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Abstract

Glioblastoma remains the most clinically challenging tumor of the CNS, as evidenced by the
dismal change in overall survival over the past 50 years. However, recent advances in high-
throughput screening techniques have given rise to a wealth of new information regarding the
aberrant signaling pathways that drive the tumor phenotype. Two of these so-called
‘oncopathways’ are NF-kB and JAK/STAT. This review will describe the basic mechanisms of
these pathways, explore the relevance of NF-xB and JAK/STAT signaling in glioblastoma, and
look ahead to experimental compounds that will integrate our knowledge of these pathways into
existing therapies.
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Glioblastoma

Glioblastoma (formerly known as glioblastoma multiforme; GBM) is the most frequent and
the most aggressive primary brain tumor in adults. GBM is also one of the most lethal of all
human neoplasms, with the majority of patients succumbing within 1 year of diagnosis, and
only a few surviving 24 months [1]. Incidence peaks in the sixth to eighth decades of life
[2], with men being afficted 1.5-times more often than women [3]. Approximately 14,000
new cases of malignant glioma are diagnosed each year in the USA, with 60-70% of those
tumors being GBM [4].
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Neurons, the information-transmitting cells of the CNS, are postmitotic and, thus, rarely
develop the mutational profile required for malignant transformation. Instead, the majority
of CNS tumors arise from cells with glial-like characteristics (gliomas), most commonly
expressing markers of the astrocyte lineage. The WHO divides astrocytomas into four
grades. Of these, WHO Grade Il (anaplastic astrocytoma) and WHO Grade 1V (GBM) are
the malignant subtypes [5]. Histopathologically, both Grades 111 and 1V feature increased
cellularity, nuclear atypia and mitotic activity, with GBM also displaying endothelial cell
proliferation and/or a characteristic pseudopalisading pattern of tumor cell proliferation and
necrosis [6]. Another hallmark of GBM is its propensity for invasion of the surrounding
normal brain tissue. This feature is one of the most difficult obstacles in treatment, because
it makes full resection nearly impossible. Only months after the primary lesion is excised,
the remaining invasive tumor cells give rise to one or more recurrent masses to which the
patient eventually succumbs.

Glioblastoma can arise de novo (primary GBM) or as the result of a transformation event by
a lower grade tumor (secondary GBM). Each are characterized by distinct genetic events [7].
Primary GBM frequently has EGF receptor (EGFR) amplification and phosphatase and
tensin homolog (PTEN) deletion, while TP53 mutations are more common in secondary
GBM [8]. Furthermore, primary and secondary GBM arise at distinct times in life, with
primary GBMs occurring in the sixth to seventh decade and secondary GBMs usually
affecting somewhat younger individuals in the ffth to sixth decade [7]. Primary GBM is also
more frequent than secondary [9]. Interestingly, although genetically distinct, the
histopathology of primary and secondary GBM is identical [4].

The standard protocol for treating this disease begins with an immediate surgical debulking
of operable tumors followed by a combination of radiation and temozolomide (TMZ) [10].
Unfortunately, this regimen provides only a modest survival advantage. Radiotherapy and
concomitant TMZ therapy, followed by six rounds of adjuvant TMZ has been demonstrated
to enhance 2-year survival from 10 to 27% [11]. Many experimental therapies have been
tested in clinical trials, but none have yet been able to significantly extend patients' lives.
The need for effective new therapies is evident even in the few patients who survive long-
term, as they tend to suffer serious cognitive impairment from the effects of radiotherapy
[12]. In this regard, basic scientists and clinicians are attacking GBM from a number of
different vantage points, from new forms of radiation [13], to oncolytic herpes simplex virus
vector-delivery of antitumor therapies [14], to molecular therapies [15]. As researchers learn
more about the intracellular signaling pathways that drive the tumor's phenotype, therapies
designed to interrupt such aberrant signaling may help improve outcomes for patients with
GBM and other types of malignant gliomas.

Aberrant signaling pathways in glioma

Intracellular signaling pathways are the communication lines between the extracellular
environment and the genome of a cell. Through sequential post-translational modifications,
the information from the soluble factors of other cells can be integrated into the cell's
signaling network and affect its phenotype. Signaling pathways also allow for amplification
of signals, meaning that picomolar amounts of an extracellular factor may cause drastic
changes in gene expression and cell phenotype. Malignant gliomas and other tumors hijack
these pathways for their own goal of relentless proliferation. In a sense, one way to
understand cancer is as a series of genetic aberrations that lead to enhancements in protumor
signaling pathways. Indeed, while the origins of cancer are in the DNA, the functional
players of the disease are the protein products that disrupt normal signaling and encourage
uncontrolled proliferation.

