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Abstract
The mammary gland is a unique organ that undergoes extensive and profound changes during
puberty, menstruation, pregnancy, lactation and involution. The changes that take place during
puberty involve large-scale proliferation and invasion of the fat-pad. During pregnancy and
lactation, the mammary cells are exposed to signaling pathways that inhibit apoptosis, induce
proliferation and invoke terminal differentiation. Finally, during involution the mammary gland is
exposed to milk stasis, programed cell death and stromal reorganization to clear the differentiated
milk-producing cells. Not surprisingly, the signaling pathways responsible for bringing about
these changes in breast cells are often subverted during the process of tumorigenesis. The STAT
family of proteins is involved in every stage of mammary gland development, and is also
frequently implicated in breast tumorigenesis. While the roles of STAT3 and STAT5 during
mammary gland development and tumorigenesis are well studied, others members, e.g. STAT1
and STAT6, have only recently been observed to play a role in mammary gland biology.
Continued investigation into the STAT protein network in the mammary gland will likely yield
new biomarkers and risk factors for breast cancer, and may also lead to novel prophylactic or
therapeutic strategies against breast cancer.
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Introduction
Cells exist in a complex, fluid environment. They adapt to their changing environment via
membrane receptors that respond to extracellular stimuli in the form of growth factors and
cytokines. Ligand-bound receptors then recruit and activate mediatory molecules. Mediatory
molecules are generally kinases and when activated are able to phosphorylate, and thereby,
activate specific downstream factors that are latent in the cytoplasm. These activated
effector molecules can then enter the nucleus and institute a specific transcriptional program
that allows the cell to respond to its new surroundings. The Signal Transducers and
Activators of Transcription (STAT) family of proteins is one such set of latent cytoplasmic
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factors that enable the cell to have a fluid, adaptive, highly specific mode of responding to a
constantly changing ethos.

All STAT family members have similar protein structures including an N terminal domain, a
coiled-coil domain, a DNA-binding domain, SH3 and SH2 domains, and a trans-activating
domain at the C terminal end of the protein (Darnell, 1997). The SH2 and SH3 domains
harbor phosphorylation sites at their tyrosine residues. Phosphorylation at these tyrosine
residues is a critical posttranslational modifier allowing activation of STATs by various
tyrosine kinases although phosphorylation at Ser/Thr residues can also modulate activity of
some STATs (Bromberg, 2000). STAT proteins frequently exist as dimers or sometimes,
tetramers. The dimerization of STATs appears to be required for their translocation to the
nucleus and for their binding to specific DNA sequences (Horvath et al., 1995). The means
by which dimerization is achieved is likely through the binding of the tyrosine residue of
one molecule with the SH2 domain of another (Heim et al., 1995), suggesting the possibility
of heterodimerization between various conserved STAT family members (Li et al., 1996).

STATs were thought to dimerize only upon phosphorylation; however, unphosphorylated
STATs were later found to also exist as stable dimers in the cytoplasm (Braunstein et al.,
2003). Further, non-phosphorylated STAT dimers can shuttle between the nucleus and the
cytoplasm, and bind non-specifically to DNA (Meyer et al., 2003). Phosphorylation appears
important mainly for the retention of a STAT protein in the nucleus long enough for it to
initiate a transcriptional program (Meyer et al., 2003; Pranada et al., 2004). Phosphorylated
STATs in the nucleus are dephosphorylated by various phosphatases and then degraded by
the ubiquitin-proteasome pathway (Kim and Maniatis, 1996). By binding to specific DNA
sequences, usually marked by the GAS element (Darnell, 1997), phosphorylated STAT
molecules are protected from these phosphatases and therefore, remain in the nucleus
(Meyer et al., 2003).

So far seven STAT proteins have been identified in mammalian cells. They were numbered
based on the order of discovery—STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and
STAT6. STAT1 and STAT2 proteins were discovered as acute phase proteins that
responded to extracellular stimuli in the form of cytokines, interferon (IFN)α and IFNγ
(Darnell et al., 1994). Later STAT1 was found to be also activated by growth factors like
fibroblast growth factor (FGF) (Sahni et al., 1999). STAT4 and STAT6 are activated chiefly
by cytokines like interleukin (IL)-4 and IL-12, while STAT3 and STAT5 are activated by a
wide spectrum of external stimuli including cytokines, growth factors and hormones like
epidermal growth factor (EGF) and prolactin (PRL), respectively (Darnell, 1996). Overall,
STAT2, STAT4 and STAT6 appear to be stimulated by a small group of cytokines; while
STAT1, STAT3 and STAT5 are activated by a variety of extracellular stimuli including
growth factors, hormones and cytokines.

