
INTRODUCTION
Stat3 was discovered as a transcription

factor present in complexes which acti-
vated the promoters of interferon respon-
sive genes (1), and as a transcription fac-
tor which was activated as a result of the
acute phase response of liver cells (2,3). It
has since been found to subserve diverse
roles through evolution, and is impli-
cated ubiquitously in several mammalian
physiological systems, and in some
pathological events. The mechanisms of
Stat3 activation and its implications in
mammalian development, its functions
in complex physiological systems includ-
ing the immune and nervous systems,
and its role in pathological states includ-
ing cancer are covered in several re-
views, a few of which are referenced here
(4–8).

The discussion in this review is fo-
cused on possible mechanisms by which
Stat3 regulates biological processes in
cells within the nervous system. Stat3
plays integral roles during development
of the mammalian nervous system, and

remains expressed and active in selected
regions in the adult brain. It is activated
in response to interferons, neuropoietic
cytokines, neurotrophic factors, inter-
leukins and notch to name a few. The
context in which the Stat3 activating sig-
nal is received by cells dictates the out-
come of Stat3 activation within the nerv-
ous system, that is, the genetic,
epigenetic status of the cell along with
the levels and activation states of cellular
molecules at the time the activating sig-
nal is received.

Stat3 also has been implicated in some
conditions where the nervous system is
compromised, including cancer and neu-
ronal regeneration. Stat3 is involved in
complex interactions of proliferation,
survival, epithelial-mesenchymal trans-
formation and in the regulation of im-
mune cell functions and inflammatory
interactions. While these effects might be
relevant to cancer in the nervous system,
Stat3 also is implicated in neuronal re-
generation. A detailed understanding of
the signals which control these physio-

logical and pathological events, includ-
ing the involvement of Stat3, could lead
to the configuration of novel approaches
of intervention.

THE ACTIVATION STATES OF STAT3
The most widely studied function of

Stat3 is one of transcriptional transactiva-
tion of promoters which include the cog-
nate binding site for Stat3. To be tran-
scriptionally active, Stat3 forms several
qualitatively different dimer complexes:
Stat3 homodimers and Stat3-Stat1 het-
erodimers. Each of Stat1 and Stat3 them-
selves have two isoforms designated a
and b; the b isoform is truncated and
lacks 38 and 55 C-terminal amino acids
respectively. Stat3b has 7 new amino
acids at the truncated C-terminus. In ad-
dition to transcriptional transactivation,
Stat3 also has been implicated in the sta-
bilization of microtubules (9).

Stat3a is a 770 amino acid protein
which is posttranslationally modified by
phosphorylation and acetylation result-
ing in a protein “activated” to function
as a transcriptional transactivator. The
best described modification is phospho-
rylation of the tyrosine at position 705 by
the Janus kinases (JAKs) (1). This phos-
phorylation event is required for dimer-
ization of Stat3, and the resulting tran-
scriptional transactivation function
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where it binds to its cognate DNA bind-
ing site on Stat-responsive promoters.
Phosphorylation of serine 727 also is
thought to modulate transcriptional
function, and is brought about by several
kinases including p42/44 extracellular
signal regulated kinases (ERKs) and
mammalian target of rapamycin (mTOR)
(10,11). Acetylation on lysine 685 by p300
is thought to be relevant to transactiva-
tion function (12), while the two 
N-terminal lysines (lys49, lys87) are re-
ported to be acetylated in some cancer
cells (13). In a cervix carcinoma line,
leukemia inhibitory factor (LIF) and
 interleukin-6 (IL-6) have been shown to
cause acetylation of Stat3 on lysine 685
via the activation of AKT (14). Methyla-
tion has been reported on arginine 31
(15), but has since been questioned (16).
The activity of Stat3 is known to be mod-
ulated by several ligands. The ones rele-
vant to this discussion include inter-
feron γ (IFNγ), IL-6 and the cytokines
which signal through the gp130 receptor
subunit which include ciliary neu-
rotrophic factor (CNTF), LIF, leptin, ery-
thropoietin (EPO) and oncostatin M
(OSM); neuro trophic factors including
nerve growth factor (NGF) and brain de-
rived neuro trophic factor (BDNF); epi-
dermal growth factor (EGF), bone mor-
phogenetic protein 4 (BMP4) and notch.

