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1. ABSTRACT

Activation of the Jak/Stat pathway plays a
central role in hematopoietic development. Here, we focus
on unique functions for Stat3 in the development of the
hematopoietic system. Recent studies highlight a critical
role for Stat3 in the development of T helper cell and B cell
subsets as well as dendritic cell development and
maturation. Further, Stat3 appears to play an important
function in limiting neutrophil numbers and in regulating
hematopoietic stem cell self-renewal. In macrophages,
Stat3 is essential in limiting TLR signaling and the
inflammatory damage associated with classical macrophage
activation. Stat3 also plays an essential role in leukemic
development induced by viral oncogenes, chromosomal
translocations and by the Friend erythroleukemia virus.
We also discuss the mechanism by which Stat3 is activated
by extracellular signals, and the current understanding of
the role of post-translational modification in the regulation
of Stat3 activity. Understanding the molecular events
underlying Stat3 activation will be critical in generating
targeted therapeutics aimed at modulating Stat3 function.
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2. INTRODUCTION

The Jak/Stat signaling pathway has long served
as a paradigm for understanding the molecular events that
regulate gene expression in response to extracellular
stimuli. There are four mammalian Jak kinases, Jakl, Jak2,
Jak3 and Tyk2. These cytoplasmic tyrosine kinases transduce
signals from type I and type II cytokine receptors in response
to the four (o)-helix bundle family of cytokines. The
architecture of these kinases is similar, with seven conserved
domains, JH(Jak homology)l —JH7. The JH1 domain is the
kinase domain, while the JH2 domain is a pseudokinase
domain that does not in itself have kinase activity, but appears
to perform a regulatory function. The JH3-JH7 domains which
make up the N-terminal region of the Jak kinases include an
SH2 domain and a FERM domain. While Jakl, Jak2 and
Tyk2 are ubiquitously expressed, Jak3 is expressed primarily
in hematopoietic tissues and is mutated in some patients with
severe combined immunodeficiency (SCID).

Cytokine binding to their cognate receptors leads
to activation of the Jak kinases which, in turn,
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phosphorylate tyrosines in the c-terminal tail of the
cytokine receptors. These phosphorylated tyrosines then
become docking sites for downstream SH2 domain
containing signaling molecules including the Stat family of
transcription factors. Phosphorylation of the Stat molecules
results in homo or heterodimerization of Stat factors
through  reciprocal  phosphotyrosine/SH2  domain
interactions.  The resulting dimers translocate to the
nucleus where they bind to DNA and activate gene
transcription. There are seven mammalian Stats, Statl,
Stat2, Stat3, Stat4, Stat5a, Stat5b and Stat6. Knockout
studies have clearly identified unique functions for the
individual Stats. Statl transduces signals for all three
classes of interferons (IFNs) and is thus critical in the
immune response to bacterial and viral infections(1, 2).
Stat2 is the only Stat that does not appear to homodimerize
and bind DNA directly, but rather interacts with Statl and
IRF9 in response to type I interferons to direct antiviral
target gene expression(3). Stat4 and Stat6 are activated by
IL-12 and IL-4/IL-13, respectively, and play an essential
role in the development of Th1l and Th2 cells(4-7). There
are two isoforms of Stat5, StatSa and StatSb, and gene
targeting studies have underscored specificity for Stat5a in
prolactin responses, while Stat5b is essential in mediating
growth hormone responses(8-10).

Negative feedback regulation of the Jak/Stat
pathway is mediated, in part, by the induction of the
suppressor of cytokine signaling (SOCS) family of target
genes. There are eight members of the mammalian SOCS
family, SOCS1-7 and CIS. They each contain an SH2
domain for phosphotyrosine binding and a SOCS box
which mediates Elongin B/C binding and promotes target
ubiquitination. SOCS proteins can inhibit the Jak/Stat
signaling pathway in multiple ways. SOCS can bind
directly to Jaks and act as a pseudosubstrate to inhibit Jak
kinase activity, they can bind to the phosphorylated
receptor and compete with Stats for receptor binding, and
they can target Jak kinases or the receptor itself for
proteasome-mediated degradation. Gene knockout studies
have demonstrated unexpected specificity for SOCS-
dependent Jak/Stat inhibition. SOCSI is a critical negative
regulator of IFNy signaling in vivo(11), whereas SOCS3
plays a central role in the negative feedback regulation of
the IL-6 family of receptors(12, 13), and SOCS2
specifically inhibits Stat5b activation in response to growth
hormone(14).

3. OVERVIEW OF STAT3
DEVELOPMENT

IN HEMATOPOIETIC

Stat3 is a functionally pleitropic member of the
Stat family and transduces signals from the IL-10 and IL-6
families of cytokine receptors. There are two isoforms of
Stat3, Stat3a. and Stat3f, which is carboxy terminally
truncated before the transactivation domain (TAD)
(reviewed in (15)). Stat3 is the only Stat family member
that is essential for development, however conditional
knockouts have revealed a number of critical functions for
Stat3 in hematopoietic development and immune regulation
(reviewed in detail below). Further, while Statl generally
inhibits proliferation and promotes apoptosis, Stat3
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promotes cell growth and transformation. While the
molecular mechanism behind these mutually antagonistic
functions of Statl and Stat3 remain to be clarified,
heterodimerization of Statl and Stat3, and competition for
receptor binding sites have been implicated (reviewed in

(16)).

T helper responses include at least three T cell
subsets: Thl, Th2 and Th17. Recent studies have identified
a critical role for Stat3 in the development of Th17 cells
(Figure 1). The development of T regulatory and Thl7
cells appears to be reciprocally regulated during
differentiation and Stat3 plays a central role in mediating
this lineage specification. IL-6 and TGFf induce Th17
differentiation in a Stat3-dependent manner(17). Neither
naturally occurring Thl17 cells nor Thl7-dependent
autoimmunity occur when Stat3 is ablated in CD4 cells,
and these cells are skewed toward a Thl phenotype in the
absence of Stat3(18). While expression of a hyperactive
Stat3 promotes Th17 differentiation, Th17 differentiation is
impaired in Stat3-deficient T cells, associated with a
decrease in ROR-gamma expression and an increase in
expression of Foxp3, which promotes T regulatory
development(19, 20). Furthermore, IL-21 induced by IL-6
in activated T cells, induces Th17 differentiation, IL21 and
IL-23 receptor expression, and suppression of Foxp3 in a
Stat3-dependent manner (21). Finally, the inhibition of
Th17 development by Foxp3 can be overcome by IL-6, due
to Stat3 mediated inhibition of Foxp3 expression(20).

Cases of hyper-IgE syndrome, a compound
primary immunodeficiency characterized by a highly
elevated serum IgE, are both autosomal dominant and
sporadic. Dominant negative mutations in the DNA binding
domain of Stat3 have been found in patients with sporadic
hyper-IgE syndrome, and mutations in both the DNA
binding domain and SH2 domain of Stat3 have been
isolated from both familial and sporadic cases(22-25).
Increased levels of proinflammatory gene transcripts were
observed in unstimulated peripheral blood neutrophils and
mononuclear cells, and both unstimulated and LPS
stimulated mononuclear cells from these patients cultured
in vitro produced elevated levels of TNFa. However,
peripheral blood cells from these patients were refractory to
stimulation with IL-6 or IL-10. Interestingly, Th17 cells
were low or absent in the peripheral blood of these patients,
and purified T cells harboring the heterozygous Stat3
mutations failed to generate Th17 cells in vitro due to
insufficient expression of ROR-gamma(24, 26, 27). These
studies highlight the crucial role of Stat3 in the
development of the Th17 lineage in the human population
and may explain the devastating susceptibility of these
patients to a narrow spectrum of infections including
Staphylococcus aureus and Candida albicans.

In addition to Th17 cells, the development of T
follicular helper (Tfh) cells, important in humoral
immunity, requires Stat3, but is independent of the Th17
lineage(28).  Stat3 also plays a critical role in the
development of B cells at various stages. Deletion of Stat3
in the B cell lineage results in a cell automonous increase in
pre-pro-B cells, but a decrease in the pre-B and pro-B
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Figure 1. Stat3 promotes the differentiation of Th17 cells. The development of T helper cell subsets is dependent upon the
cytokine environment. While IL-12 and IL-4 promote the development of Thl and Th2 cells respectively, IL-6 plays a critical

role in promoting Th17 cell development.

Stat activation downstream of cytokine stimulation selectively and specifically

mediates T helper cell differentiation. Stat4 is required for the development of Thl cells, Stat6 for the development of Th2 cells
and Stat3 for the development of Th17 cells. Cytokines produced by the developing T helper cells provide positive feedback
through the activation of Stats to promote the expression of lineage-specific transcription factors. IFNy produced by Thl cells
induces expression of T-bet in a Statl-dependent manner. IL-4 produced by developing Th2 cells enhances Stat6 activation and
the induction of Gatat3 expression. IL-21 produced by developing Th17 cells feeds back to further induce Stat3 activation and

the expression of RORyt.

compartments, suggesting that Stat3 regulates an early step
in B cell development(29). In addition, pro-B cells from
these animals exhibited enhanced apoptosis following
cytokine withdrawal, suggesting that Stat3 may regulate
both differentiation and survival of the B cell lineage. A
critical role for Stat3 was also described in the T cell-
dependent terminal differentiation of plasma cells(30).
Consistent with this result, BCL-6, a gene involved in
chromosomal translocations in B cell lymphomas,
suppresses the differentiation of B cells to plasma cells, by
inhibiting Stat3-dependent expression of B lymphocyte-
induced maturation protein (Blimp-1), a major regulator of
plasma cell development(31).

While Stat3 promotes the development of B and
T cell subsets, Stat3 activation by G-CSF appears to play a
negative role in the regulation of granulopoiesis. Mice with
a targeted deletion in Stat3 unexpectedly exhibit
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neutrophilia and are hyperresponsive to G-CSF(32). This
phenotype is associated with the inability of G-CSF to
induce the expression of SOCS3(33). SOCS3 is induced by
Stat3 and functions as a feedback inhibitor of the IL-6
receptor by binding to the phosphorylated Y757 on the
gp130 cytoplasmic domain(12, 13). Consistent with the
lack of SOCS3 induction in Stat3 deficient animals, mice
with a targeted deletion of SOCS3 also display neutrophilia
and enhanced responses to G-CSF(34, 35). Furthermore,
SOCS3 deficient progenitor cells stimulated with IL-6 or
G-CSF are skewed toward macrophage development at the
expense of neutrophil development(36). However, while
G-CSF-induced Stat3 does not appear to be required for
granulocyte development, Stat3 plays a crucial role in
emergency granulopoiesis and mature neutrophil
function(37). Taken together, these studies highlight both
positive and negative roles for Stat3 in mediating signaling
by G-CSF.
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Figure 2. Stat3 inhibits classical macrophage activation.
Stimulation of Toll-like receptors (TLRs) by pathogen
associated molecular patterns (PAMPs) induces the
activation of NFxkB and the wupregulation of pro-
inflammatory gene expression. Several anti-inflammatory
receptors, including IL-10 and the Ron receptor tyrosine
kinase, induce activation of Stat3 which has anti-
inflammatory properties. While the mechanism by which
Stat3 inhibits pro-inflammatory gene expression is unclear,
upregulation of genes including SOCS3, ETV3 and SBNO2
by Stat3 may contribute to the inhibition of TLR-induced
NF«B activity.

Deletion of Stat3 causes a profound deficiency in
the dendritic cell (DC) compartment and abrogates the
effects of FIt3L on DC development. These mice exhibit
increased numbers of common lymphoid and myeloid
progenitors (CMP/CLP), but an absence of common DC
progenitors, suggesting that activation of Stat3 by FIt3
regulates the commitment of CMP/CLP to the DC
linage(38). Mice lacking the transcription factor Gfil also
exhibit a decrease in myeloid and lymphoid DCs,
associated with a decrease in Stat3 activity. Interestingly,
in vitro, progenitor cells from these mice failed to
differentiate into DCs, but rather differentiated into
macrophages suggesting that Gfil, and possibly Stat3,
determine the lineage commitment of DCs vs.
macrophages(39). However, while Stat3 is necessary for
expansion of DC progenitors, it is not required for DC
maturation(40). Conversely, IL-6 receptor knockout mice
exhibit increased numbers of mature DCs suggesting that
IL-6 blocks DC maturation, and this effect requires binding
of Stat3 to the IL-6 receptor(41). Interestingly, DCs in the
tumor microenvironment are usually immature. Elevated
levels of cytokines such as IL-6, IL-10 and G-CSF
produced by tumor cells induce activation of Stat3 in
myeloid cells and inhibit DC activation resulting in the
accumulation of immature myeloid cells(42, 43). Ablation
of Stat3 signaling in DCs, either by using a phosphopeptide
inhibitor of Stat3 or by deleting the Stat3 gene, abrogated
tumor-induced inhibition of DC functional maturation, and
decreased the number of immature DCs, indicating that
Stat3 activity in the DCs is critical for this response(44,
45). Taken together, these studies suggest that targeting
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Stat3 in cancer could promote DC maturation and tumor
immunity.

