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Introduction

Urinary bladder cancer is one of commonly diagnosed malig-
nancies worldwide, especially in males.1,2 Two-thirds to three-
fourth of these tumors are superficial at presentation and can 
typically be managed in a conservative manner. In contrast, 
infiltrating tumors are treated with a more aggressive approach, 
including radical cystectomy with urinary diversion that remains 
the gold standard treatment for muscle-invasive cancer. Systemic 
chemotherapy is also often given as adjuvant treatment following 
cystectomy as well as, with or without radiotherapy, to patients 
with other serious medical conditions who are not suitable for 
a major surgery or those with more advanced disease. Despite 
available aggressive treatment options and their advances, the 
prognosis for muscle-invasive bladder cancer remains largely 
unimproved. Therefore, identification of the molecules that play 
a key role in bladder cancer progression is urgently needed, which 
may successively provide novel targeted therapy.

GATA3 is a member of the GATA family of zinc finger tran-
scription factors initially identified as a T cell lineage-specific 
factor involving Th2 differentiation.3,4 Subsequently, GATA3 

was found to function outside of the hematopoietic system. 
Specifically, GATA3 has been widely investigated in relation to 
morphogenesis of the mammary gland and pathogenesis of breast 
cancer. Using animal models, GATA3 has been shown to play a 
critical role in breast carcinogenesis.5,6 Loss of GATA3 has also 
been associated with breast tumor progression and metastasis.5,7 
A number of immunohistochemical studies in breast cancer tis-
sue specimens have demonstrated that lower expression levels of 
GATA3 correlate with higher tumor grade and precisely predict 
poorer patient outcomes.8-10 Thus, GATA3 is believed to be a 
breast tumor suppressor.

It has been suggested that GATA3 is a marker of urothelial 
differentiation.11 Accordingly, GATA3 immunohistochemistry is 
often used in diagnostic surgical pathology to distinguish pri-
mary or metastatic urothelial carcinoma from its mimickers.11-13 
Recently, we also showed that the expression of GATA3 was 
downregulated in urothelial neoplasms, compared with non-
neoplastic urothelial tissues, and in high-grade/muscle-invasive 
carcinomas, compared with low-grade/superficial tumors.14 
However, the functional role of GATA3 in the development and 
progression of bladder cancer remains poorly understood. In the 

*Correspondence to: Hiroshi Miyamoto; E-mail: hmiyamo1@jhmi.edu
Submitted: 10/16/2013; Revised: 12/05/2013; Accepted: 12/22/2013
http://dx.doi.org/10.4161/cbt.27631

Loss of GATA3 in bladder cancer promotes cell 
migration and invasion

Yi Li1,2, Hitoshi Ishiguro1,3, Takashi Kawahara1,3, Eiji Kashiwagi3, Koji Izumi1, and Hiroshi Miyamoto1,3,*

1Department of Pathology and Laboratory Medicine; University of Rochester Medical Center; Rochester, NY USA; 2Department of Urology; 2nd Affiliated Hospital;  
Zhejiang University School of Medicine; Hangzhou, PR China; 3Departments of Pathology and Urology; Johns Hopkins University School of Medicine; Baltimore, MD USA

Keywords: GATA3, bladder cancer, cell invasion, cell migration, cell proliferation

Abbreviations: shRNA, short hairpin RNA; MMP, matrix metalloproteinase; RT, reverse transcription; PCR, polymerase chain 
reaction; VEGF, vascular endothelial growth factor; EMT, epithelial-to-mesenchymal transition; ER, estrogen receptor; AR, 