In addition to posttranslational modi-
fications, nucleocytoplasmic shuttling is
another level at which control of the
 effects of activated Stat3 is exerted. Shut-
tling in and out of the nucleus is medi-
ated by the importins (17). Phosphoryla-
tion appears to increase the rate of
shuttling into, and retention within, the
nucleus. Phosphorylation by v-src
causes constitutive activation of Stat3,
while regulation by feedback mecha-
nisms is due to cytokines such as IL-6,
thus the former is thought to be onco-
genic (18). Suppressor of cytokine sig-
naling (SOCS) which regulates Stat3 acti-
vation also may translocate to the
nucleus, thus adding another level of
regulation of Stat3 (19). Unphosphory-
lated Stat3 also shuttles at a slow pace,
and there is a constant presence of Stat3

within the nucleus (20). Unphosphory-
lated Stat3 (where Y705 is rendered inca-
pable of phosphorylation) when overex-
pressed causes the upregulation of
several genes, and is thought to act by
complexing with NFkB (21). However, it
is possible that “unphosphorylated”
Stat3 is modified in some manner that
remains to be defined.

CELLULAR CONTEXT
Activation of Stat3 elicits distinct re-

sponses based on the state of the cell that
is receiving the signal. This specific state
could be termed as the “context” within
which the signal is received. Context
could be synthesized as the backdrop of
all the other signals transpiring in the
cell at that particular time, and also the
manner in which cumulative signals im-
pact on Stat3.

Context could include three facets,
first, the nuclear and cytoplasmic status
of the cells as it receives the Stat3 activat-
ing signal since this will dictate protein/
lipid/carbohydrate activation and com-
plexing events which coincide with the
Stat3 signal. The second parameter is the
receptiveness of the genome to these
cues, and, thirdly, the manner in which
Stat3 itself is posttranscriptionally modi-
fied. At a global level, context will be de-
cided by several factors including the
spatial position and temporal order of
activation of signals within the cell and
the thresholds of activation of pertinent
signaling molecules. This could include
all molecules which mediate transcrip-
tional, posttranslational and genomic
modifications and facilitating structures
such as lipid rafts, specialized mem-
branes and cellular scaffolding. Thresh-
olds will be set by the net effect of inter-
secting and independent signals
(activating and inhibitory) impinging on
an effector molecule, and, in turn, the re-
sponse elicited by the effector will de-
pend on the thresholds of activation
achieved. The strength of the signal may
be defined by the amplitude of activation
and/or the sustained length of activa-
tion. Finally, successful transcriptional
transactivation requires a genome which

is receptive to interaction with proteins
and unwinding. A snapshot of the cell
capturing all these facets may represent
the context within which the signal is
 interpreted.

Systems biology approaches can envi-
sion possible biological networks of in-
teractions between proteins, RNA and
DNA and, potentially, lipids and carbo-
hydrates. These technologies may be
used to designate hubs of high activity
which connect to other signaling mole-
cules and to each other. They may also
predict and/or analyze activation
events in relation to others, and may
provide temporal delineation of these
events. Predictions of interactions, and
perhaps outcomes, of complex signaling
cascades have been modeled in re-
sponse to various stimuli (22), and the
use of microarray-based technologies
have yielded astonishing amounts of
data describing transcription factor
complexes and genes which are induced
as a result of Stat3 activation in specific
cellular systems, including stem cells
(23,24). The perturbation of levels of
Stat3 protein in one study related to the
placenta permits the description of
pathways which are potentially acti-
vated in the presence and absence of
Stat3, and indicates that several tran-
scription factors coordinately regulate
groups of genes which potentially deter-
mine functional output (25). On a
smaller scale, protein microarrays cre-
ated using a sandwich method with
known antibodies were used to deter-
mine relative and parallel levels of acti-
vation by phosphorylation of multiple
signaling in erythroid cells in response
to EPO, providing quantitative and tem-
poral resolution of these events (26).
The continuous development of newer
technologies and analysis tools will
allow these systemwide studies to be
performed in several tissues. The delin-
eation of context of Stat3 activation
within cells of the nervous system is de-
veloping continually with systems and
experimental biology paradigms, and
may be combined with the current liter-
ature to generate testable hypotheses.
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STAT3 BIOLOGY IN THE DEVELOPING
AND ADULT MAMMALIAN NERVOUS
SYSTEM

