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Abstract
Inactivation of the tumor suppressor PTEN is recognized as a major event in the pathogenesis of
the brain tumor glioblastoma. However, the mechanisms by which PTEN loss specifically impacts
the malignant behavior of glioblastoma cells including their proliferation and propensity for
invasiveness remain poorly understood. Genetic studies suggest that the transcription factor
STAT3 harbors a PTEN-regulated tumor suppressive function in mouse astrocytes. Here, we
report that STAT3 plays a critical tumor suppressive role in PTEN-deficient human glioblastoma
cells. Endogenous STAT3 signaling is specifically inhibited in PTEN-deficient glioblastoma cells.
Strikingly, reactivation of STAT3 in PTEN-deficient glioblastoma cells inhibits their proliferation,
invasiveness, and ability to spread on myelin. We also identify the chemokine IL8 as a novel
target gene of STAT3 in human glioblastoma cells. Activated STAT3 occupies the endogenous
IL8 promoter and directly represses IL8 transcription. Consistent with these results, IL8 is
upregulated in PTEN-deficient human glioblastoma tumors. Importantly, IL8 repression mediates
STAT3-inhibition of glioblastoma cell proliferation, invasiveness, and spreading on myelin.
Collectively, our findings uncover a novel link between STAT3 and IL8 whose deregulation plays
a key role in the malignant behavior of PTEN-deficient glioblastoma cells. These studies suggest
that STAT3 activation or IL8 inhibition may have potential in patient-tailored treatment of PTEN-
deficient brain tumors.
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Introduction
Malignant gliomas are the most common primary tumors of the brain and among the most
aggressive human tumors (Holland, 2001; Konopka and Bonni, 2003; Louis, 2006; Furnari
et al., 2007). Despite intense efforts to find effective treatments, malignant gliomas are still
incurable. Glioblastoma tumor cells display phenotypic characteristics of astrocytes and
their precursors, the neural stem cells (Louis et al., 2007). Both neural stem cells and
astrocytes have been proposed to represent the cells of origin of glioblastoma (Holland,
2001; Bachoo et al., 2002; Uhrbom et al., 2002; Bajenaru et al., 2003). Collectively, these
studies suggest that deregulation of mechanisms that control the normal biology of neural
stem cells and astrocytes, including the differentiation of neural stem cells into astrocytes,
might contribute to the pathogenesis of glioblastoma.

The transcription factor STAT3 plays an instructive role in astrocyte differentiation during
normal brain development (Bonni et al., 1997; Rajan and McKay, 1998). These observations
raised the possibility that STAT3 signaling might be deregulated in glioblastoma. In genetic
studies in mouse astrocytes, we recently identified STAT3 as an important regulator of glial
cell transformation (de la Iglesia et al., 2008). STAT3 harbors a tumor suppressive or
oncogenic function depending on the genetic background of the tumor. STAT3 is required
for astrocyte transformation upon expression of the oncogenic form of the epidermal growth
factor receptor, EGFRvIII. Conversely, STAT3 displays tumor suppressive properties in
astrocytes deficient in the tumor suppressor PTEN (de la Iglesia et al., 2008). A tumor
suppressive role of STAT3 is consistent with the function of STAT3 as a transcription factor
dedicated to the differentiation of neural stem cells into astrocytes during normal brain
development (Bonni, 2003).

Genetic studies in mouse astrocytes suggest that deregulation of the PTEN-Akt pathway
triggers astrocyte transformation by inhibiting the LIFRβ-STAT3 pathway (de la Iglesia et
al., 2008). Consistent with these results, PTEN deficiency in human glioblastoma specimens
correlates with LIFRβ downregulation and inhibition of STAT3 phosphorylation at the key
regulatory site Tyr705 (de la Iglesia et al., 2008). However, the effect of manipulating
STAT3 activity on the malignant behavior of glioblastoma tumor cells and the mechanism
by which STAT3 might mediate its tumor suppressive effects in glioblastoma cells remained
unknown.

In this study, we establish a tumor suppressive function of STAT3 in human glioblastoma
cells. Activation of endogenous STAT3 in wild type PTEN-expressing glioblastoma cells
inhibits cell proliferation. Conversely, expression of a constitutive active form of STAT3 in
PTEN-deficient glioblastoma cells significanlty inhibits cell proliferation, invasiveness, and
spreading on myelin. We also report a mechanism by which STAT3 triggers tumor
suppressive effects in human glioblastoma cells. The chemokine IL8 is identified as a direct
repressed target gene of STAT3 in human glioblastoma cells. The repression of IL8
mediates the ability of STAT3 to inhibit glioblastoma cell proliferation, invasiveness, and
spreading on myelin. Taken together, our results define the STAT3-IL8 signaling link as a
novel PTEN-regulated mechanism that suppresses glioblastoma cell proliferation and
invasiveness. These findings provide new targets for potential patient-tailored therapeutic
intervention in glioblastoma. Activation of STAT3 and inhibition of IL8 might represent
useful strategies for the treatment of PTEN-deficient malignant gliomas.
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Materials and Methods
Cell Culture

U87 glioblastoma cells were infected with MSCV-IRES-GFP/S3C, MSCV-IRES-GFP/
mS3C or empty vector retroviruses and a population of infected cells for each construct was
collected by FACS-sorting cells for GFP expression. IL8 knockdown U87 cells were
obtained by infection with pLL3.7-Puro/IL8i1 or pLL3.7-Puro/IL8i2 lentiviruses and
selection with puromycin (4µg/ml).

