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Abstract

Signal transducer and activator of transcription 3 (STAT3) is constitutively activated in numerous
cancer types, including more than 40% of breast cancers. In contrast to tight regulation of STAT3
as a latent transcription factor in normal cells, its signaling in breast cancer oncogenesis is
multifaceted. Signaling through the IL6/JAK/STAT3 pathway initiated by the binding of IL6
family of cytokines (i.e., IL-6, IL-11) to their receptors have been implicated in breast cancer
development. Receptors with intrinsic kinase activity such as EGFR and VEGFR directly or
indirectly induce STAT3 activation in various breast cancer types. Aberrant STAT3 signaling
promotes breast tumor progression through deregulation of the expression of downstream target
genes which control proliferation (Bcl-2, Bcl-xL, Survivin, Cyclin D1, c-Myc, Mcl-1),
angiogenesis (Hifla, VEGF), and epithelial-mesenchymal transition (Vimentin, TWIST, MMP-9,
MMP-7). These multiple modes of STAT3 regulation therefore make it a central linking point for
a multitude of signaling processes. Extensive efforts to target STAT3 activation in breast cancer
had no remarkable success in the past because the highly-interconnected nature of STAT3
signaling introduces lack of selectivity in pathway identification for STAT3 targeted molecular
therapies or because its role in tumorigenesis may not be as critical as it was thought. This review
provides a full spectrum of STAT3’s involvement in breast cancer by consolidating the knowledge
about its role in breast cancer development at multiple levels: its differential regulation by
different receptor signaling pathways, its downstream target genes, and modification of its
transcriptional activity by its co-regulatory transcription factors.
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The Signal Transducer and Activator of Transcription (STAT) family of transcription factors
integrate cytokine and growth factor signaling to transcriptionally regulate a diverse array of
cellular processes. STAT3, one of the seven members of the STAT family is constitutively
activated in all breast cancer subtypes but it is most often associated with triple negative
tumors, which lack the expression of the estrogen receptor (ER) and progesterone receptor
(PR), and do not display amplification of HER2/neu receptor (1, 2). Studies to modulate
constitutive STAT3 activation by genetic and pharmacological approaches have provided
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compelling evidence for STAT3’s critical role in cell proliferation, apoptosis, angiogenesis,
immune response and metastasis in breast cancer (BC) (3). STAT3 is activated by
phosphorylation of its tyrosine and serine residues via signaling from upstream regulators (4,
5). This phosphorylation event induces dimerization between two STAT3 molecules via
reciprocal phosphotyrosine-SH2 (Src homology domain 2) interactions. Activated STAT3
dimers then translocate to the nucleus and bind to the consensus promoter sequence of their
target genes to initiate transcription, Figure 1 (4-7).

This review aims to consolidate a plethora of evidences available from clinical, in vivo and
in vitro studies on the role of constitutively activated STAT3 in BC. STAT3 is involved in
many cancer types but this review solely focuses on its involvement in BC. We first discuss
how STAT3 is activated by i) IL-6 and non-1L-6 family of inflammatory cytokines, and ii)
receptor tyrosine kinases, non-receptor tyrosine kinases, serine kinases and G-protein
signaling. This is followed by the discussion of the regulation of STAT3’s activity by its
negative regulators, which are protein tyrosine phosphatases (PTPs), suppressors of cytokine
signaling (SOCS) and protein inhibitor of activated STATSs (PIASSs). We then discuss how
constitutive activation of STAT3 is involved in the regulation of downstream target gene
expression in BC. Areas where future research might be highly beneficial are emphasized.
Filling these knowledge gaps can improve our understanding and help to design more
pertinent studies related to targeting STATS3 for therapeutic interventions.