Neurogenesis is dominant during early
cortical development, and is followed by
gliogenesis which continues into postna-
tal development. Prior to embryonic
d 10.5 (E10.5, approximately E7.5–E10.5)
Stat3 mediates specification of neural
stem cells (NSCs) by regulating expres-
sion of Sox2, which regulates gene ex-

pression characteristic of NSCs (27). To
maintain survival and proliferation of
NSCs, Stat3 appears to be regulated by
the cell surface receptor notch and its as-
sociated signaling pathways, resulting in
the activation of mammalian target of
 rapamycin (mTOR) (28,29). mTOR acti-
vates Stat3 by phosphorylation of ser727
which appears to be a signal for NSC sur-
vival and proliferation in this context
(Figure 1A). Extracellular signal regulated

kinase (ERK2) also has been shown to be
required for proliferation of NSCs (30).

Activation of Stat3 appears to be a
dominant signal for glial differentiation
(Figure 1B) (31–34). Stat3 activation may
be achieved by several ligands including
CNTF, LIF, BMP and notch. CNTF and
LIF cause optimal activation of Stat3 by
activating the JAK and ERK pathways,
which phosphorylate the tyr705 and
ser727 residues respectively; BMP4 phos-
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Figure 1. Contextual Stat3 signaling in proliferating and differentiation NSCs. (A) Proliferation and survival of NSCs. A context in which Stat3
regulates the proliferation and survival of NSCs appears to include the cell surface receptor notch and its associated signaling pathways
resulting in the activation of mTOR and activated ERK within the cell. Both mediate phosphorylation of Stat3 at serine 727. (B)Glial differ-
entiation. Stat3 is activated by phosphorylation on both serine 727 and tyrosine 705. Stat3 signal are activated in a context which in-
cludes the notch-mediated signals hes and NF1, retinoic acid signaling and inhibition of neurogenin (ngn). Epigenetic modifications
 include retinoic acid–mediated histone acetylation, and NFI-mediated demethylation. Other known signals include cytokine and growth
factor-mediated activation of JAK and ERK kinases, and change in methylation status CpG on DNA, and on histone H3 to allow transcrip-
tion. Notch activation may be achieved by release of notch ligands by neighboring neuronal precursors which confers a glial fate on re-
cipient cells. (C) Neuronal differentiation. Signals from NeuroD and ngn are central to neuronal differentiation. This occurs in a context
where activities of ERK, disabled (dab) and MeCP2 are high. In addition to induction of neuron-specific genes by NeuroD and ngn, there
is active repression of glial-specific promoters in neurons and neuronal precursors. Notch/Stat3-mediated signals are largely silent in this
context, in contrast to glial differentiation.



phorylates ser727 via mTOR; and notch
activates Stat3 by direct complexing with
its downstream activator hes (31,33–35).
Gain of function experiments with notch
suggest that neuronal differentiation sig-
nals, presumably including neurogenin
(ngn), are inhibited while signals regulat-
ing glial differentiation are promoted
(36). Canonical activation of Stat3 in-
volves tyrosine phosphorylation at
tyr705 and serine phosphorylation at
ser727. Although all studies agree that
phosphorylation on tyr705 by JAK kinase
is required for glial differentiation, acti-
vation of ERKs and, by extension, phos-
phorylation of ser727 seems to confer ef-
fects which are interpreted depending on
the assay used. While one study con-
cluded that ERK activation was required
for optimal glial differentiation (33), an-
other indicated that ERK activation in-
hibits glial differentiation (31). BMP-
 mediated phosphorylation of ser727 by
way of mTOR promoted glial differentia-
tion (34). In contrast, phosphorylation of
ser727 by notch, also mediated by
mTOR, promoted survival, proliferation
and maintenance of NSCs rather than
differentiation (28,29). It is possible that
none of these conclusions are mutually
exclusive and other facets of the context
require examination. In contrast to these
contexts where Stat3 activation leads to
glial differentiation, activation of Stat3 by
IFNγ in NSCs results in the upregulation
of p27 and neuronal maturation along
with neurite outgrowth (37). The context
in which this IFNγ-mediated Stat3 activa-
tion occurs is unclear.

