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Cellular programs coupled to cycles of epithelial-mesen-
chymal transitions (EMTs) play critical roles during embryo-
genesis, as well as during tissue development, remodeling,
and repair. Research over the last decade has established the
importance of an ever-expanding list of master EMT transcrip-
tion factors, whose activity is regulated by STAT3 and function
to stimulate the rapid transition of cells between epithelial
and mesenchymal phenotypes. Importantly, inappropriate
reactivation of embryonic EMT programs in carcinoma cells
underlies their metastasis to distant organ sites, as well as their
acquisition of stem cell-like and chemoresistant phenotypes
operantin eliciting disease recurrence. Thus, targeted inactiva-
tion of master EMT transcription factors may offer new inroads
to alleviate metastatic disease. Here we review the molecular,
cellular, and microenvironmental factors that contribute to the
pathophysiological activities of STAT3 during its regulation of
EMT programs in human carcinomas.

Introduction

Signal transducer and activator of transcription 3 (STAT3)
was originally discovered nearly two decades ago as a latent tran-
scription factor that was robustly activated by interleukin-6 (IL-
6), and by epidermal growth factor (EGF).! However, shortly
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thereafter inappropriate STAT3 activity was determined to par-
ticipate in cellular transformation, resulting in its subsequent
designation as a proto-oncogene.” The activation of STAT3 by
IL-6 commences upon its binding to the IL-6 receptor (IL-6R),
which belongs to the class I family of cytokine receptors that
form heterotetrameric complexes with the common signaling
receptor, gpl30 (Fig. 1; refs. 3 and 4). Indeed, gp130 dimeriza-
tion results in the activation of members the Janus family (JAKT,
JAK2, or TYK?2) of receptor-associated protein tyrosine kinases,
which readily phosphorylate gp130 at intracellular SH2-domain
docking sites that not only promote the activation of STAT3 (and
STAT1), but also that of the MAP kinase and PI3K:AKT path-
ways.>* Following its phosphorylation at a single C-terminal Tyr
residue (i.e., Y705) by JAKs, STAT3 undergoes homodimeriza-
tion and nuclear translocation where it governs the expression
of a variety of genes operant in regulating cell transformation,

34 events essential to the

proliferation, survival, and motility,
development and metastatic progression of human carcinomas.
In stark contrast, immunohistochemical surveys of STAT3 acti-
vation in human carcinomas (e.g., breast and prostate) correlated
the phosphorylation (Y705) and nuclear localization of STAT3
with better overall patient prognosis and clinical outcome.’” This
dichotomy in STAT3 function may result from the alternative
splicing of STAT3 transcripts at exon 23, resulting in the pro-
duction of either full-length STAT3a or truncated STAT3{.5?
Indeed, unlike its full-length STAT3a counterpart, truncated
STAT3 lacks Ser727, a residue that is phosphorylated by a vari-
ety of Ser/Thr protein kinases (e.g., MAP kinases, mTOR, and
PKC3) and is required for maximal STAT3 transcriptional activ-
ity. Thus, while initial findings attributed dominant-negative
functions to the expression of STAT3,’ more recent findings
demonstrate that the truncated STAT3[ variant is indeed bio-
logically and transcriptionally active, and more importantly, is
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operant in driving the expression of genes that coalesce in elic-
iting anticancer activities.® At present, the pathophysiological
balance between the tumor promoting and tumor suppressing
activities of individual STAT3 isoforms, as well as the splicing
events coupled to their production remain to be fully elucidated.
Nevertheless, it is abundantly clear that STAT3w is the pre-
dominant STAT3 isoform expressed in human carcinomas and
regulates multiple aspects of their development and metastatic
progression.