Activation of STAT3 through secretion of cytokines

IL6 family of cytokines

Chronic low grade inflammation are associated with pathogenesis of breast cancer (8). IL6
family cytokines, which includes IL-6, IL-8, IL-11 and Oncostatin, among others, are key
players in this context (9). The tumor microenvironment including bone marrow derived
cells, adipocytes, fibroblasts and cancer cells themselves are the source of these
proinflammatory cytokines (8). These cytokines are secreted in autocrine and paracrine
fashion, and they activate STAT3 in BC cells, Figure 2. BC cell lines exposed to the
conditioned medium obtained from cells with high phosphorylated STAT3 (pSTAT3) levels
have confirmed the involvement of such autocrine and paracrine signaling (8). These
cytokines promote BC development depending on the type of hormone or growth factor
receptor present on the surface of the cells (8). In the triple-negative BC subtype, the major
mechanism of STAT3 activation is through autocrine and paracrine production of the 1L6
family of cytokines (10-12). Functionally the autocrine expressions of IL-6 and IL-8 are
critical for anchorage independent growth and resistance to apoptosis (13). The paracrine
signaling is the principal mediator of increased STAT3 phosphorylation when ER-a positive
breast tumor cells with low basal pSTATS3 levels is co-cultured with mesenchymal stem
cells (14). During such paracrine signaling JAK/STAT3 pathway activation is induced by
soluble factors secreted from both BC epithelial and associated fibroblast cells with elevated
STATS3 phosphorylation (11, 12, 15). Activation of STAT3 under these conditions could be
blocked by siRNA for STAT3 gene or neutralizing antibodies targeted against the effector
cytokine (16-18).
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IL-6 regulates cancer stem cell (CSC) self-renewal and promotes breast CSC survival and
proliferation when activated by the Notch, Wnt, Hedgehog and TGF-$ signaling pathways
(8, 19, 20). A clinical study showed that IL-6 is a novel Notch target gene in breast tumor
cells and that hyper-activated Notch signaling upregulates 1L-6 via the JAK/STAT3 pathway
when p53 is mutated (21). High nuclear Notchl ICD (intracellular domain of the Notch
receptor) immunoreactivity, enhanced IL6 mMRNA and pSTAT3 levels were observed in a
panel of BC tissue samples from ER-a and PR negative patients (21). Other IL6 cytokine
family members Oncostatin M (OSM) and IL-11 are functionally associated with cytokine-
induced promotion of BC metastasis. IL-11 predominantly functions under hypoxic
conditions to regulate remodeling of the extracellular matrix and the epithelial-mesenchymal
transition (EMT) (22, 23).

IL6 family of cytokines thus play a role in BC progression in a STAT3 dependent manner.
Further studies which profile the array of secreted factors which activate STAT3 in BC
pathogenesis could be extremely valuable to develop alternative therapies.

Non-IL6 family of cytokines

Several recent studies have provided evidence that non IL-6 family cytokines IL-10 and
IL-32 too have a role in STAT3 activation in BC development. A study conducted to
determine the connection between infectious agents and BC development found that viral
cmvIL-10 infected cells of human cytomegalovirus (HCMV) positive patients secrete
cmvIL-10 to alter the tumor microenvironment in paracrine manner (24). Secreted viral
cytokine potentially impacts neighboring cells by activating the IL-10R pathway causing
overstimulation of STAT3, enabling tumor cells to grow uncontrollably and resist the
induction of apoptosis (24). MDA-MB-231 breast cancer cells cultured in the presence of
increasing doses of cmvIL-10 exhibited greater growth, and treatment of cells with either a
STAT3 or JAK1 inhibitor blocked the proliferative effects of cmvIL-10, which confirmed
that these results were mediated in part by the JAK1/STAT3 signaling cascade (24). Another
clinical study which utilized 117 primary breast tumor tissues reported that overexpression
of IL-10 conferred tumor growth (25). Since IL-10 is a multifunctional cytokine with both
immunosuppressive and anti-angiogenic functions, higher IL-10 expression is associated
with reduced number of tumor infiltrating lymphocytes (25). It protects against cytotoxic T
lymphocytes by down-regulation of class | and class Il major histocompatibility complex
(MHC) molecules, thus decreasing the probability of many abnormal peptides produced by
cancer cells to be displayed on cell surface to alert the immune system for systematic
removal (25). Besides it also promotes resistance to apoptosis (25, 26). IL-10 gene promoter
polymorphism were significantly associated with prognostic and predictive factors in a
population of Han Chinese BC patients (27).