androgen receptor; FBS, fetal bovine serum

The transcription factor GATA3 is known as a breast tumor suppressor as well as a urothelial marker, and its loss is 
often seen in high-grade invasive bladder cancer. Nonetheless, GATA3 functions in bladder cancer cells remain largely 
unknown. In this study, we assessed the effects of GATA3 silencing via RNA interference on cell migration, invasion, and 
proliferation of bladder cancer. GATA3 expression was downregulated in all four bladder cancer lines examined, com-
pared with a non-neoplastic urothelial line SVHUC. Knockdown of GATA3 in the bladder cancer lines (5637, TCC-SUP, J82) 
resulted in promotion of cell migration and invasion as well as increases in the expression of their related molecules, 
such as vascular endothelial growth factor, matrix metalloproteinase (MMP)-2, and MMP-9, and the activity of MMP-2 and 
MMP-9. GATA3 loss was also associated with an increasing level of a mesenchymal marker N-cadherin and a decreasing 
level of an epithelial marker β-catenin. Consistent with these findings, enforced expression of GATA3 in UMUC3 inhibited 
cell migration and invasion. However, GATA3 showed marginal effects on bladder cancer cell viability and the expression 
of cell cycle- or apoptosis-related molecules. Additionally, in contrast to bladder cancer lines, no significant effects of 
GATA3 silencing on cell migration were seen in SVHUC. These findings suggest that GATA3 plays an important role in the 
prevention of bladder cancer progression and metastasis by inhibiting cell migration and invasion as well as epithelial-
to-mesenchymal transition.
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current study, we investigated whether GATA3 contributed to 
the growth of bladder cancer cells.

Results

Decreased expression of GATA3 in bladder cancer lines
We first determined the levels of GATA3 expression in 4 

bladder cancer cell lines (5637, TCC-SUP, J82, and UMUC3) 
and a normal urothelial cell line (SVHUC) by western blotting 
(Fig.  1A). Consistent with our findings in clinical samples,14 
GATA3 expression in bladder cancer lines was reduced by at least 
45%, compared with SVHUC in which GATA3 was detected 
even at a higher level than in a breast cancer line MCF-7 that is 
known to abundantly express it.8 In particular, GATA3 signals 
were undetectable in UMUC3 cells.

To investigate the functional role of GATA3 in the growth 
of bladder cancer, it was transiently expressed in UMUC3 
cells (Fig. 1B) or stably knocked down, using a lentivirus vec-
tor expressing a GATA3-short hairpin RNA (shRNA), in 

GATA3-positive lines. The levels of GATA3 protein (Fig. 1C) 
and mRNA (Fig.  1D) were substantially lower in GATA3-
shRNA-expressing cells than in respective parental cells or 
scrambled control-shRNA-expressing cells.

Because a recent study suggested an association between 
GATA3 overexpression and PI3K downregulation,15 we were 
interested in whether a PI3K inhibitor altered basal GATA3 pro-
tein level. Unlike the observation in T cells showing a decrease in 
the level of GATA3 protein by a less potent inhibitor LY294002,16 
inhibition of PI3K with wortmannin even at 10 μM had no effect 
on GATA3 expression in bladder cancer cells (Fig. 1E).

GATA3 silencing-induced bladder cancer cell migration and 
invasion

Cell migration and invasion are essential properties for the 
spreading of neoplastic cells, leading to metastasis. To see if 
GATA3 is involved in bladder cancer cell migration and inva-
sion, a scratch wound healing assay and a transwell invasion 
assay, respectively, were performed in GATA3-positive blad-
der cancer cell lines stably expressing either GATA3-shRNA or 

Figure 1. The expression of GATA3 in human bladder cell lines. (A) Cell extracts from 5637, TCC-SUP, J82, UMUC3, and SVHUC were analyzed on western 
blotting, using an antibody to GATA3 (50 kDa). A breast cancer cell line MCF-7 was used as a positive control. GAPDH (37 kDa) served as an internal con-
trol. Relative densitometry values (mean + standard deviation; that in MCF-7 set as one-fold) for GATA3 bands standardized by GAPDH that are relative to 
those from at least three independent experiments are indicated in the lower panel. Total proteins extracted from (B) UMUC3 transfected with a plasmid 
(GATA3 or control) or (C) 5637, TCC-SUP, and J82 (parental, GATA3-shRNA, and control-shRNA) were immunoblotted for GATA3 and GAPDH. (D) GATA3 
mRNA expression was analyzed in the three lines with or without GATA3-shRNA by a quantitative RT-PCR. Expression of GATA3 was normalized to that 
of GAPDH. Transcription amount is presented relative to that of parental cells (set as one-fold). Each value represents the mean + standard deviation 
from three independent experiments. *P < 0.01 (vs. control-shRNA). (E) Total proteins extracted from 5637, TCC-SUP, and J82 cells treated with 0–10 μM 
wortmannin for 48 h were immunoblotted for GATA3 and GAPDH.
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control-shRNA. In the wound healing assay, silencing of GATA3, 
compared with control cells, significantly accelerated wound clo-
sure 24 h after wound generation (Fig. 2A). Consistent with these 
findings, GATA3 overexpression in GATA3-negative UMUC3 
resulted in a significant decrease in cell migration (Fig.  2B). 
However, only a marginal increase (17%, P = 0.421) in cell 
migration was seen in SVHUC (Fig. 2C). Similarly, in the tran-
swell assay, knockdown (Fig. 3A) and overexpression (Fig. 3B) 