The presence of a fleet of STAT proteins in a cell suggests that each family member bestows
a certain amount of specificity on cellular response to external stimuli. Different stimuli
activate a variety of different receptors, either growth factor receptors or cytokine receptors.
Cytokine receptors frequently mediate their effects by associating with the Janus kinase
(Jak) family of kinases (Jak1, Jak2, Jak3, Tyk2), which become catalytically active upon
binding to the receptors (Bromberg, 2000). A specific STAT is then recruited to the
particular receptor-Jak complex formed, which subsequently phosphorylates and activates
the STAT (Darnell et al., 1994). The activated homo/heterodimerized STAT then
translocates to the nucleus where it activates a wide spectrum of downstream targets
depending on the cellular context. While the GAS element has been described as a common
consensus sequence for all known STATs to regulate transcription of their target genes, the
exquisite specificity of STAT downstream pathway activation implies that there are other
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factors at play. For example, co-binding of estrogen receptor (ER) or progesterone receptor
(PR) might alter the regions of the genome to which STATs bind as well as define the genes
that can be transcribed on STAT binding (Faulds et al., 2001; Wang and Cheng, 2004).
Additionally, the configuration of the phosphorylated SH2 domain and/or CTD of a given
STAT may regulate the specificity with which it binds to DNA motifs (Chen et al., 1998;
Hakim et al., 2012).

The remarkable specificity of the STAT signaling cascade which allows a cell to respond to
subtle extracellular changes is further enhanced by the cell type specificity of STATs.
STAT1 and STAT2 are largely localized to immune cells where they mediate immune
response via interferons (Durbin et al., 1996; Meraz et al., 1996; Park et al., 2000). Of
interest to mammary biologists, STAT1 is also constitutively expressed in the mature virgin
mammary gland before pregnancy and after involution, while STAT2 expression has not yet
been observed in the mammary gland (Philp et al., 1996). STAT4 is also associated mainly
with the immune response to infections (Thierfelder et al., 1996). Interestingly, STAT4
mRNA has been identified in the virgin mammary gland as well as on pregnancy day 7,
potentially in non-epithelial cells (Philp et al., 1996). However, STAT4 protein levels are
very low and transient, and STAT4 ablation does not appear to affect mammary gland
development, indicating that STAT4 likely does not play a critical role in mammary gland
development. STAT6 is required for T helper (Th) cell regulation during immune response
(Shimoda et al., 1996; Takeda et al., 1996) and has also been identified as a regulator of
mammary gland differentiation (Khaled et al., 2007).

STAT3 and STAT5 are the family members that are most promiscuous in expression.
STAT3 is essential for early embryogenesis and the regulation of embryonic stem cells,
myeloid cells, neuroepithelial cells, mammary epithelial cells, T-cells, macrophages,
neutrophils and wound healing in epidermal cells (Akira, 1999). STAT5a is functionally
important for the mammary gland, macrophages and Th cells, while STAT5b is essential for
normal sexually dimorphic functioning of the liver in response to growth hormone (GH) and
for proliferation of natural killer cells (Akira, 1999). STAT5a and STAT5b are functionally
redundant in the corpus luteum but play an essential role in regulating and ensuring female
fertility (Akira, 1999). It is interesting to note that the cellular context has an impact on the
functional and biological consequences of a STAT protein. For instance, STAT3 activation
during mammary involution induces apoptosis, while it is a potent prosurvival factor in T
cells (Chapman et al., 1999; Takeda et al., 1998).

Since STAT family members play important roles in regulating cell proliferation and
apoptosis, it is not surprising that these proteins modulate mammary gland development
during pregnancy, lactation and involution. These proteins and the signaling pathways they
participate in are also frequently subverted during tumorigenesis. A perspective on the
recent advances in the understanding of these STATs in mammary gland differentiation, cell
survival and tumorigenesis is presented below.

STATs in mammary gland differentiation and cell survival
The mammary gland is a unique organ in that the majority of its development occurs
postnatally. At birth, the mammary gland consists of a rudimentary ductal tree. Prepubertal
growth involves elongation of this tree induced principally by EGF and the parathyroid
hormone-related peptide, and their receptors. At the onset of puberty, mammary ductal
development becomes hormone-dependent, primarily controlled by systemic estrogen and
progesterone binding to their cognate receptors, ER and PR. These hormones activate a
program of active proliferation, side branching and invasion of the ductal tree into the
surrounding fat pad, resulting in the adult virgin mammary gland. During this pubertal
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epithelial expansion, there appears to be little or no involvement of the STAT family of
proteins.

Several STATs are expressed in the mammary glands in adult virgins, but their functional
contributions to mammary gland development at this stage are as yet unclear (Philp et al.,
1996; Watson, 2001). STAT1 is phosphorylated in virgin glands and again after involution
day 3, but not during pregnancy and lactation (Philp et al., 1996). A study in dairy cattle also
suggests a role for STAT1 in dictating normal adult mammary gland development
(Cobanoglu et al., 2006). However, a detailed examination of the effect of STAT1 on
mammary gland development in the virgin mouse has not yet been conducted. Another
STAT family member that is activated during postpubertal mammary gland development is
STAT5. STAT5a affects the establishment of a luminal progenitor cell population in the
adult virgin mammary gland (Vafaizadeh et al., 2010; Yamaji et al., 2009). STAT5 also
appears to regulate secondary and side branching during estrus potentially mediating the
effects of estrogen, progesterone, EGF and/or GH (Bromberg, 2000; Liu et al., 1996; Santos
et al., 2010; Teglund et al., 1998).

