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Abstract
Malignant gliomas are the most common primary brain tumors. Despite efforts to find effective
treatments, these tumors remain incurable. The failure of malignant gliomas to respond to
conventional cancer therapies may reflect the unique biology of these tumors, underscoring the need
for new approaches in their investigation. Recently, progress has been made in characterization of
the molecular pathogenesis of glioblastoma using a developmental neurobiological perspective, by
exploring the role of signaling pathways that control the differentiation of neural stem cells along
the glial lineage. The transcription factor STAT3, which has an established function in neural stem
cell and astrocyte development, has been found to play dual tumor suppressive and oncogenic roles
in glial malignancy depending on the mutational profile of the tumor. These findings establish a novel
developmental paradigm in the study of glioblastoma pathogenesis and provide the rationale for
patient-tailored therapy in the treatment of this devastating disease.

INTRODUCTION
Malignant gliomas are the most prevalent primary tumors in the nervous system. Incidence
rates place these tumors, including glioblastoma, which is the most common and aggressive
malignant glioma, at much lower rates than solid tumors in other organ systems. However,
their very low survival rates make these tumors one of the leading causes of cancer-related
deaths in the young and middle-aged populations [1-4].

Most cases of malignant glioma have an insidious onset, with a clinical presentation that can
be generalized—consisting of headaches, seizures, syncope, papilledema, nausea and
vomiting, cognitive dysfunction—or focal with motor weakness, sensory loss, or speech
impairment [5]. Imaging and pathological studies indicate that these tumors arise in the cerebral
hemispheres, typically at the cortical/subcortical interface [4]. Often, malignant glioma tumors
appear to be spreading through the white matter, occasionally to the opposite hemisphere
through the corpus callosum, giving rise to the appearance of a butterfly tumor [4].
Histologically, these tumors have the characteristic features of malignancy, including increased
mitoses and necrosis [4]. Malignant glioma tumor cells are extremely infiltrative, often
migrating along the basement membrane of blood vessels or along myelinated white matter.
However, tumor cells rarely metastasize outside the central nervous system [4,6].

Malignant gliomas and glioblastoma in particular are incurable. For decades, the mainstay of
therapy has been a combination of surgery, radiotherapy, and chemotherapy, the latter gaining
more utility in the last decade with the introduction of more effective agents, such as
temozolomide [7,8]. However, despite these intense efforts, there has been negligible progress
in the median survival of patients diagnosed with glioblastoma [9]. Clearly, there is an urgent
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need for more treatments. In this regard, a widely held view is that effective treatments can be
developed once the genetic and molecular mechanisms underlying these tumors are elucidated.

Characterization of genetic alterations in malignant glioma has revealed that, just as in other
tumors, abnormal activation of oncogenic proteins and inhibition of tumor suppressors are
common in glial transformation [4,10-12]. Oncogenic and tumor suppressive proteins often
constitute components of the core cell cycle machinery or components of growth factor-
regulated signal transduction pathways [13]. Among these alterations, inactivation of the tumor
suppressor PTEN and expression of the oncogenic truncated epidermal growth factor receptor
EGFRvIII play prominent roles in glioblastoma pathogenesis [4,14-17]. Many more genetic
alterations have also been described and reviewed [10-12,18].

A recent approach to unravel the molecular basis of glioblastoma tumors consists of
determining the role of deregulation of glial developmental signaling pathways in the
pathogenesis of these tumors. The majority of glioblastoma tumors may arise from astrocytes
or neural stem cells [12,19-22]. During normal brain development, neural stem cells represent
the precursors of all cellular elements of the brain including astrocytes. Progress has been made
over the past decade in elucidation of the mechanisms that control neural stem cell maintenance
as well as their differentiation into astrocytes [23-25]. These studies have revealed that the
transcription factor STAT3 plays a central role in neural stem cell and astrocyte development
[26-28]. Using this developmental view of STAT3 in gliogenesis as a starting point in the
investigation of brain tumors, recent studies have uncovered that STAT3 plays distinct and
opposing tumor suppressive and oncogenic roles in glioblastoma tumor pathogenesis
depending on the genetic background of the tumor [29]. Because STAT3 was previously
thought to promote tumor formation outside the brain [30-34], these studies have shifted our
view of STAT3 functions in malignancy, and in the process, have suggested a new
developmental paradigm in the study of glioblastoma pathogenesis.

