INTERNATIONAL JOURNAL OF ONCOLOGY 37: 103-110, 2010

Knockdown of STAT3 expression by RNAi suppresses growth and
induces apoptosis and differentiation in glioblastoma stem cells
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Abstract. Glioblastoma is a highly lethal brain tumor of the
human primary nervous system tumors. Previous studies
demonstrated that glioblastoma stem cells were able to initiate
and reform the original cancer. In this study, we found that
there were expression and activation of STAT3, a key signal
transduction factor and oncoprotein, in human glioblastoma
stem cells (GSCs). STAT3 plays a key role in proliferation,
apoptosis and differentiation in embryonic stem cells and
several cancer types. To investigate the effects of STAT3 on
human GSCs, the expression and activation of STAT3 were
suppressed by RNAi mediated with lentivirus. We demon-
strated that siRNA of STAT3 significantly suppressed STAT3
expression and activation and resulted in inhibition of cell
growth in GSCs. Knockdown of STAT3 induces apoptosis
and reduces significantly expression of Bcl-2 and cyclin-D in
human primary GSCs, whereas no significance was achieved
in BAX and caspase-3 expression. Inhibition of STAT3
expression is associated not only with decreasing of CD133*
cell proportion and increasing of GFAP and MBP exression,
but also with decrease of the capacity to initiate a tumor in
human primary GSCs. Together, these studies suggest that
STAT3 is an important target for human GSCs in regulation
of GSCs growth, apoptosis, differentiation and tumorigenic
potential.

Introduction

Malignant glioma is the most common malignant central
nervous system (CNS) tumor and remains difficult to cure
despite advances in surgery and adjuvant therapy (1). A
subpopulation of cells within glioblastoma were isolated in
several studies (2-4). This subpopulation of cells share many
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characteristics of embryonic stem cells and normal tissue
stem cells. The cells possess the ability of initiation,
progression and recurrence of cancer (5,6), and was termed
cancer stem cells of glioblastoma (GBM). The cancer stem
cells of glioblastoma (GSCs) could be a novel therapeutic
target in glioblastoma. More and more studies have focused
on the characteristics and mechanism of self-renewal and
therapeutic resistance in GSCs (7-9).

Signal transducer and activator of transcription 3 (STAT3),
a member of STAT protein family, regulates critical cellular
processes (10). Recruitment and activation of STAT3 is
essential for self-renewal of embryonic stem cells (ESC)
(11,12). STATS3 also expresses during the development of the
nervous system and regulates the differentiation of neural
progenitor cells with synergistical contribution of other
signaling cascades (13,14). It stands out by its constitutive
phosphorylation in the majority of human neoplasms and its
capacity of inducing cell transformation and tumorigenesis
(10,15). Several studies found that STAT3 was expressed
and was constitutively activated in GBM cell and cell lines.
It contributes to promoting tumor cell proliferation and
preventing cell death by regulating expression of the context
gene (16).

We have isolated GSCs from human primary glioblastoma
tissue and identified the characteristics of cancer stem cells
(17). Expression and activation of STAT3 were observed in
GSCs isolated by us. However, the role of STAT3 in human
GSCs is unclear. To observe the effects of STAT3 in
glioblastoma stem cells, the expression and activation of
STAT3 were knocked downed by lentivirus-mediated RNA.
We found that inhibition of STAT3 expression and activation
were able to suppress growth and induce differentiation and
apoptosis in human GSCs.

Materials and methods

Cell culture. Primary GSCs were isolated from 3 tumor
samples of human glioblastoma, as approved by the Research
Ethics Boards in the Xinqiao Hospital. The characteristics of
cancer stem cell were identified in our previous work (17).
The GSCs were maintained in NSC (neural stem cell)
proliferation medium containing 20 ng/ml of basic fibroblast
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Table I. Specific primers were used for the amplification of the sequences indicated using the following RT-PCR program:
95°C for 5 sec, 53-60°C for 15 sec, and 72°C for 15 sec, with an additional 5 min incubation at 72°C after completion of the

last cycle.
Real-time PCR primers

Gene Sequences Size of products (bp)

STAT3 5-GAGGACTGAGCATCGAGCA-3' 85
5'-CATGTGATCTGACACCCTGAA-3'

