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Neurobiology of Disease

STAT3-iNOS Signaling Mediates EGFRvIII-Induced Glial
Proliferation and Transformation

Sidharth V. Puram,'>* Caleb M. Yeung,'* Arezu Jahani-Asl,' Chieyu Lin,>* Nuria de la Iglesia,' Genevieve Konopka,'
Laurie Jackson-Grusby,>* and Azad Bonni'?

Department of Neurobiology and 2Program in Biological and Biomedical Sciences, Harvard Medical School, Boston, Massachusetts 02115, and
3Department of Pathology, Children’s Hospital Boston, Boston, Massachusetts 02115

Malignant gliomas, including glioblastoma multiforme, constitute the most common and aggressive primary brain tumors in adults. The
transcription factor signal transducer and activator of transcription 3 (STAT3) plays an essential role in glioblastoma pathogenesis
downstream of the major oncogenic protein epidermal growth factor receptor variant ITII (EGFRvVIII). However, the critical gene targets of
STAT3 that mediate EGFRvIII-induced glial transformation have remained unknown. Here, we identify inducible nitric oxide synthase
(INOS) as a novel target gene of STAT3 in EGFRvIII-expressing mouse astrocytes. Endogenous STAT3 occupies the endogenous iNOS
promoter and stimulates iNOS transcription in EGFRvIII-expressing astrocytes. STAT3 does not appear to control iNOS transcription in
astrocytes deficient in the major glioblastoma tumor suppressor protein phosphatase and tensin homolog (PTEN), suggesting that
STAT3 regulates iNOS transcription specifically in EGFRvIII-expressing astrocytes. Importantly, inhibition of iNOS by distinct ap-
proaches, including knockdown by RNA interference, reduces cell population growth and invasiveness of EGFRvIII-expressing astro-
cytes. In addition, upon iNOS knockdown or administration of a small-molecule inhibitor of iNOS, EGFRVIII-expressing astrocytes form
smaller tumors in vivo. These findings suggest that inhibition of iNOS may have potential therapeutic value for EGFRvIII-activated brain

tumors.

Introduction

Malignant gliomas are the most common primary tumor of the
adult brain and are some of the most aggressive human cancers
(Holland, 2001; Konopka and Bonni, 2003; Furnari et al., 2007).
Glioblastoma tumor cells have genetic and phenotypic character-
istics of astrocytes or neural stem cells, both of which may repre-
sent the cells of origin of glioblastoma (Holland, 2001; Bachoo et
al., 2002; Uhrbom et al., 2002; Bajenaru et al., 2003; Louis, 2006).
An emerging theme from these studies is that deregulation of
developmental signaling pathways that normally drive the differ-
entiation of neural stem cells into astrocytes may contribute to
the pathogenesis of glioblastoma (de la Iglesia et al., 2009).
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The transcription factor signal transducer and activator of
transcription 3 (STAT3) drives astrocyte differentiation in the
developing brain (Bonni et al., 1997; Rajan and McKay, 1998).
We have found previously that STAT3 plays a dual role in glial cell
transformation depending on the mutational profile of the tumor
(de la Iglesia et al., 2008a). Using a mouse genetics approach, we
found that STAT3 functions in an oncogenic manner in astro-
cytes upon expression of a truncated, constitutively active form of
the epidermal growth factor receptor (EGFRVIII), which repre-
sents a major oncogenic stimulus in glioblastoma pathogenesis.
In contrast, in the background of loss of the major tumor sup-
pressor phosphatase and tensin homolog (PTEN), STAT3 func-
tions in a tumor suppressive capacity, consistent with the
function of STAT3 as a driver of astrocyte differentiation during
brain development (de la Iglesia et al., 2008a).

How does STAT3 exert opposing functions in glial transfor-
mation in the distinct backgrounds of EGFRvIII-expression and
PTEN loss? STAT3 suppresses the malignant behavior of PTEN-
deficient glioblastoma cells by repressing transcription of the
chemokine IL8 (de la Iglesia et al., 2008b). However, the major
question of how STAT3 promotes glial transformation in the
context of EGFRvIII-expression remained to be addressed.

In this study, we identify inducible nitric oxide synthase
(INOS) as a critical downstream target of STAT3 in astrocyte
transformation in the background of EGFRvIII-expression.
STATS3 specifically regulates iNOS transcription in EGFRVIII-
expressing astrocytes but not PTEN-deficient astrocytes. We
identify a STAT3 binding site within the promoter of the iNOS
gene that is required for STAT3-dependent transcription and
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demonstrate that STAT3 directly regulates iNOS transcription in
astrocytes. Inhibition of iNOS using pharmacological agents re-
veals a critical role for INOS in STAT3-dependent proliferation of
EGFRvIII-expressing astrocytes. In addition, a small-molecule
NO donor largely reverses the deficit in population growth upon
Stat3 knock-out in EGFRvIII-expressing astrocytes. Consistent
with these findings, genetic knockdown of iNOS by RNA inter-
ference (RNAIi) in EGFRvIII-expressing astrocytes reduces their
population growth and invasiveness. Importantly, iNOS knock-
down or administration of a small-molecule inhibitor of iNOS
impairs the malignant transformation of EGFRvIII-expressing
astrocytes in vivo. In contrast to the effect of iNOS inhibition on
EGFRvIII-expressing astrocytes, inhibition of iNOS in PTEN-
deficient astrocytes has little or no effect on invasiveness and
proliferation. Together, these findings define iNOS as an impor-
tant target of STAT3 that induces glial transformation specifically in
EGFRvIII-expressing astrocytes. Our findings also suggest that inhibi-
tion of STAT3 and iNOS might represent a potential therapeutic avenue
in the treatment of EGFRVIII-positive glioblastoma.

Materials and Methods

Cell culture. EGFRvIII-expressing, control murine stem cell virus
(MSCV), and PTEN knockdown (PTENI) astrocytes were generated by
infection of SV40 large T-immortalized Stat3"""*" astrocytes with the
EGFRVIII or control MSCV retrovirus or with a pSUPER-Puro retrovirus
encoding short hairpin RNAs (shRNAs) targeting PTEN as described
previously (de laIglesia etal., 2008a). The Stat3 gene flanked by loxP sites
was excised in vitro using adenovirus encoding the recombinase Cre
(University of Iowa) to generate Stat3~/~ astrocytes. Primary astrocytes
were cultured from postnatal day 2 B6 mice as described previously (Di
Giorgio et al., 2007; Nagai et al., 2007).

Plasmids. The pBABE-STAT3C construct was generated by standard
subcloning techniques from RecCMV/STAT3C (Bromberg et al., 1999)
into the pBABE vector. pPBABE-STAT3D was generated by site-directed
mutagenesis to introduce point mutations that disrupt DNA binding
(Horvath et al., 1995; Nakajima et al., 1996).

Virus production and infection. Lentiviruses were based on the pLKO.1
vector carrying the blasticidin resistance gene and obtained from the
RNAIi Consortium at the Broad Institute. Cloning of recombinant lenti-
viruses coding for shRNAs directed against iNOS was performed by
annealing and insertion of complementary oligonucleotides into stuffed-
pLKO.1 plasmid using Agel and EcoRI sites. Oligonucleotides were gen-
erated as follows: iNOSil, forward, 5'-C CGG TCCATG CAA AGA ACG
TGT TTA CTC GAG TAA ACA CGT TCT TTG CAT GGA TTTTTG-3;
iNOSil, reverse, 5'-AATTCAAAAA TCCATG CAAAGAACG TGT TTA
CTC GAG TAA ACA CGT TCT TTG CAT GGA-3'; iNOSi2, forward,
5'-C CGG GAG CAG GTG GAA GAC TAT TTC CTC GAG GAA ATA
GTC TTC CAC CTG CTC TTTTTG-3'; iNOSi2, reverse, 5'-
AATTCAAAAA GAG CAG GTG GAA GAC TAT TTC CTC GAG GAA
ATA GTC TTC CAC CTG CTC-3'. Hairpin structures containing the
stem sequences and loops are indicated by underlining and bold, respec-
tively. Correct insertion of the desired oligonucleotides was confirmed by
sequencing. pLKO.1-TRC026 containing the null-T sequence was used
as the control.