Little is known regarding the role of Stat3 in the
hematopoietic stem cell compartment. Transduction of
primitive murine fetal liver cells with a dominant negative
Stat3 markedly reduced the in vivo lympho-myeloid
reconstituting ability of these cells, without affecting the
short term repopulating ability of these cells, indicating a
role for Stat3 in the regulation of the fetal stem cell
compartment(46). This is supported by studies in which
fetal cells from the AGM (aorta-gonad-mesonephros)
region, the initial site of definitive hematopoiesis, from
gp130 deficient mice were cultured in vitro. While the
stem cell population in these cultures failed to expand,
reintroduction of a wild-type, but not a mutant gp130 which
cannot activate Stat3, rescued this defect, while expression
of a dominant negative Stat3 in cells from wild-type mice
suppressed the expansion of these cells(47). The deletion
or constitutive activation of Stat3 in adult hematopoietic
stem cells did not affect the in vitro proliferation or
multilineage differentiation potential of these cells(48).
However, expression of a constitutively activate form of
Stat3 in adult mouse bone marrow stem cells increased
their regenerative activity in lethally-irradiated recipients
while a dominant negative form of Stat3 suppressed this
activity.  These studies indicate that Stat3 promotes
hematopoietic stem cell self renewal in the early phase of
hematopoietic stem cell regeneration, but not under
homeostatic, conditions(49).

4. STAT3 IN MACROPHAGE ACTIVATION AND
INNATE IMMUNITY

The pivotal role of Stat3 in the regulation of
macrophages came from studies in which Stat3 was deleted
in macrophages and neutrophils. These mice are highly
susceptible to endotoxic shock, exhibit polarized Thl
immune responses and develop chronic enterocolitis with
age(50). This phenotype is very similar to the phenotype of
IL-10 knockout mice, which also develop chronic
colitis(51). The suppressive effects of IL-10 on
macrophage activation are completely abolished in the
absence of Stat3 indicating that Stat3 plays a central role in
mediating the anti-inflammatory effects of IL-10 (Figure
2). This observation is supported by expression studies
which indicate that most, if not all, of the effects of IL-10
on LPS induced gene expression are Stat3 dependent(52,
53). Furthermore, expression of a constitutively active
Stat3 can replicate the suppressive effects of IL-10 in
human primary macrophages(54). Further studies indicated
that the development of colitis in the mice lacking Stat3 in
myeloid cells is dependent on the production of IL-12p40,
and is mediated by TLR4-dependent signaling(55). A
similar approach, in which Stat3 was deleted early in
hematopoietic development, found that these mice develop
Crohn’s disease-like pathogenesis within 4-6 weeks of
birth, with increased cell autonomous myeloid proliferation
and enhanced NF«kB activation(38). Taken together, these
studies clearly identify the activation of Stat3 by IL-10 as a
critical negative regulator of macrophage activation both in
vitro and in vivo.
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Subsequent studies have further characterized the
role of Stat3 in the regulation of innate and acquired
immune responses. Disruption of Stat3 in macrophages
and neutrophils results in enhanced susceptibility to septic
peritonitis associated with an increase in production of
inflammatory cytokines by resident macrophages, but
impaired bactericidal activity(56). Leukocyte infiltration
and enhanced expression of TNFa, MIP-2, KC and MCP-1
in this model of acute peritonitis were enhanced, and this
response could be recapitulated by adoptive transfer of
resident macrophages lacking Stat3, indicating that Stat3
plays an important role in the regulation of resident
macrophages(57). In addition to innate immune responses,
Stat3 signaling in antigen presenting cells plays a critical
role in the induction of antigen-specific T cell tolerance.
While targeted disruption of Stat3 in antigen presenting
cells promoted the response of CD4+ T cells to tolerogenic
stimuli, increased Stat3 activity in antigen presenting cells
lead to impaired antigen-specific T cell responses(58). The
importance of macrophage Stat3 in the regulation of T cell
responses is highlighted by the observation that mice
lacking Stat3 in macrophages fail to develop colitis when
crossed to RAG knockout animals(55, 59). In contrast, T
cell specific Stat3 knockout mice show impaired T cell
proliferation through preventing apoptosis(60), and
inactivation of the IL-6/Stat3 signaling cascade in CD4+ T
cells results in the suppression of acquired immune (T cell)
mediated colitis, suggesting that the function of Stat3 in
regulating the progression of IBD is cell-type specific(61-
63).

IFNy efficiently primes macrophages for
inflammatory activation by TLRs and other cytokines
through the activation of Statl. Activation of Statl by
IFNy promotes the expression of pro-inflammatory genes
induced by TLR stimulation and opposes the activities of
Stat3 induced by IL-10(64). Other cytokines, including
IFNo/p and IL-6 can activate both Statl and Stat3, and the
balance between these transcription factors can determine
the balance between pro- and anti-inflammatory
functions(65). While IL-10 induces its own expression via
a Stat3-dependent mechanism(66), IFNy suppresses TLR-
mediated induction of IL-10 expression and downstream
Stat3 activation, thereby interrupting Stat3-mediated
feedback inhibition(67). In addition, IFNy switches the
balance of IL-10 Stat activation from Stat3 to Statl(68),
while the increase in Statl expression during priming with
IFNy inhibits the induction of Stat3-dependent pathways by
subsequent IFNy stimulation(69). These studies highlight
the critical role of Stat3 in attenuating the potentially
tissue-damaging effects of Statl. Toxoplasma gondii
mediates the IL-10-independent activation of Stat3 and
inhibits macrophage IL-12 production in a Stat3-dependent
manner(70), thus underlining the potential for invading
pathogens to alter this balance to promote their survival.

Receptor tyrosine kinases also play a critical role
in regulating macrophage activation and innate immune
responses. Activation of the Ron receptor tyrosine kinase
by its ligand macrophage stimulating protein (MSP)
inhibits TLR-induced NFkB activity(71), and IL-12p40
expression in an IL-10-independent manner(72), and mice
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with a targeted deletion in Ron exhibit enhanced
susceptibility to septic shock due, in part, to increased IL-
12-mediated IFNy production by NK cells(73). Signaling
through the Ron receptor inhibits IFNy-induced Statl
activation, while promoting the phosphorylation of
Stat3(73), thus tipping the balance of these pro- and anti-
inflammator mediators (Figure 2). Likewise, the TSC-
mTOR signaling pathway is a negative regulator of innate
inflammatory responses. ~ While inhibition of mTOR
promotes pro-inflammatory cytokine production and
inhibits release of IL-10 mediated by Stat3, activation of
mTOR diminishes NFxB activity and enhances Stat3
activation, thus reversing the proinflammatory cytokine
shift(74). Mice deficient for the Mer receptor tyrosine
kinase are also more susceptible to septic shock due to
enhanced macrophage activation(75) and a triple mutation
in the related Tyro3, Axl and Mer (TAM) receptors exhibit
a severe lymphoproliferative disorder and systemic
autoimmunity(76). However, while both Ron and the TAM
receptors induce expression of SOCS1 and SOCS3 in
macrophages, the TAM receptors paradoxically induce the
activation of Statl, but not Stat3, in these cells(77).

While it is clear that Stat3 plays a critical role in
macrophage activation, the mechanism by which Stat3
mediates these effects remains unclear. Several studies
suggest that sustained activation of Stat3 may be critical for
its anti-inflammatory effects. Both IL-6 and IL-10 induce
Stat3, however IL-6 has pro-inflammatory effects while IL-
10 is anti-inflammatory. The difference could be due to the
induction of SOCS3 which inhibits IL-6-, but not IL-10-,
induced Stat3 resulting in transient activation of Stat3 by
IL-6 but sustained activation by IL-10. Interestingly,
deletion of the SOCS3 binding site in gp130 results in anti-
inflammatory signaling by IL-6(78, 79). SOCS3 has also
been implicated in directly mediating the inhibitory effects
of IL-10 on LPS-induced macrophage activation(80). In
addition, administration of SOCS3 by intracellular protein
therapy or gene delivery protected mice from the lethal
effects of LPS(81, 82). IL-10 also activates the
expression an ETS family transcriptional repressor, ETV3,
and a helicase family corepressor, SBNO2, in a Stat3-
dependent manner (Figure 2), and expression of ETV3 and
SBNO2  repressed  NFxB-activated  transcriptional
reporters(83). Furthermore, a constitutive active Stat3
interacted with alphaCP-1, a novel RNA binding protein
with specificity for C-rich pyrimidine tracts and
coexpression of alphaCP-1 augmented the suppressive
effect of Stat3C on an NF«kB reporter whereas knockdown
of alphaCP-1 reduced this effect(84). Further studies will
be needed to clarify the molecular mechanisms involved in
the suppression of macrophage activation by Stat3.

5. ROLE OF STAT3 IN HEMATOPOIETIC
TRANSFORMATION

Following the initial discovery that Stat3 is
required for cellular transformation by v-src(85, 86), and
that a constitutive active Stat3 molecule itself can lead to
cellular transformation(87), evidence for a critical role for
Stat3 in transformation has steadily accumulated. v-Src
induces an erythroleukemia in mice, and while v-src
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Figure 3. Stat3 is essential for the progression of Friend erythroleukemia. Infection of erythroid progenitor cells (BFU-E) by
Friend erythroleukemia virus induces a multi-stage erythroleukemia in mice. The viral glycoprotein, gp55, interacts with the
erythropoietin receptor (EpoR) and a truncated form of the Ron receptor tyrosine kinase (Sf-Ron) to promote disease. While
activation of Sf-Ron promotes the proliferation of infected erythroblasts, EpoR activation promotes the terminal differentiation of
these cells. Phosphorylation of Stat3 by Sf-Stk following Friend virus infection induces the expression of the transcription factor
Pu.1, which counteracts the differentiation signals induced by EpoR activation to promote the expansion of infected erythroblasts
prior to terminal differentiation. In the absence of Stat3, Pu.l expression is low and the cells fail to expand in response to viral
infection, rendering these mice resistant to the resulting erythroleukemia.

induces Stat3 activation and cellular transformation in
wild-type, but not Stat3-/- MEFs(88), c-Src overexpression
in Csk-/- MEFs does not induce considerable Stat3
activation(89). Similarly, the critical role of Stat3 in
hematopoietic transformation is underscored by the
observation that other oncogenic retroviruses that induce
hematologic malignancies also induce aberrant activation
of Stat3. The Mer receptor tyrosine kinase, cloned from a
B-lymphoblastoid library and found ectopically expressed
in pediatric ALL patients(90), is the mammalian orthologue
of the chicken retroviral oncogene v-Eyk(91). Transgenic
overexpression of Mer in hematopoietic cells induces a
lymphoblastic leukemia/lymphoma(92). Interestingly, a
single amino acid substitution in the v-Eyk intracellular
domain, resulting in the generation of a Stat3 binding
motif, promotes activation of Stat3 and enhances cellular
transformation(93). The Ron receptor tyrosine kinase is
aberrantly expressed in patients with mediastinal large B
cell lymphoma and classic Hodgkin lymphoma(94, 95).
Our studies demonstrate that Stat3 is tyrosine
phosphorylated downstream of a truncated form of the Ron
receptor tyrosine kinase, Sf-Ron, activated by the viral
oncoprotein, gp55, encoded by the Friend erythroleukemia
virus(96). Using Stat3"" mice, we demonstrated that Stat3
plays a critical role in promoting the polyclonal expansion
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of infected cells in the early stages of Friend disease, but is
dispensable at later stages of leukemic transformation. In
this model, the primary role of Stat3 is to inhibit erythroid
differentiation, in part through upregulation of Pu.l
expression, thus promoting the expansion of infected
erythroblasts (Figure 3).