Cyclin D1 5-GAAGATCGTCGCCACCTG-3' 61
5-GACCTCCTCCTCGCACTTCT-3'

Bcl-2 5-CTGGTGGGAGCTTGCATCAC-3' 149
5'-ACAGCCTGCAGCTTTGTTTC-3'

BAX 5-GCTGTTGGGCTGGATCCAAG-3' 138
5-TCAGCCCATCTTCTTCCAGA-3'

Caspase-3 5-CCAGTGGAGGCCGACTTCT-3' 95
5-GGAGCCATCCTTTGAATTTCG-3'

B-actin 5-CCAACCGCGAGAAGATGA-3' 98

5'-CCAGAGGCGTACAGGGATAG-3'

growth factor (bFGF, Peprotech), 20 ng/ml of epidermal
growth factor (EGF, Peprotech) and 20 ng/ml leukemia
inhibitory factor (LIF, Chemicon) (18). The formed tumor
spheres of GSCs were then disaggregated and used for
culturing or indicated assays.

Immunocytochemical staining for STAT3 and pSTAT3. For
immunocytochemical staining of GSCs, tumor sphere cells
were plated onto poly-L-ornithine-coated glass in NSC
medium for 4 h. Cells were then fixed with 4% para-
formaldehyde and stained with anti-phospho-STAT3
antibodies and anti-STAT3 antibodies (Santa Cruz, USA).
Appropriate SP cytostain-plus kits (Zhongshan Biotechnology)
were used. Color visualization was performed using 3-3'-
diaminobenzidine as the chromagen substrate (Zhongshan
Biotechnology).

STAT3 silencing in human GSCs. STAT3 was silenced with
lentivirus vector that contained shSTAT3 constructs (5'-
TAACTTCAGACCCGTCAACAAATTCAAGAGATTTGTT
GACGGGTCTGAAGTTTTTTTTC-3") and GFP gene. The
produce of lentivirus shSTAT3 vector (pSC-GFP/STAT3)
and infection of GSCs were according to the manufacturer's
instructions. A control shRNA unrelated to human gene
sequences was used as a negative control (pSC-GFP/Con).
The infected GSCs were cultured in NSC medium and were
used for assays at 72 h after infected.

Flow cytometry and cell proliferation analysis. GFP were
expressed in the GSCs infected with pSC-GFP. The pro-
portion of infected cells was analyzed with FACS. Cell cycle
of infected cells was assayed with FACS after cells were
stained with propidium iodide (PI, Bender).

The percentage of CD133* cells and apoptotic cells also
were analyzed with FACS. The GSCs were dissociated into

single cells and were counted by flow cytometry after stained
with CD133-2-phycoerythrin (fluorochrome-conjugated
mouse monoclonal IgG1; Miltenyi Biotec) according to the
manufacturer's instructions. Apoptotic cells of GSCs were
measured with FACS after stained with annexin V-APC
(Pharmingen, Germany) and PI according to the manu-
facturer's instructions. The experiment was repeated three
times.

For in vitro cell growth assays, the infected cells were
plated in 96-well microwell plates with 0.1 ml NSC medium,
at a density of 1000 cells/well. Cell proliferation assays were
performed on day 1, 3,5, 7 and 9 post-plating using the
WST-8 based Colorimetric assay cell counting kit 8 (CCK-8,
Dojindo, Japan). Quantification of viable cells through
measure the absorbance at 450 nm using a microplate reader.

Q-PCR and Western blot assay. Total RNA was extracted
with Tripure Reagent (Roche, USA). Retrotranscription was
carried out with RNA for each sample using RT M-MLV
(Toyobo, Japan) in the presence of random primers. Quanti-
tative real-time PCR, using SYBR-Green real-time PCR
master mix kit (Toyobo, Japan), was performed according to
the manufacturer's protocol (MJ Research, Waltham, MA,
USA). STATS3, Bcl-2, BAX, caspase-3 and cyclin D1 genes
were amplified using specific oligonucleotide primers and
house-keeping gene, B-actin, used as internal standard. The
sequences of the primers and the size of the products are
described in Table I.