of GATA3 in cancer lines dem-
onstrated marked increases and a 
decrease, respectively, in cell inva-
sion ability, compared with con-
trol lines.

Matrix metalloproteinases 
(MMPs) play a critical role in 
cancer cell migration/invasion, 
angiogenesis, and resultant tumor 
progression and metastasis.17 
Therefore, we next determined the 
enzymatic activity and expression 
of MMP-2 and MMP-9 by gela-
tin zymography and reverse tran-
scription (RT)-polymerase chain 
reaction (PCR), respectively, in 
bladder cancer cells. Stable expres-
sion of control-shRNA resulted 
in slight decreases in their activ-
ity, compared with parental cells. 
Nonetheless, downregulation of 
GATA3 significantly enhanced 
the activity (Fig. 4A) and expres-
sion (Fig. 4B) levels of MMP-2 and 
MMP-9, compared with control 
cells. Vascular endothelial growth 
factor (VEGF) mRNA levels 
were also considerably higher in 
GATA3 knock-down cells than in 
control cells (Fig. 4B).

To link the above findings 
to epithelial-to-mesenchymal 
transition (EMT) implicated in 
invasion and metastasis of uro-
thelial carcinoma,18,19 we assessed 
expression levels of epithelial and 
mesenchymal markers by western 
blotting. As shown in Figure 4C, 
silencing of GATA3 was associ-
ated with an increasing level of a 
mesenchymal marker N-cadherin 
and a decreasing level of an epi-
thelial marker β-catenin. These 
results suggested that GATA3 loss 
led to bladder cancer progression 
via induction of EMT and pro-
metastatic molecules.

Marginal changes in prolifera-
tion of GATA3 silencing bladder cancer cells

We finally compared the cell viability by MTT assay between 
GATA3-positive bladder cancer lines vs. its knock-down lines. 
Differently from the data on cell migration and invasion, there 
were no significant differences in the viability among paren-
tal, control-shRNA, and GATA3-shRNA cells (Fig.  5A). 
Additionally, only marginal differences in the expression of cell 
cycle- and apoptosis-related molecules, including cyclin D1, 

Figure 2. The effects of GATA3 knockdown on bladder cancer cell migration. A wound healing assay was 
used to assess cell migration of 5637, TCC-SUP, and J82 with or without GATA3-shRNA (A), UMUC3 with 
or without transfection of a GATA3 plasmid (B), or SVHUC with or without GATA3-shRNA (C). Cells were 
scratched and cultured with 6 μg/ml puromycin for 24 h. The migration was determined by the rate of 
cells filling the wound area, and the normalized cell-free areas (24 h/0 h; the ratio in each control line set as 
one-fold) were quantified. Each value represents the mean + standard deviation from three independent 
experiments. *P < 0.05. **P < 0.01.
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cyclin D3, p21, p27, CDK4, CDK7, and caspase-3, were seen 
among the three types of cell lines (Fig. 5B). GATA3 overexpres-
sion in UMUC3 also resulted in only marginal changes in cell 
viability (Fig. 5C). Thus, GATA3 was unlikely to affect bladder 
cancer cell proliferation. No significant differences in cell via-
bility between SVHUC-control and SVHUC-GATA3-shRNA 
were also seen (Fig. 5D).