Neuronal differentiation in NSCs and
retinal stem cells occurs in the context of
the neurogenin, notch and reelin path-
ways along with a repression of Stat3 ac-
tivity (Figure 1C). During directed dif-
ferentiation of NSCs into neurons and
glia, the activation of the basic helix-
loop-helix transcription factors NeuroD
and ngn initiate neuronal differentiation.
Conversely, suppression of Stat3 activa-
tion also results in neuronal differentia-
tion (38,39). Differentiation of late retinal
stem cells may be regulated by a gradi-
ent of CNTF where fate choice is dic-

tated by concentration of the ligand (40).
This study showed that, at high concen-
tration of CNTF, Stat3 is activated by
JAK and ERK which causes suppression
of the neuronal pathway and leads to
glial differentiation to Muller cells, while
low concentrations of CNTF result in
bipolar neuron differentiation, probably
due to an ERK-mediated expression of
transcription factors which promote
neuronal differentiation. Optimal Muller
cell differentiation requires modulation
of the activation of Stat3 by notch-
 mediated effects (40). Along with notch,
reelin is another molecule which plays a
central role in the development of the
mammalian nervous system, and it sig-
nals through a cytoplasmic adapter pro-
tein called disabled (dab). Gliogenesis
was increased at the expense of neuroge-
nesis in dab-deficient NSCs due to de-
creased expression of NeuroD and en-
hanced expression of JAK-Stat (41).
Interestingly, ratios of differentiation in
wild-type NSCs were not affected by
reelin, suggesting that dab could signal
independently of reelin.

Epigenetic factors contribute extensively
to the context in which the activation sig-
nal is interpreted (see Figures 1B, C).
NSCs derived from embryos prior to E12
differentiate into glia less efficiently than
late NPCs (42). Subsequent studies
showed that this is probably due to CpG
methylation of the Stat3 site on the glial
fibrillary acidic protein (GFAP) promoter
(43), and histone methylation at Stat3 site
at the GFAP promoter (44). Gliogenesis is
more efficient in cells lacking the DNA
methyltransferase 1 causing the genome
and chromatin to be hypomethylated, re-
sulting in increased expression of Stat1
and GFAP (45). Another series of experi-
ments suggest that notch ligands are ex-
pressed by neuronal progenitors, which
then “unblocks” the methylation of the
GFAP promoter of the neighboring stem
cells so that they may become astrocytes.
Notch causes activation of NF1, which,
upon binding to astrocyte-specific pro-
moters including GFAP promoter, pro-
motes demethylation (46). It thus ap-
pears that glial genes are suppressed by

cell-autonomous epigenetic means in
neuronal cells. Along similar lines,
MeCP2 is highly expressed in neurons,
and the overexpression of MeCP2 leads
to the suppression of astrocytic gene ex-
pression (47). Retinoic acid is another im-
portant morphogen which is active in the
postnatal d 1 (P1) brain at the time when
astrocytic differentiation occurs. Retinoic
aci induces histone H3 acetylation in the
proximity of the Stat3 site at the GFAP
promoter, allowing increased transcrip-
tional activity by Stat3 (48).