The total protein of cell extracts were prepared with
Nuclear-Cytosol extraction kit (KeyGen Tec, Nanjing, China),
resolved on a 10% SDS-PAGE, blotted onto a membrane.
After blocking at 37°C with 5% milk in PBS containing 0.1%
Tween-20 for 2 h, membranes were incubated overnight with
each antibody as indicated. After extensive washing, immu-
nocomplexes were detected with horseradish peroxidase
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Figure 1. STAT3 and pSTAT3 were analyzed by immunocytochemistry and STAT3 siRNA inhibited the expression and activation of STAT3 in GSCs.
STAT3 and pSTAT3 were analyzed with immunocytochemical staining. The cell nucleus and cytoplasm were stained with anti-STAT3 and anti-pSTAT3
antibodies (x400) (A). The proportion of GSCs infected by pSC-GFP/con and p SC-GFP/STAT3 both were 98.6% (B). Real-time Q-PCR (C) and Western
blot (D) was performed to measure the expression and activation of STAT3. STAT3 mRNA, protein and pSTAT3 in GSC cells decreased significantly after
treated with STAT3 siRNA (p<0.05). Each value of PCR represents the mean of nine replicates + SD. Bars represent the standard error of the mean. The

Western blot experiment of Western blot was repeated twice.

conjugated appropriate secondary antibodies followed by
3-3'-diaminobenzidine as the chromagen substrate. Anti-
cyclin D1, anti-Bcl2, anti-BAX, anti-caspase-3, anti-GFAP,
anti-MBP and anti-B-actin antibodies were obtained from
Zhongshan Biotechnology (China).

Transplanting of GSCs in vivo. Five Balb/C nude mice
(6 weeks old; The Experimental Animal Laboratories,
Shanghai, China) were anesthetized with i.p. ketamine
and xylazine and then were treated with VP-16 (etoposide),
30 mg/kg, diluted in serum-free HBSS, via an i.p. injection.
Seven days later, the mice were anesthetized as described
above, and 10,000 cells infected with pSC-GFP/con and pSC-
GFP/STAT3 were implanted into left and right subcutaneous
of back near upper extremity, respectively. Tumor growth
was monitored weekly. The mice were sacrificed at the 8th
week after implantation. The same experiment was repeated
once with identical conditions. All the animal experiments
were performed in strict accordance with the Institutional
Animal Care guidelines.

Histology and immunohistochemistry of transplant tumor.
Mice were sacrificed. The tissues of the transplant tumor
were fixed with formalin. Tissue sections were mounted on
microscope slides and stained with Harris hematoxylin and
eosin. To characterize the transplant glioblastoma tissue by

immunohistochemistry, free-floating sections were treated
with bovine serum (Sigma) and stained with primary
antibodies for human GFAP (1:100). Subsequent immuno-
detection was performed using appropriate secondary anti-
bodies (TRITC goat anti-mouse; Santa Cruz Biotechnology)
and Hoechst 33342. Then, images were captured using a
confocal fluorescence microscope (Leica, Germany).

Statistical analysis. The y? analysis was performed to
evaluate the significance of inter-group differences. Each
experimental point from Q-PCR analysis was measured in
triplicate. Values were expressed as the mean + SD. Statistical
analyses were performed by one-way ANOVA, followed by
the Student-Newman-Keuls test for multiple comparisons,
with a significance level of p<0.05.

Results

Expression and constitutive activation of STAT3 in human
GSCs. We first examined STAT3 expression and activation
by immunocytochemical staining with anti-STAT3 antibody
and anti-pSTATS3 antibody. The result showed that there was
expression and constitutive activation of STAT3 in human
GSCs (Fig. 1A). It was confirmed by the result of real-time
Q-PCR and Western blot for STAT3 and pSTAT3 (Fig. 1C
and D).
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Figure 2. Effects of STAT3 on proliferation, cell cycle and cyclin D1 expression in human GSCs. The proliferation was suppressed (A) and the proportion of
G1 significantly increased in GSCs infected by pSC-GFP/STAT3 compared with GSCs without infection and with pSC-GFP/con infecting (p<0.05) (B).
Expression of cyclin D1 in GSCs was measured by real-time Q-PCR and Western blot (C). Expression of cyclin D1 in GSCs decreased markedly after STAT3
silencing by RNAi (p<0.05). Each value of PCR represents the mean of nine replicates + SD. Bars represent the standard error of the mean. The Western blot

experiment was repeated twice.