IL-32p is a pro-inflammatory cytokine that induces secretion of TNF-a and IL-6 by
monocytes and macrophages (28). Immunohistochemical (IHC) analysis of primary BC
samples showed that the expression of I1L-32f positively correlated with tumor size, number
of lymph nodes, metastases and tumor stage (29). Under in vitro conditions BC cells
expressing exogenous 1L-32f exhibited increased migration and invasion, which was
associated with enhanced VEGF secretion that activated STAT3 (29). This finding pointed
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to the involvement of an additional IL-32B-VEGF-STAT3 axis in migration and invasion of
BC cells under normoxic and hypoxic conditions (29).

Non-1L6 family of cytokines thus activate STAT3 either directly or indirectly. Therefore,
systematic studies which will explore how different classes of cytokines co-regulate the
involvement of STAT3 in BC would be very informative.

Activation of STAT3 by receptor tyrosine kinases with intrinsic kinase

activity

Various receptor tyrosine kinases (RTKs) with intrinsic tyrosine kinase activity stimulate
phosphorylation of STAT3 in BC pathology, including the human epidermal growth factor
receptor (EGFR/HER/ErbB) family of receptors and vascular endothelial growth factor
receptor (VEGFR) (1, 30).

STAT3 is a central node of the signaling pathways of the HER family of receptors (31).
Studies with clinical samples and cell culture models both assert the connection between
HER family of receptors and activated STAT3. These studies have established that, when
activated simultaneously, HER family receptors and STAT3 form transcriptional complexes
and regulate target gene expressions in aggressive cancers (32). These studies have also
reported that this cooperation can lead to generation of cancer stem cells (33). Of the four
members of the family, expression of its first member EGFR (i.e., HER1/ErbB1) showed a
strong association with nuclear STAT3 activation in IHC analysis of primary breast
carcinoma samples (32). This assertion was supported with studies on experimental models
where interplay between EGFR and STATS3 has been suggested to regulate the expression of
TWIST gene, which is responsible for epithelial to mesenchymal transition of BC cells (34).

The second member of the HER family, HER2/Erb2/neu proto-oncogene is amplified in
about 25-30% of human BCs and its role may be dependent on the status of hormone
receptors ER and PR. A study with both clinical samples and a model BC cell line addressed
whether HER?2 influenced the activation of STAT3 (33). When 71 ER+ clinical samples
were examined, overexpression of HER2 and constitutive phosphorylation of STAT3 in
primary BC tissue microarray slides was observed (33). This finding established the
involvement of a HER2-ER-STAT3 signaling axis in HER2+ BC subtype (33). Similar
findings was observed with model BC cells overexpressing HER2 and ER where HER2-ER-
STAT3 activation caused a reduction in epithelial phenotype, increased stem cell like
characteristics and created a mesenchymal CD44" and CD24!°% microenvironment while
expression of Oct-4, Sox-2, and CD44 (which are stem cell markers and indicators of cancer
progression to metastasis) were deregulated (33). Similar studies have established that
STAT3 is a downstream target of both PR and HER2 (35). Activation of PR by progestin
induced nuclear localization of HER2 where it interacts with STAT3 to form a
transcriptional complex (35). As a coactivator of STAT3 in the transcriptional complex,
HER2 controls proliferation of breast tumors by regulating the expression of cyclin D1
genes (35). HER2 overexpression studies using tumors and model tumor cells found that
HER?2 activated inflammatory pathways along with other pathways, which synergistically
affected IL-6 secretion and STAT3 activation (36). This finding suggested that HER2-1L6-
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STAT3 autocrine loop is associated with cellular transcriptional changes, anchorage-
independent growth and enhanced tumor growth.

VEGF/VEGFR-2 signaling functions as an important survival pathway in BC cells (37).
Analysis of a large cohort of primary BC samples (> 1300) showed that VEGF promoted
tumor initiating cell self-renewal through VEGFR-2/STAT3 signaling by up-regulating the
transcription of Myc, Sox2 and STAT3 (38). High VEGF levels strongly correlated with
both STAT3 and Myc expression in these tumor samples (38). Up-regulated expression of
Myc and Sox2 contributed to the sustained activation of other transcription factors, which
created a feed-forward activation loop driving tumor initiating cell’s self-renewal processes
(38). The expression of VEGF and VEGFR-2 may be linked to the adipocytokine Leptin
mediated STAT3 activation (39). STAT3 activation in BC may be stemming from Leptin’s
role in proliferation and angiogenesis (39-41). Higher levels of leptins correlate with
metastasis and lower survival of BC patients (42-45).