Recombinant lentiviruses were made by transfecting human embry-
onic kidney 293T (HEK293T) cells with pCMV-dR8.91 (containing gag,
pol, rev), pMD2.G (vesicular stomatitis virus glycoprotein), and the
transfer plasmid (pLKO.1-TRC026, pLKO.1-iNOSil, or pLKO.l1-
iNOSi2) via FuGENE 6 (Roche). Viral supernatants were collected and
flash frozen.

EGFRVIIL;Stat3' PP and MSCV;Stat3/oxF/loxP astrocytes were in-
fected in 3 cm dishes by incubating for 24 h with supernatant containing
lentivirus. Cells were expanded into 10 cm plates and selected with blas-
ticidin at a concentration of 5 ug/ml. Selection of uninfected astrocytes
under the same conditions confirmed that blasticidin completely killed
all cells at this concentration (data not shown). Blasticidin-resistant con-
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trol and iNOS knockdown astrocytes were expanded and frozen into cell
stocks for use in biochemical and functional assays.

RT-PCR analyses. RNA was prepared from cells using Trizol extraction
and purification. For gel-based RT-PCR analyses, purified RNA was
quantified and reverse transcribed and amplified using the appropriate
primers and SuperScript One-Step RT-PCR with Platinum Taq system
(Invitrogen) according to the protocol of the manufacturer. Amplified
c¢DNA products were resolved using agarose gel electrophoresis and vi-
sualized using ethidium bromide. Primer sequences were as follows:
iNOS, forward, 5'-GTG GTG ACA AGC ACA TTT GG-3'; iNOS, re-
verse, 5'-GGC TGG ACT TTT CAC TCT GC-3'; Hyaluronan synthase,
forward, 5'-AGT ATA CCT CGC GCT CCA GA-3'; Hyaluronan syn-
thase, reverse, AGC AGC AGT AGA GCC CAG AG-3'; Bcl-XL, forward,
5'-TGG TGG TCG ACT TTC TCT CC-3'; Bcl-XL, reverse, 5'-TGC AAT
CCG ACT CAC CAA TA-3'; matrix metalloproteinase 3 (MMP3), for-
ward, 5'-CAG GTG TGG TGT TCC TGA TG-3'; MMP3, reverse, 5'-
GCC TTG GCT GAG TGG TAG AG-3'; Piml, forward, 5'-CAT GGA
AGT GGT CCT GTT GA-3'; Piml1, reverse, GAC CCG AAG TCG ATG
AGT TT-3'; VEGF, forward, 5'-CTA CAG ATG TGG GGG TTG CT-3';
VEGTF, reverse, 5'-CAC AGC GGC ATA CTT CTT CA-3’; telomerase
reverse transcription (TERT), forward, 5'-AGG GTA AGC TGG TGG
AGG TT-3'; TERT, reverse, 5'-TGC TGA GGA AGG TTT TTG CT-3';
Survivin, forward, 5'-ATC GCC ACC TTC AAG AAC TG-3'; Survivin,
reverse, 5'-CAG GGG AGT GCT TTC TAT GC-3'; My, forward, 5'-
GCC CAG TGA GGA TAT CTG GA-3'; Myg, reverse, 5'-GAA TCG GAC
GAG GTA CAG GA-3'; GAPDH, forward, 5'-ACC ACA GTC CAT GCC
ATCAC-3'; GAPDH, reverse, 5'-TCC ACCACC CTG TTG CTG TA-3'.

For quantitative RT-PCR analyses, cDNA was prepared using
oligo-dT primers and SuperScript III First-Strand cDNA synthesis sys-
tem (Invitrogen) according to the protocol of the manufacturer. Quan-
titative PCR was performed using the Lightcycler 480 SYBR Green 1
Master Kit on a Lightcycler 480 thermocycler (Roche). For all quantita-
tive PCR experiments, gene expression was normalized to GAPDH levels.
Specific amplification of target genes was confirmed by agarose gel elec-
trophoresis and calculation of melting temperature of the amplified
product. Primer sequences were as follows: STAT3, forward, 5'-ACC
CTT AGG GAG CAG AGA TGT G-3'; STAT3, reverse, 5'-GTT CTT
GGG GTTATT GGT CAG C-3';iNOS, forward, 5'-GGA TTG TCCTAC
ACC ACA CCA A-3';iNOS, reverse, 5'-ATC TCT GCC TAT CCG TCT
CGT C-3'; GAPDH, forward, 5'-TGC TGG TGC TGA GTA TGT CG-3;
GAPDH, reverse, 5'-GCA TGT CAG ATC CAC AAC GG-3'.

Antibodies. Rabbit iNOS antibody for immunocytochemical analyses
and mouse actin antibody (Santa Cruz Biotechnology), rabbit iNOS an-
tibody for immunoblotting analyses (BD Biosciences), polyclonal rabbit
Ki67 antibody (Vector Laboratories), mouse EGFR, rabbit STAT3, and
rabbit cleaved caspase 3 (CC3) antibodies (Cell Signaling Technology),
mouse phospho-Tyr (clone 4G10) antibody (Millipore), mouse a-tu-
bulin antibody (Covance), and mouse Flag antibody (Sigma) were pur-
chased. Mouse GFP antibody was obtained through the NeuroMab
antibody consortium in association with Antibodies Incorporated.

Immunocytochemistry. For visualization of iNOS and GFP proteins,
astrocytes were fixed in methanol for 10 min at —20°C and subjected to
microwaving and immunocytochemical analyses with the indicated an-
tibodies. For visualization of Ki67 and CC3, astrocytes were fixed in 4%
paraformaldehyde for 20 min at room temperature and processed in a
similar manner. For BrdU analyses, astrocytes were treated with BrdU for
2 hand then processed as per the protocol of the manufacturer with BrdU
Labeling and Detection Kit I (Roche). Primary mouse astrocytes were
incubated with BrdU for 4 h before fixing and staining.

Immunoblotting analyses. Immunoblotting analyses were performed
as described previously (Puram et al., 2011).

Luciferase assays. The upstream 2 and 0.3 kb regions of the mouse
iNOS transcriptional start site were cloned into the pGL2basic (Pro-
mega) vector to generate the iNOS-luciferase reporter genes (2 kb iNOS—
pGL2b and 0.3 kb iNOS—pGL2b) using standard cloning techniques and
the following primer sequences: 2 kb iNOS—pGL2b, forward, 5'-CCG
CTC GAG GCC AAG CAC TCC AAT GTA AAA-3'; 0.3 kb iNOS-
pGL2b, forward, 5'-CCG CTC GAG AAG CCA GCC TCC CTC CCT-3';
2 kb and 0.3 kb iNOS—pGL2b, reverse, 5'-CCC AAG CTT CCA AGG
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TGG CTG AGA AGT TT-3'. Astrocytes were plated at a density of
100,000 cells per well in a 24-well format. After incubation overnight,
astrocytes were transfected with the reporter plasmid and constructs of
interest using FuGENE transfection reagent. Twenty-four hours after
transfection, astrocytes were subjected to dual-luciferase assays (Pro-
mega). In all experiments, astrocytes were transfected with a Renilla fire-
fly reporter to control for transfection efficiency.

Proliferation assays. For manual counting experiments, EGFRvIIL;
Stat3<F/XP astrocytes were plated at a density of 20,000 cells per 6 cm plate.
The small molecule 1400W or vehicle (water) was added to cells 12 h after
plating. At each time point analyzed, cells were washed, trypsinized, and
counted in triplicate for each condition via hemocytometer.