Plasmids
The MSCV-IRES-GFP/mS3C construct was generated by site-directed mutagenesis of
RcCMV/S3C (Bromberg et al., 1999) using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene) and subcloning into MSCV-IRES-GFP.

Virus Production and Infection
Recombinant retroviruses were made by transfecting 293T cells with pMD.MLV gag.pol,
pHDM.G (VSVG pseudotype), and the transfer plasmid (e.g. MSCV-IRES-GFP). Cells
were infected with equal amounts of retroviruses in the presence of 8µg/ml polybrene
(Sigma).

Cloning of recombinant lentiviruses coding for a short hairpin RNA directed against STAT3
or human IL8 was carried out using a modified pLL3.7 vector which encodes resistance to
puromycin (pLL3.7 Puro). The following complementary oligonucleotides were inserted
into pLL3.7 Puro: Stat3i fw, 5’-TGG GCA GTT TGA GTC GCT CAT TCA AGA GAT
GAG CGA CTC AAA CTG CCC TTT TTG GAA AC-3’, Stat3i rev, 5’-TCG AGT TTC
CAA AAA GGG CAG TTT GAG TCG CTC ATC TCT TGA ATG AGC GAC TCA AAC
TGC CCA-3’; IL8i 1 fw, 5'-TGA ACT TAG ATG TCA GTG CAT TCA AGA GAT GCA
CTG ACA TCT AAG TTC TTT TTG GAA AC-3', IL8i 1 rev, 5'-TCG AGT TTC CAA
AAA GAA CTT AGA TGT CAG TGC ATC TCT TGA ATG CAC TGA CAT CTA AGT
TCA-3'; IL8i 2 fw, 5'-TGA ACT GAG AGT GAT TGA GAG TTC AAG AGA CTC TCA
ATC ACT CTC AGT TCT TTT TGG AAA C-3', IL8i 2 rev, 5'-TCG AGT TTC CAA AAA
GAA CTG AGA GTG ATT GAG AGT CTC TTG AAC TCT CAA TCA CTC TCA GTT
CA-3'. Hairpin structures containing the stem sequences (underlined) and the loops (bold
italica) are indicated. Lentiviruses were generated by co-transfecting pLL3.7 and packaging
vectors (VSVG, RSV-REV and pMDL g/p RRE) into 293T cells. Cells were infected with
equal amounts of lentiviruses and selected with puromycin.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation analyses were done as described (Shi et al., 2003).
Following immunoprecipitation, a PCR reaction was used to amplify the IL8 promoter with
the following primers: IL8, 1st PCR reaction, human IL8 fw, 5'-TCT CAC TCC ATC CCT
TTT GC-3', human IL8 rev, 5'-AGT GGC AGG TGT TAG AAC AAG A-3', nested PCR
reaction, human IL8 nest fw, 5'- CTC CAT CCC TTT TGC TAG TGA-3', human IL8 nest
rev, 5'-ACA GAT GCT ATC ATG ATG GTG AA-3'. Primers designed to amplify the E-
cadherin promoter were used as negative controls for the PCR reaction: human E-cad fw,
5’-TAG CCT GGC GTG GTG GTG TGC ACC TG-3’, human E-cad rev, 5’-GTG CGT
GGC TGC AGC CAG GTG AGC C-3’.

Matrigel Invasion assays
Matrigel pre-coated invasion chambers (BD) with a 8 µm pore size membrane were utilized
according to the manufacturer’s instructions. 2.5×104 cells in 500µl of serum-free DMEM
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were added to each of the inserts and incubated at 37°C for 22 hours. Cells on the lower
surface of the membrane which had migrated through the matrigel were fixed, stained with
crystal violet, and counted. Non-invasive NIH3T3 cells were used as a negative control.
Equivalent numbers of NIH3T3 failed to invade the matrigel.

Microarray Analysis
RNA was extracted from U87 stable cell lines using Trizol, followed by an additional
purification step using an RNAeasy kit (Qiagen) according to the manufacturer’s
instructions. Biotinylated cRNAs from each cell line were generated from 15µg of total
RNA and hybridized to the Affymetrix U133A chips. Microarray procedures were
conducted at the Dana-Farber Cancer Institute Microarray Core Facility, Boston, MA
(http://chip.dfci.harvard.edu). Each cell line was used in three separate experiments. Gene
expression data was analyzed using Vector Xpression software (InforMax Inc.). Raw
expression values were normalized by linear scaling so that the mean array intensity was
identical for all scans. Intensity thresholds were set a min=20 and max=16,000 units,
resulting in 12,284 probe sets for subsequent analysis. These remaining 12,284 probe sets
were then subjected to the t-test using Vector Xpression for the identification of
differentially expressed transcripts. Fold change expression data was diagrammatically
represented using GeneCluster software
(http://www.broad.mit.edu/cancer/software/genecluster2/gc2.html).