When considered together, these findings reveal that EGFR and VEGFR pathways either
directly or indirectly crosstalk at different levels in the activation of STAT3, most likely
leading to a more aggressive tumor behavior. Further studies in this direction may elucidate
the pathologic significance of co-expression of these molecules in patient tumor tissue
samples. Such information may help to design therapeutic modalities for synergistic
targeting of perturbed pathways to more accurately sensitize tumor cells (46-48).

Activation of STAT3 by non-receptor tyrosine kinases

Src is a non-receptor protein tyrosine kinase which phosphorylates specific tyrosine residues
in other proteins including STAT3. Studies have identified important roles for elevated
activities of STAT3 and Src in malignant progression of BC (49). A study which enrolled 45
patients with invasive carcinoma showed higher levels of activated STAT3 and Src in tumor
tissue than in non-neoplastic ones, and increases in the phosphorylation of STAT3 and Src
were correlated (49, 50). Src and JAK family tyrosine kinases cooperate to mediate
constitutive STATS3 activation in the absence of EGF induced stimulation in model human
BC cell lines (50). IHC detection for c-Src performed on 57 invasive lobular BC lesions
showed that increased c-Src activity correlated with activation of STAT3, which is thought
to contribute to c-Src-mediated invasion (51). HER2 mediated STAT3 activation may occur
through recruitment of non-RTKs like c-Src (52). Several studies have also suggested that
there is a cooperation between HER2, Src and STATS3 signaling pathways in BC
oncogenesis (51, 53). Existence of hetero-complexes between HER2, STAT3 and Src has
been detected by co-immunoprecipitation in SKBR3 cells and in HER2 overexpressing
MDA-MB-435 cells (54, 55). Activation of the HER2-Src-STAT3 pathway was found to be
critical for HER2 mediated chemoresistance (51, 53-55). These studies have also shown that
elevated STAT3 and Src activity correlate with pathologic responses, which suggests that
their specific inhibition could offer clinical advantage to BC patients.

Activation by serine kinase PKCe

PKCe is an oncogene whose activation is an initial step for the constitutive STAT3
phosphorylation (56, 57). Its partnership with STAT3 maintains cell invasion in various
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cancer types, including BC (58, 59). PKCe was shown to physically interact with STAT3 at
the S727 residue in human BC cells MCF-7 and MDA-MB-231 (56). This PKCe mediated
phosphorylation of STAT3 leads to STAT3-regulated gene expression and maintenance of
cell invasion by integration with MAPK cascade (Raf-1, MEK1/2 and Erk1/2) signaling
(56). Dependence of STAT3-promoted cell growth on STAT3’s phosphorylation at its S727
residue is also important in tumor-initiating BC cells (60, 61). Further mechanistic studies
on the interaction of STAT3 with other PKC family members may provide crucial
information on whether other members also participate in cancer related processes via
activation of STATS3, and the development of novel drugs which would block STAT3
activation through its interactions with PKCs could therefore be explored.

G-protein signaling and STAT3 activation

Ga-interacting vesicle-associated protein (GIV/Girdin) is a multi-domain signal transducer
and a novel guanine nucleotide exchange factor (GEF) that plays a role in cell migration via
its ability to scaffold key signaling molecules, i.e., trimeric G-proteins, growth factor
receptors, PI3K, Akt, and phosphoinositides, with the actin cytoskeleton (62). GIV protein
was expressed positively in 295 of the 820 cases (36%) of BC examined. In cases where
GIV was highly expressed, distant metastasis rate was significantly higher than cases with
low GIV expression (63). STAT3 activation and GIV expression showed statistically
significant correlation at every stage of BC progression implying that GIV is a direct target
of STAT3 (62, 64). Transcriptional targets of STAT3, such as RTKs (EGFR), G-protein
coupled receptors, and growth factors (VEGF) could further enhance STAT3 signaling
through GIV involvement by feed forward regulation (62). Feed forward mechanism here
implies that STAT3 up-regulates GIV transcription and that GIV in turn enhances STAT3
activation via its GEF function. The feed forward regulation between GIV and STAT3 could
have therapeutic implications for cancer and epithelial tissue regeneration/repair. Further co-
expression studies of GIV and STAT3 in patient samples can elucidate whether STAT3-GIV
interaction occurs in invading BC.