Discussion

Among a wide range of biological roles, GATA3 has recently 
been identified as an essential regulator of luminal cell differen-
tiation in the mammary gland as well as a marker of urothelial 
differentiation.11,20,21 There is a considerable amount of evidence 
indicating that GATA3 inhibits breast carcinogenesis and can-
cer progression.5-7 In contrast, little is known about the role of 
GATA3 in bladder cancer outgrowth. In the present study, we 
demonstrate that loss of GATA3 promotes bladder cancer cell 
migration and invasion, but not cell proliferation, by regulating 
key molecules involved in tumor progression and metastasis.

In breast cancer, GATA3 was found to inhibit metastatic 
growth by downregulation of pro-metastatic genes and upreg-
ulation of known metastasis suppressor genes.7 It was likely 
that reversing EMT was also a mechanism responsible for sup-
pression of breast cancer invasion and metastasis by GATA3. 
Overexpression of GATA3 in a GATA3-deficient breast can-
cer line resulted in upregulation of an epithelial marker (i.e., 
E-cadherin) and downregulation of mesenchymal markers (i.e., 
vimentin, N-cadherin) as well as MMP-9.22 We showed similar 
results in bladder cancer lines; silencing of GATA3 induced the 
activity of MMP-2 and MMP-9 as well as the expression of these 
MMPs, VEGF, and N-cadherin, and reduced the expression 
of another epithelial marker β-catenin. On the other hand, we 
failed to demonstrate the effects of GATA3 on bladder cancer 
cell proliferation and the expression of cell cycle/apoptosis-related 
molecules, while GATA3 was shown to correlate with increased 
proliferation of differentiated luminal cells or immature pro-
genitor cells of the mammary gland and leukemia cells.20,21,23 
Furthermore, in contrast to bladder cancer lines, GATA3 was 
found to show no significant effects on cell migration, as well as 
cell viability, in normal urothelial cells.

GATA3 and estrogen receptor (ER), particularly ERα, have 
been highly correlated in breast cancer cell lines and tissue 
specimens.8-10 A metaanalysis has also indicated that GATA3 is 
integrally involved in the ERα pathway24 whose activation is pre-
sumably critical for breast tumorigenesis and tumor progression. 
Recent evidence indicates the involvement of steroid hormone 
receptor signals, especially ER and androgen receptor (AR) 
pathways, in bladder cancer growth.25-27 Experimental evidence 
indeed suggests inhibitory and stimulatory roles of ERα and 
ERβ pathways, respectively, in bladder cancer initiation and pro-
gression.25,27 We and others also demonstrated the status of ER 
expression in bladder tumor specimens and its prognostic impli-
cations.27,28 Although controversial, decreased and increased 
expression of ERα and ERβ, respectively, in higher grade and/or 
stage tumors has been observed. Moreover, our previous study in 

bladder cancer identified significant correlations between 
GATA3 expression and overexpression of ERα/AR or loss of ERβ 
overall.14 However, it was complicated that there was a positive 
correlation between the expression of GATA3 and ERβ when 
analyzed only in high-grade muscle-invasive tumors.14 Thus, 
GATA3 and estrogen-mediated ER signaling may be closely 

Figure 3. The effects of GATA3 knockdown on bladder cancer cell inva-
sion. 5637, TCC-SUP, and J82 cells with or without GATA3-shRNA (A) or 
UMUC3 cells with or without transfection of a GATA3 plasmid (B) cul-
tured in the matrigel-coated transwell chamber for 36 h were used for 
a transwell assay. Invaded cells present in the lower chamber were fixed 
and stained, and the number of invaded cells in five random fields was 
counted under a light microscope, using a 40× objective. Each value 
relative to the number in each control line (set as one-fold) represents 
the mean + standard deviation from three independent experiments. 
*P < 0.05. **P < 0.01.
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related in bladder cancer cells, and one may regulate another, 
leading to promotion or suppression of disease progression. In 
addition, androgens have been shown to activate β-catenin sig-
naling through the AR pathway in bladder cancer cells.29 Our 
pilot study in bladder cancer cell lines expressing AR and ERβ, 
but not ERα,30 revealed marginal effects of estradiol or dihy-
drotestosterone on the expression of GATA3 (data not shown).