An emerging paradigm operant in driving the progression
of indolent carcinoma in situ to aggressive metastatic disease is
that of epithelial-mesenchymal transition (EMT). At its core,
the term EMT relates to the ability of polarized, immotile epi-
thelial cells to undergo a cellular metamorphosis that results in
their acquisition of apolar, motile, and mesenchymal-like pheno-
types.'*2 EMT programs are essential for normal embryogenesis
and tissue development, as well as for the normal remodeling
and repair of wounded tissues. Interestingly, the reactivation
of embryonic EMT programs in cells that harbor malignant
genomes enables carcinoma cells to become metastatic and resis-
tant to chemotherapies, and to exhibit properties reminiscent of
cancer stem cells.!"! Additionally, the ability of disseminated
cells to undergo metastatic outgrowth has been linked to mes-
enchymal-epithelial transition (MET) programs, which function
to reverse the phenotypic and morphological features of EMT
programs. Furthermore, recent studies have identified carcinoma
cells that simultaneously display mixed epithelial and mesen-
chymal traits, which likely enhances the ability of these cells to
rapidly adapt and survive dynamic changes within their micro-
environments, ultimately leading to the establishment of second-
ary tumor lesions. The metastable nature of carcinoma cells to
readily transition between epithelial and mesenchymal pheno-
types has recently been termed epithelial-mesenchymal plasticity
(EMP),” which greatly enhances the metastatic and chemore-
sistant properties of developing tumors. At present, the precise
manner through which carcinoma cells initiate and resolve EMT
programs as they traverse the metastatic cascade remains unclear.
However, what is clear is that EMT programs are driven by the
activation of an ever-expanding list of master transcription fac-
tors, whose activities are governed and fine-tuned by extrinsic
cues and microenvironmental signals housed within the primary
tumor and subsequent metastatic niche.!”' Readers desiring
additional information related to the pathophysiology of EMT
programs are directed to several comprehensive reviews.!*!">1¢ In
the succeeding sections, we review recent findings that directly
impact our understanding of the role STAT3 plays in regulating
the initiation and resolution of EMT programs in normal and
malignant cells. In addition, we also discuss how EMT programs
influence the function of STAT3 in developing and progressing
carcinomas.

Master Regulators of EMT Programs
Numerous studies over the last decade have focused on unrav-

eling the molecular events that drive EMT programs. In doing
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so, a rapidly expanding list of “master” EMT transcription fac-
tors have been established, all of which share the ability of induc-
ing epithelial cells to acquire mesenchymal-like phenotypes and
morphologies."” Most notable among these EMT transcription
factors is Twist, which belongs to the family of basic helix-loop-
helix transcription factors, and Snail, which belongs to the family
of zinc-finger transcription factors.”” Twist and Snail were origi-
nally identified as essential players for embryonic dorsoventral
patterning, and for mesodermal formation.’®" Today, Twist and
Snail are both well-established drivers of EMT programs and
metastatic progression, doing so via direct and indirect mecha-
nisms.'*??! Likewise, aberrant expression of either Snail2/Slug,*
Goosecoid,”® FoxC2,% and Zebl and Zeb22¢ can all similarly
elicit EMT programs in epithelial cells, as well as induce metas-
tasis in their malignant counterparts. Additionally, the over-
expression of individual “master” EMT transcription factors is
sufficient to further induce the expression of additional EMT
transcription factors,”’ indicating the interdependent wiring of
EMT transcriptional networks in normal and malignant epithe-
lial cells. Finally, the initiation and resolution of EMT programs
is governed by numerous intrinsic and extrinsic factors, includ-
ing STAT3, whose modes of activation and modulation of EMT
programs is discussed below and depicted in Figure 1.