Constitutive activation of receptor tyrosine
kinases mediated by mutations in the kinase and
juxtamembrane domains is a hallmark of many
maliganancies, and many of these mutations also lead to
alterations in Stat activation. The Asp(816) mutant of the
Kit receptor, found in patients with mastocytomas, induces
the constitutive activation of Statl and Stat3, and activation
of Stat3, but not Statl, is required for the ability of the
mutant Kit receptor to promote tumorigenicity and
cytokine-independent growth of leukemic cells(97, 98).
Interestingly, Stat proteins are also preferentially
phosphorylated by juxtamembrane domain mutants of Kit
found preferentially in patients with gastrointestinal stromal
tumors (GIST) (99). Alternatively, the Flt3 receptor,
harboring an internal tandem duplication (FIt3-ITD) in the
juxtamembrane domain found in patients with AML, but
not the wild-type receptor or an activated receptor
harboring a mutation in the kinase domain of FIt3 (FIt3-
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TKD), induces the activation of Stat5(100), which appears
to be a direct target of FIt3-ITD(101). In a bone marrow
transplantation model, Flt3-ITD induces a
myeloproliferative syndrome, however Flt3-TKD induces a
lymphoid disorder with longer latency(102). These distinct
phenotypes could be due to differential activation of Stats
by the FIt3 mutants.

Many chromosomal translocations that promote
leukemic development have also been shown to activate
Stat3. The Alk kinase is constitutively activated in
anaplastic large cell lymphomas (ALCLs) through a
chromosomal translocation which joins the nucleoplasmin
(NPM) gene to the Alk kinase(103). ALK activates Stat3
and protects hematopoeitic cells from cell death(104), and
studies using mice in which Stat3 is deleted in B and T cell
populations demonstrated that Stat3 is required for the
development of B cell lymphoma in NPM-ALK transgenic
mice and for the growth and survival of human and mouse
NPM-ALK-transformed B and T cells(105). Furthermore,
administration of antisense oligonucleotides targeted
against Stat3 impaired the growth of NPM-ALK tumors in
vivo, demonstrating the potential for Stat3 as a
pharmacological target in the treatment of lymphoma.
NPM-ALK also promotes the expression of IL-22, which
binds to a heterodimeric receptor composed of IL-22R1 and
IL-10R2, and contributes to the activation of Stat3 and
tumorigenicity in ALk+ ALCL in an autocrine
fashion(106). Interestingly, Stat3 expression also
contributed to impaired immune surveillance by conferring
properties of regulatory T cells to the T cell
lymphoma(107). Constitutive tyrosine and serine
phosphorylation of Stat3 was also detected in chronic
myelogenous leukemia (CML) patients harboring the BCR-
ABL translocation(108), and Bcr-Abl was able to induce
both tyrosine and serine phosphorylation of Stat3 in cell
lines and in primary CD34+ CML cells(109). Activation of
Stat3 by other products of chromosomal translocations
including TEL-JAK2, TEL-ABL, and TEL-protein tyrosine
phosphatase receptor-type R (PTPRR) have also been
reported(110, 111).

Activation of Stat3 in leukemic transformation
can also occur indirectly via the inhibition of negative
regulators of Stat signaling. Several translocations
associated with acute promyelocytic leukemia (APL),
including  StatSb-RARalpha, = PML-RARalpha  and
promyelocytic leukemia zinc finger (PLZF)-RARalpha
have been shown to enhance IL-6 induced Stat3-dependent
reporter activity(112). PML normally forms a complex
with Stat3, inhibiting its DNA binding activity. While
PML/RARalpha does not associate with Stat3, it dissociates
PML from Stat3 and restores Stat3 activity, resulting in
enhanced gpl30-dependent growth(113). In addition,
several studies have identified methylation of the Stat
inhibitors Socs1 and Shpl as a mechanism by which Stat
activation could be enhanced in AML(114-116).
Interestingly, Stat3 induces DNA methyltransferase 1
(DNMT1) expression in malignant T cells(117), and Stat3,
DNMT1 and histone deacetylase 1 form complexes that
bind to the Shpl promoter, resulting in epigenetic silencing
of Shp1(118). Patients with severe congenital neutropenia
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due to c-terminal truncations in the G-CSF receptor are
predisposed to AML, and this region of the G-CSF receptor
has been shown to negatively regulate Stat activation in a
Shpl-dependent manner(119).  Conversely, SOCS3, a
negative feedback regulator of Stat3 induced by Sat3, is
highly expressed in ALK+ anaplastic large cell lymphoma
cell lines(120).  Studies using Socs3-deficient MEFs
suggest that, in the absence of Socs3, Stat3 function
changes from anti-apoptotic to pro-apoptotic, indicating
that co-expression of Socs3 and Stat3 may be critical for
the survival of transformed cells in which Stat3 is
constitutively activated(121).

Finally, Stat3 transcription itself can be a target
of oncogenic transformation. Recent studies have
demonstrated that the Stat3 gene is a target of the HMGAL1
(high-mobility group Al) oncogene. HMGla induces
expression of a Stat3 promoter in transfection experiments
and binds to a conserved region of the Stat3 promoter in
leukemic cells as demonstrated by ChIP. HMGla
transgenic mice develop an aggressive lymphoid
malignancy, and blocking Stat3 function induced apoptosis
in the transgenic leukemia cells(122).

6. ACTIVATION OF STAT3 BY CYTOKINE AND
GROWTH FACTOR RECEPTORS

Recent studies using peptide immunoblot affinity
assays demonstrated that only phosphotyrosine peptides
containing +3 Gln (not Leu, Met, Glu or Arg) bind to the
SH2 domain of Stat3. Mutation of three amino acids
within the SH2 domain of Stat3 resulted in loss of YxxQ
binding. The side chains of Lys591 and Arg609 interact
with pTyr. Glu638 amide hydrogen bonds with oxygen
within the +3 Gln side chain(123). Several cytokine
receptors lead to recruitment and activation of Stat3 via the
presence of the canonical YxxQ motif in the cytoplasmic
tail of the receptor. Gp130, a subunit of the IL-6, IL-12,
IL-27 and LIF family of cytokine receptors harbors the
signature YxxQ motif which is required for the activation
of Stat3 downstream of this family of cytokines(124). In
addition, the G-CSF receptor contains a YxxQ motif as
well as an alternate binding motif, YxxC, in the c-terminal
tail of the receptor(125). Chimeric analysis revealed that
two YxxQ motifs in the c-terminal tail of the LIF receptor
are also critical for Stat3 activation by this receptor(126).
The recruitment of Stat3 to these receptors results in the
phosphorylation of Stat3 by associated Jak kinases. Jak
kinases have also been shown to directly recruit Stat5
through the JH2 domain of Jak and the carboxy terminus of
Stat5, however this direct interaction has not been
demonstrated for Stat3(127).

While most tyrosine kinase receptors also
activate Stat3, few contain a canonical Stat3 binding motif.
We have identified a novel YxxQ motif in Gab2, and
demonstrated a requirement for this site in the activation of
Stat3 by the Ron receptor tyrosine kinase(96). Gab2 is a
large adaptor protein (related to the insulin substrate family
of adaptors) that is recruited to receptor complexes through
a proline-rich motif that binds to the N-terminal SH3
domain of Grb2, and a PH domain that promotes
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Cytokine receptor

Growth factor receptor

Figure 4. Activation of Stat3 by cytokines and growth factors. Cytokine receptors, including gp130, contain canonical Stat3

binding motifs.

Upon cytokine stimulation, these motifs become tyrosine phosphorylated by Jak kinases, resulting in the

recruitment and activation of Stat3. Most growth factor receptors are reported to activate Stat3, however, in most cases, these
receptors do not harbor Stat3 binding sites. One possible mechanism for the activation of Stat3 by growth factor receptors is
through the recruitment of a Grb2/Gab2 complex. Gab2 contains a canonical Stat3 binding site which could result in the indirect
recruitment of Stat3 to the receptor signaling complex. The activation of Stat3 by growth factor receptors requires Src family
kinases (SFKs), suggesting that SFKs may promote the phosphorylation of the Stat3 binding site on Gab2, Stat3 itself, or both.

recruitment to the plasma membrane in a PI3kinase-
dependent manner. There are three mammalian Gab
proteins, Gabl, Gab2 and Gab3, which all contain five
conserved tyrosines in the c-terminal region, two of which
bind to Shp2 and three of which are docking sites for p85.
However, recruitment of Gab2, but not Gabl, to the Ron
receptor is sufficient to induce cytokine-independent
growth of primary erythroblasts infected with Friend
virus(128), and this transforming event is dependent upon
the Stat3 binding motif in Gab2, which is not found in
Gab1(96). A c-fms interacting protein, STAP2, which is
phosphorylated following EGF stimulation, also contains a
YxxQ motif(129) suggesting that other adaptors could also
mediate Stat3 activation downstream of growth factor
receptors.

While the mechanism by which most tyrosine
kinases lead to activation of Stat3 remains unclear, the Src
family of non-receptor tyrosine kinases have been
implicated in the activation of Stat3 downstream of the
EGF, ErB2 and PDGF receptors(130-132). Interestingly,
Src family kinases have also been implicated in the
phosphorylation of Gab2. Hck has been shown to
phosphorylate Gab2 in multiple myeloma cells(133),
whereas Lyn and Syk are required for the phosphorylation
of Gab2 downstream of FceR1(134) and GCSF-induced
Gab2 phosphorylation is dependent on the Lyn kinase(135).
These studies raise the possibility that recruitment and
activation of Stat3 by a variety of cell surface receptors
could be mediated by a Grb2/Gab2 complex and dependent
on the phosphorylation of Gab2 by Src family kinases
(Figure 4). A Grb2/Gab2 signaling complex has also been
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implicated in the development of chronic myelogenous
leukemia (CML) induced by expression of the Bcr/Abl
fusion protein(136), and the Lyn kinase phosphorylates
Gab2 in BCR/ABL+ CML cells that are resistant to
imanitib, an inhibitor of the Abl kinase(137). Furthermore,
constitutively active forms of Shp2, found in juvenile
myelomonocytic leukemia (JMML), induce transformation
of murine bone marrow cells and cause a fatal IMML-like
disorder in a Gab2-dependent manner(138). It will be
interesting to determine whether activation of Stat3
mediates transformation by Gab2 in these experimental
models.

7. REGULATION OF STAT3 BY POST-
TRANSLATIONAL MODIFICATION.

While it is long recognized that tyrosine
phosphorylation of Stat3 on Y705 (Figure 5) promotes the
dimerization and nuclear localization of Stat3 monomers
resulting in DNA binding and the subsequent induction of
gene expression, it is becoming evident that
unphosphorylated Stat3 can also induce transcriptional
responses. The induction of Stat3 phosphorylation induces
an early wave of gene expression, including the expression
of Stat3 itself. The accumulation of unphosphorylated
Stat3 in these cells can induce a second wave of gene
expression via mechanisms that are both NFkB-dependent
and NFkB-independent(139). In the induction of NFxB-
dependent gene expression, unphosphorylated Stat3 binds
to unphosphorylated NFkB in competition with [kB and the
resulting Stat3/NFxB dimmer localizes to the nucleus and
induces expression of a subset of NFkB-dependent
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Figure 5. Domain organization of Stat3. Stat3 contains an N-terminal domain, followed by a coiled-coil domain, a DNA
binding domain, a linker region, an SH2 domain and a transactivation domain (TAD). Post-translation modification of the TAD
on Tyr705 promotes the dimerization and nuclear localization of Stat3, whereas phosphorylation of Ser727 in the TAD promotes
transcriptional activation. Acetylation of Lys685 in the TAD domain as also been reported to play a critical role in Stat3
dimerization. The N-terminal domain mediates Stat3 tetramerization and recruitment of co-activators or co-repressors. Trp37
and GIn66 in the N-terminal domain are reported to play a critical role in tetramer formation.

genes(140). However, while Statl can dimerize in an anti-
parallel conformation via extended interfaces of the
globular N domain and bind DNA in a tyrosine
phosphorylation-independent manner(141), this interface is
absent in the Stat3 structure, and studies indicate that the
core fragment of Stat3, unlike Statl, is primarily
monomeric(142). In addition, a constitutive active form of
Stat3 in which cysteine residues are engineered into the
carboxy terminus of each Stat3 molecule to promote
dimerization, still requires tyrosine phosphorylation of the
preformed dimers to transactivate Stat3 target genes(143).
These results suggest that tyrosine-independent
homodimerization of Stat3 is not likely to mediate the
transcriptional responses induced by the unphosphorylated
form of Stat3.