Results
STAT3 suppresses human glioblastoma cell proliferation

The identification of STAT3’s tumor suppressive function in genetic studies of PTEN-
deficient mouse astrocytes raises the major question of the role of STAT3 in human
glioblastoma. To investigate STAT3 signaling in human glioblastoma cells, we first
characterized the potential of the cytokine leukemia inhibitory factor (LIF) to induce the
phosphorylation of endogenous STAT3 at the key regulatory site Tyr705 in PTEN-
expressing and PTEN-deficient glioblastoma cells. We found that while LIF induced STAT3
Tyr705 phosphorylation in the wild type PTEN-expressing SF188 and LN229 glioblastoma
cells, LIF failed to effectively induce the STAT3 phosphorylation in the PTEN-deficient
U87 and A172 glioblastoma cells (Fig. 1A). These results suggest that PTEN deficiency
suppresses the endogenous STAT3 signaling pathway in human glioblastoma cells.

PTEN deficiency suppresses STAT3 signaling in in mouse astrocytes via downregulation of
the cytokine receptor LIFRβ (de la Iglesia et al., 2008). We therefore analyzed the
expression of LIFRβ in human glioblastoma cells. Consistent with results in mouse
astrocytes (de la Iglesia et al., 2008), we found very low levels of LIFRβ protein in the
PTEN-deficient U87 glioblastoma cells (Supplemental Fig. 1). These results are consistent
with the interpretation that LIFRβ downregulation may represent a mechanism by which
PTEN deficiency suppresses STAT3 signaling in the U87 glioblastoma cells. Two lines of
evidence suggested that inhibition of STAT3 signaling was specific to LIFRβ deficiency in
U87 cells. First, treatment of U87 cells with the PI3K inhibitor LY294002 restored LIFRβ
levels (Supplemental Fig. 2A). Second, reconstitution of LIFRβ signaling in U87 cells by
expression of a chimeric protein consisting of the intracellular domain of LIFRβ fused to the
ectodomain of epidermal growth factor receptor (EGFR) allowed the induction of STAT3
phosphorylation at Tyr705 in response to EGF (Supplemental Fig. 2B). These findings
suggest that the absence of LIFRβ in the PTEN-deficient U87 glioblastoma cells may
underlie the inactivation of STAT3 signaling in these cells. These results corroborate our
findings in murine astrocytes (de la Iglesia et al., 2008). However, as a caveat that not all
human PTEN-deficient glioblastoma cells behave in this fashion, we find that LIFRβ
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expression is intact in A172 cells (Supplemental Figure 1), suggesting that PTEN deficiency
may inhibit STAT3 signaling independently of regulation of LIFRβ expression in these
cells.

We also measured the levels of STAT3 phosphorylation at Ser727 in the human
glioblastoma cells. These experiments revealed that STAT3 was phosphorylated at Ser727
in the human glioblastoma cells regardless of their PTEN status and treatment with LIF had
little or no effect on the Serine 727 phosphorylation in these cells (Supplemental Fig. 3).
These results suggest that the PTEN status of human glioblastoma cells predominantly
affects the phosphorylation of STAT3 at Tyr705.

We next asked if LIF had distinct effects on proliferation in glioblastoma cells in parallel
with the differential phosphorylation of endogenous STAT3 at Tyr705 depending on the
PTEN status of these cells. Remarkably, while LIF inhibited the proliferation of the PTEN-
expressing SF188 and LN229 glioblastoma cells (Fig. 1B–D), LIF had little or no effect on
the proliferation of the PTEN-deficient A172 and U87 glioblastoma cells (Fig. 1B),
suggesting that LIF-inhibition of cell proliferation correlates with LIF-induction of
endogenous STAT3 in PTEN-expressing glioblastoma cells.

To determine the role of endogenous STAT3 activation in LIF-inhibition of cell
proliferation in PTEN-expressing glioblastoma cells, we expressed in SF188 cells a
dominant interfering form of STAT3 (S3D) that forms dimers with endogenous STAT3 that
fail to bind to promoters of cytokine-responsive genes (Nakajima et al., 1996; Bonni et al.,
1997). We found that the expression of S3D but not wild type STAT3 significantly reduced
the ability of LIF to inhibit SF188 glioblastoma population growth (Fig. 1C). We also used a
lentiviral DNA-based template method of RNA interference to knockdown STAT3 protein
in the PTEN-expressing LN229 glioblastoma cells. STAT3 knockdown was found to
significantly inhibit LIF-suppression of proliferation in LN229 glioblastoma cells (Fig. 1D).
In other experiments, STAT3 knockdown in SF188 glioblastoma cells also blocked LIF-
inhibition of SF188 cell proliferation (data not shown). Taken together, our results indicate
that LIF-induction of endogenous STAT3 in wild type PTEN-expressing glioblastoma cells
inhibits cell proliferation. These results are also consistent with the possibility that inhibition
of endogenous STAT3 signaling upon PTEN loss may serve to promote glioblastoma cell
proliferation.