Role of negative regulators

Protein tyrosine phosphatases (PTPs)

Since phosphorylation and dephosphorylation processes play opposing roles, like kinases,
PTPs play a major role in tightly regulating phosphorylated STAT3 levels in cells. TCPTP
(PTPNZ2) potentially serves as a tumor suppressor by decreasing phosphorylation of its
substrates, which include RTKSs and Src family of kinases (SFKSs) (65). A decrease in the
level of TCPTP protein was reported in a subset of BC cell lines, and it was absent in a large
percentage of triple-negative primary human BCs (65). TCPTP deficiency in human BC cell
lines increased SFK and STATS3 signaling and its reconstitution severely impaired cell
proliferation and suppressed anchorage-independent growth in vitro and xenograft growth in
vivo (65). It has also been shown that down-regulated activity of PTPN9 (non-receptor type
9 PTP; PTPMeg?2) is correlated with elevated phosphorylation of STAT3 in BC cells (66).
Understanding the molecular mechanisms of regulation of PTPs, dual-specificity
phosphatases and low molecular weight phosphatases in both normal and BC tissues would
provide a means to increase their levels in triple-negative BC. Increasing PTP levels in
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combination with the use of kinase inhibitors may constitute an effective therapeutic
strategy for aggressive BC phenotypes.

Suppressors of cytokine signhaling (SOCS)

Cytokines are important for breast cell function, both as trophic hormones and as mediators
of host defense mechanism against BC (5). In BC, loss of SOCS expression is associated
with poor clinical outcome (67). SOCS proteins are rapidly induced upon STATS3 activation
(5). They suppress the cytokine signals either by direct inhibition of JAKSs or by binding to
tyrosine phosphorylated receptors thus blocking the binding of other SH2 and PTB domain-
containing signaling proteins (5). This negative feedback through SOCS decreases cell
sensitivity to cytokines (5), and it appears to be necessary to suppress inflammation and
cellular proliferation (67). IHC staining for pPSTAT3 antigen and mRNA expression of
SOCS-1 and SOCS-3 in 74 surgically dissected patient tumor samples showed no statistical
correlation between either SOCS-1 or SOCS-3 mRNA and pSTAT3 expression but reduced
expression of SOCS-3 was related to lymph node metastasis thereby indicating that SOCS-3
may be a good predictor for lymph node metastasis (67). A related cross-sectional study was
performed in biopsies of 26 patients with BC and 43 patients with benign breast lesions to
determine the levels of JAK2, STAT3 and SOCS3 gene expression using RT-gPCR. High
levels of STAT3 expression were associated with the early stages of BC development and
patients in the control group with obesity showed higher expression of SOCS-3, thus
suggesting that SOCS-3 expression can be used as biomarker for risk assessment in obese
overweight subjects (68). SOCS-3 was found to be inhibiting the expression of anti-
apoptotic gene Survivin in Leptin-mediated activation of the JAK2/STAT3 signaling
pathway in MCF-7 BC cells (69). Correlation between Survivin and SOCS-3 expression in
Leptin expressing BC patient samples are needed to confirm this finding in a clinical
context.

It should also be noted that promoter of SOCS3 gene is often found silenced by methylation
in cancers and SOCS3 silencing allows upregulated cell growth (70). Methylation status of
SOCS3 promoter has not yet been examined in any patient breast tumor samples although
hypermethylation of SOCS3 promoter has been reported for hepatocellular cancer (70, 71).

