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Abstract

The transcription factors STAT3 and STATS play important roles in the regulation of mammary
gland function during pregnancy, lactation, and involution. Given that STAT3 and STAT5
regulate genes involved in proliferation and survival, it is not surprising that inappropriate
activation of STAT3 and STATS5 occurs commonly in breast cancer. Although these proteins are
structurally similar, they have divergent and opposing effects on gene expression and cellular
phenotype. Notably, when STAT5 and STATS3 are activated simultaneously, STATS5 has a
dominant effect, and leads to decreased proliferation and increased sensitivity to cell death.
Similarly, in breast cancer, activation of both STATS5 and STATS3 is associated with longer patient
survival than activation of STAT3 alone. Pharmacological inhibitors of STAT3 and STATS5 are
being developed for cancer therapy, though understanding the activation state and functional
interaction of STAT3 and STATS5 in a patient's tumor may be critical for the optimal use of this
strategy.
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1.1 STATs in cancer

Cancer occurs due to the subversion of the normal processes that provide cues for cells to
grow, survive, or differentiate. No matter the primary molecular defect, one of the
downstream effects is aberrant activation of transcription factors, leading to the changes in
gene expression that underlie the malignant phenotype. One family of transcription factors
that is often activated in cancer is the Signal Transducer and Activator of Transcription
(STAT) family, comprised of seven related proteins. STATS are latent transcription factors
that mainly reside in the cytoplasm in an inactive state. STATS become activated by
phosphorylation on a critical tyrosine residue. Many upstream kinases can activate STATS,
though the most common is the Jak family of kinases, which associate with various cell
surface receptors. Additional receptor and non-receptor tyrosine kinases also have the ability
to phosphorylate STATS. Tyrosine phosphorylation allows for STATSs to form active dimers
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[1], which can be homodimers or heterodimers with another STAT family member [2] This
dimer conformation triggers translocation to the nucleus where the STAT dimer binds to the
minor groove of the DNA at cognate binding sites. STATS then recruit additional cofactors
to modulate expression of key target genes involved in growth, survival, and differentiation.
While most STAT target genes identified to date display increased expression with STAT
binding, it is becoming increasingly clear that STATS not only activate the expression of
genes, but also can repress gene expression [3,4]. Given the critical nature of the genes they
control, the regulation of STAT function is normally tightly controlled. In non-cancerous
cells, STAT activation is rapid and transient, with the STAT becoming inactivated largely
by tyrosine phosphatases [5] . In addition, upstream kinases are often inhibited by negative
regulators such as SOCS proteins, which themselves are STAT target genes [6]. In cancer,
by contrast, STATSs can become activated constitutively due to aberrant activation of an
upstream kinase and/or loss of a negative regulator.

1.2 STAT3 in breast cancer

In the mammary gland, STAT3 poses an interesting paradox. While STAT3 promotes
involution of the mammary gland after cessation of lactation [7-9], STAT3 activation in
cancer is oncogenic [10], and STATS3 is constitutively activated in about 70% of breast
tumors [11]. STATS3 activation is found in all classes of breast cancer, but is most often
associated with triple negative breast tumors, which lack expression of the estrogen receptor
(ER) or progesterone receptor (PR), and do not display amplification of Her2 [12,13]. In a
panel of fourteen breast cancer cell lines, constitutively active STAT3 was only found in the
triple-negative cells; importantly, it was activated in five of the six triple negative breast
lines tested [12]. In normal mammary cells, STAT3 is activated by leukemia inhibitor factor
(LIF) to promote involution [14,15]; however, in breast cancer, STAT3 is most often
activated by interleukin-6 (IL-6) [16,17]. In fact, many breast cancer cell lines produce IL-6,
which activates STAT3 in an autocrine fashion by signaling through the IL-6 receptor and
Jak kinases [12,17]. The continued activation of STAT3 target genes can then lead to
malignant cellular behavior. Specifically, STAT3 can upregulate genes promoting protection
from apoptosis (such as be/-x/and mc/I), proliferation (cyclin d1), pluripotency (bc/6 and
kif4), invasion (mmpl), and angiogenesis (veg/) [11,18]. IL-6 and STAT3 have also been
shown to promote invasion and epithelial-to-mesenchymal transition in part by upregulating
the expression of the EMT inducer 7wist[19-21]. In addition to upregulating genes
promoting cancer phenotypes, STAT3 has additional non-transcriptional functions. For
example, STAT3 can interact with microtubules, and may alter cellular shape and maotility
[22,23]. Moreover, in addition to the activating tyrosine phosphorylation, STAT3 can be
phosphorylated on a serine residue near the carboxy-terminus [24]. STAT3 is serine
phosphorylated in about 60% of breast tumors and is associated with estrogen receptor
negative tumors .[25] Recent evidence suggests that serine phosphorylated STAT3 can be
found in the mitochondria and can promote the survival of breast cancer cells solely through
its effects on mitochondrial function [26]. Taken together, it is clear that constitutively
activated STAT3 can promote the pathogenesis of aggressive breast tumors. Since STAT3
can be inhibited in normal cells with relatively few consequences [27], targeting STAT3
may be an important therapeutic approach in breast cancer.