In this review article, we will focus on the role of STAT3 in glioblastoma pathogenesis,
preceded by a brief overview of STAT3 signaling and STAT3’s role as an oncogenic protein
in tumors outside the brain. A better understanding of the role of STAT3 in brain tumors may
provide a foundation for patient-tailored approaches to their treatment in the future.

STAT3 SIGNALING
STAT3 is a member of the STAT (Signal Transducers and Activators of Transcription) family
of transcription factors [35]. The STATs relay information from the plasma membrane to the
nucleus upon activation of several families of cytokine and growth factor receptors. The STAT
proteins were first discovered as mediators of interferon signaling, but were quickly shown to
couple signals from a diverse set of cytokines and growth factors to the transcriptional
machinery [35,36]. Activation of ciliary neurotrophic factor (CNTF) family cytokine receptors
in neural cells triggers the activation of JAKs, a family of cytokine receptor-associated tyrosine
kinases, which in turn phosphorylate the cytoplasmic tail of the receptor [36-39]. Upon
phoshorylation of the cytokine receptor, STAT3 and STAT1 are recruited to phosphotyrosine
motifs on the receptor via the Src homology 2 domain (SH2) of the STAT protein [35,36,
39-41]. Recruitment of STAT3 and STAT1 to the activated cytokine receptor in turn leads to
the phosphorylation of the STAT protein on specific tyrosine residues, Tyr 705 in STAT3 and
Tyr 701 in STAT1, by JAK tyrosine kinase activity [42,43]. STAT3 and STAT1 can also
become directly phosphorylated by the intrinsic tyrosine kinase activity of growth factor
receptors, such as the epidermal growth factor receptor (EGFR) [35,44]. Phosphorylated
STATs dimerize through reciprocal phosphotyrosine-SH2 interactions, then translocate to the
nucleus and bind to promoters of cytokine- or growth factor-responsive genes [45-50].
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Among the STAT proteins, STAT3 has received the most scrutiny because of its pleiotropic
functions in diverse biological settings [51,52]. Within the nervous system, STAT3 signaling
plays an instructive role in astrocyte differentiation. Activation of the cytokine receptors
LIFRβ and gp130 promotes the differentiation of cortical neural progenitors along the
astrocytic lineage, while restricting neuronal differentiation [26,27]. Phosphorylation of
STAT3-recruiting Tyr residues within LIFRβ and gp130 are required for astrocyte
differentiation of neural progenitor cells [26]. In addition, inhibition of STAT3 by several
different means inhibits astrocyte differentiation [23,26,27,53,54]. Genetic ablation of the
LIFRβ gene results in a reduction in the population of astrocytes in the mouse brain [55]. Other
factors such as bone morphogenetic protein 4 (BMP-4) can also drive astrocytic differentiation
at high cell densities by activating STAT3 signaling [56]. In recent studies, STAT3 has also
been implicated in the self-renewal capacity of neural stem cells [28]. These findings suggest
that STAT3 is a versatile transcription factor that has multiple functions in the development
of neural stem cells and astrocytes in the mammalian brain.

STAT3 AS AN ONCOGENIC PROTEIN
Numerous lines of evidence have suggested that STAT3 functions in an oncogenic capacity in
tumorigenesis. STAT3 controls major cellular responses, including cell proliferation and
survival, which are deregulated in malignancy [57,58]. Expression of activated STAT3 in
fibroblasts triggers malignant cell transformation [59]. A phosphorylated and constitutively
active STAT3 has been found in many epithelial tumors, including head and neck, lung,
prostate, and breast cancer, as well as hematopoietic malignancies such as lymphoma [30,
60]. Animal models of tumorigenesis have been instrumental in exploring the role of STAT3
in these tumors. For example, Chan and colleagues demonstrated that STAT3 is required for
de novo skin tumorigenesis as assessed in a two-stage chemical carcinogenesis model [31].
Mice were treated with the tumor initiator 7,12-dimethylbenz[a]anthracene (DMBA) and the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) to induce epithelial
carcinogenesis. Although these agents induce skin tumors in wild-type mice, STAT3-null mice
fail to develop skin tumors. In addition, injection of skin tumor-forming cells together with a
STAT3 decoy into wild-type mice inhibits the growth of skin tumors [31]. Other models of
tumorigenesis also emphasize the importance of STAT3 in oncogenesis. In a nucleophosmin-
anaplastic lymphoma kinase (NPM-ALK) transgenic mouse model of lymphomagenesis,
disruption of the STAT3 gene suggests that STAT3 is required for the maintenance of
neoplastic T cells [32]. Still other studies of breast cancer describe inhibition of tumor
formation in immunocompetent mice when STAT3 is inhibited by RNA interference (RNAi)
[33].