For high-throughput proliferation assays, astrocytes (250 cells), primary
mouse astrocytes (1000 cells), or U87 human glioblastoma cells (250 cells) in
50 wl of media were added to each well of a 96-well plate and incubated for
24 h at 37°C. Pharmacological agents or their corresponding vehicles were
then added as follows: 1400W (500 um), S-methylisothiourea sulfate
(8-MIU) (25 um), c-PTIO [2-(4-carboxyphenyl-4,5-dihydro-4,4,5,5-
tetramethyl-1 H-imidazol-1-yloxy-3-oxide, potassium salt] (5 um), and
(S)-nitroso-N-acetylpenicillamine (SNAP) (1.25 um). Cells were lysed
48, 96, and 144 h after initial plating with Cell TiterGlo reagent (Pro-
mega), agitated for 2 min, and then incubated at 25°C for 10 min. Wells
were then read via a SpectraMax luminometer (Molecular Devices). For
all experiments, cells were also lysed 2 h after plating to ensure that equal
numbers were initially plated across conditions. Wells containing media
only were used to determine background signal.

Chromatin immunoprecipitation. EGFRVIILStat3"*"°*F and EGFR-
VIIL;Stat3™’~ astrocytes were washed with 1X PBS and crosslinked with
1% formaldehyde in 1X PBS for 10 min. A solution containing 0.125 M
glycine in 1X PBS was used for quenching for 5 min at room tempera-
ture. Cells were harvested, and the pellet was dissolved in chromatin
immunoprecipitation (ChIP) lysis buffer (40 mm Tris-HCI, pH 8.0, 1.0%
Triton X-100, 4 mm EDTA, and 300 mMm NaCl) containing protease in-
hibitors. Chromatin was fragmented by sonication in a water bath soni-
cator at 4°C to an average length of 500 bp. The lysates were spun at
14,000 rpm for 15 min, and the supernatant was diluted to 1:1 in ChIP
dilution buffer containing 40 mm Tris-HCI, pH 8.0, and 4 mm EDTA plus
protease inhibitors. Immunoprecipitation was done using a ChIP-grade
STAT3 antibody (Cell Signaling Technology) against the endogenous
STAT3 protein. Antibody—protein-DNA complexes were collected,
washed, and eluted, and crosslinks were reversed according to the in-
structions of the manufacturer (Millipore) as described previously (Gil-
lespie et al., 2009). The following primer sequences were used: STAT3,
forward, 5'-GAG CTA ACT TGC ACA CCC AAC-3'; STATS3, reverse,
5-GTG GGG CCA GAG TCT CAG T-3'; iNOS, forward, GAA CAG
ACA GAA AGC CAG AGA GG; iNOS, reverse, GAC ACT CCT AGT
CTG TGT GCT TGA.

Matrigel invasion assays. Matrigel was diluted and coated onto inva-
sion chambers (BD Biosciences) with an 8 um pore size membrane over-
night. Polymerized gel was rehydrated with serum-free media, and
astrocytes (2.5 X 10%) in 500 ul of media were added to each of the inserts
and incubated for 22 h at 37°C. Astrocytes on the lower surface of the
membrane that had migrated through the matrigel were fixed, stained
with crystal violet, and counted. Noninvasive NIH3T3 cells were used as
a negative control. Equivalent numbers of NIH3T3 failed to invade the
matrigel. The effect of iINOS knockdown or pharmacological inhibition
on invasiveness was not secondary to a change in cell proliferation, be-
cause the invasive potential of these cells was measured at a time (22 h
after plating) before a significant decrease in cell number on inhibition of
iNOS.

Mouse injections. Control vector transfected and iNOS knockdown
EGFRVIILStat3"*71oxP astrocytes (1 X 10°) were resuspended in serum-
free, antibiotic-free media and injected subcutaneously into 4- to
6-week-old male severe combined immunodeficiency (SCID) mice. For
experiments with administration of 1400W, EGFRVIIL;Stat3'"/1< a5
trocytes were injected subcutaneously, and 100 ul of vehicle or 1400W
(500 um) was injected locally three times per week. Four weeks after
initial injection of cells, mice were killed, and the tumors were removed,
measured, and fixed for histological analyses.
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Histology. Tumors were fixed in 4% paraformaldehyde, embedded in
Paraplast, and serially sectioned at 7 um. Sections were deparaffinized
through xylenes and graded ethanol and subsequently stained with he-
matoxylin—eosin for histological evaluation. Representative areas are
shown in the figures. For immunohistochemistry, antigen retrieval was
performed via microwaving for 20 min in 10 mum sodium citrate, pH 6.0.
Proliferating cells were stained with a rabbit polyclonal antibody to Ki67
(Vector Laboratories), and the immunolabeling was visualized with the
Vectastain Elite ABC Reagent and DAB Substrate Kit (Vector Laborato-
ries). Sections were counterstained with hematoxylin.

Statistical analyses. All analyses were completed from a minimum
of three independent experiments. Statistical analyses were per-
formed with GraphPad Prism 4.0. All histograms are presented as
mean + SEM unless otherwise noted. The Student’s ¢ test was used for
comparisons in experiments with two sample groups. In experiments
with more than two sample groups, ANOVA was performed followed
by Bonferroni’s post hoc test. For nonparametric analyses of more
than two sample groups, Kruskal-Wallis test was performed, followed
by Dunn’s post hoc test.

Results

STATS3 specifically stimulates iNOS transcription in
EGFRvIII-expressing astrocytes

The identification of dual oncogenic and tumor suppressive
functions for STAT3 in genetic studies of EGFRvIII-expressing
and PTEN-deficient mouse astrocytes, respectively (de la Iglesia
et al., 2008a), raises the major question of how STAT3 regulates
tumorigenesis in these distinct genetic contexts. We reasoned
that as a transcription factor STAT3 might regulate specific tar-
gets within the context of EGFRVIII expression and PTEN loss.
Previously, we identified IL8 as a direct, repressed gene target of
STATS3. Inhibition of STAT3 in PTEN-deficient glioblastoma
cells leads to derepression of IL8 and the consequent promotion
of proliferation and invasiveness of these cells (de la Iglesia et al.,
2008b). To identify potential targets of STAT3 that operate
downstream of EGFRVIII in glial transformation, we character-
ized the expression of a panel of STAT3-regulated gene targets,
previously reported in non-neural cells (Kiuchi et al., 1999; Shi-
rogane et al., 1999; Niu et al., 2002; Yu et al., 2002; Aoki et al.,
2003; Selander et al., 2004; Yu and Jove, 2004; Lo et al., 2005;
Chau et al., 2007; Lassmann et al., 2007; Ho et al., 2010; Ohara et
al.,, 2010; van der Poel et al., 2010).

Using RT-PCR analyses, we measured the mRNA levels of
these candidate targets in astrocytes harboring a floxed Stat3 al-
lele (Stat3"*"°*P) or in astrocytes in which the Stat3 gene was
knocked out (Stat3™/7) using the recombinase Cre, in the con-
text of EGFRVIII expression or PTEN knockdown (PTENi) (Fig.
1A). Remarkably, among the panel of STAT3-regulated genes,
only iNOS was specifically downregulated in EGFRVIIL:Stat3™/~
astrocytes compared with EGFRVIILStat3'" 1 astrocytes (Fig.
1A). In contrast, INOS mRNA levels were unchanged in PTEN-
deficient Stat3 knock-out astrocytes compared with control
PTEN-deficient Stat3 floxed astrocytes (Fig. 1 A). The expression
of other STAT3 targets was similar in astrocytes among the dif-
ferent genotypes, suggesting that iNOS may represent a specific
target of STAT3 in the context of EGFRVIII expression in
astrocytes.