Activators of STAT3

IL-6 and canonical STAT3 activation

The existence of IL-6 was first hypothesized in the late 1960s
and ultimately established in the mid-1980s upon the isolation
of its cDNA in response to studies of the immune system and
its regulation of acute-phase protein responses.?® More recently,
aberrant IL-6 expression and its activation of STAT3 have been
positively associated with the development and progression of
carcinomas in humans,? particularly with increases in metastatic
burden and diminished overall survival.’* Indeed, upregulated
IL-6 signaling dramatically induces the expression of Twist and
Snail, leading to the initiation of EMT programs and expression
of mesenchymal markers in cancers of the breast and head and
neck.>"3 Furthermore, enforced expression of Twist upregulates
the production of IL-6, leading to its autocrine activation of
STAT3.3' Taken together, these findings point to the presence
of an autocrine, positive feedback loop involving the activa-
tion of an IL-6 = STAT3 — Twist signaling axis coupled to
EMT programs in breast cancers. Accordingly, the activation
of STAT3 by IL-6 in breast cancers also promotes the selection
and expansion of CD44"¢"/CD24"" cells that possess stem-like
properties,®>® which is a hallmark of post EMT carcinoma cells
characterized by their enhanced tumorigenicity, pluripotency,
and chemoresistance.** Additionally, cancer stem cells (CSCs)
are also responsible for seeding metastatic niches, leading to sec-
ondary tumor formation and disease recurrence.*® Interestingly,
these IL-6-dependent events are regulated in part by the expres-
sion and activity of molecular chaperones. For instance, genetic
silencing of the heat shock protein, Hsp27 suppresses the expres-
sion of mesenchymal markers and EMT programs driven by
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Figure 1. The differential modes of STAT3 activation and its genomic and nongenomic functions in responsive cells. (A) The IL-6/IL.-6R complex induces
dimerization of the common cytokine receptor subunit, gp130 leading the sequential activation of JAK2 and STAT3. (B) OSM binds gp130 and signals
through LIF receptor (LIFR)/gp130 heterodimers, or through OSM receptor (OSMR)/gp130 heterodimers to activate JAK2-STAT3. (C) Ligand-activated
EGFR forms a molecular complex with STAT3, leading to its activation. (D) FN adhesion induces formation of integrin-EGFR complexes and subsequent
EGFR-dependent STAT3 activation. (E) FN-induced cell adhesion is also associated with STAT3 activation via an integrin:Pyk2:JAK2 molecular complex
that functions independent of EGFR. (F and G) Tyrosine-phosphorylated STAT3 dimers undergo nuclear translocation (F) where they regulate several
“master” EMT transcriptional networks (G). (H) Various miRs discussed in the text either restrict (=) or enhance (+) STAT3 signaling and EMT programs
by targeting molecules associated with distinct aspects of the STAT3 pathway. (I) SOCS3 inhibits STAT3 signaling via blockade of upstream signaling
through interactions with gp130 and JAK family members. (J) Tyrosine-phosphorylated STAT3 can localize to focal adhesions where it interacts with
focal adhesion kinase (FAK) and paxillin, and also regulates the phosphorylation status of the adaptor protein p130Cas. (K) Cytosolic STAT3 also pro-

motes microtubule polymerization by sequestering the microtubule-destabilizing factor stathmin.

the IL-6 = STAT3 — Twist signaling axis, leading to reduced
numbers of circulating tumor cells and diminished metastatic
burden in mouse models of prostate cancer.”® Collectively, these
findings highlight the importance of IL-6 and STAT3 in driving
carcinoma progression and “stemness”, and as such, point to the
potential clinical benefit that may be gained by the development
of effective therapies against IL-6.

Oncostatin M

Oncostatin M (OSM) is an inflammatory cytokine that also
belongs to the family of gpl30-related cytokines, and as such,
OSM stimulates transmembrane signaling by binding and acti-
vating either of two receptor complexes: (1) gpl30 and LIFR
(leukemia inhibitor factor receptor) heterodimers, and (2) gp130
and OSM receptor (OSMR). Similar to IL-6, OSM is a robust
stimulator of STAT3, and consequently, is a strong promoter of
EMT programs, metastasis, and CSCs.?** Through its ability to
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activate STAT3, OSM also enhances cell migration and upregu-
lates the expression of the extracellular matrix (ECM) protein,
fibronectin (FN).*®% The induction of EMT programs by OSM
transpires in part through its ability to downregulate members
of the miR-200 family of microRNAs (miRs), which function in
silencing the expression of the “master” EMT transcription fac-
tors ZEBI and ZEB2.%4%41 OSM also downregulates the family
of Let7 miRs, which function as tumor suppressors by silenc-
ing a variety of molecules, including the nonhistone chromatin-
binding protein HMGA2.%744 Despite the clear associations of
OSM with the induction of EMT programs, a recent study has
observed the OSM:STAT3 signaling axis to prevent TGF-f3 from
inducing the expression of the “master” EMT transcription factor
FoxC2, as well as that of a variety of matricellular proteins (e.g.,
SPARC, CTGF, tenascin C) known to enhance the functional
output of EMT programs.* At present, it remains uncertain as