Phosphorylation of Stat3 on serine 727 (Figure
5) also plays a critical role in the regulation of Stat3
activity. Mice harboring knock-in alleles at S727A were
grossly normal, and MEFs from these animals displayed a
50% reduction in transcriptional responses, suggesting that
this residue is not essential for Stat3 function. However,
when these mice were crossed to Stat3 null animals to
generate heterozygotes (S727A/-), these mice showed
growth retardation and a high incidence of perinatal
lethality(144). While the remaining mice failed to show
any developmental abnormalities, these mice were more
sensitive to LPS-induced septic shock(145). Stat3 exists in
two isoforms, the full-length Stat3a. and a truncated
Stat3f in which the transactivation domain and S727 are
missing. Consistent with the knock-in studies, experiments
in mice in which these isoforms were ablated individually
by gene targeting indicate that Stat3o. is the primary
mediator of IL-10 function in macrophages(146).
Interestingly, phosphomimetic mutation of S727 in the
presence of a Y705 to phenylalanine mutation resulted in
enhanced anchorage-independent growth of human prostate
cancer cells in soft agar and increased tumorigenicity in
NOD/SCID mice, associated with increased nuclear
localization of Stat3(147). Furthermore, recent studies
indicate that serine, but not tyrosine, phosphorylation of
Stat3 is required for RANKL-induced osteoclastogenesis,
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whereas tyrosine phosphorylation by IL-6 lead to the
development of macrophages instead of osteoclasts(148).
In addition, constitutive phosphorylation of serine, but not
tyrosine, on Stat3 has been demonstrated in B lymphocytes
from patients with chronic lymphocytic leukemia
(CLL)(149). These studies suggest that tyrosine and serine
phosphorylation of Stat3 may play both overlapping and
distinct roles in the regulation of Stat3 function.

Stat3 can promote its own serine phosphorylation
by acting as a scaffold for the kinases TAK1 and NLK
following binding to gp130 which, in turn, promote S727
phosphorylation of Stat3(150). However, the mechanism
by which serine phosphorylation of Stat3 regulates gene
expression is not entirely clear. Sequences in the c-
terminal domain of Statl and Stat3 are responsible for
regulating stimulus specific phosphorylation of S727 and
differentially affecting target gene expression(151). The
region from amino acid 752-761 on Stat3 is required for
S727 phosphorylation and recruitment of SRC-1(152).
S727 itself is found within a LPMSP motif that is
conserved among the transcription activation domains of
several Stats, and S727 as well as other sites within this
motif are required for the recruitment of the transcription
co-activator CBP/p300 to promoters of Stat3 target
genes(153). Recent studies indicate that the peptidyl-prolyl
cis/trans isomerase 1 (Pinl) interacts with Stat3 upon
cytokine stimulation. Overexpression of Pinl promotes
target gene expression and recruitment of p300 and this
activity of Pinl is dependent on S727 in Stat3(154).
Alternatively, S727 mediates association of Stat3 with
GRIM-19 which inhibits transcription driven by activated
Stat3, but not Stat1(155). Thus serine phosphorylation of
Stat3 has the potential to regulate interactions with both
positive and negative regulators of transcription.

The potential for other post-translational
modifications to regulate Stat3 transcriptional activity have
recently been explored. Stat3 was shown to be acetylated
at K685 (Figure 5) following cytokine stimulation, and a
lysine to arginine substitution at this position demonstrated
that this site was critical for Stat3 to form stable dimers
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required for DNA binding and transcriptional
regulation(156). The acetylation of K685 was confirmed
by generation of a acetyl-specific antibody against
Stat3(157). Additionally, acetylation of Stat3 was reported
to promote the processing of NFkB p100 to p52 and this
processing required the acetyltransferase activity of
CBP/p300(158). However, the role of acetylation in the
regulation of Stat activity remains controversial(159). In
addition, recent studies have suggested a role for Arg31
methylation (Figure 5) in promoting Statlactivity by
inhibiting the association of Statl with PIAS1(160). The
increased association of PIAS1 with Statl in the absence of
arginine methylation was also reported to prolong the half-
life of tyrosine phosphorylated Statl by decreasing its
association with the protein tyrosine phosphatase, TC-
PTP(161). However, subsequent studies failed to detect
arginine methylation of either Statl or Stat3, or a role for
protein methyltransferases in the regulation of Stat
transcriptional activation(162, 163). More studies will
need to be performed to determine the role of acetylation
and/or methylation in the regulation of Stat3 function.

The N-domain of Stat3 has also been implicated
in regulating transcriptional activation of Stat3 target genes.
The N-terminal domain of Stat3 has been reported to
regulate the association of Stat3 with the p300
bromodomain thus stabilizing enhanceosome assembly.
Despite equivalent levels of Stat3 binding, cells expressing
an N-terminally truncated Stat3 mutant (Stat3-deltaN) were
unable to recruit p300 and RNA polymerase II to the native
Socs3 promoter as efficiently as those expressing full-
length Stat3(164). Alternatively, association of the N-
domain of Stat3 with histone deacetylase 1 (HDAC1) leads
to transcriptional repression associated with a decrease in
the nuclear localization of Stat3(165). Both the N- and C-
domains of Stat3 are required for complex formation with
Cdk9, which binds to the proximal gamma-FBG promoter
and increases loading of RNA polymerase II on the TATA
box and coding regions and Cdk9-dependent
phosphorylation of CTD RNA pol 1I(166). Residues in the
N-terminal domain of Stat3 are also critical for stable
tetramer formation of purified phosphorylated Stat3 and for
optimal activation of the alpha2-macroglobulin gene(167).
However, tetramer formation through adjacent Stat binding
motifs does not appear to be required for induction of
SOCS3 gene expression by Stat3(168). Our data indicate
that the N-terminal domain of Stat3 plays a key role in the
induction of Pu.l expression, and cytokine-independent
colony formation, in primary bone marrow-derived cells
infected with Friend erythroleukemia virus. These studies
suggest that regulation of gene expression by the N-domain
of Stat3 is likely to be highly context dependent.

8. SUMMARY

Stat3 plays a central role in hematopoietic cell
development, immune cell function and leukemic
transformation. Thus, Stat3 is an attractive candidate as a
therapeutic target for a wide range of diseases. The
potential for targeting Stat3 activity in cancer, both in
cancer cells themselves and in the tumor microenvironment
to regulate inflammation and tumor immunity, has received
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a great deal of attention in recent years. However the
development of effective therapeutics against Stat3 has
remained a challenge. A better understanding of the
mechanism by which Stat3 regulates these responses, will
allow for the development of more effective therapeutics
and/or lead to the discovery of additional therapeutic
targets in cancer and other immune-related diseases.

9. ACKNOWLEDGMENT

Part of the work described in this article was
supported by NIH (RO1-HL66208), a scholar award from
the Leukemia and Lymhoma Society, and a pre-doctoral
fellowship from the American Heart Association.

10. REFERENCES

1. Durbin, J. E., R. Hackenmiller, M. C. Simon & D. E.
Levy: Targeted disruption of the mouse Statl gene results
in compromised innate immunity to viral disease. Cell, 84,
443-50 (1996)

2. Meraz, M. A., J. M. White, K. C. Sheechan, E. A. Bach,
S. J. Rodig, A. S. Dighe, D. H. Kaplan, J. K. Riley, A. C.
Greenlund, D. Campbell, K. Carver-Moore, R. N. DuBois,
R. Clark, M. Aguet & R. D. Schreiber: Targeted disruption
of the Statl gene in mice reveals unexpected physiologic
specificity in the JAK-STAT signaling pathway. Cell, 84,
431-42 (1996)

3. Park, C., S. Li, E. Cha & C. Schindler: Immune response
in Stat2 knockout mice. Immunity, 13, 795-804 (2000)

4. Kaplan, M. H., Y. L. Sun, T. Hoey & M. J. Grusby:
Impaired IL-12 responses and enhanced development of
Th2 cells in Stat4-deficient mice. Nature, 382, 174-7
(1996)

5. Kaplan, M. H., U. Schindler, S. T. Smiley & M. J.
Grusby: Stat6 is required for mediating responses to 1L-4
and for development of Th2 cells. Immunity, 4, 313-9
(1996)

6. Takeda, K., T. Tanaka, W. Shi, M. Matsumoto, M.
Minami, S. Kashiwamura, K. Nakanishi, N. Yoshida, T.
Kishimoto & S. Akira: Essential role of Stat6 in IL-4
signalling. Nature, 380, 627-30 (1996)

7. Shimoda, K., J. van Deursen, M. Y. Sangster, S. R.
Sarawar, R. T. Carson, R. A. Tripp, C. Chu, F. W. Quelle,
T. Nosaka, D. A. Vignali, P. C. Doherty, G. Grosveld, W.
E. Paul & J. N. Ihle: Lack of IL-4-induced Th2 response
and IgE class switching in mice with disrupted Stat6 gene.
Nature, 380, 630-3 (1996)

8. Liu, X., G. W. Robinson, K. U. Wagner, L. Garrett, A.
Wynshaw-Boris & L. Hennighausen: Stat5a is mandatory
for adult mammary gland development and lactogenesis.
Genes Dev, 11, 179-86 (1997)

9. Udy, G. B., R. P. Towers, R. G. Snell, R. J. Wilkins, S.
H. Park, P. A. Ram, D. J. Waxman & H. W. Davey:



Stat3 in normal and leukemic hematopoiesis

Requirement of STATSb for sexual dimorphism of body
growth rates and liver gene expression. Proc Natl Acad Sci
US 4,94, 7239-44 (1997)

10. Teglund, S., C. McKay, E. Schuetz, J. M. van Deursen,
D. Stravopodis, D. Wang, M. Brown, S. Bodner, G.
Grosveld & J. N. Thle: Stat5a and Stat5b proteins have
essential and nonessential, or redundant, roles in cytokine
responses. Cell, 93, 841-50 (1998)

11. Alexander, W. S., R. Starr, J. E. Fenner, C. L. Scott, E.
Handman, N. S. Sprigg, J. E. Corbin, A. L. Cornish, R.
Darwiche, C. M. Owczarek, T. W. Kay, N. A. Nicola, P. J.
Hertzog, D. Metcalf & D. J. Hilton: SOCSI is a critical
inhibitor of interferon gamma signaling and prevents the
potentially fatal neonatal actions of this cytokine. Cell, 98,
597-608 (1999)

12. Croker, B. A., D. L. Krebs, J. G. Zhang, S. Wormald, T.
A. Willson, E. G. Stanley, L. Robb, C. J. Greenhalgh, I.
Forster, B. E. Clausen, N. A. Nicola, D. Metcalf, D. J.
Hilton, A. W. Roberts & W. S. Alexander: SOCS3
negatively regulates IL-6 signaling in vivo. Nat Immunol, 4,
540-5 (2003)

13. Lang, R., A. L. Pauleau, E. Parganas, Y. Takahashi, J.
Mages, J. N. Thle, R. Rutschman & P. J. Murray: SOCS3
regulates the plasticity of gp130 signaling. Nat Immunol, 4,
546-50 (2003)

14. Greenhalgh, C. J., P. Bertolino, S. L. Asa, D. Metcalf, J.
E. Corbin, T. E. Adams, H. W. Davey, N. A. Nicola, D. J.
Hilton & W. S. Alexander: Growth enhancement in
suppressor of cytokine signaling 2 (SOCS-2)-deficient mice
is dependent on signal transducer and activator of
transcription 5b (STATSb). Mol Endocrinol, 16, 1394-406
(2002)

15. Dewilde, S., A. Vercelli, R. Chiarle & V. Poli: Of
alphas and betas: distinct and overlapping functions of
STATS3 isoforms. Front Biosci, 13, 6501-14 (2008)

16. Regis, G., S. Pensa, D. Boselli, F. Novelli & V. Poli:
Ups and downs: the STAT1:STAT3 seesaw of Interferon
and gp130 receptor signalling. Semin Cell Dev Biol, 19,
351-9 (2008)