To further characterize the role of STAT3 in the regulation of
iINOS expression in EGFRvIII-expressing astrocytes, we used
real-time RT-PCR analyses to quantitatively assess INOS mRNA
levels in astrocytes. We confirmed that STAT3 knock-out cells
had little or no detectable STAT3 mRNA compared with floxed
cells (98% reduction of STAT3 in EGFRvIIL;Stat3’~ astrocytes
compared with EGFRVIIL; Stat3'""" astrocytes) (Fig. 1 B). Impor-
tantly, iNOS mRNA levels were reduced by 90% in EGFRVIII-
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Figure 1. STAT3 requlates iNOS expression in EGFRvlll-expressing astrocytes. A, RNA was isolated from mouse EGFRIlStat3"F,
EGFRVIIIStat3 ™/, PTENi:Stat3®®" and PTEN;:Stat3 ™ astrocytes and subjected to RT-PCR with primers specific for the indicated
genes. GAPDH served as control. iNOS mRNA levels were specifically reduced in EGFRvIll:Stat3 "~ astrocytes compared with FGFR/l;
Stat3™®"” astrocytes. B, RNA isolated from mouse EGFRVIILStat3 ™" and EGFRVIIL:Stat3 "~ astrocytes was subjected to quantitative
RT-PCR analyses using primers specific for STAT3 and iNOS. mRNA levels were normalized to GAPDH. STAT3 and iNOS mRNA levels were
significantly reduced in EGFRVIll:Stat3 /"~ astrocytes compared with EGFRVIIStat3*"®® astrocytes (ANOVA, p < 0.0005,n = 3). €,
EGFRVIIStat3™®" and EGFRVII]:Stat3 " astrocytes were subjected to immunocytochemistry using the rabbit iNOS antibody. Repre-
sentative images are shown. The expression of iNOS was substantially reduced in EGFRVII[:Stat3 " astrocytes compared with FGFRVIl];
Stat3""® astrocytes. Scale bar, 20 um. D, Lysates of EGFRVIIL:Stat3 /" and EGFRIllStat3 "~ astrocytes were immunoblotted with
the iNOS or c-tubulin antibody. The levels of iNOS protein were substantially reduced in EGFRVIIStat3 ™~ astrocytes compared with
EGFRVIIStat3™®" astrocytes. E, RNA isolated from mouse PTEN;:Stat3®®* and PTENi;Stat3 "~ astrocytes was subjected to quanti-
tative RT-PCR analyses using primers specific for iNOS. mRNA levels were normalized to GAPDH. iNOS mRNA levels were not significantly
different between PTEN;;Stat3°®"**” astrocytes compared with PTEN;:Stat3 "~ astrocytes.

expressing Stat3 knock-out astrocytes compared with the control
floxed cells (Fig. 1B). Consistent with these results, immunocyto-
chemical and immunoblotting analyses revealed that the levels of
iNOS protein were substantially reduced upon STAT3 knock-out in
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EGEFRVIII-expressing astrocytes (Fig. 1C,D).
These data suggest that STAT3 plays a cru-
cial role in the regulation of iNOS gene ex-
pression in EGFRVIII-expressing astrocytes.
In other experiments, we confirmed that
iINOS mRNA levels were unaltered after de-
letion of Stat3 in the background of PTEN
loss (Fig. 1 E), indicating that STAT3 specif-
ically regulates iNOS gene expression in the
context of EGFRVIII expression but not
PTEN deficiency. These data suggest that
STAT3 may have unique transcriptional
targets depending on the genetic back-
ground of the tumor.

STAT3 directly regulates iNOS
transcription in astrocytes
To determine the mechanism by which
STAT3 promotes iNOS gene expression,
we first analyzed the activity of the iNOS
promoter in transient expression assays
in EGFRyIIL:Stat3**""*" and EGFRvIIL;
Stat3™'~ astrocytes. We found that the ex-
pression of a luciferase reporter gene that
is controlled by 2 kb or 300 nt of the 5’
regulatory sequences of the iNOS gene
was high in Stat3'"”"*F astrocytes but
was significantly reduced in EGFRvIIL;
Stat3~'~ astrocytes (Fig. 2A). These data
suggest that STAT?3 regulates iNOS transcrip-
tion via the INOS promoter containing 300 nt
upstream of the INOS transcriptional start site.
If iNOS is a bona fide transcriptional
target of STAT3, then transcription from
the iNOS promoter should depend on the
ability of STAT3 to bind to DNA. Previous
studies have described a dominant inter-
fering mutant of STAT3 that contains
mutations in the DNA binding domain of
STAT3 (STAT3D) (Horvath et al., 1995;
Nakajima et al., 1996). Because STAT3
forms dimers, expression of STAT3D in-
hibits the binding of endogenous STAT3
to responsive genes. We found that ex-
pression of STAT3D significantly reduced
iNOS promoter-mediated transcription
in EGFRVIIL;Stat3'x/1oxP astrocytes but
not in EGFRvIIL;Stat3™~ astrocytes (Fig.
2B), suggesting that STAT3 regulates
iNOS transcription in a DNA binding-
dependent manner. Consistent with these
results, expression of STAT3D reduced
the levels of endogenous iNOS protein in
EGFRvIILStat3"”**" but not EGFRvIII;
Stat3~’" astrocytes (Fig. 2C). In control
experiments, expression of STAT3D had
little or no effect on the level of tyrosine
phosphorylation of EGFRVIII in astro-
cytes (Fig. 2D), suggesting that STAT3D

does not disrupt upstream signaling by EGFRVIII. Together,
these data suggest that STAT3 operates in a DNA binding-
dependent manner to stimulate iNOS transcription and expres-
sion in EGFRvVIII-expressing astrocytes.
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Figure2.  STAT3 directly requlates iNOS transcription in astrocytes. A, EGFRvIII;Stat3' "™ and EGFRvIII;Stat3 /™ astrocytes transfected with a luciferase reporter plasmid driven by
a promoter containing the 2 or 0.3 kb region upstream of the iNOS transcriptional start site or the control pGL2-basic reporter plasmid together with a Renilla expression plasmid were
subjected to dual luciferase assay 48 h after transfection. Expression of the luciferase reporter from both the 2 and 0.3 kb regions of the iNOS promoter was significantly increased in £GFRIlStat3%*/
astrocytes compared with FGFRII[Stat3 "~ astrocytes (Kruskal-Wallis test, p < 0.01,n = 4). B, EGFRVIIStat3'™"*" and EGFRvIllStat3 ™~/ astrocytes transfected with the 0.3 kb (Figure legend continues.)
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Analysis of the 300 bp upstream of the mouse iNOS promoter
revealed two potential sites that fulfill criteria for a STAT3 bind-
ing site (Seidel et al., 1995; Schaefer et al., 2000), but only one of
these sites, 94 bp upstream of the iNOS transcriptional start site,
is conserved (Fig. 2 E). Strikingly, mutation of the conserved pu-
tative STAT3-binding site primarily abrogated the ability of
STAT3 to induce iNOS promoter-mediated transcription in
EGFRVIILStat3" "1 astrocytes (Fig. 2F, G). In other analyses,
we determined whether a constitutively active form of STAT3
(STAT3C) might exert a gain-of-function effect on iNOS
promoter-mediated transcription (Bromberg et al.,, 1999). We
found that expression of STAT3C augmented the expression of
the iNOS-luciferase reporter gene (Fig. 2G). In contrast, expres-
sion of STAT3C had little or no effect on the expression of an
iNOS-luciferase reporter gene containing a mutation in the
STAT3 binding site in astrocytes (Fig. 2G). Consistent with these
results, expression of STAT3C increased the levels of endogenous
iNOS protein in EGFRVIIL;Stat3""" astrocytes and restored
iNOS protein expression in EGFRVIIL;Stat3~’~ astrocytes (Fig.
2C). In control experiments, expression of STAT3C had little or
no effect on EGFRVIII activation as monitored by tyrosine phos-
phorylation (Fig. 2D). Together, these data suggest that STAT3
stimulates iNOS transcription via a STAT3 binding site located
94 bp upstream of the transcriptional start site of the iNOS gene.