STAT3 silencing by RNAi in human GSCs. The result of
FACS showed that 98.6% GSCs expressed GFP at 72 h after
infected with pSC-GFP/con or pSC-GFP/STAT3 (Fig. 1B).
RNAIi of STAT3 significantly reduced the copies of STAT3
mRNA of GSCs infected with pSC-GFP/STAT3 to 84.3% of
non-transfected GSCs (p<0.05). There was no significant

difference between GSCs without infection and GSCs infected
with pSC-GFP/con (Fig. 1C). As shown in the results of
Western blot (Fig. 1D), expression and activation of STAT3
was virtually eliminated from GSCs infected with pSC-GFP/
STAT3 compared with GSCs without infection and GSCs
infected with pSC-GFP/con. It indicated that lentivirus vector
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Figure 3. Knockdown of STAT3 expression with RNAI induces apoptosis and downregulates expression of Bcl-2 in human GSCs. Apoptosis of GSCs was
analyzed with FACS after cells were immunostained with APC coupled with anti-annexin V antibody. Flow cytometry analysis was performed for each
sample in triplicate. The apoptosis rate of GSCs treated with STAT3 siRNA was significantly higher than two control groups (p<0.05) (A). The results of Q-PCR
(B) and Western blot (C) showed that Bcl-2 expression decreased significantly in GSCs with STAT3 RNAi compared with the other two groups (p<0.05). No
significance was achieved in BAX and caspase-3 expression whether STAT3 expression was inhibited by RNAi or not in GSCs (p>0.05). Each value of PCR
represents the mean of nine replicates + SD. Bars represent the standard error of the mean. The Western blot experiment was repeated twice.

of shSTAT3 not only had a high efficiency for infecting
GSCs but also was able to inhibit efficiently the expression
and activation of STAT3.

Knockdown of STAT3 expression by RNAi inhibits cell
growth of GSCs. The effect of STAT3 on proliferation of GSCs
was analyzed with CCK-8 assay. The result of proliferation
curve showed that GSCs treated with STAT3 siRNA grow
significantly slower compared with non-transfected GSCs
and GSCs infected with pSC-GFP/con (Fig. 2A). FACS
analysis demonstrated that the proportion of G1 and S of
GSCs infected with pSC-GFP/STAT3 (G1 66.4%, S 25.6%)
were significantly different compared to non-transfected
GSCs (G1 40%, S 53.6%) and GSCs infected with pSC-
GFP/con (G1 34.2%, S 61.8%) (p<0.05) (Fig. 2B). Data
indicated that STAT3 interfered with the procedure of G1
cell cycle by regulating the expression of cyclin D1 (19). The
expression of cyclin DI in GSCs was assayed with Q-PCR
and Western blot. As shown in Fig. 2C, mRNA and protein
of cyclin D1 were markedly decreased in GSCs infected with
pSC-GFP/STAT3 compared to non-transfected cells (p<0.01)

and pSC-GFP/con infecting cells (p<0.01). The results
suggested that knockdown of STATS3 led to downregulation
of cyclin D1 protein in human primary GSCs.

STAT3 silencing induced apoptosis in human GSCs. There
were morphologic change and death in cells infected with
pSC-GFP/STATS3. It suggested that GSCs infected with
shSTAT3 lentivirus might undergo apoptosis. Therefore, we
evaluated the effect of STAT3 on apoptosis of GSCs. First,
the apoptotic cells in GSCs were stained with annexin V-
APC and FACS analysis was performed. The result of FACS
indicated that apoptotic rate of cells with STAT3 RNAi
(16.03%) increased significantly compared with cells
infected with pSC-GFP/con (3.19%) and non-infected GSCs
(2.03%) (p<0.05) (Fig. 3A). Consistent with this observation,
real-time Q-PCR and Western blot were performed to
determine the expression of apoptosis gene Bcl-2, BAX and
caspase-3 in GSCs. The results showed that Bcl-2
expression decreased significantly in GSCs with STAT3
RNAIi compared with cells infected with control siRNA and
non-infected cells (p<0.01) (Fig. 3B and C). Whereas no