Protein inhibitor of activated STATs (PIASS)

P1ASs are endogenous inhibitors of STAT proteins (72). PIAS3 controls the extent and
duration of STATS3 activity in normal cells and prevents its oncogenic function (72, 73). Its
expression is post-transcriptionally suppressed in cancer cells, possibly enhancing the
oncogenic effects of activated STAT3 (73). MicroRNA miRNA-21, which functionally
regulates immune cell recruitment, targets PIAS3 in MCF-7 cells and acts at least in part via
its inhibition of PIAS3 expression and oncogenic STAT3 signaling in tumor cells (74).
Besides this mechanistic study, not much is known yet about the regulation of STAT3
activity by PIAS in BC. Further research on how the activation of PIAS is suppressed post-
transcriptionally either by microRNA or other mechanisms would help to establish whether
PIAS can be considered as novel therapeutic targets in BC.
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Constitutive activation of STAT3 and regulation of gene expression

STAT3 can regulate gene expression either directly or indirectly through other transcription
factors (75). Activated STAT3 translocates to cell nucleus and binds to the interferon-
gamma activated sequences of the target promoters to elicit gene transcription (76). A
differential pattern of STAT3-dependent target gene expression is observed in various types
of BC, which indicates STAT3 as a potential subtype specific regulator of BC malignancy
(76, 77). For example, IL-6/JAK2/STAT3 pathway was preferentially active in
CD44+CD24~ breast cancer cells that have stem cell-like characteristics over CD44-CD24+
cells that resemble more differentiated breast cancer cells and inhibition of several of the
STAT3 dependent genes (IL6, PTGIS HASL, CXCL3, and PFKFB3) reduced STAT3
activation in these cells (78). STAT3 thus may function as tumor suppressor or may have an
opposing effect and promote tumorigenesis depending on cellular context and tumor type.

A recent bioinformatics analysis revealed that basal-like BCs showed a distinct pattern of
STAT3-associated gene expression in comparison to luminal A and luminal B type BCs
(77). The analysis elucidated that STAT3 signaling may be intricately linked with
inflammatory processes in basal BCs but not in luminal A or luminal B subtypes. However,
this pattern was not apparent in epithelial BCs (77).

Studies performed in both tumor specimens and BC cell lines identified several STAT3
dependent target genes that are involved in cell proliferation, apoptosis, survival, tumor
metastasis/invasion, angiogenesis, and tumor suppression. A study of 45 primary tumor
specimens from patients with invasive breast carcinoma showed a correlation between
STAT3 activation and Survivin expression (79), which is a member of the inhibitor of
apoptosis (IAP) family (79). One of the functions of Survivin (encoded by BIRC5 gene) is to
inhibit caspase activation, leading to negative regulation of apoptosis or programmed cell
death (79). A direct evidence for the correlation between STAT3 activation and elevated
Cyclin D1 protein (encoded by CCND1 gene) expression in primary breast tumors and BC-
derived cell lines was reported (80, 81). To control cell cycle progression from G1, D
cyclins assemble with the cyclin-dependent kinases 4/6 (CDK4/6), phosphorylate substrates
such as retinoblastoma protein (Rb), release E2F transcription factor and promote entry of
cells to S-phase (80). Twist-related protein 1 (Twistl) is a basic helix-loop-helix (bHLH)
transcription factor encoded by the TWIST gene in humans (34). bHLH transcription factors
are implicated in cell lineage determination and differentiation (82). IHC analysis of 130
primary breast carcinoma indicated positive correlations between phosphorylated STAT3
and Twist (34). A similar correlation was observed when EGFR signaling induced binding
of nuclear STATS3 to the promoter of TWIST, and EGFR signaling induced EMT via
STAT3-mediated TWIST gene expression (34).

Matrix metalloproteinase (MMP) enzymes contribute to cell phenotypic responses by
involving in the degradation of extracellular matrix proteins, cleavage of cell surface
receptors and release of apoptotic ligands such as FAS (83). Stably transfected MCF-7 cells
overexpressing HER2 receptors (MCF-7/HER?2 cells) increased mRNA and protein
expressions of MMP-7 when promoter activity of STAT3 was increased (83). MMP-7
promoter has three potential STAT3 binding sites and the observed transcriptional up-
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regulation and protein secretion of MMP-7 was attributed to STAT3 activation (83). This
correlation between MMP-7 and STAT3 observed under in vitro conditions still needs to be
validated using patient tumor samples. Stable expression of active STAT3 increased matrix
metalloproteinase MMP-9 mRNA levels in MCF-7 cells, indicating that it too is regulated
by STAT3 (84). STAT3/c-Jun and Fra-1/c-Jun complexes were identified in vivo and
activation of MMP-9 promoter was dependent on interactions of Fra-1 and c-Jun with
STATS3 (84).