17. Mathur, A. N., H. C. Chang, D. G. Zisoulis, G. L.
Stritesky, Q. Yu, J. T. O'Malley, R. Kapur, D. E. Levy, G.
S. Kansas & M. H. Kaplan: Stat3 and Stat4 direct
development of IL-17-secreting Th cells. J Immunol, 178,
4901-7 (2007)

18. Harris, T. J., J. F. Grosso, H. R. Yen, H. Xin, M.
Kortylewski, E. Albesiano, E. L. Hipkiss, D. Getnet, M. V.
Goldberg, C. H. Maris, F. Housseau, H. Yu, D. M. Pardoll
& C. G. Drake: Cutting edge: An in vivo requirement for
STAT3 signaling in TH17 development and THI17-
dependent autoimmunity. J Immunol, 179, 4313-7 (2007)

19. Yang, X. O., A. D. Panopoulos, R. Nurieva, S. H.
Chang, D. Wang, S. S. Watowich & C. Dong: STAT3

5283

regulates cytokine-mediated generation of inflammatory
helper T cells. J Biol Chem, 282, 9358-63 (2007)

20. Yang, X. O., R. Nurieva, G. J. Martinez, H. S. Kang, Y.
Chung, B. P. Pappu, B. Shah, S. H. Chang, K. S. Schluns, S. S.
Watowich, X. H. Feng, A. M. Jetten & C. Dong: Molecular
antagonism and plasticity of regulatory and inflammatory T
cell programs. Immunity, 29, 44-56 (2008)

21. Nurieva, R., X. O. Yang, G. Martinez, Y. Zhang, A. D.
Panopoulos, L. Ma, K. Schluns, Q. Tian, S. S. Watowich, A.
M. Jetten & C. Dong: Essential autocrine regulation by I1L-21
in the generation of inflammatory T cells. Nature, 448, 480-3
(2007)

22. Minegishi, Y., M. Saito, S. Tsuchiya, I. Tsuge, H. Takada,
T. Hara, N. Kawamura, T. Ariga, S. Pasic, O. Stojkovic, A.
Metin & H. Karasuyama: Dominant-negative mutations in the
DNA-binding domain of STAT3 cause hyper-IgE syndrome.
Nature, 448, 1058-62 (2007)

23. Holland, S. M., F. R. DeLeo, H. Z. Elloumi, A. P. Hsu, G.
Uzel, N. Brodsky, A. F. Freeman, A. Demidowich, J. Davis,
M. L. Turner, V. L. Anderson, D. N. Darnell, P. A. Welch, D.
B. Kuhns, D. M. Frucht, H. L. Malech, J. I. Gallin, S. D.
Kobayashi, A. R. Whitney, J. M. Voyich, J. M. Musser, C.
Woellner, A. A. Schaffer, J. M. Puck & B. Grimbacher:
STAT3 mutations in the hyper-IgE syndrome. N Engl J Med,
357, 1608-19 (2007)

24. Renner, E. D., S. Rylaarsdam, S. Anover-Sombke, A. L.
Rack, J. Reichenbach, J. C. Carey, Q. Zhu, A. F. Jansson, J.
Barboza, L. F. Schimke, M. F. Leppert, M. M. Getz, R. A.
Seger, H. R. Hill, B. H. Belohradsky, T. R. Torgerson & H. D.
Ochs: Novel signal transducer and activator of transcription 3
(STAT3) mutations, reduced T (H)17 cell numbers, and
variably defective STAT3 phosphorylation in hyper-IgE
syndrome. J Allergy Clin Immunol, 122, 181-7 (2008)

25. Renner, E. D., T. R. Torgerson, S. Rylaarsdam, S.
Anover-Sombke, K. Golob, T. LaFlam, Q. Zhu & H. D.
Ochs: STAT3 mutation in the original patient with Job's
syndrome. N Engl J Med, 357, 1667-8 (2007)

26. Ma, C. S., G. Y. Chew, N. Simpson, A. Priyadarshi, M.
Wong, B. Grimbacher, D. A. Fulcher, S. G. Tangye & M.
C. Cook: Deficiency of Th17 cells in hyper IgE syndrome
due to mutations in STAT3. J Exp Med, 205, 1551-7 (2008)

27. Milner, J. D., J. M. Brenchley, A. Laurence, A. F.
Freeman, B. J. Hill, K. M. Elias, Y. Kanno, C. Spalding, H.
Z. Elloumi, M. L. Paulson, J. Davis, A. Hsu, A. 1. Asher, J.
O'Shea, S. M. Holland, W. E. Paul & D. C. Douek:
Impaired T (H)17 cell differentiation in subjects with
autosomal dominant hyper-IgE syndrome. Nature, 452,
773-6 (2008)

28. Nurieva, R. L., Y. Chung, D. Hwang, X. O. Yang, H. S.
Kang, L. Ma, Y. H. Wang, S. S. Watowich, A. M. Jetten,
Q. Tian & C. Dong: Generation of T follicular helper cells
is mediated by interleukin-21 but independent of T helper
1, 2, or 17 cell lineages. Immunity, 29, 138-49 (2008)



Stat3 in normal and leukemic hematopoiesis

29. Chou, W. C, D. E. Levy & C. K. Lee: STAT3 positively
regulates an early step in B-cell development. Blood, 108,
3005-11 (2006)

30. Fornek, J. L., L. T. Tygrett, T. J. Waldschmidt, V. Poli, R.
C. Rickert & G. S. Kansas: Critical role for Stat3 in T-
dependent terminal differentiation of IgG B cells. Blood, 107,
1085-91 (2006)

31. Reljic, R., S. D. Wagner, L. J. Peakman & D. T. Fearon:
Suppression of signal transducer and activator of transcription
3-dependent B lymphocyte terminal differentiation by BCL-6.
J Exp Med, 192, 1841-8 (2000)

32. Lee, C. K, R. Raz, R. Gimeno, R. Gertner, B.
Wistinghausen, K. Takeshita, R. A. DePinho & D. E. Levy:
STAT3 is a negative regulator of granulopoiesis but is not
required for G-CSF-dependent differentiation. Immunity, 17,
63-72 (2002)

33. Kamezaki, K., K. Shimoda, A. Numata, T. Haro, H.
Kakumitsu, M. Yoshie, M. Yamamoto, K. Takeda, T.
Matsuda, S. Akira, K. Ogawa & M. Harada: Roles of Stat3 and
ERK in G-CSF signaling. Stem Cells, 23, 252-63 (2005)

34. Croker, B. A., D. Metcalf, L. Robb, W. Wei, S. Mifsud, L.
DiRago, L. A. Cluse, K. D. Sutherland, L. Hartley, E.
Williams, J. G. Zhang, D. J. Hilton, N. A. Nicola, W. S.
Alexander & A. W. Roberts: SOCS3 is a critical physiological
negative regulator of G-CSF signaling and emergency
granulopoiesis. Immunity, 20, 153-65 (2004)

35. Kimura, A., I. Kinjyo, Y. Matsumura, H. Mori, R.
Mashima, M. Harada, K. R. Chien, H. Yasukawa & A.
Yoshimura: SOCS3 is a physiological negative regulator for
granulopoiesis and granulocyte colony-stimulating factor
receptor signaling. J Biol Chem, 279, 6905-10 (2004)

36. Croker, B. A., L. A. Mielke, S. Wormald, D. Metcalf, H.
Kiu, W. S. Alexander, D. J. Hilton & A. W. Roberts: Socs3
maintains the specificity of biological responses to cytokine
signals during granulocyte and macrophage differentiation.
Exp Hematol, 36, 786-98 (2008)

37. Panopoulos, A. D., L. Zhang, J. W. Snow, D. M. Jones, A.
M. Smith, K. C. El Kasmi, F. Liu, M. A. Goldsmith, D. C.
Link, P. J. Murray & S. S. Watowich: STAT3 governs distinct
pathways in emergency granulopoiesis and mature neutrophils.
Blood, 108, 3682-90 (2006)

38. Laouar, Y., T. Welte, X. Y. Fu & R. A. Flavell: STAT3 is
required for Flt3L-dependent dendritic cell differentiation.
Immunity, 19, 903-12 (2003)

39. Rathinam, C., R. Geffers, R. Yucel, J. Buer, K. Welte, T.
Moroy & C. Klein: The transcriptional repressor Gfil controls
STAT3-dependent dendritic cell development and function.
Immunity, 22, 717-28 (2005)

40. Esashi, E. & S. S. Watowich: Dendritic cells:
Transcriptional control of plasmacytoid dendritic cell
development by E2-2. Immunol Cell Biol (2008)

5284

41. Park, S. J., T. Nakagawa, H. Kitamura, T. Atsumi, H.
Kamon, S. Sawa, D. Kamimura, N. Ueda, Y. Iwakura, K.
Ishihara, M. Murakami & T. Hirano: IL-6 regulates in vivo
dendritic cell differentiation through STAT3 activation. J
Immunol, 173, 3844-54 (2004)

42. Yu, S., C. Liu, K. Su, J. Wang, Y. Liu, L. Zhang, C. Li,
Y. Cong, R. Kimberly, W. E. Grizzle, C. Falkson & H. G.
Zhang: Tumor exosomes inhibit differentiation of bone
marrow dendritic cells. J Immunol, 178, 6867-75 (2007)

43. Bharadwaj, U., M. Li, R. Zhang, C. Chen & Q. Yao:
Elevated interleukin-6 and G-CSF in human pancreatic
cancer cell conditioned medium suppress dendritic cell
differentiation and activation. Cancer Res, 67, 5479-88
(2007)

44. Kortylewski, M., M. Kujawski, T. Wang, S. Wei, S.
Zhang, S. Pilon-Thomas, G. Niu, H. Kay, J. Mule, W. G.
Kerr, R. Jove, D. Pardoll & H. Yu: Inhibiting Stat3
signaling in the hematopoietic system elicits
multicomponent antitumor immunity. Nat Med, 11, 1314-
21 (2005)

45. Wang, T., G. Niu, M. Kortylewski, L. Burdelya, K.
Shain, S. Zhang, R. Bhattacharya, D. Gabrilovich, R.
Heller, D. Coppola, W. Dalton, R. Jove, D. Pardoll & H.
Yu: Regulation of the innate and adaptive immune
responses by Stat-3 signaling in tumor cells. Nat Med, 10,
48-54 (2004)

46. Oh, I. H. & C. J. Eaves: Overexpression of a dominant
negative form of STAT3 selectively impairs hematopoietic
stem cell activity. Oncogene, 21, 4778-87 (2002)

47. Takizawa, M., 1. Nobuhisa, K. Igarashi, M. Ueno, K.
Nakashima, T. Kitamura & T. Taga: Requirement of gp130
signaling for the AGM hematopoiesis. Exp Hematol, 31,
283-9 (2003)

48. Kato, Y., A. Iwama, Y. Tadokoro, K. Shimoda, M.
Minoguchi, S. Akira, M. Tanaka, A. Miyajima, T.
Kitamura & H. Nakauchi: Selective activation of STATS5
unveils its role in stem cell self-renewal in normal and
leukemic hematopoiesis. J Exp Med, 202, 169-79 (2005)

49. Chung, Y. J., B. B. Park, Y. J. Kang, T. M. Kim, C. J.
Eaves & 1. H. Oh: Unique effects of Stat3 on the early
phase of hematopoietic stem cell regeneration. Blood, 108,
1208-15 (2006)

50. Takeda, K., B. E. Clausen, T. Kaisho, T. Tsujimura, N.
Terada, I. Forster & S. Akira: Enhanced Thl activity and
development of chronic enterocolitis in mice devoid of
Stat3 in macrophages and neutrophils. Immunity, 10, 39-49
(1999)

51. Davidson, N. J., M. M. Fort, W. Muller, M. W. Leach
& D. M. Rennick: Chronic colitis in IL-10-/- mice:
insufficient counter regulation of a Thl response. Int Rev
Immunol, 19, 91-121 (2000)



Stat3 in normal and leukemic hematopoiesis

52. Lang, R., D. Patel, J. J. Morris, R. L. Rutschman & P. J.
Murray: Shaping gene expression in activated and resting
primary macrophages by IL-10. J Immunol, 169, 2253-63
(2002)

53. Williams, L., L. Bradley, A. Smith & B. Foxwell:
Signal transducer and activator of transcription 3 is the
dominant mediator of the anti-inflammatory effects of IL-
10 in human macrophages. J Immunol, 172, 567-76 (2004)