To directly assess the significance of PTEN loss-suppression of STAT3 signaling in the
malignant behavior of glioblastoma cells, we determined the effect of reactivation of STAT3
in PTEN-deficient glioblastoma cells. Using a retroviral approach, we expressed a
constitutively active form of STAT3 (S3C) in these cells. S3C contains two point mutations
whereby A661 and N663 are replaced with cysteine. S3C thus forms dimers through
sulfhydryl bonds independently of Tyr705 phosphorylation, and translocates to the nucleus
independently of cytokine stimulation (Bromberg et al., 1999). We generated a mutant form
of activated STAT3 (S3C) in which the DNA binding region of S3C was mutated (mS3C)
(Fig. 2A). When expressed in 293T cells, activated STAT3 (S3C) but not the mutant form
mS3C robustly induced transcription of a reporter gene driven by STAT binding sites
suggesting that mS3C serves as a transcriptionally-impaired control mutant of S3C
(Supplemental Fig. 4).

We stably expressed activated STAT3 (S3C) or its mutant form mS3C in PTEN-deficient
U87 glioblastoma cells. In cell growth assays, activated STAT3 (S3C)- but not mS3C-
expressing U87 glioblastoma cells increased in number at a significantly lower rate than
control vector-infected U87 cells (Fig. 2B). There was less than 1% cell death in control
vector-infected U87 glioblastoma cells, and the expression of activated STAT3 (S3C) or
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mS3C had no effect on cell death in the U87 cells (data not shown). By contrast, the rate of
BrdU incorporation in activated STAT3 (S3C)- but not mS3C-expressing glioblastoma cells
was reduced when compared to control vector-infected cells (Fig. 2C). These results suggest
that activated STAT3 inhibits the proliferation of PTEN-deficient glioblastoma cells. In
other cell population growth experiments, we found that exogenous expression of PTEN in
the PTEN-deficient U87 cells reduced the capacity of these cells to proliferate (Figure 2D).
In addition, whereas expression of S3C reduced the proliferative capacity of the parental
U87 cells, S3C failed to effectively reduce the proliferation of the isogenic PTEN-
expressing U87 cells (Figure 2D). These results suggest that reactivation of STAT3
specifically inhibits the ability of PTEN deficiency to promote the proliferation of human
glioblastoma cells.

STAT3 suppresses glioblastoma cell invasiveness and spreading on myelin
Having established STAT3 as a suppressor of glioblastoma cell proliferation, we considered
the possibility that STAT3 might also control glioblastoma cell invasiveness. We
determined if reactivation of STAT3 in the PTEN-deficient U87 glioblastoma cells alters
their invasiveness. In matrigel invasion assays, U87 cells efficiently invaded the matrigel
layer (Fig. 3A). However, expression of activated STAT3 (S3C) in U87 glioblastoma cells
significantly reduced the ability of these cells to invade matrigel (Fig. 3A). STAT3-
inhibition of U87 glioblastoma cell invasiveness was not secondary to the effect of activated
STAT3 on cell proliferation as the invasive potential of these cells was measured at a time
(22 hours after plating) prior to the inhibitory effects of activated STAT3 on U87 cell
proliferation were manifest (see Fig. 2B). These results suggest that reactivation of STAT3
suppresses the invasive property of PTEN-deficient glioblastoma cells.

To determine if STAT3 regulates glioblastoma cell behavior on a substrate that is relevant to
the selective property of gliomas to invade brain tissue along white matter tracts, we tested
the effect of activated STAT3 (S3C) on the ability of glioblastoma cells to adhere and spread
on adult rat brain myelin (Amberger et al., 1998). Unlike NIH-3T3 cells which spread on
polynornithine but not on myelin (data not shown), U87 glioblastoma cells spread equally
well on polyornithine or myelin substrate forming actin stress fibers around the cell cortex
(Fig. 3B). The selective ability of glioblastoma cells but not other tumor or immortalized
cells to spread on myelin substrate provides a powerful assay that may reflect the propensity
of malignant gliomas to migrate along brain white matter tracts (Amberger et al., 1998).
Strikingly, by contrast to parental U87 glioblastoma cells or those infected with the control
GFP virus or the mS3C virus, the majority of S3C-expressing U87 glioblastoma cells spread
on polyornithine substrate but failed to spread or form stress fibers in their periphery on
myelin (Fig. 3B,C). Thus, activated STAT3 specifically inhibits glioblastoma cell adhesion
and spreading on myelin.