It is only during pregnancy that the mammary gland develops fully as the mammary
epithelium differentiates into alveolar-lobular units, which produce milk during lactation.
Mammary gland development during pregnancy can be divided into four stages: early
pregnancy, mid-late pregnancy, lactation and involution (Figure 1). The first three stages are
characterized by expansion of the mammary epithelial compartment to invade the fat pad
and the production of milk droplets, while the final stage is marked by the clearance of
excess mammary epithelium and its return to a state grossly similar, but not identical, to the
adult virgin mammary gland. To distinguish between the primary roles played by these
stages in mammary gland development, we have categorized them as mammary gland
differentiation, which includes pregnancy and lactation, and mammary cell survival, which
focuses on involution. The STATs appear to play important, largely non-redundant, and
interactive roles in every stage of this reproductive cycle.

Mammary gland differentiation
During early pregnancy, STAT6 is important for the regulation of mammary cell
differentiation. Activation of STAT6 occurs around day 5 of pregnancy and remains
upregulated until the onset of lactation (Clarkson et al., 2004). This activation is in response
to the upregulation of Th2 cytokines, IL-4 and IL-13, at early pregnancy and the resultant
activation of STAT6, which is essential for inducing proliferation and luminal cell
commitment to an alveolar lineage (Khaled et al., 2007). STAT6 stimulates alveolar
differentiation and proliferation potentially by transcriptionally inducing GATA3 (Khaled et
al., 2007). STAT6 and GATA3 together repress Zfp157 at early pregnancy, thereby
inducing commitment of luminal cells to an alveolar lineage (Oliver et al., 2012). Genetic
ablation of Zfp157 increases the population of STAT5+ alveolar cells in the early pregnancy
mammary gland (Oliver et al., 2012). The genetic ablation of both Zfp157 and GATA3
completely rescues alveogenesis indicating the role played by GATA3 and Zfp157 in
regulating the activity of each other during pregnancy (Oliver et al., 2012).

During early pregnancy, STAT5 has also been shown to be essential for the generation and
proliferation of alveolar progenitor cells from the mammary stem cell compartment (Gallego
et al., 2001; Yamaji et al., 2009). Ablation of STAT5 prevents the development of immature
alveoli at pregnancy day 6 (Yamaji et al., 2012). Of interest, STAT3 and STAT5 appear to
have reciprocal interactions during early to mid-pregnancy. STAT3 mRNA levels are high
in the mammary epithelium of adult virgins and remain elevated till pregnancy day 5, when
they begin to drop and, concomitantly, STAT5 levels begin to rise (Philp et al., 1996).
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STAT5 activation, however, does not occur maximally until mid to late pregnancy (Bednorz
et al., 2011). Interestingly, Shp2, a phosphatase known to inhibit STAT activation, appears
to stabilize STAT5 activation in the pregnant/lactating mammary gland while
simultaneously preventing the activation of STAT3 (Ke et al., 2006). It remains to be
determined whether Shp2 is the principal protein that balances the relative activities of
STAT3 and STAT5 at this stage of mammary gland development.

During late pregnancy and lactation, STAT5a is both necessary and sufficient for
alveogenesis and lactogenesis (Cui et al., 2004; Dong et al., 2010; Liu et al., 1997).
Moreover, activation of STAT5a is sufficient for side-branching (Dong et al., 2010;
Vafaizadeh et al., 2010), and can drive alveolar differentiation even in the absence of
ovarian hormones (Dong et al., 2010). Prolactin-mediated stimulation of prolactin receptor
(PRLR) appears to be the canonical and primary means of activating STAT5 at this stage
(Liu et al., 1997). PRLR is believed to activate STAT5 through Jak2, which is supported by
the observation that genetic ablation of PRLR, Jak2 and STAT5 results in similar mammary
phenotypes during pregnancy and lactation (Gallego et al., 2001; Shillingford et al., 2002;
Wagner et al., 2004).

PRLR and Jak2-initited STAT5 signaling in the breast is modulated by several additional
factors. ErbB4 is essential for STAT5 activation by PRLR and Jak2 during late pregnancy
and lactation (Long et al., 2003). The prosurvival protein AKT is an inducer of autocrine
prolactin secretion in the mammary epithelium, and it is essential for the activation of
STAT5 and the development of a lactating mammary gland (Chen et al., 2012). STAT5 was
also found to transcriptionally activate AKT (Creamer et al., 2010). Together, these studies
indicate a positive feedback mechanism for maintaining STAT5 activation in the mammary
gland during pregnancy and lactation. Further, PIKE-A, which is part of the AKT signaling
pathway also appears essential for STAT5 activation and lactogenesis in the mammary
gland (Chan et al., 2010). SnoN, a negative regulator of the TGF-β signaling pathway, is
another inducer of prolactin-STAT5 signaling (Jahchan et al., 2012).