Expert Rev Neurother. Author manuscript; available in PMC 2014 January 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Atkinson et al.

NF-kB

Page 3

Studies on human GBM samples have revealed a number of genetic alterations that suggest
the importance of particular onco-pathways in these tumors [16-19]. For instance, EGFR
amplification is found in 40-50% of primary GBM, with approximately half of these
amplification events involving a variant of the receptor termed EGFRvIII [4]. EGFRvIII
lacks exons 2—7, which normally code for the extracellular domain of the receptor, causing
the receptor to be constitutively active [20]. The downstream effects of EGFR overactivation
are many, but importantly, include a direct increase in signal transducer and activator of
transcription (STAT) 3 activity in GBM cells [21]. Another common genetic event in GBM
is a loss-of-function mutation in the tumor suppressor, PTEN [22]. PTEN is a phosphatase
that negatively regulates the PIBK-AKT-mTOR signaling cascade and, thus, mutations in
PTEN lead to constitutive activation of this pathway in GBM [20]. VEGF signaling also
plays an important role in GBM biology and its expression is upregulated in GBM.
Activation of its receptor, VEGFR-2, which is found on brain endothelial cells, promotes
tumor growth by increasing blood supply to the highly metabolic tumor [23].

There are still other pathways that, while largely overlooked in current GBM drug trials,
show great promise for drug development. Two such pathways are the NF-xB and JAK/
STAT pathways, both of which are aberrantly upregulated in a variety of human cancers
[24,25]. Both pathways drive the expression of a Irge number of genes, which, when
overexpressed, are beneficial to cancer cells. For example, VEGF expression is upregulated
in tumor cells by NF-xB and STAT3 signaling [26,27]. The investigation of these pathways
holds great promise in bringing more effective, molecularly targeted drugs to GBM therapy
regimens. In this review, we discuss NF-kB and JAK/STAT signaling, outline preclinical
studies that aim to inhibit these pathways and discuss the implications of targeting these
pathways in GBM.

The mammalian NF-xB family includes five members: p65 (RelA), RelB, c-Rel, p50/p105
(NF-kB1) and p52/p100 (NF-xB2) (Figure 1A) [28]. In an unstimulated state, these proteins
exist in the cytoplasm as homo- or heterodimers, bound to an inhibitory family of proteins
called IxBa [29]. Classical or ‘canonical’ signaling of this pathway (Figure 1B) consists of
one of many extracellular ligands (e.g., TNF-a, IL-1) binding to its receptor, which, in turn,
activates the 1xB Kinase (IKK) complex. IKK is comprised of three proteins: IKKa, IKKB
and the regulatory protein NEMO (or IKKy) [28]. Signaling through the classical pathway is
driven primarily through IKK@ [30]. This complex phosphorylates IkBa, which marks it for
degradation via the ubiquitin-proteasome pathway. Free NF-xB dimers then translocate to
the nucleus where they activate a number of pro inflammatory target genes, such as IL-8,
MCP-1 and IL-6 (Table 1) [31].

An alternative or so-called ‘noncanonical’ pathway was recognized in 2001 [32]. This
pathway utilizes IKKa and, rather than IxB proteins acting as inhibitors, this function is
ascribed instead to the C-terminal domain of p100 [30]. In the canonical pathway, the
primary transcriptionally active dimer is p65—p50, while p52—-RelB dimers serve this
function in the alternative pathway [28]. Although its physiological context is not yet fully
understood, the alternative pathway plays an important role in secondary lymphoid
development and B-cell maturation through the induction of a subset of NF-«xB target genes
[30].

All NF-xB proteins contain an N-terminal Rel homology domain, which contains a DNA-
binding domain, a dimerization domain and a nuclear-localization signal. p65, RelB and c-
Rel also contain a C-terminal transactivation domain, which gives them the ability to
activate gene transcription (Figure 1A). The lack of a transactivation domain but presence of
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a DNA-binding domain in p50 and p52 allows some NF-xB dimers, such as p50-p50
homodimers, to function as dominant-negative transcription factors by blocking xB
elements [33]. Although almost all hetero- and homodimer combinations are possible, it is
generally accepted that the most common active NF-xB dimer in cancer is p65—p50.

The NF-xB proteins undergo a number of post-translational modifications, which result in
important changes in their physical interactions with other NF-xB proteins, cofactors and
DNA. These modifications include ubiquitination, acetylation and, most importantly,
phosphorylation [34]. In general, most phosphorylation events on NF-xB are activating
modifications. For instance, phosphorylation of p65 at serine residue 276 is critical for
protein—protein interactions with CBP/p300 [35], one of the necessary cofactors for NF-xB-
regulated gene transcription [36]. Another important site of phosphorylation on p65 is serine
residue 536, which can be phosphorylated by IKK, also increasing the activity of the protein
[37].