€28975-3



to whether the anti-TGF-B activities of OSM will be restricted
to a few specific tissues, or whether these events will be univer-
sally applicable to all tissues. However, a recent study identified
c-Myc as a “molecular switch” that enables OSM to collaborate
with TGF-B in driving tumorigenicity of breast cancer cells,*
thereby demonstrating the power of oncogenes to usurp signaling
pathways to confer a selective advantage for developing carcino-
mas. Future studies need to identify additional oncogenic path-
ways and cellular contexts capable of converting OSM:STAT3
function.

EGF receptor

The binding of EGF to its receptor represented one of the first
events identified as being capable of inducing robust activation
of STAT3.! Indeed, the activation of STAT3 by EGF receptor
(EGFR) requires Src to phosphorylate the catalytic domain of
EGER at Tyr845, as well as at two EGFR autophosphorylation
sites located at Tyr1068 and Tyr1086, both of which serve as dock-
ing sites for STAT3.%%* Moreover, EGF simulation of carcinoma
cells that express aberrantly high levels of EGFR is sufficient to
induce EMT phenotypes.*® Along these lines, Lo and colleagues®
demonstrated that the ability of EGF to induce EMT programs
was contingent upon the activation of STAT3 in human tumors
that harbored genomic amplifications of EGFR. Interestingly,
both of the human carcinoma cell lines employed in this study,
namely MDA-MB-468 breast cancer cells and A431 epidermoid
carcinoma cells, readily undergo apoptosis when stimulated by
EGEF, a reaction that involves STAT1-mediated upregulation of
caspase-1.%% Therefore, it is tempting to speculate that these
dichotomous responses to EGF may be driven by the differ-
ential activation of STAT1 vs. STAT3. As such, future studies
should investigate the molecular mechanisms that underlie the
functional balance between growth factors and individual STAT
molecules.

Ovarian cancers frequently overexpress EGFR and exhibit
constitutive activation of STAT3,° events that readily enhance
the dissemination of ovarian cancer cells into the peritoneum
that contains a rich supply of EGE"! In fact, EGF elicits EMT
programs in ovarian cancer cells by inducing their expres-
sion of Twist through a JAK2:STAT3-dependent pathway.”>?
Interestingly, a novel role for calcium in coupling EGFR:STAT3
to EMT programs has recently been described in human breast
cancers. Indeed, although calcium chelation had no effect on the
coupling of EGF to Akt and ERK1/2, this event did specifically
prevent EGF from activating STAT3 and, consequently, from
inducing EMT programs.”® Furthermore, cellular depletion of
the calcium channel TRPM7 was sufficient to uncouple EGF
from STAT3 activation and vimentin expression,* thereby iden-
tifying intracellular calcium signaling as a novel facet of EMT
programs. Future studies need to determine the extent to which
calcium signaling participates in driving EMT programs in other
cell types and disease states, as well as investigate the effective-
ness of anti-calcium agents in alleviating carcinoma development
and metastatic progression.

