not significantly different between nontumor esoph-
ageal epithelium and ESCC specimens; the predomi-
nantly stained region is the cytoplasm in both types of
specimens (Figure 1, A and B; �2 test, P � 0.183). These
results show that Pea3 and Erm, but not Er81, were over-
expressed in our ESCC cohort. To avoid the significant
differences in Pea3 staining because of interpatient vari-
ations of Pea3 expression, the Pea3 staining was com-
pared between the paired nontumor and ESCC speci-
mens. Of the 32 nontumor esophageal epitheliums, 21
of the paired ESCC specimens had interpretable spots of
Pea3 staining in the TMA section. The mean scores of
Pea3 staining were 0.57 and 1.67 in the 21 nontumor and
ESCC paired specimens, respectively (P � 0.001, paired
t-test for paired specimens; Figure 1C).

Pea3 Expression Level Correlates with Tumor
Progression and the Overall Survival of Patients
with ESCC

The expression levels of Pea3, Erm, and Er81 were
correlated with clinicopathological parameters, includ-
ing age, TNM stage, and histological grade of the
tumors. The expression level of Pea3 in the primary
tumors showed a significant positive correlation with
the T stage (Figure 1D; Spearman’s rank test, r �
0.288, P � 0.011) but not with the other clinicopatho-
logical parameters. On the other hand, the expression
levels of Erm and Er81 did not demonstrate a signifi-
cant correlation with any of the clinicopathological pa-
rameters tested. A high level of Pea3 expression was
associated with a shorter survival in the entire cohort
(Figure 1E, left; Wilcoxon-Gehan test, P � 0.016) and in
patients with N1 stage disease (Figure 1E, right; Wil-
coxon-Gehan test, P � 0.001). No association with
survival was observed for Erm and Er81 (Figure 1F).
Our results suggest that Pea3 overexpression may pro-
mote ESCC progression and, therefore, may be a use-

ful prognostic marker in ESCC.
Pea3 Is Expressed in ESCC Cells but Not in
Immortalized Esophageal Epithelial Cells

Pea3 expression in two immortalized esophageal epi-
thelial cell lines (ie, NE1 and NE3) and in seven ESCC
cell lines (ie, HKESC-1, HKESC-2, HKESC-3, SMLT-1,
EC1, EC18, and EC109) was assessed by Western blot
analysis. We found that Pea3 was highly expressed in
the seven ESCC cell lines but was not detectable in
the NE1 and NE3 cell lines (Figure 1G). This result is
consistent with our findings in human ESCC speci-
mens, which demonstrated that Pea3 was overex-
pressed in tumors compared with nontumor esopha-
geal epithelia.

Pea3 Knockdown Reduces Proliferation and
Colony Formation in Noninvasive HKESC-1 and
HKESC-2 Cells

Pea3 expression in HKESC-1 and HKESC-2 cells
was knocked down by lentiviral infection using two
Pea3 shRNA sequences, which were designated as
shPea3-1 and shPea3-2. As demonstrated by Western
blot analysis, Pea3 expression was reduced in cells
expressing shPea3-1 or shPea3-2 compared with
those expressing shScr RNA in both HKESC-1 and
HKESC-2 cells (Figure 2, A and E). HKESC-1 shPea3-1
or shPea3-2 cells formed significantly fewer colonies
(mean � SD, 24 � 4 and 23 � 6, respectively; P � 0.01
for both sequences) than HKESC-1 shScr cells
(mean � SD, 58 � 8) in the colony formation assay
(Figure 2B). Similar results were obtained using
HKESC-2 cells; HKESC-2 shScr cells formed signifi-
cantly more colonies (mean � SD, 75 � 15) than
HKESC-2 shPea3-1 and shPea3-2 cells (mean �
SD, 32 � 4 and 28 � 4, respectively; P � 0.01 for both
sequences; Figure 2F). HKESC-1 shPea3-1 and
shPea3-2 cells also exhibited a significantly lower rate