Identification of an oncogenic function for STAT3 in distinct settings has fueled attempts to
develop small molecule inhibitors of STAT3 for the treatment of a diverse set of tumors
[61-63]. These inhibitors may have therapeutic potential in the management of tumors with
constitutive STAT3 activation. For example, a STAT3 decoy oligonucleotide, that binds
activated STAT3 and thus blocks DNA binding, inhibits the proliferation of head and neck
cancer cells [62]. Similarly, phosphotyrosyl peptides that mimic and compete with Y705-
phosphorylated STAT3 during dimerization appear to suppress Src-induced transformation
[61]. More recently, large-scale chemical screens have identified compounds that inhibit the
survival of STAT3-dependent breast cancer cells [63].

EARLY CLUES FOR A STAT3 TUMOR SUPPRESSIVE FUNCTION
Although most studies have highlighted the oncogenic function of STAT3 in tumors outside
the brain, a number of observations have raised the possibility that STAT3 may have additional
distinct roles in tumor pathogenesis. In particular, STAT3 has been shown to inhibit cell
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proliferation and promote differentiation in several cellular contexts [64-68]. Subversion of
STAT3’s pro-differentiation and anti-proliferation effects in these cells might promote cell
transformation. On the other hand, it is possible that such cytostatic functions of STAT3 might
be employed as a compensatory, adaptive response by cells undergoing transformation in order
to slow the neoplastic process. Accordingly, where STAT3 has been shown to promote cell
differentiation or inhibit proliferation, STAT3 could have tumor suppressive functions during
malignant transformation.

STAT3 appears to inhibit proliferation and promote differentiation of several distinct tumor
cell types. In M1 acute myeloid leukemia cells, the pleiotropic cytokines IL-6 and LIF, which
activate STAT3, promote growth arrest and terminal differentiation of leukemic cells [65].
Expression of dominant negative forms of STAT3 in these cells inhibits IL6- and LIF-induced
growth arrest at G1/G0 phase and macrophage differentiation, suggesting that the effect of IL6
is mediated by STAT3 [69,70]. Blocking STAT3 activity in prostate cells also inhibits IL6-
dependent growth arrest and differentiation [66,71], and studies in melanoma cells suggest that
STAT3 mediates growth arrest in this system as well [64].

During hematopoiesis, STAT3 is instrumental in the differentiation of myeloid lineages [65,
72]. Granulocyte colony-stimulatory factor (G-CSF), an inducer of granulocyte differentiation
from bone marrow myeloid progenitor cells, potently activates STAT3 signaling [73,74]. In
the murine myeloblast 32D cell line, G-CSF induces myeloid differentiation through STAT3-
mediated expression of the cell cycle inhibitor p27Kip1 [75]. Homozygous transgenic mice
expressing a mutant receptor of G-CSF that is unable to activate STAT3 signaling are severely
neutropenic, with a dramatic accumulation of immature myeloid precursors in the bone
marrow. Expression of constitutively active STAT3 in myeloid progenitors from mutant mice
rescues this defect in differentiation. Conversely, dominant negative STAT3 inhibits myeloid
differentiation in wild type progenitors [67]. Surprisingly, selective ablation of STAT3 in bone
marrow hematopoietic progenitors does not induce neutropenia or poor granulopoiesis,
suggesting that STAT3 is not necessary for myeloid differentiation in these mice [76]. A
compensatory mechanism by other proteins such as STAT1 might explain the relatively
impenetrant phenotype in these STAT3 ablated progenitors.

The role of STAT3 in differentiation has also been characterized in keratinocytes. STAT3
activation tightly correlates with growth arrest and differentiation in primary keratinocytes. In
contrast, immortalized keratinocyte MK cells, which fail to undergo differentiation, do not
contain activated STAT3 under conditions that normally favor differentiation [77].
Furthermore, expression of constitutively active STAT3 in normal laryngeal epithelium
enhances the expression of keratin 13, a keratinocyte marker, while a dominant negative mutant
of STAT3 (Y705F) inhibits keratin 13 expression. Taken together, these observations suggest
that STAT3 is required for keratinocyte differentiation [68].