Sphingosine-1-phosphate and nuclear factor-«B

The activation of STAT3 and nuclear factor-kB (NFkB)
in normal cells is typically robust and transient, reflecting the
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complex integration and coordination of several tightly con-
trolled negative feedback loops.*** In stark contrast, carcinomas
typically display constitutive activation of both signaling mol-
ecules, an event coupled to the development of reactive tumor
stroma and inflammatory signaling (i.e., extrinsic signaling), and
to the inappropriate initiation of positive feed-forward loops by
progressing carcinomas (i.e., intrinsic signaling). Insights into
how these events coalesce and conspire to constitutively activate
STAT3 and NFkB has recently been elucidated.” Indeed, Lee
et al.’® found that STAT3 was responsible for eliciting consti-
tutive NFkB activity in human melanoma and prostate cancer
cells. Mechanistically, phosphorylation of STAT3 at Ser727 facil-
itates the recruitment of the p300 acetyltransferase into NFkB
DNA complexes, where it acetylates active RelA and prevents its
inactivation and exportation from the nucleus.® Importantly,
phosphorylated STAT3 and acetylated RelA were observed to
colocalize only in the nuclei of malignant human tissues, not their
corresponding normal or adjacent tissue counterparts, suggesting
the presence of a prominent collaboration between STAT3 and
NF«kB in driving tumorigenesis. Along these lines, NFkB acti-
vation is a major player in promoting the production of IL-6,
which stimulates STAT3 activation and completes a STAT3 —
NFkB — IL-6 feed-forward signaling loop in developing carci-
nomas.” Recently, this model has been further refined to include
the aberrant production of sphingosine-1-phosphate (S1P) and its
activation of the sphingosine-1-phosphate receptor 1 (S1PR1) in
eliciting constitutive STAT3 signaling in human tumors, a reac-
tion that transpires in part via JAK2.% Interestingly, activated
STAT?3 reinforces these events by upregulating SIPR1 expres-
sion, thereby enhancing carcinoma growth and metastasis,” as
well as driving inflammatory reactions operant in mediating the
formation of colitis-associated colorectal cancers.’® Collectively,
these findings highlight the importance of feed-forward inflam-
matory loops in promoting carcinoma development and meta-
static progression, as well as point toward novel therapeutic
inroads and strategies to alleviate these adverse events in patients
with metastatic disease.

Differential Modes of STAT3 Activation
during Metastatic Progression

We recently established the central importance of STAT3
activation not only for inducing the transformation of mam-
mary epithelial cells, but also for promoting their metastatic out-
growth.”" In doing so, we initially demonstrated that normal
mouse mammary gland (NMuMG) cells can be readily trans-
formed by their enforced overexpression of human EGFR, result-
ing in the generation of NME cells that are nonmetastatic,” but
which readily become metastatic upon completing EMT pro-
grams.®* Importantly, this in situ model of breast cancer is abso-
lutely dependent upon the ability of EGFR to activate STAT3, as
expression of a mutant EGFR that lacks its dileucine motif (e.g.,
L679A, L680A) cannot couple to STAT3 and is incompetent to
induce cellular transformation.”” Along these lines, breast can-
cer progression is characterized by the increased production of
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the ECM protein FN, which derives from both the carcinoma
and stromal compartments of developing tumors.?® Interestingly,
we identified three distinct modes whereby FN participates in
the activation of STAT3 by carcinoma cells. Indeed, two modes
function in pre-EMT and nonmetastatic cells, while a final
mode is engaged in their postEMT counterparts (Fig. 2; refs.
59 and 60). With respect to pre-EMT carcinoma cells, STAT3
is predominantly activated by the binding of EGF to EGER (i.e.,
EGEF-dependent; Fig. 2, left), and to a lesser extent, by the bind-
ing of FN to a complex comprised of av3 integrin and EGFR
(i.e., EGF-independent; Fig. 2, middle). In both scenarios, the
expression and activity of Src are essential to STAT3 activation,
leading to cellular transformation and the initiation of EMT pro-
grams that support primary tumor growth.”” Interestingly, while
postEMT carcinoma cells clearly remain addicted to STAT3
activity, these metastatic cells were determined to employ a dis-
tinct signaling system to elicit STAT3 activity in response to FN.
For instance, activation of a B1 integrin:JAK2:Pyk2 signaling
axis supports the outgrowth of secondary tumors (Fig. 2, right),
which become sensitized to pharmacological inhibition of JAK2
and Pyk2,” suggesting a potential therapeutic strategy to target
disseminated breast cancer cells. Likewise, future studies should
also determine the extent to which this alternative route to
STAT?3 activation is dependent upon carcinoma and/or stromal
production of IL-6, thereby offering an additional therapeutic
target to alleviate metastatic disease. Collectively, our findings
identified several stimulatory mechanisms that enable mammary
carcinoma cells to differentially activate STAT3 as they progress
from indolent to aggressive disease states, thereby maintaining
their addiction to STAT3 and evading traditional chemothera-
pies directed at disseminated breast cancer cells.