Figure 2. The effects of Pea3 knockdown in
HKESC-1 (A–D) and HKESC-2 (E–H) cells. A and
E: A representative image from three indepen-
dent Western blot analyses of Pea3 expression;
actin was used as a control to normalize the data.
B and F: Colony formation assay to test the
clonogenic potential of the cells in two-dimen-
sional culture plates. C and G: The relative
growth rates of the cells were determined by
crystal violet staining during a 9-day period. D
and H: BrdU incorporation was performed dur-
ing an 8-hour period to determine the rate of
DNA synthesis. Mean � SD values were ob-
tained from three independent experiments.
**P � 0.01 and ***P � 0.001 compared with the
Scr control.
of proliferation compared with HKESC shScr cells, as
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demonstrated using the crystal violet (Figure 2C) and
the BrdU proliferation (Figure 2D) assays. Similar re-
sults were obtained using HKESC-2 cells (Figure 2, G
and H). These findings suggest that Pea3 knockdown
reduced the proliferation rate and two-dimensional
clonogenicity ability in noninvasive ESCC cells.

Pea3 Knockdown Reduces the Proliferation,
Nonadherent Growth, Migration, and Invasion of
Invasive EC109 Cells

Similar to HKESC-1 and HKESC-2 cells, Pea3 knockdown
in EC109 invasive ESCC cells reduced the amount of
colony formation and cell proliferation (Figure 3, A–D). To
test whether Pea3 knockdown correlates with reduced
metastatic potential, the nonadherent growth and migra-
tory and invasive abilities of EC109 cells expressing var-
ious levels of Pea3 were tested. As shown in Figure 3E,
Pea3 knockdown resulted in a significant reduction of the
nonadherent growth of EC109 cells, as reflected by a
decrease in the number of colonies formed in the soft
agar assay (mean � SD; shScr, 345 � 40; shPea3-1,
47 � 20; shPea3-2, 27 � 18). Pea3 knockdown also
resulted in a significant reduction of both migration
(mean � SD, 66% � 7% and 72% � 9% reduction in
shPea3-1 and shPea-2, respectively; Figure 3F) and in-
vasion (mean � SD, 55% � 4% and 71% � 4% reduction
in shPea3-1 and shPea3-2, respectively; Figure 3G). The
migration and invasion assays were performed for 16 and
24 hours, respectively; as shown in Figure 4C, the prolif-
eration of EC109 cells was not significantly affected by
Pea3 knockdown at the 24-hour point, indicating that the
effects seen in the migration and invasion assays were

not an artifact of the inhibition of proliferation cased by
Pea3 knockdown. Therefore, our results suggest that
Pea3 knockdown suppresses the migration and invasion
of invasive ESCC cells.

Pea3 Expression Level Is Associated with pAkt
Expression Level in ESCC Cell Lines and
Human Specimens

The activity of Akt and ERK plays an important role in cell
proliferation, migration, and invasion. We investigated the
expression levels of the active phosphorylated forms of
Akt and ERK in Pea3 knockdown cells and found that
Pea3 knockdown reduced the phosphorylation of Akt, but
not that of ERK, in the three ESCC cell lines tested (Figure
4A). These results demonstrate that Pea3 might interrupt
signaling upstream of Akt but not the global phosphory-
lation of other proteins and suggest that Pea3 is required
for the full activation of Akt in ESCC cells. We confirmed
this in vitro finding in our ESCC specimens, in which the
expression level of Pea3 demonstrated a significant pos-
itive correlation (Spearman’s rank correlation, r � 0.281,
P � 0.013; Figure 4, B and C). Taken together, our results
suggest that Pea3 might promote ESCC progression via
activation of the PI3K-Akt pathway.

MMP13 May Be Involved in Pea3 Knockdown-
Mediated Decreases in Invasiveness of EC109
Cells

Pea3 transcriptionally activates different MMP expression
in different cellular contexts. In this study, we found that
Pea3 knockdown resulted in down-regulation of the