To determine whether endogenous STAT3 occupies the pro-
moter of the iNOS gene in EGFRvIII-expressing astrocytes, we per-
formed ChIP analyses. In control experiments, we confirmed that
STATS3 occupies the endogenous STAT3 promoter (Fig. 2H). We
also found significant enrichment of endogenous STAT3 at the
endogenous iNOS promoter in EGFRVIILStat3' """ astrocytes
compared with EGFRVIIL;Stat3™'~ astrocytes (Fig. 2 H). Thus, en-

<«

(Figure legend continued.) iNOS—luciferase reporter plasmid together with dominant-
negative Stat3 (STAT3D) or the control vector and the Renilla expression plasmid were subjected
to dual luciferase assay 48 h after transfection. Expression of the iNOS—luciferase reporter was
significantly increased in EGFRVIIL:Stat3'™*"" astrocytes compared with EGFRvIIL:Stat3 "~
astrocytes in the background of control vector. Expression of STAT3D significantly reduced the
expression of the iNOS—luciferase reporter in EGFRvIll;Stat3™®"® astrocytes (Kruskal-Wallis
test, p < 0.005,n = 4). C, EGFRVIIL:Stat3™""" and EGFRVIII;Stat3 "~ astrocytes transfected
with vector control, STAT3D, or STAT3C were subjected to immunocytochemistry using the GFP
and iNOS antibodies. Endogenous iNOS expression was substantially reduced in EGFRvIII;
Stat3"™®"*® astrocytes upon expression of STAT3D and substantially increased in FGFRVIIl;
Stat3"™""* and EGFRvII[;Stat3 "~ astrocytes upon expression of STAT3C. Scale bar, 20 um. D,
Lysates of EGFRvlII-expressing and control MSCV-infected astrocytes transfected with wild-type
Stat3 (STAT3WT), STAT3D, or STAT3C were immunoblotted with the phospho-Tyr (4G10), EGFR,
STAT3, or actin antibody. Expression of STAT3D or STAT3Chad little or no effect on the tyrosine
phosphorylation of EGFRvIII. E, Top, STAT3 binding site in iNOS 94 bp upstream of the transcrip-
tional start site (TSS) is conserved. Bottom, Mutations introduced into the iNOS promoter to
disrupt STAT3 binding. F, FGFRVIII;Stat3™®"™ and EGFRvII|;Stat3 /™ astrocytes transfected
with the 0.3 kb iNOS—luciferase or 0.3 kb iNOS—luciferase mutant reporter plasmid together
with the Renilla expression plasmid were subjected to dual luciferase assay 48 h after transfec-
tion. Expression of the INOS—luciferase reporter was significantly increased in EGFRvIII;Stat3™
loxp astrocytes compared with FGFRvIll;Stat3 "~ astrocytes (Kruskal—Wallis test, p << 0.005,
n = 5). Mutation of the STAT3 binding site significantly reduced iNOS-promoter-mediated
expression in EGFRVII;Stat3™""™ astrocytes (Kruskal-Wallis test, p << 0.005, n = 5). G,
EGFRIII:Stat3'¥/ o astrocytes transfected with the 0.3 kb iNOS—luciferase or 0.3 kb iNOS—
luciferase mutant reporter plasmid together with STAT3C or the control vector and the Renilla
expression plasmid were subjected to dual-luciferase assay 48 h after transfection. Expression of
STAT3Csignificantly increased expression of the iNOS—luciferase reporter (Kruskal—Wallis test,
p < 0.0005,n = 5) but had little or no effect on the expression of the iNOS—luciferase mutant
reporter. H, EGFRVIII;Stat3™"* and EGFRvII|;Stat3 /™ astrocytes were subjected to ChIP
analyses using the STAT3 antibody. The STAT3 gene served as positive control. Endogenous
STAT3 was significantly enriched at the endogenous iNOS promoter in EGFRvII];Stat3™®/o
astrocytes compared with EGFRVII[:Stat3 "~ astrocytes (ANOVA, p < 0.001,n = 3).
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dogenous STAT3 occupies the endogenous iNOS promoter in
EGFRvIII-expressing astrocytes. Collectively, our data suggest that
STATS3 directly activates iNOS transcription in astrocytes.

iNOS supports the proliferation of

EGFRvIII-expressing astrocytes

The identification of iNOS as a direct target gene of STAT3 in
EGFRvIII-expressing astrocytes led us to explore the question of
whether iNOS might mediate the proliferation of astrocytes in
response to the oncogenic stimulus of EGFRVIII expression. To
address this question, we first used a pharmacological approach
targeting distinct aspects of the biosynthetic pathway of NO,
which is regulated by iNOS (Fig. 3A). The small molecule 1400W
is a potent and specific inhibitor of iNOS but not neuronal NOS
(nNOS) or endothelial NOS (eNOS) (Fig. 3A) (Garvey et al.,
1994; Jafarian-Tehrani et al.,, 2005). Exposure of EGFRvIII;
Stat3'*P1xF astrocytes to 1400W significantly reduced the popu-
lation growth of these cells, with increasing efficacy over time
(Fig. 3B).

To further test pharmacological inhibitors and activators of
the NO pathway, we developed a high-throughput assay for cell
proliferation using an ATP-based luminescence reagent. We val-
idated the sensitivity of this assay and optimized it for astrocytes
used throughout our study (data not shown). We first confirmed
that 1400W significantly reduced the luminescent-based readout
of EGERVIIL;Stat3'***" astrocytes, consistent with impaired cell
proliferation (Fig. 3C). Notably, exposure to 1400W reduced the
population growth of EGFRVIIL;Stat3*""**F astrocytes to similar
levels as EGFRvIIL;Stat3™’~ astrocytes (Fig. 3C). Exposure of
EGFRvIILStat3™’™ astrocytes to 1400W had little or no effect on
population growth in these assays (Fig. 3C). In other experi-
ments, we found that 1400W significantly reduced the popula-
tion growth of human EGFRvIII-expressing U87 glioblastoma
cells but had little or no effect on the population growth of U87
glioblastoma control cells (Fig. 3D). In control experiments, ex-
posure of EGERVIIL;Stat3'"”"**F or EGFRvIIL;Stat3~/~ astrocytes
to the iNOS inhibitor 1400W had little or no effect on cell sur-
vival, as monitored by expression of CC3 (Fig. 3E). These data
suggest a critical role for iNOS in STAT3-dependent proliferation
of EGFRVIII-expressing astrocytes.