NF-kB activation in glioma

Although NF-xB has not received the same attention as some other oncopathways in glioma,
those studies that have examined it have yielded interesting results. Levels of NF-xB
activity, as assessed by serine phosphorylation, are much higher in GBM tissue compared
with non-GBM tissue [38,39], and correspond with increasing grade in astrocytic tumors
[40,41]. While the precise mechanism of NF-xB activation in GBMs is largely undefined,
there are numerous proteins and pathways dysregulated in GBMs that may cause NF-xB
activation. TNF-a is one of the most potent activators of NF-xB (Figure 1B), and is
produced in the CNS by microglia, astrocytes, endothelial cells and some neurons [42].
TNF-a and other proinflammatory soluble factors, such as IL-6 and IL-1f, are important
regulators of paracrine signaling in brain tumor cells. These cytokines cause changes in gene
expression in neighboring cells through direct ligand-receptor interactions, in addition to
causing inflammation through the recruitment of immune cells to the tumor environment.
TNF-a predominantly signals through TNF receptor (TNFR) 1, and upon binding to TNFR1
induces the formation of an intracellular complex that is either cytoprotective or cytotoxic.
In gliomas, TNF-a signaling through TNFR1 promotes NF-«B activation and subsequent
anti-apoptotic responses [43,44]. Moreover, the levels of TNFR1 expression are elevated in
GBM as compared with low-grade gliomas [45]. As such, TNF-a and TNFR1, via NF-xB
activation, promote tumor growth and development. NF-kxB can also be aberrantly activated
by numerous growth factors or signaling pathways that are dysregulated in gliomas [46].
NF-kB is activated by EGF, which is frequently overexpressed, and/or its receptor, EGFR,
which is often mutationally activated [4]. PDGF has also been shown to activate NF-xB in
GBM cells [47]. Through binding to their respective receptors, both EGF and PDGF activate
NF-kB via a PI3BK-AKT-IKK-dependent mechanism [48,49]. Additionally, PDGF-induced
AKT has been shown to directly phosphorylate p65 [50]. As mentioned previously, GBMs
often fail to express PTEN, a tumor suppressor and negative regulator of the AKT pathway.
In the absence of PTEN, AKT is constitutively active and can, in turn, activate NF-xB [51].
The ubiquitin-editing protein A20 is a negative regulator of NF-xB whose expression is
diminished in GBMs [52]. The downregulation of A20 in glioma cells is also associated
with acquired resistance to O6-alkalyating agents, such as TMZ [52]. We have recently
shown that inhibitor of growth protein 4, a negative regulator of NF-xB, is expressed at very
low levels in GBMs, and that the lack of ING4 enables NF-«xB to remain constitutively
active [39]. Conversely, Pinl, a positive activator of NF-«xB, is overexpressed in GBMs, and
also contributes to constitutive NF-xB activation [53]. Finally, inhibition of NF-xB activity
or of NF-xB-regulated genes has been demonstrated to reduce brain tumor growth, invasion
and angiogenesis [54]. Thus, there is a strong correlation between constitutive NF-xB
activation and gliomagenesis.
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NF-kB signaling in glioma: preclinical data

During the past 5 years, one of the more promising preclinical drugs for glioma was the anti-
inflammatory drug sulfasalazine. One of the first studies examining the effects of this drug
on glioma used a model wherein U87-MG glioma cells were injected into the brains of
immunocompromised (nude) mice [55]. Mice receiving daily intraperitoneal injections of
sulfasalazine developed tumors that were 80% smaller than control animals [55]. Concurrent
in vitro data from the same study suggested that the mechanism of action was via inhibition
of NF-kB activity. However, a competing theory on the mechanism of action of
sulfasalazine has been proposed [56,57], which claims that rather than inhibiting NF-xB,
sulfasalazine inhibits a cystine-glutamate transporter [57]. The prospect of an already US
FDA-approved drug showing strong antitumor effects in glioma was very exciting.
Unfortunately, a recent Phase I/11 trial using this drug on advanced-stage recurrent anaplastic
astrocytoma or GBM patients was terminated owing to a lack of response [58]. The reasons
for the failure in human GBM patients is unclear, but the authors of this study speculate that
the lack of response may be due to differences between mice and humans, the O°-
methylguanine-DNA methyltransferase (MGMT) promoter methylation status of patient's
tumors or the small n-value of the study. Regardless, further studies will be required to fnd
other compounds that effectively target NF-xB in GBM.