While the PRLR-Jak2 pathway appears essential for activation of STAT5 in the epithelium,
in the stromal compartment of the mammary gland, growth hormone receptor (GHR) and
epidermal growth factor receptor (EGFR) seem to activate STAT5 (Gallego et al., 2001).
The functional consequence of STAT5 activation in stromal cells is yet unclear. GH has
been reported to regulate alveogenesis and ductal growth (Gallego et al., 2001), but whether
GH exerts its effect through stromal cells is unknown.

During pregnancy and lactation, STAT5 signaling is also controlled by several negative
regulators. Genetic experiments have identified several inhibitors of STAT5 in the
mammary gland including Caveolin-1, SOCS1, and PTP1B (Lindeman et al., 2001; Milani
et al., 2012; Sotgia et al., 2006). Interestingly, Myc, when activated during a specific 72
hour window during mid-pregnancy, downregulates Caveolin-1, prematurely activates
STAT5, and causes precocious lactation and involution (Blakely et al., 2005). These data
further emphasize the finesse with which the activation and inactivation of various STATs
during the course of pregnancy and lactation orchestrate the growth and differentiation of
the mammary gland (Figure 1).

STAT5 executes its differentiation functions through its transcriptional activity. A number
of transcriptional targets of STAT5 have been identified, and their protein products chiefly
include those responsible for alveogenesis and lactogenesis like Elf5, SOCS2, β-casein and
whey acidic protein (WAP). A set of 400 genes appear to be at least partially under the
transcriptional control of STAT5 at parturition, and mainly encode milk proteins and
proteins regulating cellular metabolism and secretion (Yamaji et al., 2012). It is likely that
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increasing levels of pSTAT5 in the mammary gland during the progression of pregnancy can
trigger distinct transcriptional programs. Elf5, for instance, is transcribed even when only
one allele of either STAT5a or STAT5b is present in a mammary epithelial cell, while WAP
is not (Yamaji et al., 2012). Interestingly, Elf5 also transcriptionally activates STAT5 (Choi
et al., 2009; Harris et al., 2006), suggesting a positive feedback regulatory loop. Elf5 has
been shown to be one of the primary effectors of the alveogenic and lactogenic program
instituted by pSTAT5 (Choi et al., 2009).

STATs in mammary cell survival
During pregnancy and lactation, the mammary gland sustains the growth and establishment
of a large number of alveolar cells in order to produce sufficient quantities of milk. At these
stages, one of the functions of STAT5 is to transactivate prosurvival and proliferative genes
like AKT and CCND1 (Creamer et al., 2010; Sakamoto et al., 2007). There are probably
other downstream targets of STAT5 that are instrumental in maintaining cell survival and
division during these two stages of mammary gland development. For example, in some
other tissue types and during mammary tumorigenesis, additional STAT5 targets have been
identified including the Bcl family of prosurvival genes (Bcl2, BclXL, and MCL-1), Id1,
and Survivin (Socolovsky et al., 1999; Xu et al., 2003; Yoshimoto et al., 2009; Zhou et al.,
2009). Further investigation is warranted to elucidate the role of these other candidates in
mediating STAT5 functions and to establish the relative contributions of each of these
targets.

After the young are weaned, it is no longer necessary for the mammary gland to sustain this
large population of terminally differentiated lactating mammary cells. Therefore, at
weaning, STAT5 is rapidly inactivated, and an apoptotic program mediated by STAT3 is
initiated to clear the mammary gland of its excess cellular burden. The inactivation of
STAT5 at involution is attributed to various mechanisms including milk stasis, decrease in
circulating levels of PRL, degradation of PRLR by GSK3β, increase in TGFβ3 levels,
upregulation of IL-6 and the related activation of oncostatin M receptor (OSMR), and
downregulation of glucocorticoids (Bertucci et al., 2010; Li et al., 1997; Li et al., 2004;
Quarrie et al., 1996; Tiffen et al., 2008). The relative contribution of each of these pathways
and potential interactions between them is as yet unsubstantiated.

Involution is characterized by two phases – an initial 24 hour phase involving cell death and
a second phase of phagocytosis and immune cell mobilization to clear away cellular debris
(Clarkson et al., 2004). During the first phase of involution, pSTAT3 levels in the mammary
gland are elevated, and this rapid activation of STAT3 is essential for involution to proceed
(Chapman et al., 1999; Humphreys et al., 2002). STAT3 induces apoptosis by either directly
or indirectly influencing IGF-binding protein-5 levels in mammary cells (Chapman et al.,
1999). During the second phase of involution, STAT3 is also responsible for inducing an
immune response and for polarizing macrophages and mast cells into an alternate state
required for epithelial cell clearing (Hughes et al., 2012; Kreuzaler et al., 2011). There
appears to be a population of alveolar cells designated as PI-MECs in the mammary gland
that avoid post-lactational cell death (Wagner et al., 2002); these cells have regenerative
potential and can prepare the mammary gland for subsequent pregnancies (Boulanger et al.,
2005; Matulka et al., 2007). It is unclear how much of a role STAT3 plays in maintaining
and/or regulating this population.