Figure 3. The effect of Pea3 on the invasive
esophageal cancer cell line EC109. A: A repre-
sentative image of Pea3 expression from three
independent Western blot analyses; actin was
used as a control to normalize the data. B: Col-
ony formation assay to test the clonogenic po-
tential of the cells in two-dimensional culture
plates. C: The relative growth rate of the cells
was determined by crystal violet staining during
a 5-day period. D: BrdU incorporation was per-
formed during a 1-hour period to determine the
rate of DNA synthesis. E: Soft agar assay to test
the nonadherent growth ability of the cells. F:
The migration assay was performed in a Boyden
chamber during a 16-hour period. G: The inva-
sion assay was performed in a Matrigel-coated
Boyden chamber during a 24-hour period. Mean
� SD values were obtained from three indepen-
dent experiments. *P � 0.05, **P � 0.01, and
***P � 0.001 compared with the Scr control.
MMP13 mRNA level but not of the other MMPs tested
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(Figure 4D). The decrease in Pea3 and MMP13 mRNA
levels in shPea3-infected EC109 cells was further con-
firmed by quantitative RT-PCR (Figure 4E). The protein
level of MMP13 was also down-regulated in EC109 infec-
tion with either shPea3-1 or shPea3-2. To confirm the
clinical significance of our in vitro findings, we performed
IHC staining in our patient specimens. The MMP13 ex-
pression pattern was similar to that of Pea3. It was sig-
nificantly overexpressed in ESCC compared with nontu-
mor esophageal epithelium specimens (P � 0.001). Pea3
and MMP13 expression levels were significantly posi-
tively correlated in all patient specimens (Spearman’s
rank test, r � 0.462, P � 0.001; Figure 4, G and H). These
results suggest that Pea3 may regulate MMP13 to pro-
mote the invasiveness of the invasive EC109 cells.

Pea3 Knockdown Sensitizes EC109 Cells to
Doxorubicin Treatment

In addition to Pea3-enhanced aggressiveness in ESCC
cell lines, we also found that Pea3 knockdown sensitized
EC109 cells to doxorubicin treatment. EC109 cells were
relatively resistant to doxorubicin treatment compared
with the NE1 immortalized esophageal cell line. The treat-
ment of EC109 cells with up to 2 �g/mL doxorubicin for 48
hours resulted in only 5% sub-G1 apoptotic cells, whereas
the treatment of NE1 cells with 200 ng/mL doxorubicin re-
sulted in 64% sub-G1 apoptotic cells (Figure 5A). EC109

Figure 4. Correlation of Pea3 and pAkt expression. A: A representative West
phospho-ERK, and total ERK expression. The expression levels of total Akt a
pAkt and Pea3 staining of three tissue cores. C: A bar chart showing the perc
by IHC staining. The result of the Spearman’s rank correlation test for all of
by Pea3 in other cellular contexts. E: Quantitative real-time PCR showing th
MMP13 (right) compared with EC109 shPea3-1 and shPea3-2 cells. F: The
representative image from three independent experiments is shown. G: Repr
and MMP13. The same core is shown in the same column. H: A bar chart sh
MMP13 and Pea3 by IHC staining. The result of Spearman’s rank correlation te
cells lacking Pea3 were significantly more susceptible to
treatment with 1 �g/mL doxorubicin (mean � SD, 12% �
2% and 15% � 4%, respectively) compared with EC109
shScr control cells (mean � SD, 4% � 2%; Figure 5, B
and C). Similarly, EC109 shPea3-1 and shPea3-2 cells
demonstrated higher levels of cleaved caspase 9,
caspase 3, and poly (ADP-ribose) polymerase than
EC109 shScr cells when treated with the same concen-
tration of doxorubicin (Figure 5D). As shown in Figure 5E,
inhibition of the PI3K-Akt-mammalian target of Rapamy-
cin complex 1 (mTORC1) pathway by PI103 resulted in
sensitization of EC109 shScr cells to doxorubicin treat-
ment for 48 hours, as measured by the MTT assay (Figure
5E). Increased susceptibility of EC109 shPea3-1 and
shPea3-2 cells to doxorubicin compared with EC109
shScr control cells was also observed using the MTT
assay at 48 hours (Figure 5E). In addition, we found that
EC109 shPea3-1 and shPea3-2 cells, treated by a com-
bination of PI103 and doxorubicin, had a significant
reduction in cell survival compared with EC109 shScr
control cells (Figure 5E). Our results were further con-
firmed by Western blot analysis of apoptotic markers,
including cleavages of poly (ADP-ribose) polymerase,
caspase 3, and caspase 9 (Figure 5F). These results
suggest that the PI3K-Akt-mTORC1 pathway may be
an important survival determinant in EC109 cells in the
presence of doxorubicin and that the down-regulation
of pAkt levels in Pea3 knocked down EC109 cells may
explain the increased sensitivity of the cells to doxoru-