JAK/STAT signaling

There are four members of the JAK family, including JAK1, JAK2, JAK3 and TYK2, and
seven STAT family proteins: STATs 1, 2, 3, 4, 5A, 5B and 6 [59]. The JAK/STAT signaling
pathway can be activated by a number of different stimuli including growth factors,
interferons and the IL-6 family of cytokines [60]. Oncostatin-M (OSM), a member of the
IL-6 family, provides a prototypical example of JAK/STAT pathway activation (Figure 2).
The pathway begins through the binding of OSM to its receptor, which is composed of two
protein subunits: gp130 and OSM receptor B [61]. Upon cytokine binding, associated JAK
proteins, primarily JAK2, trans- and autophosphorylate themselves and the cytoplasmic tail
of the receptor. When the receptor becomes phosphorylated, it serves as a docking site for
another protein, STAT3. JAK2 proteins then phosphorylate STAT3 on tyrosine 727, a
modification that allows STAT3 molecules to form homodimers through reciprocal SH2
domain interactions [62]. STAT3 dimers then translocate to the nucleus and function as
transcription factors by binding to vy activated sequences elements in the promoters of
STAT-responsive genes, such as VEGF, 1L-10 and Bcl-2 (Table 1). JAK/STAT signaling
also induces an important family of negative regulators, the suppressors of cytokine
signaling proteins, which terminate JAK/STAT activity [63]. JAK2/STAT3 signaling is
critical for the growth and survival of a variety of human malignancies, making it a focal
point of cancer research [64—66].

JAK2/STATS3 activation in GBM

Since STATS3 affects transcription of genes involved in apoptosis and the cell cycle [67],
tight control of STAT3 activity is imperative to prevent malignant transformation of cells.
However, aberrant activation of STAT3 is observed in the majority of human neoplasms,
indicating that endogenous regulatory mechanisms have failed [64,65,68]. In GBMs, STAT3
was shown to be constitutively active, as assessed by tyrosine phosphorylation status [69—
73]. Phosphorylated STATS3 correlated with poor survival in patients with anaplastic
astrogliomas [72]. In another study, tyrosine-phosphorylated STAT3 was shown to be a
frequent occurance in high-grade gliomas, and was positively associated with tumor grade
[70]. Our group has determined that total levels of STAT3 and activation of STATS3, as
assessed by both tyrosine and serine phosphorylation, are elevated in GBM tissues compared
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with control tissue [73]. We also detected elevated levels of phosphorylated JAK2 in GBM
tissue [73]. An elegant study by Carro et al. demonstrated that STATS3 is one of the master
regulators of mesenchymal transformation, leading to the mesenchymal phenotype that is a
hallmark of tumor aggressiveness in GBM [74]. Futhermore, in malignant glioma,
expression of STAT3 correlated with mesenchymal differentiation and predicted poor
clinical outcome. Similar to NF-kB activation, there are many proteins and pathways
dysregulated in GBMs that can lead to JAK2 and/or STATS3 activation. Owing to their
ability to activate STATS3, IL-6 cytokines have been strongly implicated in GBMs
[69,71,75]. IL-6 is one of the most ubiquitously dysregulated cytokines in cancer, with
elevated levels observed in all tumors studied to date [76]. Human GBMs express elevated
levels of IL-6 and the IL-6 family member OSM [61,77,78], which correlates with
increasing tumor grade. In addition, IL-6 gene amplification events occur in 40-50% of
GBM patients, and this is associated with decreased patient survival [79]. A survey of the
available Cancer Genome Atlas data confirms these findings. 1L-6 and OSM stimulation of
GBM cells regulates VEGF expression, contributing to the angiogenic process [77]. We
have recently shown that protein inhibitor of activated STAT3 (PIAS3), a negative regulator
of activated STATS3, is expressed at very low levels in GBMs, which contributes to
constitutive STAT3 signaling and cell proliferation [73]. Our preliminary results also
demonstrate that Pinl, which is overexpressed in GBMs, can serve as a positive activator of
S TAT3 [Atkinson GP et al., Unpublished Observation]. These fndings collectively indicate
that STAT3 activation is associated with gliomagenesis.

STATS3 has also been studied in the context of the tumor-associated immune response [66].
The relationship of the immune system to tumor initiation and progression is complex and
controversial, as inflammation can conspire with or against a tumor in a context- and cell-
type-dependent fashion. What has become clear is that with the proper costimulatory
signals, cytotoxic CD8™ T cells are capable of controlling and even eliminating tumor cells.
It has been demonstrated that microglia/macrophages associated with human gliomas show
dramatically lower costimulatory molecule expression than the same cells from normal
controls [80], and this expression can be enhanced through the use of a small-molecule
STAT3 inhibitor [81]. These data suggest that STAT3 inhibition in antigen-presenting cells
may enhance the T-cell-mediated antitumor immune response in glioma. Data from other
types of tumors have also shown the protumor STAT3-mediated immune-suppressive
functions of myeloid-derived cells [82] and the STAT3-dependent protumor expansion of
both Th17 cells [83,84] and Tregs [85]. On the whole, there is an abundance of data that
suggest STATS3 activation in tumor-associated immune cells suppresses both the innate and
adaptive immune responses [86].