The small molecule S-MIU is another potent, competitive in-
hibitor that selectively inhibits iNOS but not eNOS or nNOS (Fig.
3A) (Southan et al., 1995; Iuvone et al., 1997). Like 1400W, ex-
posure to S-MIU preferentially inhibited the population growth
of EGFRVIIL;Stat3""*" astrocytes compared with EGFRVIII;
Stat3~’" astrocytes (Fig. 3F). Quantification of the percentage
inhibition of EGFRvIII-expressing Stat3 floxed and knock-out
astrocytes upon exposure to S-MIU revealed a differential effect
on Stat3 floxed cells compared with knock-out astrocytes (55.8 =
19.3% inhibition of population growth with S-MIU treatment in
Stat3 floxed cells compared with 22.8 * 1.2% in knock-out as-
trocytes; f test, p < 0.05). These results corroborate the conclu-
sion that iNOS mediates STAT3-dependent proliferation of
EGFRvIII-expressing astrocytes. We also treated EGFRVIII-
expressing astrocytes with the small-molecule inhibitor ¢-PTIO,
an NO scavenger that converts free NO to NO, (Fig. 3A) (Akaike
etal., 1993; Tsunoda et al., 1994; Rand and Li, 1995). Exposure of
EGFRVIIL;Stat3'"1* astrocytes to c-PTIO reduced population
growth (Fig. 3G), suggesting that free NO is essential for the
proliferation of these cells. These data suggest that the iNOS-
catalyzed product, NO, plays a critical role in the proliferation of
EGFRvIII-expressing astrocytes.
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Figure 3. iNOS is required for the proliferation of EGFRVIIl-expressing astrocytes. A, Schematic of NOS catalyzed by iNOS. Pharmacological agents used for analyses influence NO levels by distinct
mechanisms. B, Population growth of FGFRVIILStat3*" astrocytes exposed to vehicle or the iNOS inhibitor 1400W. Pharmacological inhibition of iNOS significantly reduced EGFRIll-expressing
astrocyte population growth (representative experiment of 3 independent experiments performed in triplicate; ANOVA, p << 0.0001, n = 3). €, Population growth of FGFRu/Il:Stat3™®"** and
EGFRuIIL;Stat3~~ astrocytes was assessed using an ATP-based assay of cell proliferation (Cell-Titer Glo). Pharmacological inhibition of iNOS with 1400W significantly reduced the population growth
of EGFRvIII:Stat3/*" astrocytes (ANOVA, p << 0.0001, n = 5), with little or no effect on EGFRvIlI;Stat3 "~ astrocytes. D, Population growth of control and EGFRvIl-expressing U87 human
glioblastoma cells was assessed as in €. Pharmacological inhibition of iNOS with 1400W significantly reduced the population growth of EGFRvIII-expressing U87 cells but had little or no effect on
control U87 cells (representative experiment of 3 independent experiments performed in triplicate; ANOVA, p << 0.001, n = 3). E, EGFRVIIl:Stat3'*""** and EGFRVII|:Stat3 ™ astrocytes were
treated with the iNOS inhibitor 1400W and subjected to immunocytochemistry using the CC3 antibody. Exposure to 1400W had little or no effect on the percentage of cells that were ((3 negative
in both EGFRVIII;Stat3™®* and EGFRvII;Stat3 /"~ astrocytes. F, Population growth of EGFRVIII;Stat3 ™™ and FGFRVII;Stat3 /™ astrocytes was assessed as in €. Pharmacological inhibition of
iNOS with S-MIU significantly reduced the population growth of EGFRVII]:Stat3'™""**" astrocytes (ANOVA, p << 0.0001, n = 3), with a more modest effect on FGFRVIII;Stat3 /"~ astrocytes. G,
Population growth of EGFRVIII;Stat3 """ and EGFRvII|;Stat3 "~ astrocytes was assessed as in C. The NO scavenger c-PTIO significantly reduced the population growth of EGFRvIIL;Stat3 ™
astrocytes (ANOVA, p << 0.0001,n = 3). H, Population growth of EGFRVIII;Stat3™ "> and EGFRyII]:Stat3 '~ astrocytes was assessed asin €. The NO donor SNAP modestly increased the population
growth of EGFRVIII;Stat3'""* astrocytes and significantly increased the population growth of EGFRVII;Stat3 "~ astrocytes (ANOVA, p < 0.0001, n = 3). KO, Knock-out.
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Figure 4. iNOS is not required for the proliferation of control and PTEN-deficient astrocytes. A, Population growth of MSCV;
Stat3"™"" and MSCV:Stat3 ~~ astrocytes was assessed asin Figure 3C. Pharmacological inhibition of NOS with 1400W had little
orno effect on the population growth of MSCV;Stat 3™ and MSCV:Stat3~/~ astrocytes compared with vehicle treatment (n =
3). B, Population growth of PTEN;;Stat3™® and PTENi;Stat3 ™ astrocytes was assessed as in Figure 3C. Pharmacological
inhibition of iNOS with 1400W had little or no effect on the population growth of PTENi;Stat3 ™ and PTENj;Stat3 /™ astro-
cytes compared with vehicle treatment (n = 3). €, Population growth of MSCV;Stat3'”"* and MSCV;Stat3 "~ astrocytes was
assessed as in Figure 3C. The NO donor SNAP had little or no effect on the population growth of MSCV:Stat3"*** and MSCV;
Stat3~/~ astrocytes compared with vehicle treatment (n = 3). D, Population growth of primary mouse astrocytes was assessed
as in Figure 3C. Pharmacological inhibitors and activators of the iNOS pathway had little or no effect on the population growth of
primary mouse astrocytes compared with vehicle treatment (n = 3). E, Primary mouse astrocytes treated with inhibitors and
activators of the iNOS pathway were subjected to immunocytochemistry using the BrdU antibody. Inhibition or activation of the
iNOS pathway had little or no effect on BrdU incorporation of primary mouse astrocytes compared with vehicle treatment. In
control experiments, the nucleoside analog AraC substantially reduced BrdU incorporation in primary astrocytes compared with
vehicle treatment. Scale bar, 20 wm. F, Primary mouse astrocytes analyzed as in E were quantified for the percentage of BrdU-
positive cells. Inhibition or activation of the iNOS pathway had little or no effect on BrdU incorporation in primary astrocytes. In
control experiments, the nucleoside analog AraC significantly reduced BrdU incorporation compared with vehicle treatment
(ANOVA, p < 0.0001, n = 3). KO, Knock-out.
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pharmacological inhibition of iNOS using
1400W had little or no effect on the pop-
ulation growth of Stat3'*""F or Stat3~/~
astrocytes infected with the control
MSCV retrovirus or on the population
growth of Stat3'""*F or Stat3~/~ astro-
cytes that were PTEN deficient (Fig.
4A,B). Likewise, treatment of control
MSCV astrocytes with the NO donor
SNAP had little or no effect on population
growth (Fig. 4C). In other experiments,
we found that exposure of primary mouse
astrocytes to pharmacological activators
or inhibitors or the iNOS pathway had
little or no effect on cell population
growth (Fig. 4D). Likewise, pharmaco-
logical inhibition or activation of the
iNOS pathway had little or no effect on
BrdU incorporation in primary astrocytes
(Fig. 4E,F). In control analyses, inhibi-
tion of DNA synthesis with the nucleo-
side analog arabinose C (AraC) blocked
BrdU incorporation in primary astro-
cytes (Fig. 4E,F). Together, our data
suggest that INOS is specifically required for
the proliferation of EGFRvIII-expressing
astrocytes.

Having identified a role for iNOS in
the proliferation of EGFRvIII-expressing
astrocytes using a pharmacological ap-
proach, we next used a genetic approach
to determine whether expression of en-
dogenous iNOS is required for the popu-
lation growth of EGFRvIII-expressing
astrocytes. We used a lentiviral-based
method of RNAi to induce the knock-
down of iNOS in astrocytes. We first con-
firmed that these shRNAs significantly
reduced the levels of iNOS mRNA in
EGFRvlIII-expressing astrocytes (Fig. 5A).
In addition, iNOS shRNAs substantially
reduced the levels of exogenous iNOS
protein in HEK293T cells and endoge-
nous iNOS protein in astrocytes (Fig.
5B,C). Immunocytochemical analyses
further confirmed that iNOS RNAi led to
substantially reduced levels of iNOS pro-
tein in EGFRvIII-expressing astrocytes

If iNOS is the critical target gene of STAT3 that mediates the
oncogenic effect of STAT3, then increasing NO levels in Stat3
knock-out astrocytes should restore cell population growth to a
level comparable with Stat3 floxed astrocytes. Consistent with
this prediction, exposure of EGERvIILStat3~/~ astrocytes to the
NO donor SNAP augments cell population growth to a level
similar to EGFRVIIL;Stat3""" astrocytes (Fig. 3 A, H). SNAP also
modestly stimulated the population growth of EGFRvIII;
Stat3'P1xP astrocytes, suggesting that NO has a gain-of-function
effect on EGFRvIII-astrocyte population growth (Fig. 3H). Collec-
tively, these data reveal that iNOS plays a key role downstream of
STAT3 in promoting proliferation of EGFRvIII-expressing
astrocytes.

