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Abstract Among the gliomas, glioblastoma (GBM) is the
highest grade and the most malignant glioma tumor. GATA2
is a hematopoietic factor that has been intensely studied in
hematopoietic malignancies. Recently, the functions of
GATAZ2 as an oncogene in other types of human cancer have
been reported. However, no role for GATA2 in the devel-
opment and progression of glioma has been reported to date.
In the present study, we found that the expression level of
GATAZ? is upregulated in GBM and is correlated with GBM
outcome. Ectopic expression of GATA2 or RNAi-mediated
knockdown of GATAZ2 significantly enhanced or inhibited
proliferation, migration and invasion of glioma cells. More-
over, we found that epidermal growth factor receptor and
extracellular signal-regulated kinase, as upstream components
of the signaling pathway, upregulate GATA?2 expression;
moreover, GATA2 promotes Elk-1 expression. Therefore, a
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genetic approach or pharmacological intervention targeting
GATA2 could potentially serve as an effective strategy for
treating glioma patients.
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Introduction

Astrocytoma gliomas are the most common type of human
primary brain tumors [1]. Based on histopathologic criteria,
astrocytoma gliomas can be divided into I, II, IIT and IV
grades [2]. Glioblastoma (GBM) is the highest grade (grade
IV) and the most malignant glioma tumor. GBM is difficult
to treat and is therefore associated with an unfavorable
prognosis. In the past decade, some molecular markers
have been intensively explored for the evaluation and
management of GBM patients [3]. For instance, the pro-
moter methylation of the O6-methylguanine methyltrans-
ferase (MGMT) gene has been shown to predict a longer
survival in GBM patients [4]. We know that the overex-
pression of epidermal growth factor receptor (EGFR) is
often found in GBM patients [5]. These markers have been
used clinically to predict survival and to evaluate the ef-
ficacy of novel molecular drugs. Therefore, identifying
some novel molecular markers or targets in glioma and
understanding the molecular mechanism of the develop-
ment and progression of glioma are critical for predicting
outcomes and treating this disease.

The GATA families of transcription factors play key
roles in organ development and lineage specification [6—8].
The families include six members that have clear-cut and
qualified tissue expression patterns. Among them, GATA2
is mainly regarded as a hematopoietic factor that has been
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intensely studied in hematopoietic malignancies [9].
Recently, the functions of GATA?2 as an oncogene in other
types of human cancer have been reported. For example,
GATA2? is overexpressed in human breast carcinomas; it
promotes breast cancer cell growth by inhibiting expres-
sion of PTEN, a well-known tumor suppressor gene [10].
In a Kras-driven non-small cell lung cancer (NSCLC)
mouse model, GATA2 loss reduced tumor development,
suggesting a key tumor-promoting role for GATA2 [11]. In
prostate cancer, GATA2 can be a metastasis-driving gene,
suggesting that it is a potential therapeutic target for
metastatic prostate cancer [12]. Unfortunately, no role for
GATAZ? in the development and progression of glioma has
been reported to date.

In the present study, we analyzed the prognostic sig-
nificance of GATA2 protein expression in a set of GBM
patients. In addition, the functional role of GATA2 was
characterized in two glioma cell lines. Moreover, we found
that EGFR and ERK, as upstream components of the sig-
naling pathway, upregulate GATA?2 expression; moreover,
GATA?2 promotes Elk-1 expression. Overall, our findings
indicate that GATA2 plays an essential role in glioma
progression and suggest GATA2 as a novel prognostic
indicator and potential therapeutic target in glioma patients.

Materials and methods
Ethics statement

Patient information and samples were obtained with writ-
ten informed consent. Each patient in this study gave
written informed consent to publish these case details. The
research was approved by the ethics committee of Second
Affiliated Hospital, Soochow University.

Patients and tumor samples

We enrolled a total of 56 patients with GBM who had
undergone surgical tumor resection between June 2006 and
June 2012 in the Department of Neurosurgery, Second
Affiliated Hospital, Soochow University, China. All spe-
cimens were collected under an institutional review board-
approved protocol and de-identified for patient confiden-
tiality. Clinical information was available for all patients.
Additionally, we collected six non-neoplastic brain tissue
samples with corresponding clinical information from
epileptogenic patients within our department.

Immunohistochemistry assay

Immunohistochemistry (IHC) studies were performed on
formalin-fixed paraffin-embedded GBM tumor samples
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using anti-GATA2 antibody at a dilution of 1:100 (sc-
9008, Santa Cruz). The slides were then applied in the
detection system of Elivision™ Plus Kit and DAB fol-
lowing counterstaining with hematoxylin. A 4-tiered
semiquantitative scale was used to assess the degree of
staining based on the average percentage of positive
staining  cells: 0 = negative cells, 1= 1-25 %,
2 =26-50 %, and 3 = 51-100 %. To analyze the prog-
nosis between groups, staining of either <50 or >50 % of
the tumor cells was used to assign patients to a low-score
or high-score group, respectively.