Other less defined elements of cellular
context relating to Stat3 are emerging.
The composition of lipid rafts confers a
differentiation signal in the developing
mouse cortex. Rafts enriched in phos-
phatidyl glucoside direct astrocytic dif-
ferentiation by regulating the tyrosine ki-
nase activity of the epidermal growth
factor receptor (EGFR) which results in
the activation of JAK/Stat3 pathway (49).
One of the results of the activation of
Stat3 is the expression of molecules
which regulate not only Stat3 itself, but
also other transcription factors and cellu-
lar proteins. This provides a continuity of
signals which either maintain the cellular
environment or initiate a unique one.
Suppressor of cytokine signaling 3
(SOCS3), and protein inhibitor of acti-
vated Stat3 (PIAS3) are the most com-
mon regulators of Stat3 activity. SOCS3
suppresses AP1 activity by inhibiting the
transcription factor JNK-1 (50), downreg-
ulating IFNβ levels and also by affecting
signaling from chemokine receptors by
binding directly to them (51). Such dy-
namic interactions with other intracellu-
lar pathways could modify the context in
which a signal is being propagated. As
one might envisage, the expression lev-
els of receptors on the cell surface,
 concentration/gradients of soluble and
membrane-bound ligands, availability of
signaling molecules and modifying en-
zymes, will continuously contribute to
the elicited result.

The leptin-responsive neurons in the
hypothalamus are the second distinct
population where Stat3 is activated in
the adult brain, the first being the

9 6 8 |  R A J A N |  M O L  M E D  1 7 ( 9 - 1 0 ) 9 6 5 - 9 7 3 ,  S E P T E M B E R - O C T O B E R  2 0 1 1

B I O L O G I C A L  E F F E C T S  O F  S T A T 3  S I G N A L I N G



“niche” area of the subventricular zone
where NSCs remain in the adult brain
(5). The regulation of leptin-related re-
sponses in the hypothalamic-pituitary
axis regulates appetite. Leptin induces
the JAK/Stat pathway in neurons of the
hypothalamic area (52). Leptin also in-
duces protein tyrosine phosphatase1b
(PTP1b) which, in turn, regulates leptin
signaling (53). More details regarding the
context of Stat3 signaling in these neu-
rons are awaited.

STAT3 BIOLOGY IN PATHOLOGIES OF
THE NERVOUS SYSTEM

Stat3 appears to have a prominent role
in the biology of several cancers, includ-
ing gliomas (8,54). The activation of Stat3
by LIF or IL-6 causes increased prolifera-
tion of glioma stem cells (55,56). Inhibi-
tion of Stat3 in neurosphere cultures of
cancer stem cells derived from glioblas-
toma multiforme (GBM) causes an irre-
versible inhibition of proliferation, and a
downregulation of genes associated with
the stem cell phenotype (57). mTOR also
activates Stat3 in GBM cells downstream
of the serine kinase Akt (58). This is in
line with the BMP-activated, mTOR-me-
diated, activation of Stat3 described pre-
viously in NSCs (34), and also aligns
with the observation that BMP causes
differentiation of GBM-derived stem cells
(Figure 2) (59). While no epigenetic regu-
lation of Stat3 itself has been uncovered
in gliomas, there is documented epige-
netic regulation of genes which might
control Stat3 activity. Hypermethylation
of SOCS1 and SOCS3 correlates with
poor patient outcome (60,61). Release of
hypermethylation of SOCS1 genes in
gliomas leads to an increased sensitivity
to radiation, presumably through the
ERK pathway. Methylation of the BMP
receptor 1a gene promoter in GBMs
causes silencing of this gene (62), remi-
niscent of the fact that BMP promotes
differentiation of GBM-derived stem cells
(59). Epigenetic regulation also may be
exerted by micro-RNAs, a group of small
stable RNAs which regulate gene expres-
sion. The micro-RNA miR21 shows the
greatest differential expression in GBMs

(63). Its known targets include p53,
PTEN and others. Although it had not
been known to regulate Stat3 activity di-
rectly, it does regulate increased survival,
a function also mediated by Stat3. Simi-
larly miR7 and miR34a are associated
with the regulation of EGFR/Akt and
notch pathways respectively (64,65), and,
again, may be associated with the regula-
tion of Stat3 activity.