The role of STAT3 in gliomagenesis is complex, however, and may depend on the
mutational profle of the tumor. The laboratory of Azad Bonni has shown that in the context
of mutated EGFR, STAT3 functions as an oncogene, but that in tumors with PTEN
mutations, STAT3 can function as a tumor suppressor [87,88]. These fndings illustrate the
need for an integration of the molecular profle of a patient's tumor, with information about
signaling aberrancies, to develop tailored therapeutic interventions.

Inhibition of JAK2/STAT3 in glioma: preclinical data

According to the National Clinical Trials Database, there have not been any human clinical
trials using experimental compounds intended to directly target oncogenic JAK/STAT
signaling in glioma [201]. However, a number of studies using animal models of glioma
have shown great promise that effective inhibition of JAK2/STAT3 signaling can reduce the
malignancy of these tumors [75,89,90]. In 2004, a study using a transgenic mouse model of
glioma demonstrated that IL-6 is required for gliomagenesis [75]. In this system, glioma
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formation was caused by v-src expression under the control of the GFAP promoter. At 65
weeks, the incidence of glioma in v-src*-/IL-6*/* mice was approximately 20%, while the
incidence in v-src*//IL-67 animals was only 3% [75]. Importantly, the v-src*//IL-67- mice
showed no detectable STATS3 activation in astrocytes, suggesting that IL-6-mediated STAT3
activation is a crucial component of glioma initiation [75]. This study suggests that an anti-
IL-6 therapy may be useful in controlling glioma, although it did not explore the effect of
IL-6 signaling on established tumors. IL-6-targeted therapies are already being used to treat
other human diseases. In the past few years, tocilizumab, a humanized monoclonal antibody
against the 1L-6 receptor, has been found to be safe and have impressive effects on
rheumatoid arthritis. A recent study found that after 5 years of monotherapy with this drug,
over half of the rheumatoid arthritis patients enrolled in the study achieved clinical
remission [91]. Based on our knowledge of the importance of IL-6 signaling in GBM, these
already approved anti-I1L-6 therapies could be useful in treating this tumor.

A more recent study examined the effect of a small-molecule inhibitor of STAT3, LLL-3, on
glioma growth and animal survival [89]. The primary model used in this study involved
injection of an established human glioma cell line, U87-MG, into the brains of nude mice.
Mice that received a single stereotactic injection of LLL-3 into their nascent U87-MG brain
tumor had a median survival of 28.5 days compared with 16 days in the vehicle-treated
controls [89]. Although posthumous immunohistochemistry was not performed, MRI of
both groups showed significantly smaller tumors in the brains of LLL-3 treated mice,
confirming the role of STAT3 in tumor growth [89]. Another group used a similar model to
investigate the effects of a dominant-negative STAT3 in glioma tumor formation [90].
Results showed that orthotopically implanted U87-MG cells expressing a dominant-negative
STAT3 formed small tumors, but failed to show significant growth over a period of 7 weeks
[90]. Control tumors quadrupled in size over the same period [90]. Immunohistochemical
ana lysis showed not only decreased proliferation, but also enhanced levels of apoptosis in
tumors expressing the dominant-negative form of STAT3 [90]. In a clever study of tumor
immunity, the STAT3 inhibitor WP1066 was demonstrated to effectively decrease levels of
activated STAT3 in GBM patient macrophages and T cells [81]. This study also found that
WP1066 treatment enhanced the levels of CD86 and CD80 in GBM patient microglia,
suggesting that with this type of treatment, the patients' antitumor T cells might be more
potently activated [81]. These preclinical studies have confirmed the importance of STAT3
in glioma initiation, growth and immune evasion, and support further exploration of these
inhibitors in future glioma therapies.