STAT3 suppresses glioblastoma cell proliferation and invasiveness via repression of the
chemokine IL8

Having identified the functional effects of STAT3 on glioblastoma cell proliferation and
invasiveness, we next set out to elucidate the mechanism by which STAT3 mediates these
biological effects. Since STAT3’s ability to inhibit glioblastoma cell proliferation and
invasiveness correlated with its function as a transcription factor, we reasoned that activated
STAT3 triggers changes in the expression of specific genes that mediate STAT3’s
glioblastoma suppressive properties. We therefore subjected the activated STAT3 (S3C)-
expressing and control GFP-expressing U87 glioblastoma cells to microarray analyses using
Affymetrix chips. In these analyses, the most profound alteration was a 5-fold repression of
the gene encoding interleukin-8 (IL8) in S3C-expressing cells compared to control cells
(Fig. 4A,B).
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IL8 is a chemokine that regulates neutrophil activation and chemoattraction (Baggiolini et
al., 1994). In addition, IL8 has been implicated in the promotion of angiogenesis in a variety
of tumors including gliomas (Heidemann et al., 2003; Garkavtsev et al., 2004). Consistent
with a role for IL8 in glioblastoma progression, although IL8 expression is very low in
normal brain, IL8 is upregulated in gliomas and in particular in high grade astrocytoma and
glioblastoma (Yamanaka et al., 1994). In a panel of human glioblastoma tumors we have
characterized by immunoblotting, we found that eight out of twenty five (32%) tumors
displayed high levels of IL8 (Fig. 4C). PTEN deficiency tightly correlates with inactivation
of STAT3 signaling in these human glioblastoma samples (de la Iglesia et al., 2008).
Importantly, the majority of the IL8-expressing tumors (6/8) had low PTEN levels (Fig. 4C;
see Fig.6 in (de la Iglesia et al., 2008) for PTEN levels). Fisher’s exact test of IL8-positive
and IL8-negative tumors revealed a strong correlation of IL8 expression with low PTEN
levels (Fig. 4C). Together, these observations raised the question of whether the repression
of IL8 mediates STAT3-inhibition of glioblastoma cell proliferation and invasiveness.

First, we confirmed the microarray data in Northern analyses in which the amount of IL8
mRNA was robustly suppressed in activated STAT3 (S3C)-expressing cells (Fig. 4D).
Consistent with these results, immunoblotting of U87 glioblastoma cell extracts revealed
that IL8 protein was significantly downregulated upon expression of activated STAT3
(S3C). By contrast, IL8 protein was reduced to a lesser extent in mS3C-expressing cells
suggesting that the transcriptional function of STAT3 is required for regulation of IL8
expression (Fig. 4D). The secretion of mature soluble IL8 into the medium by these
glioblastoma cells correlated tightly with the results of Northern and Western analyses (Fig.
4D). Together, these results established that STAT3 inhibits the expression of IL8 in
glioblastoma cells.

In transient expression assays, expression of activated STAT3 (S3C) potently diminished
IL8 promoter-mediated transcription (Fig. 4E). By chromatin immunoprecipitation analyses
of activated STAT3 (S3C)-expressing U87 glioblastoma cells, activated STAT3 was
specifically bound to the endogenous IL8 promoter in these cells (Fig. 4F). These findings
suggest that IL8 is a direct gene target of STAT3 and that activated STAT3 represses IL8
transcription.

To investigate the mechanism by which STAT3 represses IL8 gene expression, we
determined the region of the IL8 promoter necessary for activated STAT3 to inhibit IL8
transcription. Deletion analyses of the IL8 promoter in transient expression assays revealed
that activated STAT3 (S3C) repressed a reporter gene controlled by a promoter fragment
containing 173 nucleotides upstream of the IL8 transcriptional start site (Supplemental Fig.
5A). The −173 IL8 promoter fragment contains the NFkB response element that is critical
for the expression of IL8 in diverse biological settings including malignant gliomas
(Mukaida et al., 1990; Brat et al., 2005; Sarkar et al., 2008). We therefore asked if activated
STAT3 might inhibit NFkB-dependent transcription in glial cells. Expression of activated
STAT3 (S3C) inhibited a luciferase reporter gene controlled by multiple NFkB-binding sites
(Supplemental Fig. 5B). Together, these results suggest that activated STAT3 may repress
the IL8 gene via inhibtion of NFkB.

To determine if IL8 repression contributes to STAT3’s ability to inhibit glioblastoma cell
proliferation, we used a lentiviral DNA template-based method of RNA interference to
knockdown IL8 in U87 glioblastoma cells (Fig. 5A). Knockdown of endogenous IL8 in U87
glioblastoma cells by either of two hairpin RNAs targeting distinct regions of IL8
significantly reduced cell proliferation (Fig. 5B). IL8 knockdown also significantly reduced
the ability of U87 glioblastoma cells to invade matrigel (Fig. 5C). In other experiments, we
asked if IL8 restores the ability of activated STAT3 (S3C)-expressing U87 glioblastoma
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cells to spread on myelin substrate. Upon exposure to IL8, the S3C-expressing U87
glioblastoma cells spread as efficiently as control vector-infected U87 cells on myelin (Fig.
5D). Together, these results suggest that IL8 is a STAT3-repressed gene that promotes
glioblastoma cell proliferation and invasiveness (Fig. 5E).