1.3 STAT5 in breast cancer

The related STAT family member STATS is in fact encoded by two closely related genes,
STATb5a and STAT5b. The majority of the functions of STAT5a and STAT5b overlap, and
thus they are often grouped together as STATS [3,28,29]. STATS promotes both survival
and terminal differentiation of the mammary gland [30-33]. Prolactin is the cytokine which
is the main physiological trigger for activating STATS5 in the mammary gland, and this
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occurs late in pregnancy and during lactation [34]. STATS5 upregulates pro-survival genes,
such as bcl-xl, and also genes encoding proteins found in milk such as, beta-casein and whey
acidic protein [32,35-37]. Reflecting the fact that STATS can inhibit transcription as well as
activate it, STATS also represses genes such as BCL6 that prevent terminal breast
differentiation [4,13,38]. STAT5 has been found to be constitutively activated in breast
tumors, and this occurs more frequently in hormone responsive tumors [13,39]. Higher
circulating levels of prolactin are associated with cancer risk in ER/PR positive tumors [40].
Additionally, mice overexpressing a constitutively activated form of STAT5 develop
mammary tumors [41]. However, STATS5 activation in breast cancer patients was shown to
be a favorable marker for lymph node-negative breast cancer [42], In addition, prolactin and
STATS have been shown to prevent invasion [43,44]. Activating the prolactin receptor in
mesenchymal-like breast cancer cells reduced invasion and the expression of mesenchymal
markers [43], suggesting that prolactin and STAT5 can be protective against invasion.
Therefore, like STAT3, STATS can be activated in breast cancer, though it is often
associated with a different tumor subtype than STAT3.

1.4 Co-activation of STAT5 and STAT3 in breast cancer

Despite their structural similarity, STAT5 and STAT3 have opposing functions in normal
mammary development. In mice that express constitutively activated STATS5 in the
mammary gland, involution is delayed and STATS3 activation does not occur [41].
Furthermore, LIF-mediated STATS3 activation induces apoptosis of mammary epithelial
cells; however, STAT5 activation prevents this process [45]. This demonstrates that STAT5
and STATS, though highly related, have both distinct and opposing functions in normal
mammary development. Therefore, it is not surprising that STAT5 and STAT3 also have
distinct and opposing functions in breast cancer.

In examining the roles of STAT3 and STATS in primary breast cancer, the first interesting
observation reflects the disparity in frequency with which these transcription factors are
found to be activated. Using immunohistochemistry to the tyrosine phosphorylated form of
each protein, it was found that only 7% of breast tumors have activation of STAT5 alone,
while 40% of breast tumors have activation of STAT3 alone. Notably, approximately 30%
of breast tumors have activation of both STAT5 and STAT3 [13]. The low frequency of
tumors displaying only activated STAT5 may reflect the fact that in addition to promoting
survival, target genes of STATS also drive differentiation. Thus, while activation of STAT5
can contribute to malignancy, it may require the activation of other cooperating pathways,
including STAT3. The low frequency of finding STAT5 activated on its own in primary
breast cancers also parallels the infrequency with which breast cancer cell lines are found to
have activated STAT5 [12].

The small number of tumors displaying only STATS5 activation limits the ability to analyze
the clinical characteristics of these tumors. However, it is possible to compare the
characteristics of tumors with activation of STAT3 alone versus those displaying activation
of both STAT3 and STATS. Tumors with both STATS activated are more likely to be ER+
and less likely to be triple negative than tumors with only activated STATS3. In addition, the
cancers with activation of STAT5 and STAT3 are more likely to be more highly
differentiated grade I tumors, whereas tumors with activation of STAT3 alone are more
likely to be less differentiated grade I11. This suggests that tumors with activation of both
STATS have better prognostic features than tumors with activation of STAT3 alone.
Analyzing the genes that are differentially expressed in tumors with activation of STAT3
alone versus activation of both STATS identified specific gene signatures for these two
groups. Utilizing these gene signatures, we examined survival in a cohort [46] of 295
patients with primary breast cancer. We found that patients whose tumors displayed the
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signature for activation of both STATS had better survival than patients whose tumors
displayed the signature of only STAT3 activation (Figure 1). These findings suggest that
STATS activation can modulate the biology of breast cancers that contain activated STATS3.