The signaling of cancer stem cells

In recent years, a small subpopulation of tumor cells with the ability of self-renewal has
been described in a number of different tumors, including GBM [92]. Termed cancer stem
cells (CSCs), these cells are best identified by the presence of the stem cell markers Nestin,
Sox2 and, most notably, CD133 [93], although the validity of this final marker has recently
come under question [94]. Similar to pluripotent neural stem cells, CSCs of GBM are
thought to originate from the subventricular zone and are capable of differentiating into
multiple CNS cell lineages [95]. Unfortunately, this crucial population of brain tumor cells
has proven highly resistant to chemo- and radiotherapies, making its characterization even
more important [93]. A number of in vitro and in vivo studies have demonstrated that CSCs
are required for the growth and survival of glioma tumors [96]. Indeed, a mouse xenograft
study showed that only human tumor cells with stem cell properties were able to form
tumors in the brains of immunocompromised mice [97]. Furthermore, the CD133* content
of primary brain tumor samples has been found to correlate directly with tumor grade [98].
Another study recently found that the presence of CSCs was a highly significant
independent prognostic factor for overall and progression-free survival in GBM [99].
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Do the NF-xB and/or JAK2/STAT3 pathways play a role in the CSCs of gliomas? At this
point the answer is not clear, but several studies have examined this possibility. It has been
shown recently that STAT3 is required for the proliferation and survival of glioma CSCs
[100,101]. STATS activation correlated with stem cell markers, and two different inhibitors
and an siRNA knockdown of STAT3 also demonstrated that the regenerative properties of
stem cells require STAT3 [100]. Similarly, it has also been shown that IL-6 signaling plays
an important role in activating STAT3 in CSCs, and targeting IL-6 itself or the IL-6 receptor
can induce apoptosis in these cells [101]. By contrast, another study found that ciliary
neurotrophic factor-induced STATS3 activation promotes CSC differentiation, thus
eliminating stem cell properties [102]. Part of the inconsistency of these studies may come
from the lack of agreement on the defnhing marker(s) of CSCs.

The role of NF-xB signaling in glioma CSCs is even less defned. However, one study
showed that COX-2, a gene that is regulated by NF-xB signaling, shows higher levels of
expression in U87-derived CD133" cells than in CD133" cells from the same cell line [103].
It does appear that many of the signaling aberrations that have been characterized in
malignant glioma may be particularly relevant to the stem-cell population of the tumors
[93]. For example, introduction of EGFRvIII-expressing neural stem cells into the mouse
brain causes induction of malignant lesions that resemble high-grade glioma [104]. The
PIBK-AKT signaling pathway has been shown to be constitutively active in CD133* cells,
and small-molecule inhibition of this pathway causes apoptosis [105]. Because of the
relative newness of the feld of CSCs, further studies are needed to defne the function of
JAK/STAT and NF-xB signaling in controlling CSC properties in the context of GBM.

Crosstalk between NF-kB & JAK-STAT in cancer

Data from our laboratory and others, as well as our unpublished data, indicate that activation
of the NF-xB and JAK2/STAT3 pathways is a common feature of GBMs, and positively
correlates with tumor grade [39,70,73,106]. The complex inter-relationship between the NF-
kB and JAK/STAT pathways is beginning to be elucidated, illustrating that the JAK/STAT/
NF-kB axis is central for tumor progression [107,108]. Crosstalk between the JAK/STAT3
and NF-xB pathways has been demonstrated at multiple levels, including activation of
STAT3 by NF-kB-induced factors, such as IL-6 and COX-2, STAT3 activation of NF-xB
processing, leading to proapoptotic responses [109], and STAT3 promotion of NF-xB
nuclear translocation [110]. In the context of colitis-associated cancer, it has been shown
that IL-6, an NF-kB regulated cytokine, is a critical tumor promoter during early colitis-
associated cancer tumorigenesis, and that the proliferative and survival effects of IL-6 are
mediated by STAT3 [108]. An elegant study by Lee et al. demonstrated that constitutively
activated STAT3 maintains constitutive NF-xB activity in cancers by inhibiting its export
from the nucleus [107]. Activated STAT3 prolongs NF-xB nuclear retention through p300-
mediated NF-xB acetylation, which interferes with NF-xB nuclear export. These fndings
define a cooperativity between STAT3 and NF-«xB in cancer, and help explain why both
transcription factors appear to stimulate a highly overlapping repertoire of prosurvival,
proliferative and angiogenic genes (Table 1).

The interplay and clinical regulation of these two pathways was elegantly demonstrated in
diffuse large B-cell lymphoma (DLBCL) [111]. DLBCL is characterized by constitutive NF-
kB and STATS3 activity. A molecular profile was established demonstrating that STAT3
high DLBCLs had a higher expression of gene signatures that reflected NF-«xB activity.
DLBCL cell lines that secreted IL-6 were selectively killed by an inhibitor of STAT3
signaling, an effect that synergized with an inhibitor of the NF-xB pathway. This synergistic
toxicity suggests a functional crosstalk between these two important signaling pathways that
could be meaningful in a therapeutic setting. In unpublished results from our laboratory, we
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detect the concomitant presence of activated JAK2, activated STAT3, and acetylated and
phosphorylated p65 in the majority of glioma xenografts, demonstrating the co-existence of
the JAK/STAT and NF-xB pathways in glioma [Unpublished Data]. In this regard, activated
STAT3 was one of the transcription factors significantly associated with The Cancer
Genome Atlas worst-prognosis signature, which also correlates with marked mesenchymal
features [74]. There is emerging evidence that crosstalk occurs between NF-xB and JAK/
STAT3 pathways [107], leaving open the possibility that a single pharmacological agent
could be used to inhibit both pathways.