Concomitant with its primary function of inducing apoptosis and immune response, the main
transcriptional targets of STAT3 in these cells are genes encoding CBPδ, purine nucleoside
phosphorylase, c-fos and two PI3K regulatory subunits (p55α and p50α) (Clarkson et al.,
2006). In fact, during involution, p55α and p50α-mediated inhibition of PI3K-AKT
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signaling is essential for STAT3-initiated apoptosis (Abell et al., 2005). This STAT3-
induced AKT deactivation might potentially constitute another mechanism by which STAT3
inhibits STAT5 at the onset of involution, since AKT can activate STAT5 (Chen et al.,
2012).

There are several posited mechanisms by which STAT3 is activated at involution. During
the first phase of involution, milk stasis and glucocorticoids seem to play primary roles in
activating STAT3. Glucocorticoids have been shown to activate STAT3 (Bertucci et al.,
2010), via an unknown mechanism. Milk stasis due to the lack of suckling rapidly induces
the production of leukemia inhibitory factor (LIF) (Kritikou et al., 2003; Schere-Levy et al.,
2003), which activates the gp130/Jak complex, leading to the phosphorylation and activation
of STAT3 (Zhao et al., 2004). During the second phase of involution, as LIF levels decline,
Oncostatin M (OSM), a member of the IL-6 cytokine family that has the closest homology
to LIF, binds to its cognate receptor OSMR and seems to become the principal activator of
STAT3 (Tiffen et al., 2008). Of interest, STAT3 transactivates OSMR in a positive feedback
loop, thereby sustaining its own activation until involution is completed (Tiffen et al., 2008).
OSM signaling is distinct from LIF-induced STAT3 activation in that it also instigates the
dephosphorylation of STAT5 even in the presence of PRL (Tiffen et al., 2008). This OSM-
OSMR complex, therefore, provides yet another signaling axis which both activates STAT3
and inhibits STAT5 at the onset of involution.

STATs in tumorigenesis
The STAT family of proteins is present at almost every stage of postnatal mammary gland
development. Some STATs plays important roles in promoting cell growth and survival as
well as inducing inflammation, while others suppress cell proliferation. It is therefore, not
surprising that most STATs are also implicated in mammary tumorigenesis either as tumor-
promoting or tumor-suppressive factors. Thus far, there is a substantial body of evidence
indicating the involvement of STAT1, STAT3, STAT5 and STAT6 in breast cancer
formation, progression, prognosis and prediction. STAT2 and STAT4 have not yet been
associated with breast cancer.

STAT1
A preponderance of in vivo data suggests that STAT1 acts as a tumor suppressor in
preventing breast tumor initiation (Figure 2). STAT1−/− mice are prone to the spontaneous
formation of ER+ breast tumors that display a molecular signature similar to that of human
luminal breast cancer (Chan et al., 2012). The addition of wild type STAT1, but not of
STAT1 mutants with compromised transcriptional activity, to primary cultures made from
the breast tumors generated in STAT1−/− mice results in tumor cell apoptosis, indicating that
the tumor suppressive effects of STAT1 are cell autonomous and dependent on STAT1-
mediated transcription (Chan et al., 2012). Moreover, compared to wild type mice,
STAT1−/− mice are at increased susceptibility to tumorigenesis initiated by ErbB2 (Klover
et al., 2010; Raven et al., 2011) and chemical carcinogenesis both in the presence and
absence of p53 (Kaplan et al., 1998).

Studies of human breast cancer provide additional support for the role of STAT1 as a tumor
suppressor and, importantly, as a good prognostic factor. According to one study, 45% of
human ERα+ (n=83) and 22% of ERα− (n=78) breast cancers display low levels of STAT1
in neoplastic cells while exhibiting high levels of STAT1 in the tumor adjacent
histopathologically benign breast tissue (Chan et al., 2012). These data could be interpreted
to mean that STAT1 has to be inactivated in breast tumor evolution. Another large-scale
analysis of gene expression data from public databases correlates STAT1 expression with
better prognosis in ER−/HER2− and in HER2+ breast cancers (Desmedt et al., 2008). A
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smaller retrospective study (n=73) of STAT1 DNA binding activity and phosphorylation
status in invasive breast carcinomas also found a strong correlation between STAT1
activation and longer overall and relapse-free survival (Widschwendter et al., 2002). The
majority of the patients in this study were postmenopausal (46 of the 73) (Widschwendter et
al., 2002).