Cell culture

Human glioma cell lines SW1783 and U87 were purchased
from the American Type Culture Collection (ATCC;
Manassas, VA, USA), cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA, USA), sup-
plemented with 10 % fetal bovine serum (Invitrogen), and
maintained in a humidified atmosphere with 5 % CO, at
37 °C.

Transfection of small interfering RNA

Small interfering RNA (siRNA) targeting GATA2 was
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The cells were transfected using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions. After 6 h, the cultures were
replaced with fresh medium.

Western blot analysis

Cells were lysed by ice-cold protein extraction buffer
(150 mM Tris-HCI, pH 7.4, 120 mM NaCl, 2 mM EDTA,
50 mM sodium fluoride, 0.2 % SDS, 1 % Nonidet P-40,
100 mM sodium vanadate and 1 mM phenylmethylsul-
fonyl fluoride). Proteins were quantitated using the BCA
kit. The protein samples were separated in 10 % SDS-
PAGE and transferred onto a polyvinylidene difluoride
(PVDF) membrane (Millipore, Billerica, MA, USA). The
membranes were blocked in 5 % nonfat milk for 1 h at
room temperature and then incubated with the following
primary antibodies: Elk-1 and phospho-EGFR (Tyr1068)
antibodies (Cell Signaling Technology, Inc., Beverly, MA,
USA); GATA-2 and GAPDH antibodies (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) overnight at
4 °C. After washing, the membranes were incubated with
the secondary antibody for 1 h at room temperature. De-
tection was performed using a chemiluminescence-based
detection system (ECL Western blotting kit; Pierce
Biotechnology, Inc., Rockford, IL, USA).
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MTT assay

Cells were plated in 96-well plates and allowed to grow for
24 h. After transfection, 50 pLL. MTT solution was added
and incubated at 37 °C for 4 h. After dissolving the for-
mazine granulars with 150 pL. DMSO, the optical density
(OD) at 570 nm was measured using a microplate reader.

Cell migration and invasion assays

Cell migration and invasion were analyzed using transwell
migration and extracellular matrix-coated invasion cham-
bers (Millipore, CA, USA) according to the manufacturer’s
instructions. In short, cells were plated into the top well of
a transwell migration chamber (for migration assay) or an
extracellular matrix-coated invasion chamber (for invasion
assay). After 16-h incubation, the non-migrating/non-in-
vading cells were removed with a cotton swab, and the
migrating/invading cells on the underside of the membrane
were stained with cell stain solution (Millipore) for 15 min.
After washing two times with PBS, the stain of each
membrane was removed with 100 mL extraction buffer
(Millipore) and quantitated with a colorimetric microplate
reader at 570 nm.

Luciferase reporter assay

For luciferase reporter assays, SW1783 cells were seeded
in 24-well plates and transfected with the indicated plas-
mids. Cells were harvested 36 h after transfection. Lu-
ciferase activities were measured using the Dual Luciferase
Reporter Assay System (Promega, USA).

Statistical analysis

Statistical significance of differences between mean values
was assessed with the Student’s ¢ test for unpaired data and
analysis of variance. All reported significance levels rep-
resent two-tailed P values. A P value of <0.05 was used to
indicate statistical significance.

Results

Expression levels of GATA2 are upregulated in GBM
and correlated with prognosis

First, we detected the expression levels and subcellular
localization of GATA2 protein. Immunohistochemical
staining was performed on 56 archived paraffin-embedded
GBM tumor samples and six control brain tissues. GATA2
was highly expressed in 73.2 % (41/56) of GBM samples
compared with only 16.7 % (1/6) of normal brain samples

(Fig. 1a). GATA?2 was mainly localized in the nucleus of
GBM tumor cells (Fig. 1a). Based on the staining intensity
in GBM samples, we divided them into a low-score group
(<50 % staining) and a high-score group (>50 % staining).

Next, we performed immunoblot analysis to assess the
expression level of GATA2 using GBM tissue from three
randomly selected GBM patients and three samples of normal
brain. The level of GATA2 in the tumor tissues was sig-
nificantly higher than that in the control brain tissues (Fig. 1b).

To investigate the clinical significance of GATA?2 ex-
pression in GBM, the Kaplan—Meier analysis was per-
formed to study the correlation between GATA2
expression and patient outcome. Patients in the high-score
group had notably shorter survival than patients in the low-
score group, suggesting that GATA2 expression was
negatively correlated with survival (Fig. 1c¢). These find-
ings suggest that higher GATA2 expression is associated
with poor prognosis in GBM patients.