Expert commentary

Although certain mutations are common in malignant glioma, there appears to be no single
pathway that the tumor requires for survival. If this were the case, the pathway would
become the focus of drug development and, with proper delivery, would likely lead to
meaningful increases in survival. After all, this is essentially the story of chronic myelocytic
leukemia (CML), a tumor with a hallmark constitutively active kinase caused by a reciprocal
translocation between chromosomes 9 and 22 (the Philadelphia chromosome, Ph). Since
almost all CML cases are Ph*, a specific kinase inhibitor (Gleevec®, Novartis
Pharmaceuticals, NJ, USA) was developed and has been highly successful in treating CML
[112]. Glioma presents a much more complex picture, with major challenges in both
delivery and pathway targeting.

As such, it is not surprising that monotherapies targeting non-essential single pathways have
not been effective in treating malignant gliomas [113,114]. Even if a well-delivered
treatment kills 90% of tumor cells in a patient, the remaining 10% are likely to survive
because they possess genetic advantages that confer resistance to the drug. Without
susceptibility to the therapy, these few cells proliferate and lead to the recurrent tumors that
eventually kill the patient. In this way, the escape of a tumor due to selective pressure is not
unlike the development of antibiotic resistance in bacteria. For this reason, the focus of
many current and upcoming clinical trials is on combining pathway-specific inhibitors. The
rationale is that combining drugs with different mechanisms of action will give the tumor
less of an opportunity to escape.

For example, an ongoing clinical trial taking place at Duke University (NC, USA) is testing
the safety and efficacy of combined erlotinib, an EGFR inhibitor, and bevacizumab, a
specific inhibitor of VEGF signaling, in recurrent glioma (CTID: NCT00671970). Another
study is combining erlotinib with an inhibitor of the mTOR pathway called temsirolimus
(CTID: NCT00112736). Pathway-specific inhibitors appear to cause fewer side effects and
toxicities than traditional chemotherapies, so the hope is that combinations of these drugs
will not only be more effective, but also better tolerated than older drugs. Although major
breakthroughs in progression-free survival and median survival have not yet been made, the
use of pathway-specific inhibitors in combination will likely yield favorable progress in
glioma therapy.

Five-year view

Due in large part to advances in genomics, bioinformatics, transgenic mice and antibody-
based technologies, our molecular understanding of malignant gliomas has expanded
significantly over the past 20 years. As with other types of tumors, inhibitors that target
specific signaling pathways, rather than all proliferative cells, are being developed with the
hope of higher efficacy and fewer side effects. Owing to the widespread hyperactivation of
these pathways in a broad sampling of human tumors, the NF-xB and JAK2/STAT3
pathways have become prime targets for pharmacological intervention. Currently, a large
number of clinical trials are underway or recruiting for the use of NF-xB or JAK2/STAT3
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inhibitors for the treatment of various types of cancer (see Table 2 for an abbreviated list). In
the next 5 years, we are hopeful that some of the more promising drug compounds from
these trials will be tested for efficacy in malignant glioma.

Another exciting event on the horizon is the completion of the Cancer Genome Atlas pilot
project in GBM. This multicenter ana lysis of approximately 500 GBM tumor samples will
be the most comprehensive study of a malignant glioma subtype to date, with each sample
being extensively characterized using multiple histopathological and genomic techniques.
An interim analysis published in 2008 was an exciting first step toward a more quantitative
understanding of the genetic and signaling aberrations in glioma [16,18]. The publicly
accessible data set from this enormous effort will only increase the likelihood that more
common mechanisms and pathways underlying these tumors will be discovered. Indeed, The
Cancer Genome Atlas has already led to a furry of discoveries regarding GBM genetics
[115-118], and the importance of the STATS3 transcription factor in glioma [74].

As a result of these studies, gliomas will be further stratified into groups that describe these
tumors not only histopathologically, but molecularly as well. Accordingly, patients will be
parsed into treatment cohorts that are most likely to give successful outcomes. This is
already occurring to some extent, as evidenced by the prognosis data of patients with
MGMT promoter methylation [119,120]. MGMT is a critical enzyme in DNA repair. Like
many genes, the expression of MGMT can be epigenetically silenced by the methylation of
its promoter. Recent studies have found that malignant glioma patients with silenced MGMT
respond significantly better to TMZ therapy than those with normal MGMT expression
[119]. Further stratification based on tumor genetics and epigenetics will allow physicians to
treat patients with the therapeutic regimen that is most likely to be effective.