While patients whose tumors display activation of both STATS have a better prognosis than
patients whose tumors have activation of STAT3 alone, this difference could reflect
differences in the cell of origin or breast tumor subtype. To address this question in a model
system, isogenic cell lines were generated with constitutive activation of STAT3 alone or
activation of both STATSs [13]. The triple negative breast cancer cell line MDA-MB-468,
which contains constitutively active STAT3, was stably transfected with a constitutively
active form of STATS (STAT5al*6) or an empty vector. These paired cell lines then had
activation of STAT3 only, or activation of both STATS. Cells that had activation of both
STATSs grew more slowly than the cells containing only STAT3 activation. In addition, cells
with activation of both STATS were more sensitive to chemotherapeutic agents targeting
microtubules, such as vinorelbine and paclitaxel, which are commonly used to treat breast
cancer patients. These findings suggested that the intrinsic tendency of cells to undergo
chemotherapy-induced apoptosis was enhanced when STAT5 was activated in addition to
STAT3. To test this hypothesis, we measured the apoptotic priming of these cells using the
technique of BH3 profiling, [47,48]. In this cell-based assay, the ability of mitochondria to
become depolarized in the presence of pro-apoptotic peptides is measured. We found that
the cells that contained activation of both STAT5 and STAT3 were more primed for cell
death than cells that only contained activation of STAT3 (Figure 2). Specifically, increased
mitochondrial permeability was induced in the cells with activation of both STAT5 and
STAT3 to peptides that inactivate pro-survival proteins such as Mcl-1 (NoxaA), Bcl-xL
(Hrk), and others. These data demonstrate that STATS opposes the protumorigenic functions
of STATS3, reducing the growth and survival of these cells and increasing their drug
sensitivity. These differences in cellular phenotype may underlie the survival differences
seen in patients whose tumors have activation of STAT3 and STAT5 compared to STAT3
alone.

Since STATS and STAT3 are highly related transcription factors that can bind to and
regulate many of the same target genes, the question arises as to how does STAT5 oppose
STAT3 in breast cancer? One mechanism by which STAT5 opposes STAT3 function is by
directly opposing the regulation of target genes [13]. For example, STAT3 upregulates the
transcriptional repressor BCL6, while STATS5 represses BCL6 expression. When both
STATSs are activated, STAT5 is dominant over STAT3 and represses BCL6 expression.
Another mechanism by which STATS has this effect on STAT3 may be through
upregulation of negative regulators of STATS, particularly SOCS family members [6,49].
Although SOCS proteins are generally target genes of STATSs, some family members,
including CIS, are particularly responsive to STAT5 [50]. Thus, it is not surprising that
constitutively active STATS5 results in upregulation of CIS and SOCS3 in the isogenic
MDA-MB-468 cells [13]. There is a reduction in the tyrosine phosphorylation of STAT3 in
these cells with activated STATS5, suggesting that this upregulation of SOCS family
members may modulate STAT3 phosphorylation. Reducing STAT3 activation would also
have important effects on the growth and survival of breast cancer cells. Finally, STAT5 and
STAT3 also regulate a distinct set of genes that may promote opposing functions in breast
cancer [45]. Therefore, in the case of breast cancer, STAT5 and STATS3 clearly are not
redundant transcription factors, but promote distinct and opposing functions.
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2.1 Targeting STATSs for the treatment of breast cancer
2.1.1 Inhibiting STAT3

STATSs are attractive targets for cancer therapy since they are activated in many different
cancers and are downstream of various different oncogenic tyrosine kinases. Importantly,
with STAT3 being activated in 70% of breast tumors, particularly in the less treatable triple-
negative tumors, inhibiting STAT3 might be a potentially important new form of breast
cancer therapy. To this end, there have been a number of strategies employed to target
STATSs, in particular STATS3.