analysis image from three independent experiments showing pAkt, total Akt,
ERK were used as a control. B: Representative IHC staining images showing
f specimens that demonstrated different expression levels of pAkt and Pea3
r specimens is presented. D: RT-PCR of different MMPs that were regulated
9 shScr cells express significantly higher levels of mRNA of Pea3 (left) and
expression of MMP13 was reduced on Pea3 knockdown in EC109 cells. A
e IHC staining images for specimens stained with low or high levels of Pea3
e percentage of specimens that demonstrated different expression levels of
of the specimens is presented. ***P � 0.001 compared with the shScr control.
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Knockdown of Pea3 Enhances Paclitaxel
Resistance in EC109 Cells

EC109 shPea3-1 and shPea3-2 cells were more resistant
to paclitaxel compared with EC109 shScr control cells.
Because of the higher proliferation rate of EC109 shScr
cells compared with EC109 shPea3-1 and shPea3-2
cells, the higher sensitivity of EC109 shScr cells to pacli-
taxel treatment was not unexpected. As shown in Figure
6, A and B, actively cycling EC109 shScr cells demon-
strated a higher percentage of S-phase cells compared
with actively cycling EC109 shPea3-1 and shPea3-2
cells, which is in accordance with the higher proliferation
rate of EC109 shScr cells. The EC109 shScr cells were
more efficiently arrested in the G2/M phase at 24 hours
after treatment with paclitaxel than the EC109 shPea3-1
and shPea3-2 cells (Figure 6B). Moreover, EC109 shScr
cells showed a higher percentage of G1-phase cells at 2
hours after release from nocodazole-mediated G2/M ar-
rest compared with EC109 shPea3-1 and shPea3-2 cells
(Figure 6C). These results imply that the increased pro-
liferation of EC109 shScr cells might be because of the

Figure 5. Pea3 modulates the sensitivity of EC109 cells to doxorubicin treatm
resistant to doxorubicin treatment compared with immortalized NE1 cells.
histograms of PI-stained cells under different conditions. C: A bar chart sho
analysis was used to detect apoptotic protein markers in cells that were trea
and Western blot analysis (F) were used to detect apoptotic protein marker
doxorubicin, alone or in combination. *P � 0.05, **P � 0.01 compared with
increased rate of cell cycling, and this increase may be
an explanation for the higher sensitivity of EC109 shScr
cells to paclitaxel compared with EC109 shPea3 cells.
Our results also suggest that the increased sensitivity of
EC109 cells to doxorubicin on Pea3 knockdown might not
be the result of a general modulation of the apoptotic
machinery.

Overexpression of Pea3 in NE1 and NE3
Immortalized Esophageal Epithelial Cells

By using retroviral infection, Flag-Pea3 was overex-
pressed in NE1 and NE3 immortalized esophageal epi-
thelial cells (Figure 7A). The expression of Pea3 was not
persistent in these two cell lines and became low or
undetectable by Western blot analysis after three pas-
sages (data not shown). By using the cells within the
three passages, we found that NE1 and NE3 cells over-
expressing Flag-Pea3 were unable to grow in soft agar
or invade through Matrigel. This may be because of
the transience of Pea3 overexpression. On the other
hand, Pea3 may also be essential, but not sufficient, to

PI-stained cells showing that the esophageal cancer cell line EC109 is highly
ults are representative of two independent experiments. B: Representative
e percentage of cells in different phases of the cell cycle. D: Western blot
doxorubicin at different points during a 48-hour period. An MTT assay (E)
09 cells expressing various levels of Pea3 that were treated with PI103 and
cr control.
ent. A:
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drive ESCC progression. Nevertheless, overexpression
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of Flag-Pea3 significantly reduced doxorubicin-induced
cell death in both NE1 and NE3 cells compared with their
vector controls (Figure 7, B and C), suggesting that Pea3
may be an important factor in governing the sensitivity of
esophageal epithelial cells to doxorubicin treatment.