All of this will slowly move GBM treatment closer to the holy grail of therapies:
personalized medicine. Although the economics of individually tailored medicines will be
difficult, personalized medicine is the most logical way to fight most forms of cancer. After
all, while we attempt to categorize cancers to find and exploit commonalities, each case is in
fact unique. This is particularly true with GBM, a tumor that is well known for its genetic
and histologic heterogeneity [4]. This century, we will likely see rapid profiling of biopsy
samples, custom therapy development based on tumor profiles and subsequent multipathway
attacks on glioma through targeted delivery. In many cases, drugs directed toward the NF-
kB and JAK2/STAT3 pathways will be a major part of these therapies.
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Key issues

¢ Glioblastomas (GBMs) are invasive brain tumors with ineffective treatment
options and a generally poor prognosis.

e Numerous studies have shown that patient glioma samples frequently display
constitutive activation of NF-xB and JAK2/STAT3 signaling pathways.

e Preclinical studies in GBM have shown that inhibition of NF-xB and STATS3 is
beneficial to outcome.

¢ A number of JAK2/STAT3 and NF-kB-targeting drugs have been and are
currently being used in clinical trials in other tumor types.

» Clear attempts to directly target these pathways in human glioma patients have
not yet been attempted, although inhibiting NF-xB and/or JAK2/STAT3
signaling shows immense promise in vitro and in vivo.

* JAK2/STAT3 signaling, and possibly NF-xB signaling, is critical for the
maintenance of cancer stem cells, the regenerative cell population of GBM.

* Recent data suggest crosstalk exists between the JAK/STAT and NF-xB
pathways, which may have important implications for designing effective drug
therapies in GBM.
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Figure 1. The NF-xB signaling pathway

(A) The structure of NFKB proteins. NF-xB proteins are defined by a C-terminal RHD,
which can be activated by phosphorylation. p65, RelB and c-Rel contain TAD, which can
activate NF-xB target genes. p100 and p105 lack TADs but contain AR domains and N-
terminal DDs. RelB also contains a LZ. (B) TNF-a is one of the most potent activators of
NF-xB,and is produced in the CNS by microglia, astrocytes, endothelial cells and some
neurons. TNF-a binds to the TNF-a receptor and activates the IKK kinase, which consists of
three subunits: a, p and v. IKK phosphorylates (yellow circles) the inhibitory protein IxBa
and targets this protein for Ub mediated degradation. The liberated NF-xB dimer
translocates into the nucleus, undergoes phosphorylation (yellow circle) and/or acetylation
(green circle), and binds to kB elements in the promoters of target genes to regulate gene
expression.

AR: Ankyrin repeat; DD: Death domain; IKK: 1xB kinase; LZ: Leucine zipper domain;
RHD: Rel homology domain; TAD: Transactivation domains; Ub: Ubiquitin.
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Figure 2. IL-6 family signaling through the JAK/STAT-3 pathway
OSM binding to the OSM receptor activates intracellular JAK kinases, predominantly JAK2,

which phosphorylate (yellow circles) STAT-3. Once phosphorylated, STAT-3 molecules
dimerize, translocate to the nucleus and bind to STAT response elements in the promoters of

target genes. OSM: Oncostatin-M.
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NF-kB and STATS3 target genes.

NF-«xB STAT3

Cell growth & proliferation

c-Myc c-Myc
MDM2 Pim1
CyclinD1 CyclinD1
Piml AKT
AKT JunB
P53/ P53/

Apoptosis & drug resistance

Bcl-2 Bcl-2
Bcl-XL Bcl-X L
Survivin Survivin
clAP2 clAP2
MGMT MDR1
Mcl-1
STAT3

Cell migration & invasion

MMP-9 MMP-2
ICAM-1 MMP-9
VCAM-1

E-selectin

Angiogenesis

IL-8 VEGF
VEGF HIF-1a
iNOS

COX-2

Cytokines/signaling pathways

IL-6 IL-10

IL-10 IL-17

TNF-a IL-27

Sonic Hedgehog ~ Notchl
Jagged-1
&likeligand

Table 1
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clAP: Cellular inhibitor of apoptosis protein; iNOS: Inducible nitric oxide synthase; MDR: Multi-drug resistance; MGMT: OG-methnguanine—

DNA methyltransferase; MMP: Matrix metalloproteinase; STAT: Signal transducer and activator of transcription.
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