108

LI et al: APOPTOSIS AND DIFFERENTIATION IN GLIOBLASTOMA STEM CELLS

25
25

B B
10° 10! 10 10 " 101 W 10
FE FE
Nontransfected pSC-GFP/con

pSC-GFP/STAT3

Figure 4. The rate of CD133* cells were analyzed with FACS (A) and expression of GFAP and MBP was measured with Western blot (B) in GSCs. The
proportion of CD133* cells in GSCs with STAT3 RNAIi (5.7%) was decreased significantly compared with GSCs without infection (92.2%) and GSCs with
pSC-GFP/con infecting (87.7%) (p<0.05). The expression of GFAP and MBP increased significantly in GSCs after STAT3 silencing.
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Figure 5. The capacity of in vivo tumor-forming in GSCs after expression of STAT3 was suppressed. The GSCs infected with pSC-GFP/con were able to
form tumors in nude mice after subcutaneous implantations (left), but GSCs with STAT3 RNAI did not (right) (A). The tumors developed in the mice were
stained by hematoxylin and eosin (B) and the immunofluorescence analysis showed that the transplanting tumor tissue could be stained with human-specific

antibodies against GFAP (nucleus, blue; GFAP, red; GFP, green) (C).

significance was achieved in BAX and caspase-3 expression
whether STAT3 expression was inhibited by RNAi or not in
GSCs (p>0.05). Together these data indicated that STAT3
regulated an anti-apoptotic program in human GSCs and
knockdown of STAT3 induced apoptosis of human GSCs.

STAT3 RNAi induces differentiation and inhibits tumorige-
nesis of human primary GSCs in vivo. CD133, a cell surface
marker for human neural stem cells, is widely accepted as
marker for glioblastoma stem cells (20). The GSCs will lose
expression of CD133 and exhibit immunoreactivity for diffe-
rentiated neural cell marker such as GFAP, MBP and MAP2
when they begin to differentiate (2,3). The proportion of
CD133* cells were 92.2, 87.7 and 5.7% in non-transfected
GSCs, control siRNA infecting cells and STAT3 siRNA
infecting cells, respectively (Fig. 4A). The CD133* cells
significantly decreased in GSCs after infected with pSC-

GFP/STAT3 (p<0.05). The result of Western blot showed
that expression of GFAP and MBP increased significantly in
GSCs after STAT3 RNAi (Fig. 4B).

Our previous study showed that the transplant tumor
formed in vivo after implanting 1,000-10,000 GSC cells
subcutaneously into nude mice (17). To observe the ability of
initiating tumor in vivo after knockdown of STAT3
expression in human GSCs, 10,000 cells infected with pSC-
GFP/STATS3 or pSC-GFP/con per mouse were implanted into
nude mice. Transplanted tumor formed in 3 nude mice with
implantation of pSC-GFP/con infected cells, but no tumor
formed in 5 mice with implantation of cells with STAT3
silencing. The transplanted glioblastoma was characterized
by H&E staining and immunohistochemistry for GFAP in
tumor tissue sections (Fig. 5). These results suggested that
knockdown of STAT3 expression in GSCs suppressed the
capacity to initiate a tumor in vivo.
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Discussion

GSCs, as other cancer stem cells, are widely thought to be
able to initiate and reform the original cancer after they were
isolated and identified from primary tumor tissue (21). They
have many different characteristics compared to non-
tumorigenic cells and have stronger ability against chemo-
therapy and radiotherapy compared with the non-tumorigenic
cells. GSCs possess the property of multipotential
differentiation, unlimited proliferation and self-renewal. The
mechanism of self-renewal in GSCs plays an important role
of maintaining characteristics of cancer stem cells (2,3,5,
7,22-24).

STAT3 is required for self-renewal of embryonic stem
cell and development of the nervous system (10). Expression
and activation of STAT3 were found frequently in human
GBM and GBM cell lines. Our data demonstrated that there
was expression and activation of STAT3 in human GSCs.
Nilsson et al also identified the expression and activation of
STAT3 in GSCs (25). Many studies indicated that it acted by
promoting proliferation, anti-apoptosis and cell cycle
progression (10,26,27). However, recent data indicated that
inhibiting expression of STAT3 promoted the proliferation
and invasiveness of human GBM cells (28,29). Which role
does STAT3 play in human GSCs? RNAi mediated with
retroviral vector is an attractive tool to explore the effect of
STAT3 on GSCs. The results of FACS, PCR and Western
blot indicated that the lentivirus vector had a high efficiency
to infect GSCs, and STAT3 siRNA not only knocked
downed the expression of STAT3 but also suppressed the
activation of STAT3.