Discussion
In this study, we have uncovered a novel STAT3-dependent tumor suppressive mechanism
in human glioblastoma cells (see model in Fig. 5E). We found that cytokine-induced
endogenous STAT3 signaling was specifically impaired in PTEN-deficient but not PTEN-
expressing glioblastoma cells. Inhibition of endogenous STAT3 blocked cytokine-
suppression of proliferation in PTEN-expressing glioblastoma cells. Conversely,
reactivation of STAT3 in PTEN-deficient glioblastoma cells inhibited their proliferation,
invasiveness, and spreading on myelin. We also identified the chemokine IL8 as a direct
repressed target gene of STAT3 in glioblastoma cells. IL8 repression mediated the ability of
STAT3 to inhibit glioblastoma cell proliferation and invasiveness. Thus, deregulation of the
STAT3-IL8 signaling link may confer PTEN loss with the ability to stimulate glioblastoma
cell proliferation and invasiveness.

A major conclusion of our study is that STAT3, a protein with oncogenic behavior outside
the brain (Bromberg et al., 1999; Bowman et al., 2000), exerts tumor suppressor effects in
human glioblastoma cells. This finding provides pathophysiological significance to our
recent studies indicating that STAT3 suppresses malignant transformation of mouse
astrocytes (de la Iglesia et al., 2008). In some reports, it has been suggested that STATs may
promote human glioblastoma tumor cell proliferation and survival (Rahaman et al., 2002;
Konnikova et al., 2003), and STAT3 activation has been reported in human glial tumors
(Weissenberger et al., 2004). On the other hand, other studies have provided evidence of the
absence of STAT3 activation in human gliomas (Wang et al., 2004). We recently used a
genetic approach in mouse astrocytes to directly assess STAT3 function in glial cell
transformation. We found that the predominant role of STAT3 is to suppress malignant glial
transformation including in the context of PTEN deficiency (de la Iglesia et al., 2008). In
agreement with these mouse genetic studies, our present findings reveal that STAT3
suppresses the malignant properties of PTEN-deficient glioblastoma cells including their
proliferation and invasiveness. Interestingly, expression of the glioblastoma-associated
protein EGFRvIII in mouse astrocytes triggers an oncogenic switch in STAT3 function (de
la Iglesia et al., 2008). In human glioblastomas, EGFRvIII expression correlates with
STAT3 activation in both immunoblotting and immunohistochemical analyses (Mizoguchi
et al., 2006; de la Iglesia et al., 2008). Therefore, it will be interesting to determine in future
studies if and how STAT3 might promote the malignant behavior of EGFRvIII-expressing
human glioblastoma cells.

Inhibition of the gliogenesis-promoting STAT3 signaling pathway in glioblastoma cells may
serve to couple loss of a general tumor suppressor such as PTEN to the glioblastoma cell-
specific behavior of invasiveness and adhesion and spreading on myelin. The PTEN loss-
triggered suppression of STAT3 signaling in glioblastoma cells illustrates how interactions
between ubiquitously-acting tumor suppressors and developmental signaling pathways
implicated in cell differentiation and fate specification may produce tumor-specific
pathological behaviors.

The identification of IL8 as a novel STAT3-repressed target gene in glioma cells, whose
repression mediates STAT3-inhibition of glioma cell proliferation, invasiveness, and
spreading on myelin defines a novel cytokine-chemokine connection (Fig. 5E). Although
STAT3 is commonly known to induce transcription (Darnell, 1997;Levy, 2003), our
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findings suggest that STAT3 may also act as a transcriptional repressor in glial cells. STAT3
appears to repress the IL8 promoter via inhibition of the NFkB reponse element.
Interestingly, STAT3 inhibits expression of the inducible nitric oxide synthase (iNOS) gene
in endothelial cells by directly inhibiting NFkB (Yu et al., 2002;Yu and Kone, 2004). The
DNA binding domain of STAT3 directly interacts with NFkB and thereby inhibits NFkB-
dependent iNOS transcription (Yu and Kone, 2004). These results are consistent with the
finding that the DNA binding domain of STAT3 is required for STAT3’s ability to repress
IL8 expression in glioblastoma cells (Fig. 4D). The candidate glial tumor suppressor ING4
reportedly inhibits glioblastoma-induced angiogenesis via repression of IL8, whereby ING4
inhibits NFkB-dependent IL8 transcription (Garkavtsev et al., 2004). Collectively, these
observations raise the possibility that STAT3 and ING4 may cooperate at the IL8 promoter
to inhibit NFkB and thereby repress IL8 gene expression and thus control glioblastoma cell
proliferation, invasiveness, and glioblastoma-induced angiogenesis.