Paradoxically, when expressed at very high levels, STAT1 may also promote metastasis and
drug-resistance. One study of breast tumors from 295 patients found an association of
STAT1 with a DNA damage resistance signature, which correlated with a prosurvival
phenotype and drug resistance (Weichselbaum et al., 2008). Another study from the same
group used in vitro experiments in breast cancer cell lines that expressed STAT1 to reveal a
constitutive interaction between STAT1 and MUC1 which contributed to the activation of
STAT1 target genes (Khodarev et al., 2010). Moreover, the same study analyzed
coexpression of STAT1 and MUC1 in two independent databases of primary breast tumors
(Khodarev et al., 2010). They identified that 15% and 16% respectively in each database of
primary breast tumors (n=327 and n=155) coexpressed STAT1 and MUC1, and the
coexpression correlated with decreased recurrence-free and overall survival (Khodarev et
al., 2010). However, this study did not address the type of breast cancer and the menopausal
status of the patients.

Evidence suggests that menopausal status affects STAT1 functions as a tumor suppressor.
Among breast cancers in premenopausal women, STAT1 was associated with worse overall
and shorter disease-free survival (Khodarev et al., 2012; Magkou et al., 2012). However,
among ER+ breast cancers in postmenopausal women from the same dataset, high levels of
pSTAT1 was associated with longer disease-free survival (Magkou et al., 2012). Therefore,
it appears that STAT1 might be a tumor suppressor in ER+ breast tumors diagnosed
postmenopausally and promote the progression of tumors that are either ER− or diagnosed
premenopausally. Investigating the effect of estrogen and progesterone on STAT1 activity
might shed some light on this context-dependent ability of STAT1 to act as both a tumor
promoter and a tumor suppressor.

STAT3
Even though in normal mammary gland development, STAT3 is most widely studied for its
role to induce apoptosis and cell clearance during involution, aberrant activation of STAT3
can also promote breast cancer formation and progression (Figure 3). In tumor cells,
pSTAT3 transactivates proliferative genes like cMyc and cyclinD1, prosurvival genes like
Bcl-xL and Survivin, and angiogenesis and invasion genes like VEG-f and Klf-8 (Bromberg
et al., 1999). The transcriptional program instituted by pSTAT3 in tumors results in the
formation of rapidly growing tumors that are highly metastatic. For instance, MMTV-Neu
transgenic mice with a constitutively active STAT3 allele develop significantly more
aggressive and metastatic tumors than those without (Barbieri et al., 2010).

In addition to its function as a promoter of tumor invasiveness and metastasis, STAT3 also
regulates the inflammatory response in breast tumorigenesis. An example of the effect of
STAT3 on inflammation is its transactivation of microRNAs, which initiate an inflammatory
signal that epigenetically transforms normal cells into cancer cells (Iliopoulos et al., 2010).
Furthermore, stromal-epithelial crosstalk can induce cancer stem cell-like phenotypes via
STAT3 signaling. For example, growth factors and cytokines secreted by tumor cells
activate STAT3 in tumor-associated fibroblasts (Tsuyada et al., 2012). Activated STAT3 in
these fibroblasts then transactivates the gene encoding CCL2, which is then secreted and
activates NOTCH1 signaling in the tumor cells, thereby triggering a stem cell-like
phenotype (Tsuyada et al., 2012). In addition, tumor-associated macrophages can induce a
stem cell-like phenotype in breast tumor cells by secreting EGF, which binds to EGFR on
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the tumor cell surface and phosphorylates and activates STAT3 (Yang et al., 2012). pSTAT3
then transcriptionally upregulates the gene encoding Sox2, which subsequently activates a
stem cell-like phenotype (Yang et al., 2012).

In humans, STAT3 activation is frequently observed in primary breast cancers and is
associated with poor prognosis (Charpin et al., 2009; Watson and Miller, 1995) and
invasiveness (Diaz et al., 2006). Moreover, inhibition of STAT3 with various
pharmacological agents including small molecular inhibitors suppresses tumor growth,
recurrence and invasion in breast cancer cell lines as well as in a human-xenograft model
(Liu et al., 2012; Zhang et al., 2012). A more detailed analysis of the effect of STAT3 on
breast tumors is also presented elsewhere in this issue. It remains to be seen how well these
preclinical strategies will translate to clinical use.