2.1.2 Jak inhibitors

One of the key mechanisms by which STAT3 becomes constitutively activated in triple
negative breast cancer is through autocrine production of cytokines, particularly 1L-6. While
this suggests a number of therapeutic strategies, including blocking antibodies to I1L-6 or the
IL-6 receptor, there has been great interest in using small molecule inhibitors of the Jak
family kinases that mediate STATS3 tyrosine phosphorylation triggered by IL-6. Activating
mutations have been found in Jak2 in myeloproliferative disorders, and inhibitors of this
kinase were developed and introduced into clinical practice for these diseases [51-53].
Although the Jaks are not known to be mutated in breast cancer, they play an integral role in
this oncogenic pathway [12,54,55]. A variety of molecules targeting Jak2 have been shown
to be effective at killing cancer cell lines containing activated STAT3 [56,57]. Recently, the
Jak2 inhibitor NVP-BSK805 has shown efficacy against the growth of triple negative breast
tumor xenografts containing activation of STAT3 [12]. This suggests that targeting the
upstream Jak kinases can be effective in targeting breast cancers with STAT3 activation.

2.1.3 STAT3 dimerization inhibitors

Another method to inhibit STAT3 is to target the activating dimerization. Ina STAT3
dimer, the phosphorylated tyrosine 705 residue of one monomer binds in a reciprocal
fashion to the SH2 domain of its partner. In addition, the SH2 domain of STATS is needed
for recruitment to activated, tyrosine phosphorylated, receptor-kinase complexes. Thus,
targeting the SH2 domain is an appealing strategy. Over the past few years, a number of
dimerization inhibitors have been developed, many of which have been identified using
docking modeling and virtual screening. These molecules such as STA-21 and CJ-1383
inhibit the SH2 domain, preventing both STAT3 phosphorylation and dimerization [58]
[59]. Importantly, these inhibitors induce apoptosis of breast cancer cell lines with activated
STAT3 suggesting that targeting STAT3 dimerization may be a worthwhile therapeutic
strategy.

2.1.4 Screening strategies to identify STAT3 inhibitors

Given that a key function of STAT3 is inducing gene transcription, another method to
identify STATS3 inhibitors is to develop a cell-based screening system whose read out is
STAT3-dependent expression of a reporter gene, such as luciferase. Such an assay system,
with an appropriate counter-screen, enables rapid identification of cell-permeable
compounds that can inhibit STAT3-dependent transcriptional function without affecting
other related transcription factors [60]. This strategy can be applied to a wide range of
structurally diverse chemical libraries, including libraries of compounds that are either
known to be safe in humans or even approved for use in humans for other indications. This
has the potential to greatly accelerate the initiation of proof-of-concept clinical trials in
patients with cancer. From such a transcription based screen, three drugs were identified to
be potent and specific STAT3 inhibitors: nifuroxazide, pimozide, and pyrimethamine
[60-62].
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Nifuroxazide is not currently approved for use in the United States, but is used elsewhere as
an anti-diarrheal agent. Nifuroxazide decreases STAT3 tyrosine phosphorylation and
inhibits Jak2 and Tyk2 kinases [60]. Nifuroxazide can kill cancer cells with activated
STATS3, though it has little effect on cells lacking STAT3 activation including non-
transformed cells. The second drug to emerge from this screen was pyrimethamine, an anti-
microbial with a good safety profile that is FDA-approved for the treatment of
toxoplasmosis and malaria. The mechanism of action of pyrimethamine-mediated inhibition
of STATS is currently unknown. It can decrease STAT3-dependent gene expression
independent of effects on STAT3 phosphorylation, though with prolonged high doses
pyrimethamine can inhibit STAT3 tyrosine phosphorylation [61,63]. Pyrimethamine is
currently in a clinical trial for chronic lymphocytic leukemia (CLL) at the Dana- Farber
Cancer Institute (ClinicalTrials.gov Identifier: NCT01066663). Finally, pimozide inhibits
STAT3 function by decreasing its activating tyrosine phosphorylation [61]. In contrast to
nifuroxazide, pimozide does not directly inhibit upstream kinases [62,64,65]. Rather, it
seems that pimozide may be affecting negative regulators of STATSs to modulate
phosphorylation. Analysis of the effects of pimozide and pyrimethamine on the viability of a
large panel of cell lines suggested that these agents might have therapeutic benefit in breast
cancer cells [61]. Therefore, we analyzed the effects of these three agents in a triple negative
breast cancer cell line, MDA-MB-468, characterized by constitutive STAT3 activation
(Figure 3). All three agents led to a dose dependent decrease in viability of this cell line. In
particular, the concentrations or pyrimethamine needed for this effect can readily be
achieved in patients, suggesting that this transcription-based screening approach can identify
drugs that may be suitable for clinical testing.