STAT3 is also necessary for the hepatocyte growth factor (HGF)-dependent differentiation of
epithelial cells into tubular structures [78]. Epithelial differentiation is driven by HGF in three
well differentiated phases: scattering, growth and tubulogenesis. The last step is STAT3-
dependent and occurs when the cell receives signals to stop growing and start differentiating.
HGF results in the phosphorylation and translocation of STAT3 to the nucleus, where it
stimulates transcription of the cell cycle inhibitor waf-1. Inhibition of STAT3 in HGF-treated
cells with a phosphorylated peptide that mimics the STAT3 phosphorylation site or with a
STAT3-binding decoy oligonucleotide specifically abrogates tubulogenesis [78].

STAT3 may also contribute to cell death in certain contexts, thus providing another basis for
its potential tumor-suppressive function. In particular, STAT3 activation precedes extensive
epithelial apoptosis required for mammary gland involution [79,80]. Conditional deletion of
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STAT3 in the mammary epithelia results in a strong inhibition of apoptosis and a consequent
delay of mammary gland involution [81].

TUMOR SUPPRESSIVE STAT3 ROLE IN PTEN-DEFICIENT BRAIN TUMORS
Although the above studies have raised the possibility of a tumor suppressive STAT3 function,
such a role in cell transformation has only been established in recent investigations of
glioblastoma pathogenesis. The hypothesis that STAT3 might operate as a tumor suppressor
in the brain has been based on the observation that STAT3 promotes the differentiation of
neural stem cells into astrocytes [26,27]. Glioblastoma tumors display heterogeneity in the
expression of markers of different cell lineages, but the preponderance of evidence suggests
that the majority of glioblastoma tumors express markers along the glial lineages, including
astrocytic and oligodendrocytic lineages [4]. Therefore, these tumors might arise from a normal
neural stem cell or a differentiated cell, such as an astrocyte, that acquires properties of a neural
stem cell in the process of malignant transformation, a view that is supported in several studies
of glioblastoma [18-21]. These observations have led to the hypothesis that gliomagenesis
might be promoted by deregulation of signaling molecules such as STAT3 that promote
astrocyte differentiation during normal brain development. Since STAT3 promotes cell
differentiation along the astrocytic lineage, it seemed plausible that as a differentiation factor
STAT3 might suppress glial malignancy.

To directly test the hypothesis that STAT3 might suppress glioblastoma tumors, the effect of
STAT3 gene disruption has been studied in astrocytes [29]. Immortalized Stat3-/- astrocytes
display increased proliferation and invasiveness as compared to Stat3loxP/loxP astrocytes,
indicating that STAT3 inhibits astrocyte proliferation and invasiveness. However, disruption
of the STAT3 gene alone is not sufficient to induce transformation of these cells. Combining
STAT3 loss with other oncogenic backgrounds has revealed that STAT3 loss enhances the
ability of PTEN knockdown astrocytes to undergo malignant transformation in an orthotopic
transplantation model of tumor formation in immunocompromised SCID mice. These results
demonstrate that STAT3 suppresses the malignant transformation of PTEN-deficient
astrocytes in vivo [29].

The identification of STAT3’s tumor suppressive function in astrocytes and its intimate
functional relationship with the major tumor suppressor PTEN raises the important question
of how STAT3 might be regulated in the PTEN pathway. Investigation of this question
indicates that PTEN controls a signaling cascade that robustly influences STAT3 in astrocytes
[29]. Knockout of the PTEN gene in astrocytes triggers the downregulation of cytokine receptor
LIFRβ. Since LIFRβ activates the JAK-STAT signaling pathway leading to the
phosphorylation and activation of STAT3, the downregulation of LIFRβ gene expression
provides the basis for the inhibition of STAT3 in PTEN-deficient cells. How does PTEN loss
inhibit LIFRβ transcription in astrocytes? PTEN loss leads to activation of Akt and hence the
inhibition of the transcription factor FOXO3 by cytoplasmic sequestration. Importantly,
transcription of the LIFRβ gene has been found to be directly activated by FOXO3.
Consequently, PTEN knockout leads to the downregulation of LIFRβ expression via Akt-
inhibition of FOXO3 [29].