The current findings in bladder cancer cell lines are con-
sistent with our immunohistochemistry results showing lower 
GATA3 expression in higher grade and more invasive tumors, 
yet are inconsistent with the outcome data suggesting that strong 
expression of GATA3 is associated with tumor progression.14 It 
is premature to make a conclusion, but the conflicting findings 
may result from the intricate pathways of growth-regulatory pro-
teins in bladder cancer cells. Simply, in bladder cancer tissues 
GATA3 expression correlates with ERβ loss, an indicator of bet-
ter prognosis, but with AR overexpression, an indicator of worse 
prognosis.2,25-28,31 Therefore, the clinical consequence of GATA3 
loss as to tumor progression may be dependent on not only the 
predominance or functional activity of sex hormone receptors 
but also the levels of circulating sex hormones and the systemic 
hormonal milieu.

Several studies have indicated upregulation of GATA3 expres-
sion in neoplasms other than breast and bladder carcinomas.32-34 

The levels of GATA3 mRNA and protein were significantly 
elevated in pancreatic cancer, compared with normal pancreas, 
although none of the cell lines tested showed DNA-binding 
activity, suggesting transcriptionally inactive GATA3 in pan-
creatic cancer cells.32 In endometrial cancer, GATA3 positiv-
ity was associated with high pathological grade/stage and poor 
prognosis as well as ERβ positivity.34 In contrast, in neuroblas-
toma, high levels of GATA3 mRNA predicted favorable prog-
nosis.33 In addition, cyclin D1 whose levels in the majority of 
neuroblastomas were much higher than those in normal tissues 
or other types of tumors was directly upregulated by GATA3.35 
A recent study showed that, even in breast cancer in which 
GATA3 loss correlated with tumor progression, GATA3 silenc-
ing resulted in inhibition of cell proliferation and facilitation 
of G

1
- to S-phase transition through transcriptional regulation 

of cyclin D1.36 Together with the data in the current study and 
other findings in breast cancer, the functions of GATA3 and its 
downstream targets are likely cancer type-specific or possibly 
cell line-specific.

In conclusion, our findings suggest that GATA3 prevents 
bladder cancer progression by inhibiting cell migration and inva-
sion, but not cell proliferation. Accordingly, retrieving GATA3 
functions in advanced bladder cancer has the potential of being 
a therapeutic approach. Additional assessments of GATA3 

Figure 4. The expression of cell migration/invasion-related molecules in bladder cancer cells. (A) J82-parental/GATA3-shRNA/control-shRNA lines were 
subjected to gelatin zymography. The activities of MMP-2 (72 kDa) and MMP-9 (92 kDa) were indicated by clear zones of gelatin lysis against a blue back-
ground of stained substrate. Relative densitometry values (mean + standard deviation; those in parental cells set as one-fold) for the activities normal-
ized by cell numbers from at least three independent experiments are indicated in the lower panel. #P < 0.05 (vs. parental). **P < 0.01 (vs. control-shRNA). 
(B) RNA extraction and subsequent real-time RT-PCR for MMP-2, MMP-9, and VEGF were performed in TCC-SUP-parental/GATA3-shRNA/control-shRNA. 
Expression of each specific gene was normalized to that of GAPDH. Transcription amount is presented relative to that of parental cells (set as one-fold). 
Each value represents the mean + standard deviation from at least three independent experiments. #P < 0.05 (vs. parental). ##P < 0.01 (vs. parental). *P < 
0.05 (vs. control-shRNA). (C) 5637-parental/GATA3-shRNA/control-shRNA and J82-parental/GATA3-shRNA/control-shRNA lines were analyzed on west-
ern blotting, using an antibody to β-catenin (92 kDa) or N-cadherin (130 kDa). GAPDH (37 kDa) served as an internal control.
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functions as well as the effects of sex hormones and activation of 
their receptors on GATA3 are required to determine its biological 
significance in bladder cancer.