Interestingly, some chemotherapy agents that are commonly used for the treatment of breast
cancer may act, at least in part, through inhibition of STAT3. As noted, STAT3 can
associate with the cytoskeleton in cells, which raised the hypothesis that agents targeting
cytoskeletal components might interfere with STAT3 function. In fact, the microtubule
targeting agents paclitaxel and vinorelbine both inhibit STAT3 tyrosine phosphorylation in
triple negative breast cancer cell lines [22]. Paclitaxel can decrease the association between
STAT3 and microtubules, and also appears to induce a negative regulator of STAT3
tyrosine phosphorylation. Interestingly, some breast cancer cell lines are relatively resistant
to this STAT3-inhibitory effect of paclitaxel, although sensitivity can be restored by treating
the cells with an inhibitor of DNA methylation [66]. This suggests that negative regulators
of STATS3, which can be induced by microtubule-targeted agents, may be silenced by
methylation as a mechanism of resistance. Finally, the combination of microtubule targeting
agents with drugs that inhibit STAT3 by other mechanisms shows increased efficacy in
killing STAT3-dependent tumor cells [66], suggesting this may be a useful combinational
strategy in breast cancers with activated STATS3.

2.1.5 STAT5 inhibitors

Given that elevated prolactin levels and STATS activation is associated with breast cancer,
targeting prolactin and the prolactin receptor has been of great interest, and strategies
employing both small molecules and antibodies are being pursued [67,68]. Prolactin binding
to its receptor triggers STAT5 phosphorylation through activation of Jak family kinases
[69]. As noted, STAT3 activation in many breast cancers (particularly triple negative breast
cancer) occurs through an IL-6-mediated autocrine loop, which also is dependent on Jaks.
Thus, kinase inhibitors targeting Jaks may have the dual benefit of blocking both of these
pathways. Finally, many negative regulators of STAT signaling, such as SOCS proteins, can
decrease signaling to both STAT3 and STATS. Therefore, strategies that work through
negative regulators may decrease the effects of both prolactin and IL-6. In this context, the
STAT3 inhibitor pimozide, which appears to work through negative regulators, also inhibits
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STATS5 [62]. Therefore, this drug, or similar agents, might be particularly useful in breast
cancer cells that contain activation of both STAT5 and STATS.

2.1.6 STAT5 inhibitors in the context of STAT3 activation

Evidence from both patients and animal models suggests that STAT5 activation may be
associated with breast cancer pathogenesis [39,41]. However, approximately one-third of
primary breast cancers display activation of both STAT5 and STAT3, and STATS5 activation
in this context appears to contribute to less aggressive tumors [13]. This raises potential
concerns about the use of STATS5 inhibitors in patients whose tumors have activation of both
pathways. It is conceivable that targeting STATS5 in breast tumors with activation of both
STATSs may in fact make the tumor more aggressive and less responsive to chemotherapy. In
cell culture systems, activated STATS5 reduces the growth of tumor cells with activated
STATS3, primes these cells for apoptosis, and makes them more responsive to at least some
cytotoxic agents. Therefore, targeting STATS5 alone could remove the suppressive effect that
STATS5 has on STATS3. This does not suggest that STAT5 inhibitors would not be useful.
However, if they were to be used, knowing the activation status of both STAT3 and STAT5
would be important. Given this interplay between STAT3 and STATS5, dual inhibitors of
STAT5 and STAT3 might be particularly beneficial.

3.1 Conclusion

Although STATS and STAT3 are structurally similar, they play distinct roles in mammary
development and in breast cancer, and thus they are clearly not redundant transcription
factors. In fact, STATS opposes many of the functions of STAT3 on both a molecular and
biological level, and may reduce the aggressiveness of tumors. Targeting STATS is an
attractive rational molecular strategy for breast cancer therapy, though understanding the
functional relationships between STAT3 and STAT5 will be critical to optimizing this
approach.
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Figure 1.
Breast cancers with activation of STAT5 and STATS3 are associated with better survival than
tumors with activation of STAT3 alone. Gene expression data for 295 breast cancer patients

[46] were classified according to the STAT3+STATS5 vs. STAT3 gene signatures [13] using

unsupervised hierarchical clustering [70].
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Figure 2.

Breast cancer cells with activation of both STAT5 and STAT3 are more primed for death
than breast cancer cells with activation of STAT3 alone. MDA-MB-468 cells, which have
constitutive STAT3 activation, were stably transfected with a vector expressing
constitutively activated STAT5 (5al1*6) or an empty vector, and their apoptotic potential
was analyzed by BH3 profiling. The indicated peptides were added to mitochondria from the
two cell lines and the depolarization of the mitochondrial membrane was measured. FCCP
served as a positive control.
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10

Breast cancer cells with activated STAT3 are sensitive to STAT3 inhibitors. MDA-MB-468
cells were treated for 48h with the indicated drugs and cell viability was analyzed by ATP

dependent luminescence.
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