Discussion

In the present study, IHC was performed to investigate
the expression levels of the transcription factor members
of the Pea3 subgroup of the Ets transcription factor fam-
ily. Pea3 and Erm were highly expressed in human ESCC
specimens. A high expression level of Pea3 correlated
with a higher T stage and a shorter patient survival. In
addition, Pea3 was highly expressed in ESCC cell lines
but was not detectable in immortalized esophageal epi-
thelial cells. Pea3 knockdown in ESCC cells resulted in a
decrease in aggressiveness and an increase in doxoru-
bicin sensitivity. Our results suggest that Pea3 is a po-
tential prognostic factor and therapeutic target in ESCC.

In a recent study38 on abnormal changes in chromo-

somal regions in ESCC development, chromosomal re-
gion 17q21 was amplified in 86.3%, 44 of 51, patients
with ESCC. Although Pea3 is located in 17q21, it is tempt-
ing to speculate that 17q21 amplification might explain
for the Pea3 overexpression in ESCC. In the same
study,38 patients with 17q21 amplification had a worse
prognosis in terms of survival, which is in line with our
present study showing a significant correlation between a
high level of Pea3 expression and shorter patient survival.
Further investigation on whether Pea3 accounts for the
aggressive phenotype observed in ESCC with 17q21 am-
plification is highly warranted.

Pea3 transcriptionally up-regulates various metastasis-
promoting proteins, such as MMPs and COX-2. MMPs
are enzymes that assist cancer cells in metastasis via
digestion of the extracellular matrix.39 Indeed, EC109
shPea3-1 and shPea3-2 cells that expressed a lower
level of Pea3 demonstrated a lower expression level of
MMP13 compared with EC109 shScr cells (Figure 4,
D–F), which has been regulated by Pea3 in other cellular
contexts.12 These observations suggest that MMP13
might be an MMP that functions downstream of Pea3,

Figure 6. Pea3 modulates the sensitivity of
EC109 cells to paclitaxel treatment. A: Represen-
tative histograms of PI-stained cells with or with-
out treatment of paclitaxel (right). Representa-
tive images are from three independent
experiments. A bar chart showing the percent-
age of cells in different phases of the cell cycle
(left). Mean � SD values from three indepen-
dent experiments were obtained. Pea3 knock-
down results in a decreased rate of cell cycle
progression. B: More cells were arrested in the
G2/M phase after 24 hours of paclitaxel treat-
ment, and an elevated apoptotic response was
detected in EC109 shScr cells compared with
EC109 shPea3-1 and shPea3-2 cells. The results
are representative of two independent experi-
ments. C: More cells passed through the G2/M
phase 2 hours after release from nocodazole-
induced G2/M arrest in EC109 shScr cells com-
pared with EC109 shPea3-1 and shPea3-2 cells.
The results are representative of two indepen-
dent experiments. *P � 0.05, **P � 0.01, and
***P � 0.001 compared with the shScr control.
which modulates Pea3-mediated metastatic progression



three independent experiments. *P � 0.05 and **P � 0.01 compared with
the Scr/empty vector control.
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in EC109 cells. COX-2 plays important roles in the pro-
gression of ESCC by enhancing cellular proliferation and
invasion and inhibiting apoptosis.40–44 In the present
study, we found that Pea3 knockdown reduced the Akt
phosphorylation in cancer cells, whereas Pea3 expres-
sion correlated significantly with pAkt expression in hu-
man ESCC specimens. These findings suggest that the
PI3K-Akt pathway may be a downstream target of Pea3.
PI3K-Akt pathway activity has been an important prog-
nostic determinant of ESCC.45–47 COX-2 inhibition re-
duces Akt phosphorylation in ovarian, prostate, and
esophageal cancers,48–50 implying that COX-2 might be
a key intermediate between Pea3 and Akt. However,
COX-2 mRNA expression levels were not significantly
different between EC109 shScr, shPea3-1, and shPea3-2
cells. This result suggests that COX-2 may not be in-
volved in the Pea3-mediated down-regulation of pAkt in
EC109 cells and that further experiments are required to
delineate the mechanisms.