The elucidation of a link between the PTEN-Akt-FOXO3 axis and the LIFRβ-STAT3 signaling
pathway together with results of STAT3-suppression of transformation of PTEN knockdown
astrocytes suggest an intriguing to-and-fro model of PTEN and STAT3 in glial malignancy.
According to this model, as PTEN becomes deficient in astrocytes and pushes these cells
toward malignancy, STAT3 suppresses the process of cell transformation. However, as PTEN
becomes more disrupted, the ensuing biochemical cascade relieves the STAT3 brake and drives
malignant glial transformation (Fig. 1A).
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The relevance of STAT3’s tumor suppressive role has been confirmed in human PTEN-
deficient tumors. In a panel of human brain tumors, PTEN loss correlates tightly with
downregulation of LIFRβ and low levels of Tyr705 phosphorylation of STAT3. These findings
provide correlative evidence that PTEN loss and inhibition of LIFRβ-STAT3 signaling are
linked in human tumors [29]. In cultured human glioblastoma cells, this link is further
corroborated by the finding of differential activation of STAT3 in PTEN-positive and PTEN-
deficient glioblastoma cells [82]. The cytokine LIF stimulates the phosphorylation of STAT3
in wild-type PTEN-expressing glioblastoma cells but fails to induce STAT3 phosphorylation
in PTEN-deficient human glioblastoma cells. Interestingly, in some of the PTEN-deficient
human tumor cells LIFRβ levels are very low, and these are restored upon inhibition of the
PI3K-Akt signaling pathway. These results suggest a consistent underlying mechanism of
PTEN-regulation of the LIFRβ-STAT3 pathway as established in genetic studies of mouse
astrocytes [82]. However, in other human glioblastoma cells, LIFRβ levels appear high despite
the inability of LIF to induce STAT3 tyrosine phosphorylation. This observation suggests that
there might be additional abnormalities in PTEN-deficient glioblastoma cells, either within the
receptor or downstream kinases that couple LIFRβ phosphorylation to STAT3 activation
[82]. It will be interesting to investigate these questions in future studies both in human
glioblastoma cells as well as mouse astrocytes.

The inhibition of STAT3 phosphorylation specifically in human PTEN-deficient but not
PTEN-positive glioblastoma cells suggests that, as in mouse astrocytes, STAT3 might play a
tumor suppressive role in human glioblastoma cells. Consistent with this conclusion,
expression of a constitutively active form of STAT3—that dimerizes independently of tyrosine
phosphorylation (S3C)—suppresses the proliferation of PTEN-deficient glioblastoma cells
[82]. By contrast, expression of S3C in other cells, such as fibroblasts, has been shown to
promote their transformation [59]. These observations, along with immunoblotting analyses
of human glioblastoma tumors, represent an important step forward in validating the tumor-
suppressive role of STAT3 in PTEN-deficient human tumors.

How does STAT3 mediate a tumor-suppressive effect in glial cells? Gene-profiling analyses
of glioblastoma cells expressing S3C have identified the chemokine IL8 as a direct target of
STAT3 that is directly repressed by STAT3 in glioblastoma cells. STAT3 occupies the IL8
promoter and directly represses IL8 transcription in glial cells. IL8 knockdown in glioblastoma
cells inhibits their proliferation and invasiveness, phenocopying the effect of activated STAT3
expression in these cells [82]. Importantly, IL8 is not expressed in normal brain but is expressed
in human glioblastoma tumors [83], and in particular, in tumors with PTEN loss [82]. These
findings suggest that IL8 derepression represents an important and functionally-relevant
consequence of deregulation of the PTEN-STAT3 tumor suppressive pathway in glial cells
(Fig. 1A).

In other studies, IL8 has been implicated in angiogenesis in glioblastoma tumors through a
mechanism in which the tumor suppressor ING4 also represses IL8 transcription [84]. In this
case, ING4 inhibits the IL8 promoter via the interaction of ING4 with NFkB, a transcriptional
activator that stimulates IL8 transcription [84]. Intriguingly, STAT3 has also been found to
repress NFkB-induced transcription [85,86]. These results suggest that STAT3 might
collaborate with ING4 to inhibit IL8 expression in glial cells. It will be interesting to determine
if STAT3 forms a physical complex with ING4 and thereby regulates NFkB-dependent IL8
transcription in glial cells.

ONCOGENIC STAT3 ROLE IN EGFRVIII-POSITIVE BRAIN TUMORS
The finding that STAT3 operates in a tumor suppressive capacity in glial cells under normal
circumstances and in the context of PTEN deficiency raises the important question of why
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STAT3 can behave in an oncogenic manner in tumors outside the brain. This paradox suggests
two models. 1) STAT3 behaves in a tumor suppressive or oncogenic capacity depending on
the cell type—tumor suppressive in glial cells and oncogenic in cells outside the nervous
system. 2) STAT3 behaves in distinct manners in tumorigenesis depending on the mutational
background of the tumor.