54. Williams, L. M., U. Sarma, K. Willets, T. Smallie, F.
Brennan & B. M. Foxwell: Expression of constitutively
active STAT3 can replicate the cytokine-suppressive
activity of interleukin-10 in human primary macrophages. J
Biol Chem, 282, 6965-75 (2007)

55. Kobayashi, M., M. N. Kweon, H. Kuwata, R. D.
Schreiber, H. Kiyono, K. Takeda & S. Akira: Toll-like
receptor-dependent production of IL-12p40 causes chronic
enterocolitis in myeloid cell-specific Stat3-deficient mice. J
Clin Invest, 111, 1297-308 (2003)

56. Matsukawa, A., K. Takeda, S. Kudo, T. Maeda, M.
Kagayama & S. Akira: Aberrant inflammation and lethality
to septic peritonitis in mice lacking STAT3 in macrophages
and neutrophils. J Immunol, 171, 6198-205 (2003)

57. Matsukawa, A., S. Kudo, T. Maeda, K. Numata, H.
Watanabe, K. Takeda, S. Akira & T. Ito: Stat3 in
resident macrophages as a repressor protein of
inflammatory response. J Immunol, 175, 3354-9 (2005)

58. Cheng, F., H. W. Wang, A. Cuenca, M. Huang, T.
Ghansah, J. Brayer, W. G. Kerr, K. Takeda, S. Akira, S.
P. Schoenberger, H. Yu, R. Jove & E. M. Sotomayor: A
critical role for Stat3 signaling in immune tolerance.
Immunity, 19, 425-36 (2003)

59. Reindl, W., S. Weiss, H. A. Lehr & 1. Forster:
Essential crosstalk between myeloid and lymphoid cells
for development of chronic colitis in myeloid-specific
signal transducer and activator of transcription 3-
deficient mice. Immunology, 120, 19-27 (2007)

60. Takeda, K., T. Kaisho, N. Yoshida, J. Takeda, T.
Kishimoto & S. Akira: Stat3 activation is responsible
for 1IL-6-dependent T cell proliferation through
preventing apoptosis: generation and characterization of
T cell-specific Stat3-deficient mice. J Immunol, 161,
4652-60 (1998)

61. Atreya, R., J. Mudter, S. Finotto, J. Mullberg, T.
Jostock, S. Wirtz, M. Schutz, B. Bartsch, M. Holtmann,
C. Becker, D. Strand, J. Czaja, J. F. Schlaak, H. A. Lehr,
F. Autschbach, G. Schurmann, N. Nishimoto, K.
Yoshizaki, H. Ito, T. Kishimoto, P. R. Galle, S. Rose-
John & M. F. Neurath: Blockade of interleukin 6 trans
signaling suppresses T-cell resistance against apoptosis
in chronic intestinal inflammation: evidence in crohn
disease and experimental colitis in vivo. Nat Med, 6,
583-8 (2000)

5285

62. Yamamoto, M., K. Yoshizaki, T. Kishimoto & H. Ito:
IL-6 is required for the development of Thl cell-mediated
murine colitis. J Immunol, 164, 4878-82 (2000)

63. Suzuki, A., T. Hanada, K. Mitsuyama, T. Yoshida, S.
Kamizono, T. Hoshino, M. Kubo, A. Yamashita, M.
Okabe, K. Takeda, S. Akira, S. Matsumoto, A. Toyonaga,
M. Sata & A. Yoshimura: CIS3/SOCS3/SSI3 plays a
negative regulatory role in STAT3 activation and intestinal
inflammation. J Exp Med, 193, 471-81 (2001)

64. Hu, X,, J. Chen, L. Wang & L. B. Ivashkiv: Crosstalk
among Jak-STAT, Toll-like receptor, and ITAM-dependent
pathways in macrophage activation. J Leukoc Biol, 82, 237-
43 (2007)

65. Ho, H. H. & L. B. Ivashkiv: Role of STAT3 in type I
interferon responses. Negative regulation of STATI-
dependent inflammatory gene activation. J Biol Chem, 281,
14111-8 (2006)

66. Staples, K. J., T. Smallie, L. M. Williams, A. Foey, B.
Burke, B. M. Foxwell & L. Ziegler-Heitbrock: IL-10
induces IL-10 in primary human monocyte-derived
macrophages via the transcription factor Stat3. J Immunol,
178, 4779-85 (2007)

67. Hu, X., P. K. Paik, J. Chen, A. Yarilina, L. Kockeritz,
T. T. Lu, J. R. Woodgett & L. B. Ivashkiv: IFN-gamma
suppresses IL-10 production and synergizes with TLR2 by
regulating GSK3 and CREB/AP-1 proteins. Immunity, 24,
563-74 (2006)

68. Herrero, C., X. Hu, W. P. Li, S. Samuels, M. N. Sharif,
S. Kotenko & L. B. Ivashkiv: Reprogramming of IL-10
activity and signaling by IFN-gamma. J Immunol, 171,
5034-41 (2003)

69. Hu, X., K. H. Park-Min, H. H. Ho & L. B. Ivashkiv:
IFN-gamma-primed macrophages exhibit increased CCR2-
dependent migration and altered IFN-gamma responses
mediated by Statl. J Immunol, 175, 3637-47 (2005)

70. Butcher, B. A., L. Kim, A. D. Panopoulos, S. S.
Watowich, P. J. Murray & E. Y. Denkers: IL-10-
independent STAT3 activation by Toxoplasma gondii
mediates suppression of IL-12 and TNF-alpha in host
macrophages. J Immunol, 174, 3148-52 (2005)

71. Liu, Q. P., K. Fruit, J. Ward & P. H. Correll: Negative
regulation of macrophage activation in response to IFN-
gamma and lipopolysaccharide by the STK/RON receptor
tyrosine kinase. J Immunol, 163, 6606-13 (1999)

72. Morrison, A. C., C. B. Wilson, M. Ray & P. H. Correll:
Macrophage-stimulating protein, the ligand for the stem
cell-derived tyrosine kinase/RON receptor tyrosine kinase,
inhibits IL-12 production by primary peritoneal
macrophages  stimulated ~ with ~ [FN-gamma  and
lipopolysaccharide. J Immunol, 172, 1825-32 (2004)



Stat3 in normal and leukemic hematopoiesis

73. Wilson, C. B., M. Ray, M. Lutz, D. Sharda, J. Xu & P.
A. Hankey: The RON receptor tyrosine kinase regulates
IFN-gamma production and responses in innate immunity.
J Immunol, 181, 2303-10 (2008)

74. Weichhart, T., G. Costantino, M. Poglitsch, M. Rosner,
M. Zeyda, K. M. Stuhlmeier, T. Kolbe, T. M. Stulnig, W.
H. Horl, M. Hengstschlager, M. Muller & M. D. Saemann:
The TSC-mTOR signaling pathway regulates the innate
inflammatory response. Immunity, 29, 565-77 (2008)

75. Camenisch, T. D., B. H. Koller, H. S. Earp & G. K.
Matsushima: A novel receptor tyrosine kinase, Mer,
inhibits TNF-alpha production and lipopolysaccharide-
induced endotoxic shock. J Immunol, 162, 3498-503 (1999)

76. Lu, Q. & G. Lemke: Homeostatic regulation of the
immune system by receptor tyrosine kinases of the Tyro 3
family. Science, 293, 306-11 (2001)

77. Rothlin, C. V., S. Ghosh, E. I. Zuniga, M. B. Oldstone
& G. Lemke: TAM receptors are pleiotropic inhibitors of
the innate immune response. Cell, 131, 1124-36 (2007)

78. Yasukawa, H., M. Ohishi, H. Mori, M. Murakami, T.
Chinen, D. Aki, T. Hanada, K. Takeda, S. Akira, M.
Hoshijima, T. Hirano, K. R. Chien & A. Yoshimura: IL-6
induces an anti-inflammatory response in the absence of
SOCS3 in macrophages. Nat Immunol, 4, 551-6 (2003)

79. El Kasmi, K. C., J. Holst, M. Coffre, L. Miclke, A. de
Pauw, N. Lhocine, A. M. Smith, R. Rutschman, D.
Kaushal, Y. Shen, T. Suda, R. P. Donnelly, M. G. Myers,
Jr., W. Alexander, D. A. Vignali, S. S. Watowich, M. Ernst,
D. J. Hilton & P. J. Murray: General nature of the STAT3-
activated anti-inflammatory response. J Immunol, 177,
7880-8 (2006)

80. Berlato, C., M. A. Cassatella, I. Kinjyo, L. Gatto, A.
Yoshimura & F. Bazzoni: Involvement of suppressor of
cytokine signaling-3 as a mediator of the inhibitory effects
of IL-10 on lipopolysaccharide-induced macrophage
activation. J Immunol, 168, 6404-11 (2002)

81. Jo, D., D. Liu, S. Yao, R. D. Collins & J. Hawiger:
Intracellular protein therapy with SOCS3 inhibits
inflammation and apoptosis. Nat Med, 11, 892-8 (2005)

82. Fang, M., H. Dai, G. Yu & F. Gong: Gene delivery of
SOCS3 protects mice from lethal endotoxic shock. Cell
Mol Immunol, 2, 373-7 (2005)

83. El Kasmi, K. C., A. M. Smith, L. Williams, G. Neale,
A. D. Panopoulos, S. S. Watowich, H. Hacker, B. M.
Foxwell & P. J. Murray: Cutting edge: A transcriptional
repressor and corepressor induced by the STAT3-regulated
anti-inflammatory signaling pathway. J Immunol, 179,
7215-9 (2007)

84. Nishinakamura, H., Y. Minoda, K. Sacki, K. Koga, G.
Takaesu, M. Onodera, A. Yoshimura & T. Kobayashi: An
RNA-binding protein alphaCP-1 is involved in the STAT3-

5286

mediated suppression of NF-kappaB
activity. Int Immunol, 19, 609-19 (2007)

transcriptional

85. Turkson, J., T. Bowman, R. Garcia, E. Caldenhoven, R.
P. De Groot & R. Jove: Stat3 activation by Src induces
specific gene regulation and is required for cell
transformation. Mol Cell Biol, 18, 2545-52 (1998)

86. Bromberg, J. F., C. M. Horvath, D. Besser, W. W.
Lathem & J. E. Darnell, Jr.: Stat3 activation is required for
cellular transformation by v-src. Mol Cell Biol, 18, 2553-8
(1998)

87. Shen, Y., G. Devgan, J. E. Darnell, Jr. & J. F.
Bromberg: Constitutively activated  Stat3  protects
fibroblasts from serum withdrawal and UV-induced
apoptosis and antagonizes the proapoptotic effects of
activated Statl. Proc Natl Acad Sci U S A, 98, 1543-8
(2001)

88. Schlessinger, K. & D. E. Levy: Malignant
transformation but not normal cell growth depends on
signal transducer and activator of transcription 3. Cancer
Res, 65, 5828-34 (2005)

89. Oneyama, C., T. Hikita, S. Nada & M. Okada:
Functional dissection of transformation by c-Src and v-Src.
Genes Cells, 13, 1-12 (2008)

90. Graham, D. K., D. B. Salzberg, J. Kurtzberg, S. Sather,
G. K. Matsushima, A. K. Keating, X. Liang, M. A. Lovell,
S. A. Williams, T. L. Dawson, M. J. Schell, A. A. Anwar,
H. R. Snodgrass & H. S. Earp: Ectopic expression of the
proto-oncogene Mer in pediatric T-cell acute lymphoblastic
leukemia. Clin Cancer Res, 12,2662-9 (2006)

91. Jia, R. & H. Hanafusa: The proto-oncogene of v-eyk (v-
ryk) is a novel receptor-type protein tyrosine kinase with
extracellular Ig/GN-III domains. J Biol Chem, 269, 1839-
44 (1994)

92. Keating, A. K., D. B. Salzberg, S. Sather, X. Liang, S.
Nickoloff, A. Anwar, D. Deryckere, K. Hill, D. Joung, K.
K. Sawczyn, J. Park, D. Curran-Everett, L. McGavran, L.
Meltesen, L. Gore, G. L. Johnson & D. K. Graham:
Lymphoblastic leukemia/lymphoma in mice overexpressing
the Mer (MerTK) receptor tyrosine kinase. Oncogene, 25,
6092-100 (2006)