We next explored whether iNOS is also required for the pro-
liferation of PTEN-deficient or control astrocytes. We found that

(Fig. 5D). Importantly, in assays of population growth, we found
that iNOS knockdown astrocytes had reduced population growth
compared with control-infected astrocytes (Fig. 5E), with little or no
effect on cell survival as monitored by CC3 expression (Fig. 5F).
Exposure of iNOS knockdown EGFRVIIL;Stat3 " astrocytes to
the NO donor SNAP augmented cell population growth to a level
similar to control EGFRVIILStat3 """ astrocytes (Fig. 5G). In
other experiments, we found that iNOS knockdown significantly
reduced BrdU incorporation and the percentage of cells that were
positive for the proliferation marker Ki67 in EGFRvIII-
expressing astrocytes (Fig. 5H-K). In contrast, iNOS knock-
down had little or no effect on population growth or BrdU
incorporation in control MSCV-infected astrocytes (data not
shown). Collectively, these findings provide genetic evidence
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that iNOS is required specifically for the proliferation of
EGFRvVIII-expressing astrocytes.

iNOS is required for the invasiveness of

EGFRvVIII-expressing astrocytes

In addition to uncontrolled proliferation, glioblastoma cells are
characterized by the property of invasiveness. We therefore
characterized the role of iNOS in the invasiveness of EGFRVIII-
expressing, PTEN-deficient, and control MSCV-infected astro-
cytes using a matrigel assay. Pharmacological inhibition of iNOS
with 1400W significantly reduced the relative invasiveness of
EGFRVIII;Stat3"oxt/1oxP astrocytes, with little or no effect on
EGFRvIILStat3~’~ astrocytes (Fig. 6A). In contrast, 1400W had
little or no effect on the invasiveness of control MSCV-infected or
PTEN-deficient astrocytes (Fig. 6B,C), suggesting that iNOS
specifically promotes invasiveness of EGFRvIII-expressing astro-
cytes. In complementary analyses, we found that iNOS knock-
down substantially reduced the relative invasiveness of
EGFRvIII-expressing astrocytes (Fig. 6 D), with little or no effect
on the invasiveness of control MSCV-infected astrocytes (data
not shown). Thus, iNOS plays a critical role in both proliferation
and invasiveness of EGFRvIII-expressing astrocytes.

iNOS is required for the ability of EGFRvIII-expressing
astrocytes to form tumors in vivo

Identification of a function for iNOS in EGFRvIII-induced astro-
cyte proliferation and invasiveness led us next to characterize the
role of iNOS in glial transformation in vivo. We determined the
ability of control and iNOS knockdown EGFRVIII-expressing as-
trocytes to form subcutaneous tumors in SCID mice. Control
EGFRvIII-expressing astrocytes formed large solid tumors in
these mice. In some cases, the tumor was highly invasive, growing
into the surrounding muscle and connective tissue and even
ulcerating through the skin. In contrast, iNOS knockdown

<«

(Figure legend continued.)  encoding Flag—iNOS together with the iNOS RNAi or control RNAi
plasmid were immunoblotted with the Flag or actin antibody. Knockdown of iNOS reduced the
levels of iNOS protein in HEK293T cells. C, Lysates of control and iNOS knockdown EGFRIII;
Stat3"™®"® astrocytes were immunoblotted with the iNOS or ce-tubulin antibody. Knockdown
of iNOS substantially reduced the levels of endogenous iNOS protein in astrocytes. D, Control
and iNOS knockdown EGFRVIII;Stat3™/ astrocytes were subjected to immunocytochemistry
using the iNOS antibody. Representative images are shown. The expression of endogenous iNOS
proteinwas substantially reduced iniNOS knockdown astrocytes compared with control astrocytes. Scale bar,
20 . E, Population growth of control and iNOS knockdown EGFRVIlStat3®®® astrocytes was as-
sessed as in Figure 3C.iNOS knockdown significantly reduced the population growth of EGFRvIII;
Stat3™®"® astrocytes (ANOVA, p < 0.0001, n = 3). F, Control and iNOS knockdown EGFRVIII;
Stat3"™®"*® astrocytes were subjected to immunocytochemistry using the CC3 antibody.
Knockdown of iNOS had little or no effect on the percentage of astrocytes that were CC3 nega-
tive (n = 3). G, Population growth of control and iNOS knockdown EGFRIII;Stat3™™ " astro-
cytes was assessed as in Figure 3C. The NO donor SNAP significantly increased the population
growth of iNOS knockdown EGFRVII]:Stat3 '~ astrocytes (representative experiment of 3 in-
dependent experiments performed in triplicate; ANOVA, p << 0.001, n = 3). H, Control and
iNOS knockdown EGFRVII]:Stat3™""**" astrocytes were subjected to immunocytochemistry
using the BrdU antibody. Incorporation of BrdU in astrocytes was substantially reduced upon
iNOS knockdown. Scale bar, 20 wm. 1, Control and iNOS knockdown EGFRuII]:Stat3™®"* as-
trocytes analyzed as in H were quantified for the percentage of BrdU-positive cells. Incorpora-
tion of BrdU was substantially reduced in iNOS knockdown astrocytes compared with control
astrocytes (ANOVA, p < 0.0001, n = 3).J, Control and iNOS knockdown EGFRuIlLStat 3/
astrocytes were subjected toimmunocytochemistry using the Ki67 antibody. Immunoreactivity
of Ki67 was substantially reduced in iNOS knockdown astrocytes. Scale bar, 20 m. K, Control
and iNOS knockdown EGFRuIII;Stat3™™®"® astrocytes analyzed as in J were quantified for the
percentage of Ki67-positive cells. The percentage of Ki67-positive cells was significantly re-
duced in iNOS knockdown astrocytes compared with control astrocytes (ANOVA, p << 0.0001,
n=3).
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Figure 6. iNOS knockdown impairs the invasiveness of EGFRvIIl-expressing astrocytes. 4,
EGFRuIIL;Stat3™ ™" and EGFRVIII;Stat3 '~ astrocytes were seeded on top of an 8 zum pore
size insert coated with matrigel in the presence of 1400W or control vehicle and allowed to
invade through the matrigel matrix for 22 h. 1400W treatment significantly reduced the inva-
siveness of EGFRVIII;Stat3'""*® astrocytes (ANOVA, p << 0.005, n = 3) but had little or no
effect on EGFRVII;Stat3 ™ astrocytes. The effect of 1400W treatment on invasiveness was not
secondary to a change in cell proliferation, because the invasive potential of these cells was
measured at a time (22 h after plating) before a significant decrease in cell number upon iNOS
inhibition. B, Invasiveness of MSCV:Stat3"™" and MSCV:Stat3 /™ astrocytes exposed to
1400W was assessed as in A. Exposure to 1400W had little or no effect on the invasiveness of MSCV;
Stat3™®"*" and MSCV:Stat3 "~ astrocytes compared with vehicle treatment (n = 3). €, Invasive-
ness of PTENi;Stat3""® and PTEN:Stat3 /"~ astrocytes exposed to 1400W was assessed as in A.
Exposure to 1400W had little or no effect on the invasiveness of PTENi:Stat3”®® and PTEN;;
Stat3™/~ astrocytes compared with vehicle treatment (n = 3). D, Invasiveness of control and iNOS
knockdown EGFRIIStat3®® astrocytes was assessed as in A. Knockdown of iNOS significantly
reduced EGFRVIILStat3™""® astrocyte cell invasiveness (ANOVA, p << 0.005, n = 4). The effect of
iNOS knockdown on invasiveness was not secondary to a change in cell proliferation, because the
invasive potential of these cells was measured at a time (22 h after plating) before a significant de-
crease in cell number upon iNOS knockdown.

EGRFvIII-expressing astrocytes produced smaller tumors and, in
some cases, did not form tumors (Fig. 7A and data not shown).
Examination of excised tumors using fluorescence imaging re-
vealed that these tumors were GFP positive (Fig. 7B), confirming
that tumor masses were derived from the injected EGFRVIII-
expressing astrocytes. To determine the histology of these tu-
mors, we used hematoxylin—eosin staining. Tumors formed by
control EGFRvIII-expressing astrocytes had numerous mitotic
figures, nuclear atypia, and hypercellularity. In contrast, tumors
derived from iNOS knockdown EGFRvIII-expressing astrocytes
had few mitotic figures (Fig. 7C). In addition, tumors derived
from iNOS knockdown EGFRvIII-expressing astrocytes had
fewer Ki67-positive cells compared with tumors formed by con-
trol EGFRvIII-expressing astrocytes (Fig. 7D). Consistent with
these histological criteria, average tumor mass was significantly
reduced in iNOS knockdown tumors compared with control tu-
mors (Fig. 7E). Although control EGFRvIII-expressing astrocytes
generated tumors that were on average 1.2 g, the mass of iNOS
knockdown tumors was reduced by 75% overall, weighing on
average 0.4 g. Thus, iNOS plays a critical role in malignant glial
transformation in vivo.