STAT3 is a co-transcriptional activator to a large set of HIF target genes. STAT3 and HIF1a
cooperatively activate VEGF and haptoglobin genes during hypoxia in BC cell lines (75).
Similar mechanism of STAT3 and NFxB cooperation has been reported in Fascin gene
expression that promotes migration of BC cells. STAT3 and NF«xB were recruited to the
promoter of Fascin and enhanced its expression when MDA-MB-231 cells were treated with
IL-6 or OSM (85).

During efficacy testing of hydrazinocurcumin (HC), a synthetic curcumin analogue,
inhibition of STAT3 phosphorylation in BC cell lines (MDA-MB-231, MCF-7) decreased
the expression of c-Myc, Bcl-xL, Bcl-2, Mcl-1, cyclin D1/D2, VEGF, MMP-2, and MMP-9
among others (86, 87). Another compound benzyl isothiocyanate (BITC), a constituent of
edible cruciferous vegetable, inhibited Leptin stimulated migration and invasion of MDA-
MB-231 and MCF-7 human BC cells (88). BITC treatment suppressed leptin induced
STAT3 phosphorylation and Cyclin D1 transactivation by inhibiting STAT3 recruitment to
the Cyclin D1 promoter as detected in chromatin immunoprecipitation (ChlP) analysis (88).
STAT3-siRNA induced Fas-mediated apoptosis in vitro and in vivo in BC cells and down-
regulation of survival genes Bcl-xL and Survivin were observed (86).

Besides regulating downstream gene expression in its phosphorylated state, STAT3 may be
involved in transcriptional regulation in its unphosphorylated form as well. Although data
about involvement of unphosphorylated STAT3 in regulating gene expression in BC cells is
not available, data obtained for other cells show that unphosphorylated STAT3 participates
in transcriptional regulation processes by forming complexes with NFxB (89).

Although a large amount of information is available about STAT3 target gene deregulation
in model BC cell lines, gene expression analysis of STAT3 downstream targets in primary
tumor samples of patients are still rare. VValidation of the exact binding site for STAT3 on
promoter of genes that get deregulated in BC can lead to the development of targeted
therapy using custom-designed triplex-forming oligonucleotides to selectively interfere with
the binding of STATS3 to its target genes.

Future perspectives

Based on the available data and the progress discussed above, ways to improve our
understanding of the involvement of STAT3 in BC can be categorized into four major areas:
i) Validation of in vitro observations with in vivo studies, ii) identification of the
transcription factors that are co-regulators of STATS, iii) identification of still largely
unknown mechanisms of how microRNA mediated regulation of STAT3 contributes to
tumor progression and metastasis, and iv) improved profiling of the signaling pathways
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involved in STAT3 regulation and identification of their crosstalk to establish the
cooperation between involved signaling processes.

Most of the studies that investigated the role of STAT3 in BC were pursued using in vitro
approaches that utilized model cell lines or their engineered variants. These in vitro studies
have established the correlations between activated STAT3 and other proteins, identified the
involved signaling pathways and compiled the genes deregulated by STAT3 associated
signaling. Unfortunately validation of these in vitro findings in clinical research has been
lacking. For example, data about occupancy of target promoters by STAT3 is extremely rare
for patient samples. Such data sets can be obtained in ChIP experiments followed by
sequencing. This data would provide the information about genes which are direct targets of
STATS3. Surprisingly, availability of such data in literature is extremely limited and studies
in pursuit of such information could be very useful in better understanding the role of
STAT3in BC.

STAT3 as a transcription factor may target downstream genes in unison with other
contextual regulators. Therefore, single candidate approaches for the diagnosis and
treatment of BCs with activated STAT3 may not be sufficient for efficient therapy strategies
and accurate detection of co-regulatory partners using improved detection and localization
methods would be necessary. More emphasis should be placed on the development of a
single diagnostic test capable of identifying vast arrays of deregulated proteins, genes, and
their modulators simultaneously.