93. Besser, D., J. F. Bromberg, J. E. Darnell, Jr. & H.
Hanafusa: A single amino acid substitution in the v-Eyk
intracellular domain results in activation of Stat3 and
enhances cellular transformation. Mol Cell Biol, 19, 1401-9
(1999)

94. Renne, C., K. Willenbrock, R. Kuppers, M. L.
Hansmann & A. Brauninger: Autocrine- and paracrine-
activated receptor tyrosine kinases in classic Hodgkin
lymphoma. Blood, 105, 4051-9 (2005)

95. Renne, C., K. Willenbrock, J. I. Martin-Subero, N.
Hinsch, C. Doring, E. Tiacci, W. Klapper, P. Moller, R.



Stat3 in normal and leukemic hematopoiesis

Kuppers, M. L. Hansmann, R. Siebert & A. Brauninger:
High expression of several tyrosine kinases and activation
of the PI3K/AKT pathway in mediastinal large B cell
lymphoma reveals further similarities to Hodgkin
lymphoma. Leukemia, 21, 780-7 (2007)

96. Ni, S., C. Zhao, G. S. Feng, R. F. Paulson & P. H.
Correll: A novel Stat3 binding motif in Gab2 mediates
transformation of primary hematopoietic cells by the
Stk/Ron receptor tyrosine kinase in response to Friend virus
infection. Mol Cell Biol, 27, 3708-15 (2007)

97. Ning, Z. Q., J. Li & R. J. Arceci: Signal transducer and
activator of transcription 3 activation is required for Asp
(816) mutant c-Kit-mediated cytokine-independent survival
and proliferation in human leukemia cells. Blood, 97, 3559-
67 (2001)

98. Ning, Z. Q., J. Li, M. McGuinness & R. J. Arceci:
STAT3 activation is required for Asp (816) mutant c-Kit
induced tumorigenicity. Oncogene, 20, 4528-36 (2001)

99. Casteran, N., P. De Sepulveda, N. Beslu, M. Aoubala,
S. Letard, E. Lecocq, R. Rottapel & P. Dubreuil: Signal
transduction by several KIT juxtamembrane domain
mutations. Oncogene, 22, 4710-22 (2003)

100. Choudhary, C., J. Schwable, C. Brandts, L.
Tickenbrock, B. Sargin, T. Kindler, T. Fischer, W. E.
Berdel, C. Muller-Tidow & H. Serve: AML-associated Flt3
kinase domain mutations show signal transduction
differences compared with F1t3 ITD mutations. Blood, 106,
265-73 (2005)

101. Choudhary, C., C. Brandts, J. Schwable, L.
Tickenbrock, B. Sargin, A. Ueker, F. D. Bohmer, W. E.
Berdel, C. Muller-Tidow & H. Serve: Activation
mechanisms of STATS by oncogenic Flt3-ITD. Blood, 110,
370-4 (2007)

102. Grundler, R., C. Miething, C. Thiede, C. Peschel & J.
Duyster: FLT3-ITD and tyrosine kinase domain mutants
induce 2 distinct phenotypes in a murine bone marrow
transplantation model. Blood, 105, 4792-9 (2005)

103. Morris, S. W., C. Naeve, P. Mathew, P. L. James, M.
N. Kirstein, X. Cui & D. P. Witte: ALK, the chromosome 2
gene locus altered by the t (2;5) in non-Hodgkin's
lymphoma, encodes a novel neural receptor tyrosine kinase
that is highly related to leukocyte tyrosine kinase (LTK).
Oncogene, 14, 2175-88 (1997)

104. Zamo, A., R. Chiarle, R. Piva, J. Howes, Y. Fan, M.
Chilosi, D. E. Levy & G. Inghirami: Anaplastic lymphoma
kinase (ALK) activates Stat3 and protects hematopoietic
cells from cell death. Oncogene, 21, 1038-47 (2002)

105. Chiarle, R., W. J. Simmons, H. Cai, G. Dhall, A.
Zamo, R. Raz, J. G. Karras, D. E. Levy & G. Inghirami:
Stat3 is required for ALK-mediated lymphomagenesis and
provides a possible therapeutic target. Nat Med, 11, 623-9
(2005)

5287

106. Bard, J. D., P. Gelebart, M. Anand, H. M. Amin & R.
Lai: Aberrant expression of IL-22 receptor 1 and autocrine
IL-22 stimulation contribute to tumorigenicity in ALK+
anaplastic large cell lymphoma. Leukemia, 22, 1595-603
(2008)

107. Kasprzycka, M., M. Marzec, X. Liu, Q. Zhang & M.
A. Wasik: Nucleophosmin/anaplastic lymphoma kinase
(NPM/ALK) oncoprotein induces the T regulatory cell
phenotype by activating STAT3. Proc Natl Acad Sci U S A4,
103, 9964-9 (2006)

108. Coppo, P., I. Dusanter-Fourt, G. Millot, M. M.
Nogueira, A. Dugray, M. L. Bonnet, M. T. Mitjavila-
Garcia, D. Le Pesteur, F. Guilhot, W. Vainchenker, F.
Sainteny & A. G. Turhan: Constitutive and specific
activation of STAT3 by BCR-ABL in embryonic stem
cells. Oncogene, 22, 4102-10 (2003)

109. Coppo, P., S. Flamant, V. De Mas, P. Jarrier, M.
Guillier, M. L. Bonnet, C. Lacout, F. Guilhot, W.
Vainchenker & A. G. Turhan: BCR-ABL activates STAT3
via JAK and MEK pathways in human cells. Br J
Haematol, 134, 171-9 (2006)

110. Spiekermann, K., M. Pau, R. Schwab, K. Schmigja, S.
Franzrahe & W. Hiddemann: Constitutive activation of
STAT3 and STATS is induced by leukemic fusion proteins
with protein tyrosine kinase activity and is sufficient for
transformation of hematopoietic precursor cells. Exp
Hematol, 30, 262-71 (2002)

111. Nakamura, F., Y. Nakamura, K. Maki, Y. Sato & K.
Mitani: Cloning and characterization of the novel chimeric
gene TEL/PTPRR in acute myelogenous leukemia with inv
(12) (p13q13). Cancer Res, 65, 6612-21 (2005)

112. Dong, S. & D. J. Tweardy: Interactions of STAT5b-
RARalpha, a novel acute promyelocytic leukemia fusion
protein, with retinoic acid receptor and STAT3 signaling
pathways. Blood, 99, 2637-46 (2002)

113. Kawasaki, A., I. Matsumura, Y. Kataoka, E.
Takigawa, K. Nakajima & Y. Kanakura: Opposing effects
of PML and PML/RAR alpha on STAT3 activity. Blood,
101, 3668-73 (2003)

114. Chim, C. S., A. S. Wong & Y. L. Kwong: Epigenetic
dysregulation of the Jak/STAT pathway by frequent
aberrant methylation of SHP1 but not SOCS1 in acute
leukaemias. Ann Hematol, 83, 527-32 (2004)

115. Chen, C. Y., W. Tsay, J. L. Tang, H. L. Shen, S. W.
Lin, S. Y. Huang, M. Yao, Y. C. Chen, M. C. Shen, C. H.
Wang & H. F. Tien: SOCS1 methylation in patients with
newly diagnosed acute myeloid leukemia. Genes
Chromosomes Cancer, 37, 300-5 (2003)

116. Watanabe, D., S. Ezoe, M. Fujimoto, A. Kimura, Y.
Saito, H. Nagai, I. Tachibana, I. Matsumura, T. Tanaka, H.
Kanegane, T. Miyawaki, M. Emi, Y. Kanakura, 1. Kawase,
T. Naka & T. Kishimoto: Suppressor of cytokine



Stat3 in normal and leukemic hematopoiesis

signalling-1 gene silencing in acute myeloid leukaemia and
human haematopoietic cell lines. Br J Haematol, 126, 726-
35 (2004)

117. Zhang, Q., H. Y. Wang, A. Woetmann, P. N.
Raghunath, N. Odum & M. A. Wasik: STAT3 induces
transcription of the DNA methyltransferase 1 gene
(DNMT1) in malignant T lymphocytes. Blood, 108, 1058-
64 (2006)

118. Zhang, Q., H. Y. Wang, M. Marzec, P. N. Raghunath,
T. Nagasawa & M. A. Wasik: STAT3- and DNA
methyltransferase 1-mediated epigenetic silencing of SHP-
1 tyrosine phosphatase tumor suppressor gene in malignant
T lymphocytes. Proc Natl Acad Sci U S A4, 102, 6948-53
(2005)

119. Dong, F., Y. Qiu, T. Yi, . P. Touw & A. C. Larner:
The carboxyl terminus of the granulocyte colony-
stimulating factor receptor, truncated in patients with
severe congenital neutropenia/acute myeloid leukemia, is
required for SH2-containing phosphatase-1 suppression of
Stat activation. J Immunol, 167, 6447-52 (2001)

120. Cho-Vega, J. H., G. Z. Rassidakis, H. M. Amin, P.
Tsioli, K. Spurgers, Y. K. Remache, F. Vega, A. H. Goy, F.
Gilles & L. J. Medeiros: Suppressor of cytokine signaling 3
expression in anaplastic large cell lymphoma. Leukemia,
18, 1872-8 (2004)

121. Lu, Y., S. Fukuyama, R. Yoshida, T. Kobayashi, K.
Sacki, H. Shiraishi, A. Yoshimura & G. Takaesu: Loss of
SOCS3 gene expression converts STAT3 function from anti-
apoptotic to pro-apoptotic. J Biol Chem, 281, 36683-90 (2006)

122. Hillion, J., S. Dhara, T. F. Sumter, M. Mukherjee, F. Di
Cello, A. Belton, J. Turkson, S. Jaganathan, L. Cheng, Z. Ye,
R. Jove, P. Aplan, Y. W. Lin, K. Wertzler, R. Reeves, O.
Elbahlouh, J. Kowalski, R. Bhattacharya & L. M. Resar: The
high-mobility group Ala/signal transducer and activator of
transcription-3 axis: an achilles heel for hematopoietic
malignancies? Cancer Res, 68, 10121-7 (2008)

123. Shao, H., X. Xu, M. A. Mastrangelo, N. Jing, R. G. Cook,
G. B. Legge & D. J. Tweardy: Structural requirements for
signal transducer and activator of transcription 3 binding to
phosphotyrosine ligands containing the YXXQ motif. J Biol
Chem, 279, 18967-73 (2004)

124. Yamanaka, Y., K. Nakajima, T. Fukada, M. Hibi & T.
Hirano: Differentiation and growth arrest signals are generated
through the cytoplasmic region of gp130 that is essential for
Stat3 activation. Embo J, 15, 1557-65 (1996)

125. Chakraborty, A., K. F. Dyer, M. Cascio, T. A. Mietzner &
D. J. Tweardy: Identification of a novel Stat3 recruitment and
activation motif within the granulocyte colony-stimulating
factor receptor. Blood, 93, 15-24 (1999)

126. Tomida, M., T. Heike & T. Yokota: Cytoplasmic
domains of the leukemia inhibitory factor receptor required

5288

for STAT3 activation, differentiation, and growth arrest of
myeloid leukemic cells. Blood, 93, 1934-41 (1999)

127. Fujitani, Y., M. Hibi, T. Fukada, M. Takahashi-
Tezuka, H. Yoshida, T. Yamaguchi, K. Sugiyama, Y.
Yamanaka, K. Nakajima & T. Hirano: An alternative
pathway for STAT activation that is mediated by the direct
interaction between JAK and STAT. Oncogene, 14, 751-61
(1997)

128. Teal, H. E., S. Ni, J. Xu, L. D. Finkelstein, A. M.
Cheng, R. F. Paulson, G. S. Feng & P. H. Correll: GRB2-
mediated recruitment of GAB2, but not GAB1, to SF-STK
supports the expansion of Friend virus-infected erythroid
progenitor cells. Oncogene, 25, 2433-43 (2006)

129. Minoguchi, M., S. Minoguchi, D. Aki, A. Joo, T.
Yamamoto, T. Yumioka, T. Matsuda & A. Yoshimura:
STAP-2/BKS, an adaptor/docking protein, modulates
STAT3 activation in acute-phase response through its
YXXQ motif. J Biol Chem, 278, 11182-9 (2003)

130. Song, L., J. Turkson, J. G. Karras, R. Jove & E. B.
Haura: Activation of Stat3 by receptor tyrosine kinases and
cytokines regulates survival in human non-small cell
carcinoma cells. Oncogene, 22, 4150-65 (2003)