Modulators of STAT3 Expression and Activity

microRNAs (miRs)

As mentioned above, miRs have emerged as critical effec-
tors and/or regulators of STAT3 signaling. Indeed, the ability
of OSM to induce EMT programs in breast cancer cells pro-
ceeds via STAT3-mediated downregulation of both miR-200
and Let-7%7 Likewise, inactivation of STAT3 or re-expression
of both miRs proved sufficient to induce MET programs in
mesenchymal breast cancers,” thereby implicating miR-200
and Let-7 as STAT3 effectors during EMT programs. Besides
the ability of STAT3 to regulate miR expression, several recent
reports have identified miRs that function to enhance the patho-
physiology of STAT3.%¢4 For instance, the induction of miR-
221/222 stimulates EMT programs in part by downregulating
the expression of the receptor for adiponectin, adiponectin recep-
tor 1 (ADIPOR1).® Importantly, the binding of adiponectin
to ADIPORI typically represses the activation of STAT3. As
such, miR-221/222-mediated targeting of ADIPORI results
in enhanced STAT3 activation in response to IL-6, leading to
the initiation of EMT programs. In accordance with their abil-
ity to induce EMT programs, miR-221/222 are differentially
expressed in basal-like (i.e., mesenchymal-like) vs. luminal (i.e.,
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Figure 2. Differential modes of STAT3 activation during the metastatic
progression of breast cancers. Early during breast cancer development,
pre-EMT and nonmetastatic cells that exhibit high levels EGFR expres-
sion engage two distinct mechanisms to activate STAT3 signaling path-
ways, a major axis involving EGF:EGFR (left) and a minor axis regulated
by FN-induced formation of 3 integrin-EGFR complexes (middle). Both
of these pathways require Src-dependent phosphorylation of EGFR resi-
due Tyr845 located within the catalytic pocket of the kinase domain. As
such, both pathways are sensitive to EGFR and Src inhibition. In contrast,
post-EMT and metastatic breast cancer cells engage a third mechanism
to activate STAT3 that comprises a FN:31 integrin:Pyk2:JAK2:STAT3 sig-
naling network (right). The activation of this third mechanism may be
clinically relevant at sites of secondary pulmonary tumors and likely con-
tributes to the resistance of metastatic breast cancers to EGFR-targeted
therapies. Adapted from reference 59.
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epithelial-like) breast cancer subtypes,®

suggesting that detect-
ing the expression of these miRs may prove useful as a diagnostic
biomarker. Finally, STAT3 potently induces the expression of
miR-146b in normal and nontransformed mammary epithelial
cells where it functions in preventing the translation of IRAK1
(interleukin-1 receptor-associated kinase 1) and TRAF6 (TNF
receptor-associated factor 6),% thereby inhibiting NFkB activity
and its stimulation of IL-6 expression. Importantly, the promoter
for miR-146b is hypermethylated and inaccessible to STAT3
in human breast cancers, particularly those lacking estrogen
receptor-ac (ER-a). Consequently, the uncoupling of STAT3
from miR-146b expression elicits aberrant activation of NFkB
and its induction of IL-6 expression, which initiates a positive
feed-forward loop that culminates in constitutive STAT3 signal-
ing and its stimulation of migratory and invasive phenotypes in
ER-a-negative breast cancers.®

Along these lines, the miR-17-92 cluster member miR-18a is
highly expressed in gastric cancers where it targets the expression
of PIAS3 (protein inhibitor of activated signal transducer and
activator of transcription 3).°* Mechanistically, the loss of PIAS3
results in elevated STAT3 transcriptional activity, thereby driv-
ing the expression of genes operant in mediating EMT programs.
Collectively, these findings highlight the potential clinical ben-
efit of developing miR-based therapies designed to suppress
STAT?3 signaling and, consequently, to alleviate metastatic dis-
ease in human cancers.
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Suppressor of cytokine signaling