STAT3 reportedly promotes the survival of some glioblastoma cells in vitro [87,88], and
STAT3 activation as reflected by Tyr705 phosphorylation has been described in human
gliomas [89]. Although other studies have provided evidence of the absence of STAT3 activity
in a large percentage of these tumors, including glioblastoma [90,91], this set of studies has
suggested that STAT3 might behave in an oncogenic manner under certain circumstances in
glial cells.

Genetic investigation of how STAT3 functions in tumors that are not deficient in PTEN but
have other genetic alterations have led to the finding that STAT3 plays an essential oncogenic
role in malignant astrocyte transformation in response to expression of the oncogenic protein
EGFRvIII [29]. Expression of the oncogenic variant III of the epidermal growth factor receptor
(EGFRvIII) in Stat3loxP/loxP astrocytes results in their malignant transformation in SCID mice.
However, Stat3-/-;EGFRvIII astrocytes do not generate tumors when injected subcutaneously
in immunocompromised mice. These findings suggest that the genetic make-up of the tumor
specifies how STAT3 behaves in glial transformation [29].

Investigation of the molecular basis of STAT3’s oncogenic function in EGFRvIII-expressing
astrocytes suggests that EGFRvIII forms a complex with STAT3 in the nucleus and thereby
converts STAT3 from a tumor-suppressive protein into an oncogenic protein (Fig. 1B). How
EGFRvIII, a transmembrane protein, finds its way to the nucleus, is unknown. Interestingly,
ligated EGFR in breast cancer cells also localizes in the nucleus and associates with STAT3,
thereby stimulating the malignant potential of these tumor cells [92,93].

Collectively, studies of STAT3 in glial transformation suggest that whereas STAT3 is tumor
suppressive in PTEN-deficient glioblastoma tumors, STAT3 behaves in an oncogenic manner
in EGFRvIII-expressing tumors. The dichotomous role of STAT3 function in glial
transformation is buttressed by analyses of PTEN loss and EGFRvIII in human glioblastoma,
which suggest, remarkably, that these two major glioblastoma-associated genetic alterations
stratify into distinct subsets of tumors [29,94,95]. Moreover, whereas LIFRβ-STAT3 signaling
is inhibited in PTEN-deficient glioblastoma tumors, EGFRvIII expressing tumors display
evidence of activated STAT3 [29]. Interestingly, a small subset of human tumors harbor both
PTEN loss and EGFRvIII expression [94,95]. In these tumors, STAT3 is anticipated to play
an oncogenic role based on genetic evidence in astrocyte transformation in which both
mutations are introduced [29]. These results further support the conclusion that EGFRvIII
converts STAT3 from a tumor suppressive protein to an oncogenic protein.

POTENTIAL FOR PERSONALIZED THERAPY OF BRAIN TUMORS BASED ON
STAT3 FUNCTION

The dual role of STAT3 as a tumor suppressive and oncogenic protein depending on the genetic
background of a tumor raises exciting possibilities for patient-tailored treatment of brain
tumors. A number of studies have focused on STAT3 inhibitors because of their potential in
treating a wide variety of tumors [96-99]. Identification of STAT3 small molecule inhibitors
has been a major goal of these efforts, with several classes of inhibitors emerging from attempts
at drug development [100,101]. In addition, oligonucleotide decoys and RNA interference have
also been suggested as potential biological tools for inhibiting STAT3 in human cancer models
[102]. In brain tumors expressing the EGFRvIII mutation, STAT3 is a promising potential
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target for these therapies. STAT3 inhibition may also sensitize these tumors to other
chemotherapeutic agents [103].

Although STAT3 inhibitors may turn out to be useful in the treatment of EGFRvIII-expressing
glioblastoma tumors, STAT3 inhibitors may not be efficacious and may be even potentially
harmful in the treatment of PTEN-deficient tumors. Because STAT3 acts as a PTEN-regulated
tumor suppressor, STAT3 inhibitors may presumably accelerate tumor growth by further
derepressing IL-8 expression in these tumors. For PTEN-deficient glioblastoma tumors, agents
should be developed that target IL-8 or the IL-8 receptor to limit tumor growth and invasion.
Alternatively, activation of STAT3 itself may be potentially useful for these tumors. This
approach may be inherently limited by the endogenous suppression of STAT3 activation via
PTEN loss and LIFRβ downregulation, and no small molecule activators of STAT3 have been
identified to date. However, small molecule inhibitors of the negative regulators of LIFRβ-
STAT3 signaling, including the phosphatase Shp2 [104,105] or the protein SOCS3 [106,
107], could be potentially useful in these cases.