131. Ren, Z. & T. S. Schaefer: ErbB-2 activates Stat3 alpha
in a Src- and JAK2-dependent manner. J Biol Chem, 277,
38486-93 (2002)

132. Wang, Y. Z., W. Wharton, R. Garcia, A. Kraker, R.
Jove & W. J. Pledger: Activation of Stat3 preassembled
with platelet-derived growth factor beta receptors requires
Src kinase activity. Oncogene, 19, 2075-85 (2000)

133. Podar, K., G. Mostoslavsky, M. Sattler, Y. T. Tai, T.
Hayashi, L. P. Catley, T. Hideshima, R. C. Mulligan, D.
Chauhan & K. C. Anderson: Critical role for hematopoietic
cell kinase (Hck)-mediated phosphorylation of Gabl and
Gab2 docking proteins in interleukin  6-induced
proliferation and survival of multiple myeloma cells. J Biol
Chem, 279, 21658-65 (2004)

134. Yu, M., C. A. Lowell, B. G. Neel & H. Gu:
Scaffolding adapter Grb2-associated binder 2 requires Syk
to transmit signals from FcepsilonRI. J Immunol, 176,
2421-9 (2006)

135. Zhu, Q. S., L. J. Robinson, V. Roginskaya & S. J.
Corey: G-CSF-induced tyrosine phosphorylation of Gab2 is
Lyn kinase dependent and associated with enhanced Akt
and differentiative, not proliferative, responses. Blood, 103,
3305-12 (2004)

136. Sattler, M., M. G. Mohi, Y. B. Pride, L. R. Quinnan,
N. A. Malouf, K. Podar, F. Gesbert, H. Iwasaki, S. Li, R.
A. Van Etten, H. Gu, J. D. Griffin & B. G. Neel: Critical
role for Gab2 in transformation by BCR/ABL. Cancer Cell,
1, 479-492 (2002)



Stat3 in normal and leukemic hematopoiesis

137. Wu, J., F. Meng, H. Lu, L. Kong, W. Bornmann, Z.
Peng, M. Talpaz & N. J. Donato: Lyn regulates BCR-ABL
and Gab2 tyrosine phosphorylation and c-Cbl protein
stability in imatinib-resistant chronic myelogenous
leukemia cells. Blood, 111, 3821-9 (2008)

138. Mohi, M. G., I. R. Williams, C. R. Dearolf, G. Chan,
J. L. Kutok, S. Cohen, K. Morgan, C. Boulton, H.
Shigematsu, H. Keilhack, K. Akashi, D. G. Gilliland & B.
G. Neel: Prognostic, therapeutic, and mechanistic
implications of a mouse model of leukemia evoked by
Shp2 (PTPN11) mutations. Cancer Cell, 7, 179-91 (2005)

139. Yang, J., M. Chatterjee-Kishore, S. M. Staugaitis, H.
Nguyen, K. Schlessinger, D. E. Levy & G. R. Stark: Novel
roles of unphosphorylated STAT3 in oncogenesis and
transcriptional regulation. Cancer Res, 65, 939-47 (2005)

140. Yang, J., X. Liao, M. K. Agarwal, L. Barnes, P. E.
Auron & G. R. Stark: Unphosphorylated STAT3
accumulates in response to IL-6 and activates transcription
by binding to NFkappaB. Genes Dev, 21, 1396-408 (2007)

141. Wenta, N., H. Strauss, S. Meyer & U. Vinkemeier:
Tyrosine phosphorylation regulates the partitioning of
STATI1 between different dimer conformations. Proc Natl
Acad Sci U S A4, 105, 9238-43 (2008)

142. Ren, Z., X. Mao, C. Mertens, R. Krishnaraj, J. Qin, P.
K. Mandal, M. J. Romanowski, J. S. McMurray & X. Chen:
Crystal structure of unphosphorylated STAT3 core
fragment. Biochem Biophys Res Commun, 374, 1-5 (2008)

143. Liddle, F. J., J. V. Alvarez, V. Poli & D. A. Frank:
Tyrosine phosphorylation is required for functional
activation of disulfide-containing constitutively active
STAT mutants. Biochemistry, 45, 5599-605 (2006)

144. Shen, Y., K. Schlessinger, X. Zhu, E. Meffre, F.
Quimby, D. E. Levy & J. E. Darnell, Jr.: Essential role
of STAT3 in postnatal survival and growth revealed by
mice lacking STAT3 serine 727 phosphorylation. Mol
Cell Biol, 24, 407-19 (2004)

145. Shen, Y., K. M. La Perle, D. E. Levy & J. E.
Darnell, Jr.: Reduced STAT3 activity in mice mimics
clinical disease syndromes. Biochem Biophys Res
Commun, 330, 305-9 (2005)

146. Maritano, D., M. L. Sugrue, S. Tininini, S.
Dewilde, B. Strobl, X. Fu, V. Murray-Tait, R. Chiarle &
V. Poli: The STAT3 isoforms alpha and beta have
unique and specific functions. Nat Immunol, 5, 401-9
(2004)

147. Qin, H. R., H. J. Kim, J. Y. Kim, E. M. Hurt, G. J.
Klarmann, B. T. Kawasaki, M. A. Duhagon Serrat & W.
L. Farrar: Activation of signal transducer and activator
of transcription 3 through a phosphomimetic serine 727
promotes prostate tumorigenesis independent of tyrosine
705 phosphorylation. Cancer Res, 68, 7736-41 (2008)

5289

148. Duplomb, L., M. Baud'huin, C. Charrier, M. Berreur,
V. Trichet, F. Blanchard & D. Heymann: Interleukin-6
inhibits receptor activator of nuclear factor kappaB ligand-
induced osteoclastogenesis by diverting cells into the
macrophage lineage: key role of Serine727 phosphorylation
of signal transducer and activator of transcription 3.
Endocrinology, 149, 3688-97 (2008)

149. Frank, D. A., S. Mahajan & J. Ritz: B lymphocytes
from patients with chronic lymphocytic leukemia contain
signal transducer and activator of transcription (STAT) 1
and STAT3 constitutively phosphorylated on serine
residues. J Clin Invest, 100, 3140-8 (1997)

150. Kojima, H., T. Sasaki, T. Ishitani, S. lemura, H. Zhao,
S. Kaneko, H. Kunimoto, T. Natsume, K. Matsumoto & K.
Nakajima: STAT3 regulates Nemo-like kinase by
mediating its interaction with IL-6-stimulated TGFbeta-
activated kinase 1 for STAT3 Ser-727 phosphorylation.
Proc Natl Acad Sci U S A4, 102, 4524-9 (2005)

151. Kovarik, P., M. Mangold, K. Ramsauer, H. Heidari, R.
Steinborn, A. Zotter, D. E. Levy, M. Muller & T. Decker:
Specificity of signaling by STAT1 depends on SH2 and C-
terminal domains that regulate Ser727 phosphorylation,
differentially affecting specific target gene expression.
Embo J, 20, 91-100 (2001)

152. Zhao, H., R. Nakajima, H. Kunimoto, T. Sasaki, H.
Kojima & K. Nakajima: Region 752-761 of STAT3 is
critical for SRC-1 recruitment and Ser727 phosphorylation.
Biochem Biophys Res Commun, 325, 541-8 (2004)

153. Sun, W., M. Snyder, D. E. Levy & J. J. Zhang:
Regulation of Stat3 transcriptional activity by the
conserved LPMSP motif for OSM and IL-6 signaling.
FEBS Lett, 580, 5880-4 (2006)

154. Lufei, C., T. H. Koh, T. Uchida & X. Cao: Pinl is
required for the Ser727 phosphorylation-dependent Stat3
activity. Oncogene, 26, 7656-64 (2007)

155. Zhang, J., J. Yang, S. K. Roy, S. Tininini, J. Hu, J. F.
Bromberg, V. Poli, G. R. Stark & D. V. Kalvakolanu: The
cell death regulator GRIM-19 is an inhibitor of signal
transducer and activator of transcription 3. Proc Natl Acad
Sci U S 4, 100, 9342-7 (2003)

156. Yuan, Z. L., Y. J. Guan, D. Chatterjee & Y. E. Chin:
Stat3 dimerization regulated by reversible acetylation of a
single lysine residue. Science, 307, 269-73 (2005)

157. Ohbayashi, N., O. Ikeda, N. Taira, Y. Yamamoto, R.
Muromoto, Y. Sekine, K. Sugiyama, T. Honjoh & T.
Matsuda: LIF- and IL-6-induced acetylation of STAT3 at
Lys-685 through PI3K/Akt activation. Biol Pharm Bull, 30,
1860-4 (2007)

158. Nadiminty, N., W. Lou, S. O. Lee, X. Lin, D. L.
Trump & A. C. Gao: Stat3 activation of NF-{kappa}B
p100 processing involves CBP/p300-mediated acetylation.
Proc Natl Acad Sci U S A4, 103, 7264-9 (2006)



Stat3 in normal and leukemic hematopoiesis

159. O'Shea, J. J., Y. Kanno, X. Chen & D. E. Levy: Cell
signaling. Stat acetylation--a key facet of cytokine
signaling? Science, 307, 217-8 (2005)

160. Mowen, K. A., J. Tang, W. Zhu, B. T. Schurter, K.
Shuai, H. R. Herschman & M. David: Arginine methylation
of STAT1 modulates IFNalpha/beta-induced transcription.
Cell, 104, 731-41 (2001)

161. Zhu, W., T. Mustelin & M. David: Arginine
methylation of STAT1 regulates its dephosphorylation by T
cell protein tyrosine phosphatase. J Biol Chem, 277, 35787-
90 (2002)

162. Meissner, T., E. Krause, 1. Lodige & U. Vinkemeier:
Arginine methylation of STAT1: a reassessment. Cell, 119,
587-9; discussion 589-590 (2004)

163. Komyod, W., U. M. Bauer, P. C. Heinrich, S. Haan &
I. Behrmann: Are STATS arginine-methylated? J Biol
Chem, 280, 21700-5 (2005)

164. Hou, T., S. Ray, C. Lee & A. R. Brasier: The STAT3
NH2-terminal domain stabilizes enhanceosome assembly
by interacting with the p300 bromodomain. J Biol/ Chem,
283, 30725-34 (2008)

165. Ray, S., C. Lee, T. Hou, 1. Boldogh & A. R. Brasier:
Requirement of histone deacetylasel (HDACI) in signal
transducer and activator of transcription 3 (STAT3)
nucleocytoplasmic distribution. Nucleic Acids Res, 36,
4510-20 (2008)

166. Hou, T., S. Ray & A. R. Brasier: The functional role
of an interleukin 6-inducible CDK9.STAT3 complex in
human gamma-fibrinogen gene expression. J Biol Chem,
282,37091-102 (2007)

167. Zhang, X. & J. E. Darnell, Jr.: Functional importance
of Stat3 tetramerization in activation of the alpha 2-
macroglobulin gene. J Biol Chem, 276, 33576-81 (2001)

168. Zhang, L., D. B. Badgwell, J. J. Bevers, 3rd, K.
Schlessinger, P. J. Murray, D. E. Levy & S. S. Watowich:
IL-6 signaling via the STAT3/SOCS3 pathway: functional
analysis of the conserved STAT3 N-domain. Mol Cell
Biochem, 288, 179-89 (2006)

Abbreviations: signal transducer and activator of
transcription (Stat), janus kinase (Jak), suppressor of
cytokine signaling (SOCS), interferon (IFN), toll-like
receptor (TLR), jak homology (JH), severe combined
immunodeficiency (SCID), transactivation domain (TAD),
src homology 2 domain (SH2), DNA binding domain
(DBD), dendritic cell (DC), granulocyte colony stimulating
factor (G-CSF), common myeloid progenitor (CMP),
common lymphoid progenitor (CLP), inflammatory bowel
disease (IBD), lippopolysaccharide (LPS), Grb2-associated
binding protein 2 (Gab2)

Key Words:
Leukemia, Review

Stat3, Hematopoiesis, Inflammation,

5290

Send correspondence to: Pamela A. Hankey, Department
of Veterinary and Biomedical Sciences, The Pennsylvania
State University, 115 Henning Building, University Park,
PA 16802-3500, Tel: 814-863-0128, Fax: 814-863-6140,
E-mail: phc7@psu.edu

http://www.bioscience.org/current/vol14.htm