Members of the suppressor of cytokine signaling family
(SOCS1-7 and CIS) proteins were originally discovered as mod-
ulators of immunity, particularly the biology of macrophages and
T cells.*® As a group, SOCS proteins function as negative feedback
inhibitors of cytokine receptor signaling systems, doing so by (1)
preventing STAT:receptor interactions, (2) inhibiting JAK pro-
tein tyrosine kinase activity, and (3) targeting STATs and JAKSs
for ubiquitination and subsequent degradation.®®*” Thus, SOCS
proteins have been associated with mediating anti-tumor activity,
a designation supported by the finding that SOCS3 expression
is frequently silenced via promoter hypermethylation in a vari-
ety of human tumors.®*7° Consistent with its ability to inhibit
STAT3 activity,*®” SOCS3 expression has recently been linked
to the suppression of EMT programs. Indeed, siRNA-depletion
of SOCS3 expression in human hepatocellular carcinoma cells
was found to engender increased expression of the “master” EMT
transcriptional regulator Snail, as well as enhanced TGF-f1 pro-
duction and initiation of autocrine signaling.” These findings
highlight the therapeutic potential to suppress STAT3 signaling
and its associated EMT by targeting and upregulating endog-
enous inhibitors of their activation, such as SOCS3. Interestingly,
a recent study demonstrated the ability of EGFR to be incorpo-
rated into IL-6R/gp130 complexes, an event that elicits a second
wave of STAT3 activation that circumvents the inhibitory actions
of SOCS3.”2 Thus, future attempts to enhance SOCS activity
in clinical settings need to remain cognizant for the possibility
that cancer cells will rapidly develop innate resistance to such
therapies.

Nongenomic STAT3 Signaling

In addition to its role in regulating gene expression, including
that of “master” EMT transcription factors, recent evidence has
also identified several nongenomic functions for STAT3. Of par-
ticular importance is the ability of STAT3 to regulate cell migra-
tion and invasion via direct interactions with components and
machinery of the cytoskeletal system. For instance, phosphory-
lated STAT3 colocalizes with focal adhesion kinase (FAK) and
paxillin within focal adhesion complexes in migrating ovarian
carcinoma cells, events that also required the activity of Src.”
Along these lines, STAT3 activation functions in governing the
rate of focal adhesion turnover in keratinocytes, and as such, the
strength to which these cells adhere to or move along ECM sub-
strates. Mechanistically, these STAT3-dependent activities derive
from its ability to promote the dephosphorylation of the focal
adhesion adaptor protein, p130Cas, presumably via recruitment
and binding of protein tyrosine phosphatases operant in eliciting
focal adhesion turnover.” Thus, under normal physiological con-
ditions, STAT3 appears to function in balancing the phosphory-
lation and activation status of p130Cas, while under pathological
conditions, aberrant STAT3 activity may enhance metastatic
outgrowth by remodeling the phosphorylation status of p130Cas
to favor oncogenic signaling by cytokines and growth factors.
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In addition to regulating the dynamics of focal adhesion com-
plexes, STAT3 activity has also been associated with alterations
in the architecture of the microtubule network, which plays a
major role in mediating cell locomotion and focal adhesion turn-
over.” Interestingly, more recent models of microtubule func-
tion suggest these filamentous proteins are not required for cell
movement per se, but instead specify directional cell movements
by restraining and remodeling cell morphologies necessary for
motility.””® Indeed, the formation of stable microtubules at the
leading edge of migrating cells inhibits lamellipodial retraction,
which results in forward cell protrusion. Moreover, dynamic
microtubules located at the trailing edge of the cell are simultane-
ously remodeled, thereby enabling contractile forces to retract the
tail of the cell.”” This balance of microtubule stability between
the leading and trailing edges of a cell is essential in directing
enhanced cell motility associated with acquisition of a mesenchy-
mal phenotypes. Hence, microtubule remodeling may represent
an important step in polarizing posttEMT cells and enabling
their escape from the primary tumor. The ability of STAT3 to
regulate the microtubule architecture stems from its interaction
with the microtubule destabilizing protein stathmin,” which is
a ubiquitously expressed cytosolic phospho-protein that depoly-
merizes microtubules via binding to microtubule o/ heterodi-
mers. Interestingly, STAT3 interacts directly with stathmin and
binds to its C-terminal tubulin-interacting domain, thereby inac-
tivating its ability to destabilize microtubules.”” Whether this
nongenomic function of STAT?3 is regulated by its phosphoryla-
tion status remains controversial.”””® However, we demonstrated
that the pharmacological inhibition of STAT3 phosphorylation
and activation in breast cancer cells significantly reduced their
formation of filopodia, which are essential actin-rich protru-
sions that participate in directed cell movement.”””” Collectively,
these findings suggest that STAT3 may play an important role
in establishing cell polarity during directed cell migration, pro-
cesses essential for EMT programs and carcinoma metastasis.