Collectively, these studies offer the possibility of a patient-tailored approach in treatment that
would depend on the genetic background of the tumor. How would such patient-tailored
approaches be practically employed in the clinical setting? A plausible strategy would be to
genotype and analyze surgically-excised tumors. In the future, this approach may facilitate the
use of STAT3 or IL-8 inhibitors to complement standard treatment of surgery, radiation, and
conventional chemotherapy.

Although simple genetic analysis of primary tumor samples followed by mutation-based
treatment may be effective, this management model may be complicated by the genetic
diversity of the tumor. Although PTEN loss and STAT3’s function as a tumor suppressor
appear to be tightly correlated [29], many exceptions to this correlation are likely to arise,
depending on the presence of additional mutations in other pathways that may ultimately
converge on STAT3 and its targets. To overcome this problem, the future management of brain
tumors may also entail culturing glioma stem cells, followed by direct analyses of STAT3’s
function in these cells. Initially, simple STAT3 RNA interference may help elucidate the role
of STAT3 as a tumor suppressor or oncogene in the patient-specific tumor cells, and thereby
suggest a specific management course. However, with technological advances in large scale
screens, glioma stem cells could also be assayed for their responsiveness to chemical or
biological agents. Once an appropriate combination of inhibitors is identified via high
throughput screens for proliferation, invasiveness, and validated in orthotopic tumor formation
experiments, a patient could be given the appropriate drug regimen (Fig. 2). Because recurrence
in malignant glioma is the most persistent challenge in curing the disease, this approach could
offer a new and potentially dramatic method of targeting tumor stem cells that remain in the
parenchyma following surgery and substantially improve patient morbidity and mortality.

PERSPECTIVES
In recent years, the problem of malignant gliomas has attracted the attention of developmental
neurobiologists. Characterization of the molecular mechanisms underlying glial cell fate
specification in the developing mammalian brain has the raised the hope that investigation of
these fundamental developmental pathways may lead to novel insights into glioblastoma tumor
pathogenesis. As summarized in this review article, this approach has led to unexpected
findings on the crucial role of the transcription factor STAT3 in the biology of glioblastoma
tumors. These studies raise several key questions for future research on STAT3-regulation of
glioblastoma pathogenesis, as well as provide a template for investigations of additional
signaling molecules at the interface of developmental and cancer biology of the brain.
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The finding that STAT3 exerts distinct tumor suppressive and oncogenic functions in glial
malignancy depending on PTEN and EGFRvIII status of the tumor raises the fundamental
question of the mechanism that underlies STAT3’s distinct function in these two different
contexts. Although repression of the chemokine IL8 contributes to STAT3-suppression of
PTEN-deficient glioblastoma cell proliferation and invasiveness [82], it will be important to
identify additional targets of STAT3 that suppress the transformation of PTEN-deficient glial
cells. In addition, the target genes of STAT3 that mediate EGFRvIII-induced astrocyte
transformation remain to be identified.

Another question that requires attention is the role of STAT3 in the transformation of neural
stem cells, which besides astrocytes represent the other presumed cells-of-origin of
glioblastoma. Does STAT3 have tumor suppressive and oncogenic effects in PTEN-deficient
and EGFRvIII-expressing neural stem cells respectively, or does STAT3 regulate the
transformation of neural stem cells independently of PTEN and EGFRvIII status? Interestingly,
recent studies suggest that distinct subpopulations of neural stem cells in the subventricular
zone have unique capabilities in differentiation [108]. This raises the possibility that specific
subsets of these stem cells might generate tumors in response to activation of specific signaling
pathways. Thus, the cell intrinsic programs that govern heterogeneous stem cell behavior could
also account for the dichotomous role of deregulated STAT3 in tumorigensis.

Beyond STAT3’s role in transformation of mouse astrocytes and neural stem cells, it will be
also important to fully elucidate STAT3’s function in the pathogenesis of human glioblastoma
tumors. The characterization of STAT3 activity in EGFRvIII-positive and PTEN-deficient
human tumors as well as demonstration of STAT3’s suppression of the malignant phenotype
of PTEN-deficient human glioblastoma cells are positive steps in this direction. However,
STAT3’s function in the malignant behavior of EGFRvIII-expressing human glioblastoma
cells and tumors requires further study.