GATA2? is necessary for glioma cell proliferation,
migration and invasion

To evaluate the role of GATA?2 in glioma, we utilized two
human glioma cell lines from SW1783 (grade III astrocy-
toma) and U87 (grade IV astrocytoma; glioblastoma) cells.
SW1783 cells were transiently transfected by GATA2
plasmid, while U87 cells were transfected with siRNA to
knock down GATA2 expression. The growth curves de-
termined by MTT assay showed that GATA2 overexpres-
sion promoted the proliferation of SW1783 cells; however,
GATA?2 knockdown significantly blocked proliferation of
U87 cells (Fig. 2a).

Next, we performed migration and invasion assays on the
two cell lines to examine the effect of GATA2 on cell mi-
gration and invasion. siGATA2-transfected U87 cells were
cultured on the transwell apparatus. After 16-h incubation,
the percentage of migrated cells was significantly lower in
siGATA2-treated group (Fig. 2b). Using a Boyden chamber
coated with Matrigel, we analyzed changes in cell inva-
siveness after 16-h incubation. When compared to the con-
trol groups, siGATA2-transfected U87 cells exhibited low
invasive ability (Fig. 2b). Meanwhile, the overexpression of
GATA2 in SW1783 cells dramatically increased migration
and invasion compared with the control cells (Fig. 2c).

Together, these results suggest an essential role for
GATA?2 in the proliferation, migration and invasion of
glioma cells in vitro.

The expression of GATA?2 is regulated by EGFR/ERK
signaling pathway

EGFR induces proliferation and promotes progression of
many tumors [13]. EGFR gene amplification and
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Fig. 1 Expression levels of A
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Scale bar 100 pm. b Western

blot analysis of GATA2
expression in GBM and
controlled brain tissues.
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GBM tumor tissues.
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analysis of GATA?2 protein
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IHC was <50 or >50 %,

respectively

magnificationx200
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Relative GATA2 levels
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overexpression are very common in GBM patients [14, 15].
To determine the role of EGFR signaling in the regulation
of GATA2, U87 cells were treated with the EGFR inhibitor
AG1478 for 1 h. AG1478 inhibited EGFR phosphorylation
and the expression of GATA2 (Fig. 3a). We also employed
the ERK inhibitor U0126 to treat the cell line because of
the role ERK plays as a direct EGFR downstream effector.
Similar changes in the status of EGFR phosphorylation and
GATAZ2 levels were observed (Fig. 3b). Next, we detected
the levels of phospho-EGFR and GATA?2 in SW1783 cells
with 100 ng/mL EGF treatment. As shown in Fig. 3c, the
phosphorylation of EGFR on Tyrl1068 was increased by
EGF treatment and a significant upregulation of GATA2
was observed accordingly. Furthermore, increased GBM
cell proliferation stimulated by EGF treatment could be
dramatically suppressed by GATA2 knockdown (Fig. 3d),
suggesting that GATA2 acts as a downstream effector in
the EGFR signaling pathway.

These observations confirm that EGFR/ERK pathway
signaling plays a role in regulating the expression of
GATAZ2.
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GATA?2 promotes Elk-1 expression

It is well known that Elk-1 is an important downstream
signaling molecule of the EGFR/ERK signaling pathway
[16-18]. We therefore explored the idea that GATA2
regulates the expression of Elk-1. Ectopic expression of
GATA?2 increased the Elk-1 expression in SW1783 cells,
while knockdown of GATA2 reduced the Elk-1 expression
in U87 cells (Fig. 4a). We then assessed whether GATA2
increases the activity of the ELK-1 gene promoter. The
Elk-1 luciferase reporter constructs (Elk-1-Luc) transiently
transfected into SW1783 cells with or without GATA2
expression plasmids. Luciferase reporter activity increased
in a dose-dependent manner in cells with GATA2 ectopic
expression compared with the control cells (Fig. 4b).

The tumor-promotion role of GATA?2 depends
on EGFR/ERK/EIk-1 signaling pathway

To examine whether GATA2 promotes glioma cell pro-
liferation, migration and invasion through the EGFR/ERK/
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Elk-1 pathway, the overexpression of GATA2 in SW1783
cells was treated with the EGFR inhibitor AG1478 for
1 h. We found that the proliferation, migration and in-
vasion of these cells were completely blocked compared
with GATA2 overexpression SW1783 cells (Fig. 5a—c).
Similar to the EGFR inhibitor AG1478 treatment results,