The elucidation of STAT3 and IL8 in this study as critical regulators of glioblastoma cell
proliferation and invasiveness provides new targets for therapeutic intervention. The
chemokine IL8 and its cell surface receptors, CXCR1 and CXCR2, are particularly attractive
as potential targets in the treatment of PTEN-deficient glioblastoma. These chemokine
receptors have been studied in the context of acute inflammation (Rollins, 1997;
Schraufstatter et al., 2001), and small molecule inhibitors of CXCR1 and CXCR2 have been
characterized (White et al., 1998; Bertini et al., 2004). It will be important to determine the
potential of CXCR1 and CXCR2 antagonists to inhibit the malignant features of PTEN-
deficient glioblastoma cells. These studies may provide the foundation for patient-tailored
therapy in the management of brain tumors.
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Figure 1. Endogenous STAT3 inhibits proliferation of wild type PTEN-expressing glioblastoma
cells
A, Lysates of glioblastoma cells that express wild type PTEN (SF188 and LN229) or
glioblastoma cells that harbor PTEN mutations (U87 and A172) were immunoblotted with
STAT3 and Tyr 705-phosphorylated STAT3 (pYS3) antibodies. Cells were serum starved
for 24 hours and then treated with 100ng/ml CNTF or 10ng/ml LIF for 15 minutes. LIF
treatment robustly induced STAT3 tyrosine phosphorylation in control SKNMC
neuroblastoma cells and in the wild type PTEN-expressing glioblastoma cells, but failed to
effectively induce the STAT3 phosphorylation in the PTEN-deficient glioblastoma cells. B,
Growth curves of PTEN-mutant (U87 and A172) and PTEN-expressing (SF188)
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glioblastoma cells that were treated with LIF (10ng/ml daily) or left untreated. LIF did not
affect cell population growth of U87 (representative experiment shown) or A172 cells (two
representative experiments shown), but significantly reduced SF188 cell population growth
(n=3; paired t-test, *p<0.05). C, Cell population growth of SF188 cells infected with a
retrovirus containing an IRES-GFP cassette alone or that also encodes wild type STAT3 or a
dominant negative STAT3 (S3D). LIF (10ng/ml daily) led to a significant reduction in
population growth of control-vector or wild type STAT3-expressing cells (n=3, ANOVA,
*p<0.05, ¶p<0.01, §p<0.001), but not in S3D-expressing SF188 cells. D, Left panel: lysates
of LN229 cells infected with either control lentivirus or lentivirus encoding a small
interfering hairpin RNA directed at STAT3 and selected with puromycin were
immunoblotted with a STAT3 antibody. Actin was used as loading control. The Stat3i
hairpin RNA induced knockdown of endogenous human STAT3. Right panel: time-course
of the growth of LN229 cells infected with control lentivirus or lentivirus encoding Stat3i
and selected with puromycin. LIF (10ng/ml daily) led to a significant reduction in growth in
control-infected (n=3; ANOVA, *p<0.05), but not Stat3i hairpin RNA-expressing LN229
cells.
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Figure 2. Expression of activated STAT3 inhibits proliferation PTEN-deficient glioblastoma cells
A, Schematic of activated STAT3 (S3C) or a DNA-binding mutant version of S3C (mS3C).
B, Left panel: lysates of U87 glioblastoma cells infected with a control retrovirus containing
an IRES-GFP cassette or retroviruses that also encode FLAG-tagged S3C or mS3C were
immunoblotted with STAT3 and FLAG antibodies, and antibodies to STAT1 or Akt as
loading controls. Right panel: cell population growth curves of U87 glioblastoma cells. S3C-
expressing U87 cells proliferated significantly more slowly than mS3C-expressing U87 cells
or those infected with control virus (n=3; ANOVA, *p<0.05). C, BrdU labeling of U87
glioblastoma stable cells measured as a percentage of the total number of cells.
Incorporation of BrdU was significantly reduced in U87-S3C cells compared to both vector
and mS3C (n=4; ANOVA, *p<0.05). D, Cell population growth curves of PTEN-deficient
U87 cells or isogenic PTEN-expressing U87 cells infected with the S3C or control
retrovirus. Expression of S3C significantly reduced the proliferation of U87 but not of
isogenic PTEN-expressing U87 glioblastoma cells (representative experiment of 3
independent experiments performed in triplicate, ANOVA, *p<0.001, **p<0.0001).
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Figure 3 . STAT3 decreases glioblastoma cell invasiveness and spreading on myelin
A, Matrigel invasion assay of U87 glioblastoma stable cell lines. Significantly more U87-
vector cells invaded the matrigel substrate than U87-S3C cells (n=3; t-test, *p<0.05).
STAT3-inhibition of U87 glioblastoma cell invasiveness was not secondary to the effect of
activated STAT3 on U87 cell proliferation as the invasive potential of these cells was
measured at a time (22 hours after plating) prior to the inhibitory effects of activated STAT3
on U87 cell proliferation (see Figure 2B). Equivalent numbers of NIH3T3 cells failed to
invade the matrigel (data not shown). B, Phalloidin red staining of actin stress fibers of
stable U87 glioblastoma cells plated onto coverslips coated with either polyornithine (PO) or
polyornithine together with myelin (20µg/ml). U87-S3C glioblastoma cells failed to spread
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on myelin (middle bottom panel), compared to a spread appearance on a polyornithine
control substrate (middle top panel). U87-vector and U87-mS3C glioblastoma cells spread
and formed stress fibers on myelin (right and left bottom panels). C, Quantification of cell
spreading of U87 stable cells on myelin. Significantly fewer U87-S3C glioblastoma cells
spread on myelin compared to U87-vector glioblastoma cells (n=3; ANOVA, *p<0.0001).
Cells were counted in a blinded manner in three independent experiments, and the percent
spreading was determined by calculating the number of spread cells over the total number of
cells.