A systems biology approach was ap-
plied to identify a putative transcrip-
tional network which drives the mes-
enchymal transformation of high-grade
gliomas (66). Using a unique algorithm,
these authors were able to identify a
group of six transcription factors which
exert significant control over the expres-
sion of a gene cassette designated as
mesenchymal in these tumors. Promoter

occupancy studies using ChIP assays
showed that, along with interactions
with each other, there are also feed-for-
ward loops of self-regulation. Stat3 and
C/EBP were identified as the two fac-
tors which were highest in the hierarchy
of events causing mesenchymal pheno-
type in glioma cells. Presumably these
effects are elicited in the context of the
network of transcriptional events at the
hub of which are six transcription fac-
tors: Stat3, C/EBP, bHLH-B2, RUNX1,
FOSL2 and ZNF238. By using next-
 generation sequencing technologies, a
comprehensive gene expression analysis
of gliomas was performed with the aim
of uncovering copy number variations
and gene mutations which are correla-
tive with gliomas (67). Parsons et al.
identified a prevalence of mutations in
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Figure 2. Stat3 interactions in glioma biology. There is evidence for a role for Stat3 in tumor
cells, immune cells and endothelial cells within gliomas. Stat3 mediated proliferative/sur-
vival signals downstream of LIF or IL-6. It also possibly mediates differentiation downstream
of BMP/mTOR activation. Several genetic and epigenetic mutations/interactions which
impact the Stat3 pathway have been documented, including mutations in the EGFR, hy-
permethylation of SOCS and BMPR promoters and misregulation of several miRNAs includ-
ing miR326 which affects notch signals. Stat3 also appears to be an important regulator
of mesenchymal transformation events. These interactions are impacted by levels of ERK
and notch signals present within the cells. Inflammation results in the activation of several
pathways which impinge directly on levels of activated Stat3. These include upregulation
of notch signaling and recruitment of OSM and IFNγ mediated signals. Stat3 plays an im-
portant role in the immunotolerance of the tumor by the host. It also is involved in the pro-
duction of angiogenic factors in the tumor microenvironment, and in the mediation of
VEGF signaling in endothelial cells within the tumor.



the isocitrate dehydrogenase (IDH-1) in
12% of the tumors, in addition to muta-
tions in other expected genes including
p53, retinoblastoma, PTEN and EGFR.
Again, the perturbations in these genes
would contribute to the context within
which Stat3 elicits its effects in gliomas.

Inhibition of Stat3 in GBMs reverses
the tolerance in immune cells isolated
from the tumor (68). Stat3 promotes pro-
liferation and survival of tumor cells,
and the production angiogenic factors in
the tumor microenvironment (69). It has
been shown in animal models that the
responsiveness of tumors to the immune
system of the host and to adoptively
transferred T-cells may be enhanced by
the inhibition of signaling molecules
such as Stat3 (70,71). In these models, ex-
pression of Stat3 was inhibited selec-
tively in cells of the myeloid lineage by
targeting these cells with siRNAs di-
rected against Stat3. The intracellular
context in which the Stat3 signal is re-
ceived by the host T-cells, or by the
adoptively transferred T-cells, is an im-
portant question. Stat3 signaling also is
relevant to the regulation of angiogenesis
in gliomas. In gliomas as well as medul-
loblastomas, Stat3 is activated by vascu-
lar endothelial growth factor receptor 2
(VEGFR2), and activated Stat3 increases
the expression of VEGF in an autocrine
activation loop. In this study, activated
Stat3 was localized primarily to the en-
dothelial cells of vascular regions of the
tumor (see Figure 2) (72).