To determine whether inhibition of iNOS might represent
a useful therapeutic strategy to reduce tumor growth and pro-
liferation, we injected 1400W or vehicle locally at the site of
subcutaneous tumor formation. EGFRvIII-expressing astrocytes
treated with vehicle control formed large solid tumors that were
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invasive in SCID mice (Fig. 7F and data
not shown). In contrast, injection of
1400W locally at the site of tumor forma-
tion substantially reduced tumor growth,
leading to smaller tumors that were well
circumscribed (Fig. 7F,G and data not
shown). Notably, two animals in the
1400W-treated group failed to form de-
tectable tumors in vivo. Together, our
findings suggest that iNOS represents
an important transcriptional target of
oncogenic STAT3 and an essential reg-
ulator of the proliferation, invasiveness,
and transformation of EGFRvIII-expre-
ssing astrocytes.

Discussion

In this study, we have identified iNOS as a
novel gene target of STAT3 in EGFRvIII-
expressing astrocytes. STAT3 specifically
regulates INOS transcription in EGFRvIII-
expressing astrocytes but not PTEN-
deficient astrocytes. STAT3 directly binds
to the iINOS promoter and thereby stimu-
lates INOS transcription and expression in
EGEFRVIII astrocytes. Importantly, iNOS me-
diates EGFRvIII-induced STAT3-dependent
proliferation of astrocytes. In particular, phar-
macological inhibition of iNOS with distinct
agents reduces the population growth of
EGFRvIII-expressing astrocytes but has little
or no effect on PTEN-deficient astrocytes.
Consistent with these findings, genetic
knockdown of iNOS limits the proliferation
and invasiveness of EGFRvIII-expressing as-
trocytes. Knockdown of iNOS also dimin-
ishes the ability of EGFRvIII-expressing
astrocytes to form glial tumors in vivo,
and administration of the iNOS inhibitor
1400W at the site of tumor formation mark-
edly reduces tumor size. Collectively, our find-
ings define an important role for STAT3
regulation of INOS gene expression in
EGFRvIII-induced proliferation and
transformation.

Our findings provide mechanistic in-
sight into how STAT3 promotes the ma-
lignant behavior of EGFRvIII-expressing
astrocytes. In the context of PTEN loss,
STAT3 acts as a tumor suppressor by
repressing transcription of the chemo-
kine IL8 (de la Iglesia et al., 2008b). In
the present study, we have found that
STAT3 stimulates transcription of iNOS
in EGFRvllI-expressing astrocytes and
thereby promotes their transformation.
Thus, the oncogenic switch in STAT3
function upon EGFRvIII-expression may

drive a transcriptional switch in the targets that are regulated. A
recent study has identified a critical role for iNOS in the transfor-
mation of glial cancer stem cells (Eyler et al., 2011), raising the
possibility that cancer stem cells expressing EGFRVIII may rely on
STAT3-dependent transcription of iNOS. Consistent with find-
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Figure 7. iNOS is required for the ability of EGFRvIII-expressing astrocytes to form tumors in vivo. A, Control and iNOS knock-
down EGFRVII;Stat3 "™ astrocytes were injected subcutaneously into SCID mice. Four weeks after injection, tumors were
removed, measured, and stained. iNOS knockdown reduced tumor size. B, Representative excised subcutaneous tumor revealed
that masses removed were GFP positive and derived from injected cells. €, Tumors derived from control and iNOS knockdown
EGFRVIIL;Stat3™ 1 astrocytes were analyzed by hematoxylin and eosin (H&E) staining. Control EGFRuIIL;Stat3™®"® astrocytes
showed histological features of neoplastic transformation, including nuclear atypia, hypercellularity, and frequent mitotic figures
(arrowheads), although these features were less prominent in iNOS knockdown tumors. Scale bar, 200 pem. D, Tumors derived
from control and iNOS knockdown EGFRVII:Stat3'" astrocytes were analyzed by immunohistochemical analyses using the
Ki67 antibody. Tumors derived from control EGFRVII;Stat3™"®® astrocytes had substantially greater Ki67 immunoreactivity
compared with tumors derived from iNOS knockdown EGFRVIII;Stat3™®"® astrocytes. Scale bar, 200 wm. E, Average tumor mass
of tumors from A was measured. iNOS knockdown significantly reduced the mass of EGFRVIII;Stat3 ™™ tumors (ANOVA, p <
0.05,n = 33 animals). F, EGFRvII|;Stat3"*"**" astrocytes were injected subcutaneously into SCID mice, and the iNOS inhibitor
1400W or vehicle control was locally administered. Four weeks after initial injections, tumors were removed, measured, and
stained. Treatment with the iNOS inhibitor 1400W substantially reduced tumor size. G, Average tumor mass of tumors from F was
measured. Treatment with the iNOS inhibitor 1400W substantially reduced the mass of EGFRVII:Stat3™™®® tumors (t test, p <
0.005, n = 20 animals). Two animals in the 1400W-treated cohort did not have detectable tumors at the endpoint.

ings in our study, STAT3 also appears to operate downstream of
EGEFR signaling in breast cancer models to stimulate iNOS ex-
pression (Lo et al., 2005). Whether EGFRVIII triggers a transcrip-
tional switch in STAT3 function outside of the brain will be an
important question for future studies.
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The identification of iNOS as a novel STAT3-regulated target
in glial transformation suggests an important link to angiogene-
sis. NO has important functions in regulating vascular flow and
permeability (Jordan et al., 2000; Van Buren et al., 2006). NO
levels are frequently elevated in tumor cells (Swana et al., 1999;
Fitzpatrick et al., 2008), and accordingly, as a NO-producing
enzyme, iNOS has been linked to several human malignancies
(Cobbs et al., 1995; Thomsen et al., 1995; Gallo et al., 1998;
Lagares-Garcia et al., 2001; Crowell et al., 2003). Consistent with
these findings, glioblastoma tumors are highly invasive, vascular-
ized tumors (Jaeckle et al., 1996), raising the possibility that INOS
might support tumor cell nourishment and, hence, tumor cell
proliferation and tumor growth in vivo.

Our findings indicate that STAT3 directly binds to the iNOS
promoter and stimulates iNOS transcription downstream of
EGFRVIII in astrocytes. Interestingly, in other cell types, such as
endothelial cells, STAT3 represses iNOS transcription by directly
inhibiting nuclear factor-«B (Yu et al., 2002; Yu and Kone, 2004).
STATS3 does not appear to be regulated by the oncogene EGFR-
vIITin these cells, raising the possibility that EGFRVIII specifically
triggers a switch from STAT3 repression to STAT3 activation of
iNOS transcription. Alternatively, STAT3 regulation of iNOS
might be distinct in different cell types and tissues. Additional
research to clarify these possibilities is essential to understand
whether the EGFRVIII-STAT3-iNOS signaling pathway can be
generalized to diverse aspects of biology.

iNOS is an attractive target for therapeutic intervention for
malignant gliomas. Recent pathological analyses of human gli-
oma specimens have revealed that many of these tumors have
elevated iNOS (Ellie et al., 1995; Hara and Okayasu, 2004), sug-
gesting that intervention at this critical signaling node might be
effective. Indeed, administration of the iNOS inhibitor 1400W at
the site of injection of EGFRvIII-expressing astrocytes in SCID
mice dramatically reduced tumor size and in some animals pre-
vented tumor formation. Notably, several selective and potent
iNOS inhibitors are readily available, making steps toward iNOS-
based therapeutics for glioblastoma a real possibility. More gen-
erally, our study supports the emerging idea that patient-tailored
treatment of glioblastoma might be necessary. Depending on the
genetic background of a tumor, patients might need to receive
specific therapies that target pathways active in their cancers. For
example, patients with activating mutations in EGFR signaling
might receive a mixture of STAT3 and iNOS inhibitors, whereas
those with PTEN loss-of-function mutations might be treated
with STATS3 activators and IL8 inhibitors. In the future, it will be
essential to identify additional target genes that mediate the on-
cogenic switch in STAT3 function in astrocytes. These analyses
will improve our understanding of the differences in STAT3
function in glioblastoma in distinct genetic contexts.
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