Growing recent evidence supports the concept that malignant gliomas contain a population of
cells that have stem cell-like properties and represent a small fraction of the total bulk of the
tumor [109-111]. These cells, termed glioma stem cells or, more accurately, brain tumor
initiating cells (BTICs), reportedly express the cell surface marker CD133 and can form
neurospheres in vitro [109,112]. BTICs are thought to have the potential to repopulate the
tumor. A small number of BTICs, but not CD133 negative cells, when injected intracranially
in immunocompromised mice, can form tumors that have pathological features of glioblastoma
[109]. Although the cellular and biological properties of BTICs have been the subject of intense
scrutiny, the critical molecular players that control the biological responses of these cells
remain largely unknown. The discovery of STAT3’s role in glial transformation in mouse
genetic studies provides the exciting opportunity to assess STAT3 function in BTICs, including
from EGFRvIII-expressing or PTEN-deficient tumors.

Although studies of STAT3’s dual roles in tumor pathogenesis have focused on glial
malignancy, whether the dichotomy in STAT3 function might also apply to tumors outside the
nervous system should be explored. EGFRvIII expression and PTEN loss, in particular, are
featured in other malignancies including prostate and breast cancer [14,15,113]. Preliminary
studies suggest that expression of constitutively active STAT3 in PTEN-deficient prostate
cancer cells inhibits their proliferation [114]. These experiments are consistent with the
possibility that STAT3’s dual role in tumor pathogenesis may be extended to more common
forms of cancer. Such a scenario would significantly broaden the implications of potential
STAT3-based patient-tailored therapy of cancer.

Although the LIFRβ-STAT3 pathway is one of the first signaling mechanisms implicated in
the development of astrocytes and neural stem cells, several other signaling molecules have
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been demonstrated to play key roles in cell fate specification in the developing brain. Therefore,
studies of STAT3 signaling in glial malignant transformation can be used as a model in
investigations of other developmental signals in brain tumors. Studies of the transcription factor
Olig2, which plays a critical role in oligodendrocyte and neural stem cell development, as well
as the bone morphogenetic (BMP)-Smad signaling pathway, which promotes an astrocytic fate,
also support this approach. These investigations have revealed that Olig2 contributes to
EGFRvIII-dependent neural stem cell transformation [115]. In addition, activation of BMP-
Smad signaling inhibits the tumorigenic potential of human glioblastoma BTICs [111,116]. It
will be interesting to determine the role of other mechanisms regulating gliogenesis in neural
stem cell or astrocyte transformation.

In the years ahead, investigations of developmental signaling mechanisms including the
STAT3 pathway will continue to advance our understanding of glioblastoma pathogenesis. In
addition, these efforts are likely to provide important clues for the potential development of
novel treatments. As studies of STAT3 suggest, these treatments may turn out to be more
effective if targeted in a personalized fashion. Although malignant gliomas remain deadly, a
deep understanding of the basic biology of these tumors provides a ray of hope for the future
management of this devastating disease.
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Fig. (1). Dual role of STAT3 in glial tumorigenesis
A. STAT3 as a PTEN-regulated tumor suppressor: In a normal cell with intact PTEN
function, the protein kinase Akt is inhibited, allowing FOXO3 to activate transcription of the
LIFRβ gene. In this scenario, STAT3 is activated by phosphorylation—downstream of
LIFRβ—and represses transcription of the IL8 gene, thereby inhibiting glioma cell
proliferation and invasiveness. Conversely, in a PTEN-deficient tumor cell, Akt is
constitutively active, thus inhibiting FOXO3 function and leading to LIFRβ downregulation.
STAT3 is no longer active and its repression of the IL8 gene is relieved, leading to upregulation
of IL8, which drives glioma cell proliferation and invasiveness.
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B. EGFRvIII induces an oncogenic switch in STAT3 function: STAT3 behaves as a tumor
suppressor. However, in the presence of EGFRvIII, STAT3 and EGFRvIII form a physical
complex in the nucleus that stimulates the transcription of oncogenic gene targets.
(Modified with permission from de la Iglesia et al. (2008). Genes & development 22, 449-462).
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Fig. (2). Future potential patient-tailored therapies for clinical management of malignant gliomas
Following surgical excision of the tumor, samples can be characterized genetically or assayed
in functional experiments. Samples can be examined for known mutations associated with
glioma, such as PTEN loss or the EGFRvIII truncation, and appropriate therapy can be given
based on empiric data. Alternatively, samples can be cultured and enriched for the glioma stem
cell population, which can then be analyzed functionally in the presence of an array of drugs
and inhibitors to identify the unique drug susceptibilities of a given tumor (modified from
Mayo Foundation for Medical Education and Research).
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