Materials and Methods

Cell culture and chemicals
Human urothelial carcinoma cell lines (5637, TCC-SUP, J82, 

and UMUC3), a human normal urothelial cell line (SVHUC), 
a human embryonic kidney cell line (293T), and a breast carci-
noma cell line (MCF-7) were obtained from the American Type 
Culture Collection. These cells were maintained in appropriate 
medium (Mediatech; Kaighn’s modification of Ham’s F-12K for 
SVHUC and Dulbecco’s modified Eagle’s medium for others) 
supplemented with 10% fetal bovine serum (FBS) at 37 °C in a 
humidified atmosphere of 5% CO

2
. Wortmannin was purchased 

from InvivoGen.
Plasmids and stable cell lines with shRNA
A human GATA3 expression plasmid, pCMV-SPORT6-

GATA3, was obtained from Thermo Scientific. A lentiviral 
vector (PLKO.1-puro) expressing a GATA3-shRNA (sh991; 
Sigma) or a non-target shRNA control (shSCR; Sigma), 
psPAX2 packaging plasmids, and pMD2.G envelope plasmids 
(shRNA:packaging:envelope = 4:3:1) were co-transfected into 
293T cells, using GeneJuice transfection reagent (Novagen). 
After 48 h of transfection, the semi-confluent target cells were 
cultured in the presence of the viral supernatant containing 
8 μg/ml polybrene (Millipore) for 6 h. Selection of stable clones 
was performed with puromycin (Sigma) at a concentration of 
6 μg/ml.

Cell migration assay
Scratch wound healing assay was adapted to evaluate the abil-

ity of cell migration. Cells at a density of 80–90% confluence 
in 6-well tissue culture plates were scratched manually with a 
sterile 200 μl plastic pipette tip. The cells were rinsed with phos-
phate buffered saline to remove floating cells and debris, and the 
wounded monolayers of the cells were allowed to heal for 24 h. 
The width of the wound area was monitored with an inverted 
microscope, and the normalized cell-free area (24 h/0 h) was 
quantitated, using the NIH ImageJ software.

Cell invasion assay
Cell invasiveness was determined, using a Matrigel (30 μg; 

BD Biosciences)-coated transwell chamber (5.0 μm pore size 
polycarbonate filter with 6.5 mm diameter; Costar), as described 
previously.18 Briefly, cells (1.5 × 105) in 100 μl of serum-free 
medium were added to the upper chamber of the transwell, while 
600 μl of medium containing 10% FBS was added to the lower 
chamber. After incubation for 36 h at 37 °C in a CO

2
 incubator, 

invaded cells were fixed, stained with 0.1% crystal violet, and 
counted under a light microscope.

Gelatin zymography
The gelatinolytic activity of MMPs was determined by SDS-

PAGE gelatin zymography. Cells at a density of 60–70% conflu-
ence in 10-cm dish were cultured in serum-free medium at 37 °C 
in a CO

2
 incubator for 24 h. The conditioned medium was col-

lected, centrifuged, and electrophoresed in 8% polyacrylamide 

Figure  5. The effects of GATA3 knockdown on cell proliferation in 
bladder cancer lines. (A) 5637-parental/GATA3-shRNA/control-shRNA 
and J82-parental/GATA3-shRNA/control-shRNA cells were cultured 
for 1–4 d, and cell viability was assayed with MTT. Growth induction is 
presented relative to cell number at day 1 in each cell line. Each value 
represents the mean + standard deviation from at least three indepen-
dent experiments. (B) 5637-parental/GATA3-shRNA/control-shRNA and 
J82-parental/GATA3-shRNA/control-shRNA lines were analyzed on west-
ern blotting, using an antibody to cyclin D1 (36 kDa), cyclin D3 (31 kDa), 
p21 (21 kDa), p27 (27 kDa), CDK4 (30 kDa), CDK7 (40 kDa), or caspase-3 
(35 kDa). GAPDH (37 kDa) served as an internal control. UMUC3-control/
GATA3 (C) and SVHUC-GATA3-shRNA/control-shRNA (D) were cultured 
for 1–4 d, and cell viability was assayed with MTT. Growth induction is 
presented relative to cell number at day 1 in each cell line. Each value 
represents the mean + standard deviation from at least three indepen-
dent experiments.
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gels copolymerized with 1 mg/ml gelatin. The gels were soaked 
in 2.5% Triton X-100 (w/v) for 1 h to remove SDS, incubated 
overnight at 37 °C in a buffer containing 50 mM Tris, 5 mM 
CaCl

2
, and 1 μM ZnCl

2
, and stained with 0.25% Coomassie 

brilliant blue. Areas of gelatin digestion were visualized as non-
staining regions in the gel. The collagenase activity was quanti-
fied by densitometry (ImageJ software).