Stat3 activity is modulated in patho-
logical conditions which result in inflam-
mation in the nervous system by at least
three mechanisms. Inflammation causes
the expression of jagged, a ligand of
notch, on the cell surface of astrocytes.
This results in the activation of notch
which mediates the expression of GFAP,
inducible nitric oxide synthase (iNOS)
expression, and cytokines in astrocytes.
In addition, jagged induces the expres-
sion of JAK2 and SOCS3, thus modulat-
ing Stat3 function (73). Another report
has shown that during inflammation,
IFNγ is secreted by astrocytes, microglia
and macrophages. Under these condi-

tions IFNγ-dependent Stat3 activation is
dependent in glycogen synthase kinase 3b
which complexes with Stat3, and chaper-
ones it to the IFNγ receptor where it is
activated by tyrosine phosphorylation
(74). OSM, a ligand which signals
through the gp130 family of receptors, is
produced during inflammation by acti-
vated microglia, reactive astrocytes and
infiltrating leukocytes. It is implicated in
the inflammatory response, and also dur-
ing proliferation and differentiation in
the brain. OSM induces the expression of
SOCS3 in astrocytes causing a complex
of Stat3, the AP1 proteins fos and jun,
p300 and CBP to activate the SOCS pro-
moter (75). In this context it might pro-
vide a feedback mechanism for the regu-
lation of Stat3- and API-mediated
responses during inflammation in the
nervous system.

As mentioned previously, Stat3 ini-
tially was discovered as part of the gene
cassette involved in the acute phase re-
sponse in the liver. It has since been
strongly implicated in regeneration in
the liver, where it is thought to initiate
events related to liver regeneration in re-
sponse to IL-6 and tumor necrosis factor
(76). Stat3 also is involved in regenera-
tion in the nervous system. The potential
to regenerate is more apparent in the
mammalian peripheral nervous system
(PNS) than in the central nervous system
(CNS). Axotomy of the superior cervical
ganglion (SCG) is a model for neuronal
injury, where transection of the postgan-
glionic axons causes a decrease in the
neurotransmitter proteins and an in-
crease in proteins related to regeneration
which largely include galanin and vaso -
active intestinal peptide (VIP). That this
“switch” in phenotype is dependent on
LIF, which is secreted by the nonneu-
ronal cells in the SCG and is mediated by
Stat3, has been demonstrated in vivo
(77,78). These interactions are mirrored
in in vitro explant cultures of SCG, where
it was demonstrated that the neuronally
present Stat3 is activated by LIF under
conditions of injury, but is inhibited by
nerve growth factor (79) which is avail-
able to the SCG neurons from the target

in an uninjured SCG (80). This NGF-
modulated context of LIF-mediated Stat3
activation is mirrored by BDNF, but not
NT4, and is mediated by a serine kinase
(79). A systems biology approach investi-
gating the differences in gene expression
between dorsal root ganglia (DRG) and
CNS neurons was used to identify genes,
which might promote regeneration and
neurite extension in adult CNS neurons
(81). A panel of 32 candidate transcrip-
tion factors were identified by defining
interactive networks and frequency of
transcription factor binding to mutual
promoters, and include Stat3, JUN, ATF3
and KLF6. Although none of these pro-
teins were effective when tested indepen-
dently, attesting to the fact that several of
these networks establish the context for
the correct signal, the transfection of con-
stitutively active Stat3 served as a pow-
erful cue for neurite extension from CNS
neurons. There is evidence for injury-
 related activation of Stat3 in the CNS.
Stat3 causes axonal growth in axotomized
retinal ganglion cells in response to EPO
(another member of the gp130 respon-
sive family of neuropoietic cytokines
(82), and Stat3 is activated in conditions
of seizure and results in the expression of
γ amino-butyric acid receptor α1 subunit.
Interestingly, in the seizure model,
JAK/Stat3 pathway appears to be acti-
vated by BDNF by an unknown mecha-
nism (83). Insights from these studies
may be included in attempts to promote
regeneration in the CNS.