the knockdown of Elk-1 by siRNA also thoroughly
inhibited GATA2 overexpression-induced tumor-promo-
tion effects in SW1783 cells (Fig. 6a—c). These results
demonstrated that GATA2 promotes glioma cell prolif-
eration, migration and invasion through the EGFR/ERK/
Elk-1 pathway.
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Fig. 3 The expression of GATA2 is regulated by EGFR/ERK
signaling pathway. a U87 cells were pretreated with EGFR inhibitor
AG1478 at 100 nM for 1 h. The indicated protein expression levels
were determined by Western blot analysis. b U87 cells were
pretreated with ERK1/2 inhibitor U0126 at 100 nM for 1 h. The
indicated protein expressions were determined by Western blot
analysis. ¢ SW1783 cells were treated with 100 ng/mL EGF for 1 h.
The indicated protein expressions were determined by Western blot
analysis. d EGF (100 ng/mL) was applied to U87 cells, and cell
proliferation was determined by MTT cell proliferation assay

Discussion

In the present study, we found that high GATA2 expression
in patients with GBM is positively correlated with poor
patient survival. In vitro evidence showed that the over-
expression of GATA2 or the knockdown of GATA2 in
glioma cell lines leads to corresponding promotion or in-
hibition of tumor growth and progression.

Glioma is a common type of primary brain tumor that
originates from the glial cells in the brain [19-21].
Therefore, characterization of the proliferation, migration
and invasion of glioma cells is critical for understanding
the development of glioma. In this study, we focused on
GATA?2 because it is a well-known oncogene in the he-
matopoietic system. Furthermore, several studies have re-
ported that GATA2 promoted tumor growth and metastasis
in other types of cancers [10—12]. Consistent with these
studies, we found that knockdown of GATA?2 in U87 cells
decreased cell proliferation, migration and invasion,
whereas forced expression of GATA2 in SW1783 cells
caused the opposite effects. Taken together, the results
support our hypothesis that GATA2 overexpression is
positively correlated with GBM progression and poor
prognosis; it might therefore serve as a potential
therapeutic target in patients with GBM.

EGFR (also known as ErbB1 or HER1) is a member of
the HER family of receptor tyrosine kinases [22]. Activa-
tion of downstream signaling molecules such as ERK and

—
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Fig. 6 The tumor-promotion role of GATA2 depends on EGFR/ERK/EIk-1 signaling pathway. SW1783-GATA?2 stable cells were transfected
with Elk-1 siRNA. The proliferation (a), migration (b) and invasion (c) of these cells were determined

Elk-1 by EGFR stimulation promotes cell proliferation
[23]. Amplifications and mutations of EGFR often occur in
GBM, accounting for approximately 50 % of GBM,;
therefore, EGFR has recently been seen as a promising
therapeutic target for treating GBM [24, 25]. The mole-
cular mechanisms underlying this process remain un-
known, and no report has yet described the association of
GATA?2 with EGFR. In this study, we found that GATA2
may be one of the downstream effector molecules of EGFR
signaling to regulate the malignant behavior of GBM
cells. We demonstrated that upon EGF stimulation, the
upregulation of GATA2 expression was temporally fol-
lowed by the EGFR phosphorylation level, whereas the
inhibition of EGFR signaling by EGFR or ERK inhibitor
decreased GATA?2 expression. This finding suggests
that expression of GATA2 is regulated by EGFR/ERK
signaling.

Transcription factor GATA?2 has been intensively stud-
ied in hematopoietic development over the past decade [26].
Recent studies have begun to clarify its role in tumorige-
nesis. Elk-1 is in the family of Ets domain-containing
transcription factors, which can activate the ERK signaling
pathway [27]. However, it is not yet clear whether GATA?2
regulates the expression of Elk-1. In the present study, we
found that GATA2 promoted the expression of Elk-1 by
Western blotting and luciferase assay. Combined with the
fact that EGFR/ERK as upstream molecules stimulates the
level of GATA2, we considered that GATA2 plays a key
role in the EGFR/ERK/Elk-1 pathway. Furthermore, in-
hibiting the EGFR/ERK or knocking down the expression
of Elk-1 could block the tumor-promotion function of
GATAZ2. These results suggest that GATA2 promotes
glioma progression via the EGFR/ERK/EIk-1 pathway and
that GATA2 is an important molecular component of the
EGFR/ERK/EIk-1 pathway.

In conclusion, for the first time, we evaluated the
expression of GATA?2 and its prognostic potential in GBM.
Our results showed that the expression level of GATA?2 is
upregulated in GBM and correlated with GBM outcome.
Ectopic expression of GATA2 or RNAi-mediated

knockdown of GATA?2 significantly enhanced or inhibited
proliferation, migration and invasion of glioma cells.
Therefore, a genetic approach or pharmacological inter-
vention targeting GATA?2 could potentially serve as an
effective strategy for glioma treatment.
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