STAT5
Aberrant activation of STAT5 has been found to be weakly oncogenic in several mouse
models of breast cancer. Transgenic mice expressing the gene encoding a constitutively
activated mutant STAT5 develop occasional mammary adenocarcinomas with long latencies
(Iavnilovitch et al., 2004; Vafaizadeh et al., 2012). Similarly, transgenic overexpression of
genes encoding upstream activators of STAT5, like Jak2, in mouse mammary epithelial cells
predisposes the cells to tumorigenesis (Caffarel et al., 2012). Targeted expression of a
constitutively active STAT5a mutant into a small subset of luminal cells in the mouse
mammary gland induces a state of alveolar hyperproliferation, but does not result in tumor
formation within one year (Cui et al., 2004; Dong et al., 2010; Liu et al., 1997). Collectively,
these observations suggest that activated STAT5 may promote tumorigenesis but is not a
bona-fide proto-oncogene, at least in the mammary gland. One possible means by which
pSTAT5 promotes tumorigenesis is by expanding the population of mammary alveolar cells,
which have been suggested to be especially susceptible to tumorigenesis (Henry et al.,
2004). It is also possible that activation of STAT5 in breast epithelium that has suffered an
oncogenic insult will proffer a survival advantage, predisposing the cells to tumorigenesis.
When epithelial cells in the mammary gland incur an oncogenic insult, they activate a DNA
damage response that can result in apoptosis (Bartkova et al., 2005; Reddy et al.). Epithelial
cells that overcome this apoptotic response proceed to form frank tumors. Since the
transcriptional targets of pSTAT5 in normal mammary cells and in breast tumor cells
include prosurvival genes like CCND1 and IGF1 (Lim et al., 2010), it is possible that
activation of STAT5 in oncogene-activate cells may circumvent the apoptotic barrier to
tumorigenesis.

pSTAT5 is detected in 20 to 70% of human breast cancers (Cotarla et al., 2004; Nevalainen
et al., 2004; Peck et al., 2011). It is not yet known whether there are tumor-specific
mechanisms that aberrantly activate STAT5 or maintain pSTAT5 levels, but it appears that
growth factors and hormones (e.g. FGF-2, progesterone, GH, and PRL) that are stimulators
of STAT5 activation in normal breast cells also turn on STAT5 in breast cancer cells
(Cerliani et al., 2011; Xu et al., 2011). Of note, STAT5 has not been found to be
mutationally activated in human breast cancer although activating mutations in PRLR, its
principal upstream activator in the mammary gland, have been associated with some breast
cancer histopathological subtypes (Bogorad et al., 2008; Courtillot et al., 2010; Goffin et al.,
2010). pSTAT5 is found primarily in ER+ tumors (Cotarla et al., 2004), but also in a subset
of HER2+ (i.e., ErbB2+) tumors as well as in tumors lacking ER, PR, and HER2 (triple-
negative or basal) (Cotarla et al., 2004; Nevalainen et al., 2004; Peck et al., 2011). pSTAT5
in ER+ breast cancers is associated with a higher differentiation status, favorable response to
endocrine therapy and longer over-all survival (Cotarla et al., 2004; Peck et al., 2011;
Yamashita et al., 2006). These data suggest that STAT5—even when subverted by the
tumorigenic process—is able to maintain some of its differentiating functions (Figure 4). In
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support of this hypothesis, Bcl6, an inhibitor of differentiation, is transcriptionally repressed
in normal cells and in breast cancer by STAT5 (Tran et al., 2010).

Besides being associated with better prognosis, pSTAT5 is also detected less often in
invasive cancer, irrespective of cancer subtype, than in in situ tumors, and even less
frequently in lymph node metastases (Nevalainen et al., 2004; Peck et al., 2011). This
pattern of expression, along with its known function in causing cell differentiation in normal
mammary gland, was sometimes interpreted to suggest that STAT5 may function as a tumor
suppressor. However, ER has a nearly identical expression pattern, is associated with
cellular differentiation, and is also a good prognostic marker; but it is a proven cancer
prevention and treatment target (Albrektsen et al.). Perhaps, pSTAT5 plays an important
tumorigenic role during the initial phases of tumor evolution but as precancerous cells
accumulate more mutations and morph into cancer, pSTAT5 becomes dispensable (Figure
4). In support of this possibility, conditional ablation of Jak2 in the mammary gland of mice
prevents the initiation of tumors but does not affect tumor progression once the tumors are
formed (Sakamoto et al., 2010). Therefore, prophylactic suppression of STAT5 activity may
prevent breast cancer, while anti-STAT5 therapy may only benefit a small number of
patients whose tumors produce pSTAT5 and depend on it for growth or survival.

STAT6
The best studied function of STAT6 relates to its role in the immune system where it is
essential for the IL4-mediated differentiation of T lymphocytes into Th2 cells (Kaplan et al.,
1996). T lymphocytes can differentiate into either Th1 or Th2 cells based on the cytokines
secreted in their environment. Th1 cells recognize tumor cell antigens and then mobilize an
immune response against them, while Th2 cells promote tumor invasiveness and metastasis
(Albrektsen et al.). The ratio of Th1/Th2 cells is affected by several factors including the
tumor microenvironment (Albrektsen et al.). For instance, cancer-associated fibroblasts help
maintain a pro-tumor Th2, rather than a tumor-suppressive Th1-dominated T cell profile in
the tumor microenvironment (Liao et al., 2009). Another immune cell subset, the T
regulatory cells, also affects the ratio of Th1/Th2 cells by secreting cytokines, and the T
regulatory cell number is a prognostic factor in breast cancer (Yan et al., 2011).