PROJECTIONS AND CONCLUSIONS
The concentrations and spatial distri-

bution of signaling molecules in the cyto-
plasmic and nuclear milieu, state of chro-
matin in the nucleus and cross-talk
between pathways create a context
which dictates outcome. While Stat3 sig-
nals are activated during NSC prolifera-
tion and differentiation into glial and
neuronal fates, the context within which
the activation is realized dictates the out-
come (see Figures 1A–C). The prolifera-
tion of NSCs and their differentiation
into neuronal and glial fates is depen-
dent on activation of Stat3, and is con-
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trolled by receptors in response to extra-
cellular soluble ligands. Importantly, the
response is elicited within the context
that activation of the notch receptor con-
fers on the cell. An effective context
within which Stat-3 mediated glial differ-
entiation occurs includes notch activa-
tion along with reduced MeCP2 or in-
creased demethylase activity, along with
adequate histone deacetylation. The
“threshold” of notch activation required
for glial differentiation would be one
which suppresses NeuroD and ngn lev-
els within the cell to levels which do not
permit neuronal differentiation. On the
other hand, a context for effective neu-
ronal differentiation is sufficient activa-
tion of NeuroD and ngn occurring in
conjunction with, or leading to, the sup-
pression of Stat3 activation, coupled with
high levels of MeCP2 expression. As
notch represses ngn, absence of notch ac-
tivation is possibly a requirement for the
neuronal context. Other qualifying
events (including activation of dab and
ERK2 for neuronal context, and special-
ized lipid rafts and EGFR in glial differ-
entiation) may be required, and, con-
versely, a dynamic change in context
could alter outcome (such as neuronal
maturation resulting from Stat3 activa-
tion by IFNγ).

The possibility of subtle qualitative
differences in the effects resulting from
the phosphorylated products of Stat3
also arises. Notch signals to Stat3 in two
conditions: on ser727 during prolifera-
tion, in which case it mediates cell sur-
vival and proliferation, and secondly,
during glial differentiation, where it po-
tentially causes phosphorylation of
ser727 along with JAK-mediated tyr705
phosphorylation in collaboration with
other factors (see Figures 1A, B). Differ-
ential complex formation, subcellular
 localization, stability and intensity of sig-
nals might result. The length of activa-
tion of the Stat3 signal also needs to be
considered as this will contribute to the
overall strength of the signal. While cy-
tokine-mediated Stat3 interaction is quite
short-lived in liver cells, it is prolonged
in NSCs in response to CNTF and IFNγ,

and is evident up to 24 hours after stim-
ulation (33,37).

A detailed study of signals which col-
laborate and mediate events in stem cell
biology will permit a predictive interro-
gation of these pathways in cancer, as the
same cellular signals which mediate stem
cell proliferation, differentiation and sur-
vival go awry in transformed cells (Fig-
ure 2). An example which arises from the
analysis presented here is notch. Notch
provides an essential context for the pro-
liferation and glial differentiation of
NSCs, which is mirrored by the rele-
vance of notch particularly in the prolif-
eration and survival of gliomas (84).
Notch is overexpressed in gliomas (85)
and promotes cell survival and confers
radioresistance on gliomas (86). An in-
hibitor of notch, γ-secretase, caused a re-
duction of cell growth in vitro and in vivo
(87). The micro RNA miR326 provides a
very interesting mutual feedback loop
where it downregulates notch expression
and activity, and is, in turn, suppressed
by notch (88). miR326 expression in de-
creased in GBM, thus generating another
potential point of intervention in GBM
with respect to the notch pathway. Some
of the more obvious predictions of new
points of intervention in glioma thera-
pies generated from this analysis include
MeCP2 signaling, miRNAs, other epige-
netic modifications and gene mutations
for molecules in the JAK/STAT/SOCS,
BMP/mTOR and EGFR signaling path-
ways, dab, ngn and potential roles for
acetylated Stat3 in gliomas. The design of
novel therapies which account for com-
plexities of several molecules/pathways
providing the context for the aberrant
transforming signal must be considered.

A potential role exists for Stat3 in ma-
nipulating regeneration in the mam-
malian nervous system. From the current
literature, it appears the context defined
by inhibitory signals from the neu-
rotrophic factors with respect to Stat3 ac-
tivation needs to be explored further in
light of the gene candidates identified by
systems biology approaches. While this
review has focused on the involvement
of Stat3 in selected cells of the mam-

malian nervous system and related
pathologies, obviously several other cel-
lular events occur simultaneously with
the Stat-centric signals discussed. The
mechanisms by which these pathways
intersect, or function in parallel, with the
Stat3 events may define novel insights
and help confer specificity in our analy-
sis and interventions.
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