Pea3 expression has modulated the sensitivity to dif-
ferent chemotherapeutic drugs; Pea3 expression is in-
creased in cisplatin-resistant ovarian cancer cells.51

cGMP-dependent protein kinase protects cells against
oxidative stress via up-regulation of thioredoxin in a Pea3
binding site—dependent manner.52 On the other hand,
Pea3 is required for apoptosis induced by �-linolenic
acid53 and etoposide.54 The differential effects of Pea3
knockdown on doxorubicin and paclitaxel treatments
suggest that Pea3-mediated resistance to doxorubicin in
EC109 may not represent a general modulation of the
apoptosis or survival machinery of the cells. The mech-
anisms that lead to enhanced resistance to doxorubicin
require further investigation. The use of doxorubicin55,56

and taxane-based drugs57 for the treatment of esopha-
geal cancer has been described; the potential use of
Pea3 as a biomarker to predict drug efficacy may warrant
further investigation. Inhibition of PI3K-Akt-mTORC1–sen-
sitized EC109 cells to doxorubicin treatment suggests
that this pathway may be important in governing doxoru-
bicin resistance. Indeed, EC109 shPea3-1 and shPea3-2
cells had lower levels of pAkt; they were also more sen-
sitive to treatment of doxorubicin alone or in combination
with PI103 compared with EC109 shScr control cells.
These results suggest that the down-regulation of the
activity of the PI3K-Akt-mTORC1 pathway in EC109 cells
on Pea3 knockdown may lead to the increase in the
sensitivity of the cells to doxorubicin. Further investigation
is required for a better understanding. Because of the
heterogeneity of postesophagectomy chemotherapy in
our patient cohort, no useful information could be ob-
tained on reviewing the clinical data. Further investiga-
tions using randomized controlled clinical trials would be
required to confirm these in vitro findings.

The progression-elevated gene 3 promoter is active in
cancer cells but not in healthy cells.58 The cancer-spe-
cific activity of this promoter is governed by Pea3 binding
sites on the promoter, and this Pea3–progression-ele-
vated gene 3 link promotes the transformation of rat em-
bryonic cells.59,60 The importance of Pea3 group tran-
scription factors in tumorigenesis is further strengthened
Figure 7. NE1 and NE3 cells expressing various levels of Pea3 and their sensitivity
to doxorubicin treatment. A: Western blot analyses were used to detect Flag-Pea3
overexpression. B: Representative histograms of PI-stained cells under dif-
ferent conditions. C: A bar chart showing the percentage of cells in
various phases of the cell cycle. Mean � SD values were obtained from
by a recent study demonstrating that Pea3 and Erm are
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required for the tumorigenesis of mammary cancer cells.
In that study,30 the regulatomes of the two transcription
factors were different, suggesting that Pea3 and Erm
regulate distinct, but complementary, molecular net-
works. In the present study, we found that both Erm and
Pea3 were overexpressed in human ESCC compared
with their nontumor epithelia. Although Erm expression
did not correlate with any clinicopathological data, Erm
might play a distinct role from Pea3 in ESCC initiation,
which warrants further investigation. Whether Pea3 and
Erm regulate different gene networks during ESCC onset
and whether their regulatomes are complementary to
each other for tumor onset would be a focus of great
interest.

In this study, we also attempted to stably overexpress
Pea3 in both NE1 and NE3 cells by using pBabe-Pea3
and pBabe-FlagPea3. Although Pea3 overexpression
could be achieved, it was lost after two to three passages
(data not shown). NE1 and NE3 cells overexpressing
Pea3 were more resistant to doxorubicin, but they were
unable to form colonies in soft agar or invade through
Matrigel (data not shown). This result suggests that a
transient increase in Pea3 may not be sufficient to trans-
form immortalized esophageal epithelial cells.

In conclusion, we found that a high level of Pea3 is
associated with a shorter survival of patients with ESCC
and that Pea3 promotes cancer cell aggressiveness in
vitro. Our results indicate that Pea3 may be a useful
prognostic marker and therapeutic target for this com-
mon cancer that demonstrates a generally poor clinical
outcome.
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