As STAT6 is instrumental in regulating the balance between Th1 and Th2 cells, it is not
surprising that STAT6 affects tumor progression (Figure 2). In a xenograft mouse model,
STAT6 effectively inhibits immune clearance of nonimmunogenic, metastatic 4T1 breast
tumor cells (Ostrand-Rosenberg et al., 2000). Inhibition of tumor cells by STAT6 is at least
partially dependent on hemopoietic components (Ostrand-Rosenberg et al., 2002). STAT6
likely induces a tumor-promoting Th2 immune cell response in these mice, while also
suppressing the host innate immunity against tumor antigens (Jensen et al., 2003; Norton et
al., 2006). In addition, IL4-expressing T lymphocytes promote tumor invasiveness and
metastasis in a MMTV-PyMT mouse model of breast cancer (DeNardo et al., 2009).
Together, these data suggest a biphasic role for STAT6 in tumor initiation and metastasis.

Conclusion
The mammary gland is a unique tissue in that it is cyclically exposed to a battery of
hormones and growth factors that promote cellular expansion and regression. During
puberty and pregnancy, a sustained program of proliferation, invasion and cell survival is
instituted by a complex system of regulatory molecules. It is not surprising therefore, that
breast cancer is one of the most common malignancies among women. Epidemiological
studies have implicated the effect of STAT-regulated mammary developmental stages, e.g.
pregnancy, lactation and involution, on breast cancer risk (Borges and Schedin, 2012;
MacMahon et al., 1970). In fact, one of the most consistently identified and profound risk
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factors for breast cancer incidence is pregnancy (Turkoz et al., 2012). Therefore, an
understanding of the Jak-STAT signaling network that regulates these complex processes in
the mammary gland is important for therapeutic and prophylactic strategies against breast
cancer (Figure 1).

The STAT proteins form a highly conserved, evolutionarily important regulatory network,
which is crucial for the normal development of the mammary gland. Elucidation of the
various molecules involved in the activation and inactivation of this pathway in normal cells
will help understand how the pathway is deregulated in tumor cells. The best studied
components are STAT3 and STAT5 along with their upstream and downstream factors.
However, recent research has expanded our understanding, and emphasized the importance,
of the roles of the other STAT family members in the mammary gland. Continued
investigation into the cross-talk between STATs, their expression patterns, and downstream
functions will expand our knowledge of mammary cell regulation and will likely lead to
more effective therapeutic and prophylactic strategies against breast cancer.
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Highlights

• STATs are essential modulators of cellular response to the external environment

• STATs mediate breast cell response to pregnancy, lactation and involution
stimuli

• STATs are important regulators of breast tumor initiation, growth and
metastasis

• Studying STATs in the normal breast is essential for understanding breast
cancer
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Figure 1. The STAT family of proteins regulates every stage of mammary gland development
during a reproductive cycle
During early pregnancy, STAT6, activated by cytokines IL-4 and IL-13, initiates alveolar
lineage commitment. These alveolar cells activate STAT5 primarily via PRL-PRLR.
pSTAT5 institutes a transcriptional program that results in lactation. At the end of lactation,
the loss of the suckling triggers a STAT3-dependent apoptotic program to remove the
differentiated alveolar cells. STAT3 is activated by LIF during the initial stages of
involution, and by OncostatinM in the later stages. While the expression patterns of the
various STATs often overlaps, in this diagram each STAT has been placed in the
reproductive cycle according to its maximal impact on mammary gland development. Key
activating and downstream proteins are included.
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Figure 2. STAT1 and STAT6 may be important regulators of breast tumorigenesis
The various stages during breast tumor development and progression are depicted along a
single duct, going from normal epithelium, through hyperplasia, DCIS, tumor and finally
tumor growth and metastasis. STAT1, which is probably activated by interferons, is a tumor
suppressor. However, STAT1 also promotes tumor resistance to therapy by suppressing the
DNA damage response (DDR) pathway. STAT6, which is activated by IL-4, induces the
differentiation of T-helper type 2 cells, which promotes tumor establishment and metastasis.
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Figure 3. STAT3 stimulates breast cancer cell survival, proliferation, invasiveness and metastasis
STAT3 is a known oncogene with several diverse tumorigenic functions. The downstream
effectors of STAT3 in promoting tumor growth, stemness, metastasis and angiogenesis are
depicted. Grey cells represent stem cell-like cells in the tumor. The blood vessel is drawn in
red.
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Figure 4. STAT5 plays distinct roles during tumor initiation and tumor progression
STAT5 promotes tumor initiation, while it also promotes differentiation of established
cancer cells. Cells that have sustained an oncogenic insult are depicted pink. On sustaining
an oncogenic insult, pSTAT5− cells (white) may undergo cell death (pink with jagged edge),
but pSTAT5+ cells (grey) are able to overcome oncogene-induced apoptosis, thereby
evolving into a differentiated tumor (pink) with good prognosis. Known downstream
mediators are depicted in the accompanying pathways, while potential effectors are noted
with a question mark.
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