Finally, a metabolic hallmark exhibited by carcinoma cells is
reflected in the “Warburg effect”, which refers to their prefer-
ential production of ATP through glycolysis as opposed to oxi-
dative phosphorylation.® Interestingly, hypoxia and its induced
expression of hypoxia-inducible factor (HIF)-la not only pro-
motes tumor angiogenesis, but also functions in (1) linking
EMT programs to the acquisition of chemoresistant and stem
cell-like phenotypes; and (2) driving the energetic shift away
from oxidative phosphorylation to exacerbated glycolysis.®"%
Recently, constitutive STAT3 activity and its stimulation of
HIF-la expression was observed to elicit aerobic glycolysis in
human breast cancer cells. Importantly, the growth and glucose
uptake of developing mammary tumors was severely compro-
mised in mice treated with the STAT3 inhibitor $31-201,% which
negated HIF-1a expression and its induction of the noncanoni-
cal STAT3 activator, pyruvate kinase M2.8%* Additionally,
STAT3 enhances carcinoma cell survival during metastasis by
inhibiting the expression of components of the electron trans-
port chain, thereby decreasing mitochondrial respiration and the
production of reactive oxygen species.® Taken together, these
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findings highlight novel nongenomic STAT3 activities that fig-
ure prominently in driving carcinoma development and meta-
static progression.

Other STAT Proteins

Recently, the role of other STAT proteins besides STAT3
have also been investigated to determine their contributions to
the progression and prognosis of carcinomas, as well as to assess
their function in EMT programs.®® Indeed, STAT5 expression
has been linked to favorable prognoses for patients afflicted with
breast or nasopharyngeal cancers, suggesting that STATS may
function to inhibit tumorigenesis.”” Accordingly, breast cancer
patients whose tumors exhibit nuclear localization of STATS
have decreased risks for disease recurrence and mortality as
compared with those patients whose tumors lack detectable
STATS in the nucleus.®® Moreover, constitutive STATS5 activa-
tion associates predominantly with less aggressive and highly
differentiated ER-a-positive breast cancers as compared with
their aggressive and poorly differentiated ER-a-negative coun-
terparts that are addicted to constitutive STAT3 activity and
its coupling to the expansion of CSCs.*>% Interestingly, STATS
and STAT3 are co-activated in approximately 30% of breast
cancers, which tend to be low grade ER-a-positive tumors that
exhibit good clinical outcomes. Moreover, breast cancer patients
whose tumors house STATS gene expression signatures exhibit
better overall survival as compared with patients whose tumors
only house STAT3 gene expression signatures,” suggesting
that STAT5 activation supersedes and inhibits the oncogenic
activities of STAT3 in breast cancers. Indeed, although STAT5
and STAT3 are capable of binding to identical regions within
the Bcl6 promoter, only STAT5 occupancy was observed to
strongly repress RNA polymerase II binding and Bcl6 transcrip-
tion, which contrasted sharply with the robust recruitment of
RNA polymerase I and induction of Bcl6 expression mediated
by STAT3 occupancy. Importantly, simultaneous activation of
both STAT proteins in breast cancer cells produced phenotypes
reminiscent of STATS activation due to its ability to displace
STAT3 from the Bcl6 promoter,” thereby providing a partial
mechanistic explanation for how STATS activity opposes that
of STAT3 in mammary tumors. In stark contrast to breast
cancers, STATS has been observed to enhance the proliferative
and EMT phenotypes of head and neck cancers,” and of some
hematopoietic cancers.”” Along these lines, STAT1 expression is
generally associated with favorable outcomes in cancer patients
due to its ability to suppress tumor formation®-> by (1) increas-
ing apoptosis and antitumor immunity,*® and (2) inhibiting cell
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