STAT3 is constitutively activated by various cellular mechanisms in BC. It is involved in a
large number of phenotypic responses such as cell proliferation, survival, anti-apoptosis,
angiogenesis and metastasis. Due to the close relationship and significant overlap between
underlying signaling pathways, cells often utilize multiple pathways simultaneously. This
allows cells to compensate for blocking a single pathway through pathway substitution,
which may lead to the desensitization to blocking of a particular pathway. Therefore,
establishing how STAT3 contributes to the regulation of cellular signaling pathways would
be extremely beneficial in the target identification for combination therapy. For example,
when the inhibition of STAT3 alone is not an efficient treatment, therapy may be adjusted to
also inhibit the activity along the substituting pathway by targeting one of the sentinel
proteins of that pathway for a much more efficient treatment. For improved clinical
outcomes, targeting of the involved signaling nodes can be adjusted to develop optimal
personalized therapy strategies.

Because of its involvement in a vast range of cellular processes, past studies have not yet led
to a definite STAT3 targeting cancer drug. However, the involvement of STAT3 in breast
and other cancers is unquestionably well established. Therefore, continued investigation of
its role in cancer is warranted.

Acknowledgments

The research described in this paper was funded by the National Institutes of Health Grant 5R01GM072821 and by
the WSU start-up funds to H.R.

Int J Cancer. Author manuscript; available in PMC 2017 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Banerjee and Resat

Page 11

Abbreviations used

BC

breast cancer

STAT3 Signal Transducer and Activator of Transcription 3

pSTAT3 phospho-STAT3

IL

JAK

Interleukin

Janus Kinases

EGFR Epidermal Growth Factor Receptor
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Figure 1.
Schematic representation of STAT3 activation and its pathways. STAT3 is activated by (a)

cytokines (e.g., IL6 and non-1L6 family members), (b) growth factors for receptor tyrosine
kinases (e.g., EGF, PDGF, VEGF), (c) non receptor tyrosine kinases (e.g., Src), (d) serine
kinases (e.g., PKCg), and (e) Ga-interacting vesicle-associated protein (GIV/Girdin)/
guanine nucleotide exchange factor (GEF). Binding of extracellular ligands to their cognate
cell surface receptors trigger the signaling events that can lead to the phosphorylation of
STAT3 molecules. Tyrosine or serine residue phosphorylation activates STAT3, which then
forms homodimers and translocates to the nucleus to bind to the consensus sequence of its
downstream target genes. The negative regulators of STAT3 (f) protein phosphatases and (g)
suppressor of cytokine signaling (SOCS3) block STAT3 activation in the cytoplasm. In the
nucleus, (h) nuclear phosphatases can mediate STAT3 dephosphorylation and block
phosphorylation. Interactions with proteins such as (i) PIAS also inhibit STAT3
phosphorylation.
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Figure 2.

Major mechanism of STAT3 activation in tumor cells occur by autocrine and paracrine
secretion of soluble factors. This figure is a diagrammatic illustration of how autocrine and
paracrine signaling activates STAT3 in breast cancer cells. (A) Schematic diagram showing
the secretion and uptake of autocrine cytokines, chemokines and growth factors by the same
cells. Breast cancer cells themselves secrete soluble factors like cytokines, chemokines and
growth factors in the tumor microenvironment. These soluble factors behave as ligands and
bind to their receptors present on the surface of the same cell which secreted them.
Existence of autocrine loops eliminates the dependence on the availability of external
secreted factors for growth and survival. (B) Diagrammatic representation of paracrine
mechanism by which secreted factors from the nearby neighboring cells are taken up by
breast cancer cells. Paracrine factors are produced by the stroma, fibroblast, leukocyte and
infiltrating inflammatory cells. In the paracrine mechanism, cancer cells depend on the
availability of secreted factors from the extracellular milieu for their survival. Both autocrine
and paracrine signaling can lead to the aggressive growth of cancer cells. (C) Diagrams
depict different cell types and components that are typically present in breast tumor
microenvironment.
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