GSCs had a significant change in growth and morphology
after infection with STAT3 siRNA vector. First, the growth
of GSCs was analyzed by CCK-8 kit after STAT3 silencing.
The result suggested that knockdown of STAT3 expression
suppressed significantly growth of human GSCs. Flow cyto-
metry analysis demonstrated that the proportion of G1
increased significantly in GSCs with STAT3 RNAi compared
with the two control groups. It suggested that inhibition of
STAT3 expression and activation induced G1 arrest in
human GSCs. The expression of cyclin D1, which associates
with CDK4 or CDK6, controls progression from G1 to S
phase of cells (30). Then, the expression of cyclin DI was
analyzed in three groups of GSCs. Q-PCR and Western blot
analysis showed that the expression of cyclin D1 significantly
reduced in GSCs with STAT3 silencing. The results
suggested that suppression of growth and G1 arresting
induced by STAT3 silencing might be correlated with the
downregulation of cyclin DI in human GSCs. STAT3
promoted proliferation in our study.

One mechanism by which STAT3 participates in tumori-
genesis is by inhibing apoptosis through the induction of
anti-apoptotic genes. Many studies have demonstrated that
inhibition of STAT3 signaling induced apoptosis in several
types of tumor cells (31-34). The apoptotic rate of GSCs with
STAT3 RNAIi increased significantly in our study.
Accumulating data have shown that apoptotic genes such as
Bcl-2 were overexpressed in glioblastoma cells and over-
expression of these genes were sufficient to block apoptosis in
tumor cells (35). STAT3 responsive elements also were
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found in the promotor region of these genes (36,37). In the
present study, expression of Bcl-2, BAX and caspase-3 were
assayed in GSCs with Q-PCR and Western blot. We have
found that treating GSCs with STAT3 siRNA significantly
reduced expression of Bcl-2, but did not intervene in expres-
sion of BAX and caspase-3. It suggests that apoptosis of
GSCs induced by STATS3 silencing was mediated with down-
regulation of Bcl-2 expression.

CD133 is a neural stem cell marker and brain tumor stem
cells marker (38,39). The characteristics of cancer stem cells
were identified in CD133* human glioblastoma cells isolated
by us in the previous study (17). In order to determine the
role of STAT?3 in self-renewal of human GSCs, we measured
the proportion of CD133* cells in GSCs after inhibiting expres-
sion of STAT3. The result of FACS showed that the
proportion of CD133* cells decreased significantly in GSCs
with STAT3 RNAi. The markers of differentiation to nerve
cells were analyzed in GSCs for further evidence on the
effect of STAT3 on differentiation. GFAP (for astrocytes)
and MBP (for oligodendrocytes) expression of cells
increased significantly after GSC infection by the STAT3
siRNA lentivirus vector. It indicated that GSCs differentiated
after treating with STAT3 siRNA and STAT3 played an
important role of self-renewal in human GSCs. Sherry et al
demonstrated that STAT3 was required for proliferation and
maintenance of multipotency in glioblastoma stem cells (40).
These results are consistent with ours. The capacity of
initiating a tumor is a key characterestic of cancer stem cells.
Therefore, we transplanted the tumor into nude mice. The
results showed that the ability of GSCs to initiate tumor
decreased significantly after the expression of STAT3 was
suppressed.

In conclusion, we have identified that knockdown of
STAT3 expression inhibited growth and induced G1 arrest
and apoptosis in human primary GSCs. The G1 arrest and
apoptosis may be correlated with downregulation of cyclin
D1 and Bcl-2 mediated by STAT3. Most importantly,
inhibition of STAT3 expression may induce differentiation
and reduced the ability of initiating a tumor in GSCs. Targeting
STAT3 could become an effective therapeutic strategy for
human GBM with constitutive expression and activation of
STATS3.
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