Cell proliferation
We used the MTT (thiazolyl blue) assay to assess cell viabil-

ity, as described previously.2,31 Briefly, cells (3 × 103) seeded in 
96-well tissue culture plates were incubated with medium for 
24–96 h. Before measuring, we added 10 μl of MTT (Sigma) 
stock solution (5 mg/ml) to each well with 0.1 ml of medium 
for 4 h at 37 °C. Then, we replaced the medium with 100 μl of 
DMSO, incubated for 5 min at room temperature, and measured 
the absorbance at a wavelength of 570 nm with background sub-
traction at 630 nm.

Western blot
Protein extraction and western blot were performed, as 

described previously,31,37 with minor modifications. Equal 
amounts of protein obtained from cell extracts were separated 
in 10% SDS-PAGE and transferred to polyvinylidene difluo-
ride membrane (Millipore) by electroblotting, using a standard 
protocol. Specific antibody binding was detected, using an anti-
GATA3 antibody (clone L50–823; diluted 1:1000; Biocare 
Medical), an anti-β-catenin antibody (clone 14/β-catenin; 
diluted 1:2000; BD Biosciences), an anti-N-cadherin anti-
body (clone C1821; diluted 1:1000; Sigma), an anti-cyclin D1 
antibody (clone 92G2; diluted 1:2000; Cell Signaling), an 
anti-cyclin D3 antibody (clone DCS22; diluted 1:2000; Cell 
Signaling), an anti-p27 antibody (clone SX53G8.5; diluted 
1:1000; Cell Signaling), an anti-p21 antibody (clone 12D1; 
diluted 1:1000; Cell Signaling), an anti-CDK7 antibody (clone 

MO1; diluted 1:2000; Cell Signaling), an anti-CDK4 antibody 
(clone DCS156; diluted 1:2000; Cell Signaling), an anti-cas-
pase-3 antibody (clone Asp175; diluted 1:1000; Cell Signaling), 
or an anti-GAPDH antibody (clone 6C5; diluted 1:1000; Santa 
Cruz Biotechnology), with horseradish peroxidase detection 
system (SuperSignal West Pico Chemiluminescent Substrate; 
Thermo Scientific).

RT-PCR
Total RNA (1.0 μg) isolated from cultured cells, using 

TRIzol (Invitrogen), was reverse transcribed with 1 μmol/L 
oligo (dT) primers and 4 units of Ominiscript reverse tran-
scriptase (Qiagen) in a total volume of 20 μl. Real-time PCR 
was then performed in 15 μl system by using SYBR GreenER 
qPCR SuperMix for iCycler (Invitrogen), as described previ-
ously.31,38 The primer sequences are given as below: GATA3 
(forward, 5′-CAGCCTTCGC TTGGGCTTAA T-3′; reverse, 
5′-GATGGCAGGC TCAGTGATGT C-3′), VEGF (for-
ward, 5′-CTGTACCTCC ACCATGCCAA G-3′; reverse, 
5′-GGTACTCCTG GAAGATGTCC ACC-3′), MMP-2 (for-
ward, 5′-TACAGGATCA TTGGCTACAC ACC-3′; reverse, 
5′-GGTCACATCG CTCCAGACT-3′), and MMP-9 (for-
ward, 5′-TGTACCGCTA TGGTTACACT CG-3′; reverse, 
5′-GGCAGGGACA GTTGCTTCT-3′). GAPDH (for-
ward, 5′-AAGGTGAAGG TCGGAGTCAA C-3′; reverse, 
5′-GGGGTCATTG ATGGCAACAA TA-3′) was used as an 
internal control.

Statistical analyses
Differences in variables with a continuous distribution were 

analyzed by the Student t test. P value less than 0.05 was consid-
ered to be statistically significant.
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