de la Iglesia et al. Page 16

J Neurosci. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. IL-8 is a direct STAT3-repressed target gene
A, Diagrammatic representation of the top 50 genes in three independent microarray
analyses of control or S3C-expressing U87 cells, ranked according to fold change, that were
repressed or induced upon S3C expression. B, Top 10 repressed (left) or induced (right)
genes upon S3C expression. The fold change is indicated, and GenBank numbers are in
parenthesis. C, Upper panel: immunoblotting of lysates of human glioblastoma samples
(GBM) with an IL8 antibody. GAPDH was used as loading control (GAPDH
immunoblotting of some of the GBM samples is also shown in (de la Iglesia et al., 2008).
Eight of the tumors (# 4, 8, 11, 13, 16, 19, 24, 25) displayed very high levels of IL8. The
majority of these tumors (6/8) had also low PTEN levels (de la Iglesia et al., 2008). Lower
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panel: Fisher’s exact test of IL8-positive and IL8-negative tumors revealed a strong
correlation between IL8 expression and low PTEN levels (OR(odds ratio)=14, p<0.01).D,
Left panel: Northern analysis of control vector-infected U87 glioblastoma cells or those
expressing S3C using an IL8 probe. 18S RNA levels indicate equal loading. Middle panel:
immunoblotting of lysates of control U87 glioblastoma cells or those expressing S3C or
mS3C with an IL8 antibody. Asterisk indicates a non-specific band. Right panel: sandwich
ELISA chemiluminescent analysis of medium from the control U87 glioblastoma cells or
those expressing S3C using two antibodies specific for human IL8 (R&D Systems). Shown
are mean IL8 concentration ± SEM (pg IL8/mg cell protein; n=3; t-test, *p<0.01). E, STAT3
represses the IL8 promoter. Pten-/- astrocytes were transfected with increasing amounts of
an expression plasmid encoding S3C or a control plasmid together with an IL8 promoter-
controlled luciferase reporter gene and a renilla expression plasmid, and subjected to dual
luciferase assay 48 hours after transfection. Activated STAT3 significantly reduced IL8
promoter activity (n=3; ANOVA, *p<0.0001). F, Chromatin immunoprecipitation analysis
at the endogenous IL8 promoter in S3C-expressing U87 glioblastoma cells using two
different STAT3 antibodies (m, mouse; r, rabbit). Mouse and rabbit HA antibodies were
used as controls. Negative controls for the PCR reaction were performed with primers for
the E-cadherin gene. STAT3 directly bound to the endogenous IL8 gene.
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Figure 5. IL8 promotes glioblastoma cell proliferation, invasiveness, and spreading on myelin
A, Lysates of U87 cells infected with IL8 RNAi-encoding lentiviruses (IL8i 1 or IL8i 2) or
an empty vector and selected with puromycin were immunoblotted with IL8 and actin
antibodies. Asterisk indicates a non-specific band. B, Cell population growth curves of IL8
knockdown or vector-control U87 glioblastoma cells. IL8 knockdown suppressed
glioblastoma cell population growth (n=3; ANOVA, *p<0.001). C, Matrigel invasion assay
of U87 glioblastoma cells infected with control or IL8 RNAi lentiviruses. Significantly more
U87-vector glioblastoma cells invaded the matrigel substrate than U87-IL8i 1 or U87-IL8i 2
glioblastoma cells (ANOVA, *p<0.01). D, IL-8 addition rescues STAT3 suppression of
glioma cell spreading on myelin. Quantification of cell spreading shows that in the presence
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of IL-8 significantly more U87-S3C cells spread on myelin compared to untreated U87-S3C
cells plated on myelin (n=3; ANOVA, *p<0.0005). E, Model of the PTEN-regulated
STAT3-IL8 signaling link in human glioblastoma cells. Left panel: in the presence of the
tumor suppressor PTEN, STAT3 is activated by phosphorylation, binds to the IL8 promoter,
and represses IL8 gene expression. Right panel: STAT3 is inhibited upon PTEN deficiency,
thus relieving repression of the IL8 gene. Upregulation of IL8 promotes glioblastoma cell
proliferation and invasiveness.
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