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Summary

Janus kinases (JAKs) and signal transducers and activators of transcription (STATS) have been
shown to function downstream of several peptide hormones and cytokines that are required for
postnatal development and secretory function of the mammary gland. As part of an extended
network, these signal transducers can engage in crosstalk with other pathways to facilitate
synergistic, and sometimes antagonistic, actions of different growth factors. Specifically, signaling
through the JAK2/STATS5 cascade has been demonstrated to be indispensable for the specification,
proliferation, differentiation, and survival of secretory mammary epithelial cells. Following a
concise description of major cellular programs in mammary gland development and the role of
growth factors that rely on JAK/STAT signaling to orchestrate these programs, this review
highlights the significance of active STAT5 and its crosstalk with the PI3 kinase and AKT1 for
mediating the proliferation of alveolar progenitors and survival of their functionally differentiated
descendants in the mammary gland. Based on its ability to provide self-sufficiency in growth
signals that are also capable of overriding intrinsic cell death programs, persistently active STATS
can serve as a potent oncoprotein that contributes to the genesis of breast cancer. Recent
experimental evidence demonstrated that, similar to normal developmental programs, oncogenic
functions of STATS5 rely on molecular crosstalk with PI3K/AKT signaling for the initiation, and in
some instances the progression, of breast cancer. The multitude by which STATSs can interact with
individual mediators of the PI3K/AKT signaling cascade may provide novel avenues for targeting
signaling nodes within molecular networks that are crucial for the survival of cancer cells.
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The genesis of the mammary gland relies on a precisely controlled
execution of distinct cellular programs

The development of the mammary gland is dependent on a number of precisely coordinated
cellular programs that start with the determination of a specific cell fate and the proliferation
of committed progenitors. As a skin appendage, the mammary gland starts to form as a
placode on the surface of the ectoderm during embryogenesis. The committed mammary
epithelial progenitors continue to proliferate, and the placode increases in size and
invaginates the underlying mesenchyme (Robinson, 2007). Morphologically, the embryonic
mammary gland becomes a bulb-shaped bud that subsequently elongates and bifuricates.
This process culminates in the formation of a small rudimentary ductal system prior to birth.
The mammary epithelium of perinatal or newborn females largely consists of quiescent
epithelial progenitors that expresses both cytokeratin (CK) 14 and CK8 (Van Keymeulen et
al., 2011; Sakamoto et al., 2012). These bipotent progenitors have been demonstrated to
possess a high repopulation efficiency when transplanted into epithelial-free fat pads of adult
recipient females (Spike et al., 2012).

A second major cellular program during mammary gland development is the initiation and
implementation of a differentiation process. During the onset of puberty, the ducts elongate
and branch at the leading proliferative zones called terminal end buds (TEBs). Two distinctly
different epithelial cell types, i.e. cap cells and body cells, are present within TEBs, and
these cells contribute to the mostly CK14-positive basal and CK8-positive luminal epithelial
cell lineages. On the microscopic level, TEBs reveal a dramatic rate of cellular turnover
illustrating the precise control of cellular homeostasis, which represents a third major
cellular process that is essential to the development of the gland. While the leading edge of
TEBs contains proliferating cells, many trailing body cells undergo programmed cell death
(Humphreys et al., 1996). This controlled cellular turnover is imperative for the formation of
the ductal lumen and the correct spatial arrangement of luminal and basal epithelial cells.
The TEBs disappear after the ducts have completely penetrated the mammary fat pad.
Nonetheless, the mammary glands of sexually mature females continue to undergo cycling
changes with each estrus cycle. The terminal ends of tertiary side branches called
lobuloalveolar units (rodents) or terminal ductal lobular units (humans) contain alveolar
progenitors that proliferate, differentiate, and die in response to oscillating levels of ovarian
hormones.

During pregnancy, alveolar progenitors exhibit an extraordinary burst of proliferation and
the vast majority of them functionally differentiates into milk-producing, secretory epithelial
cells (Hennighausen and Robinson, 2001; Grimm et al., 2002). Following the weaning of the
offspring, the mammary gland undergoes a very rapid remodeling process, called involution,
where most of the secretory epithelial cells die (Stein et al., 2007). Although it is generally

Mol Cell Endocrinol. Author manuscript; available in PMC 2018 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Radler et al.

Page 3

accepted that the fully remodeled mammary gland of a parous female largely resembles that
of a mature virgin, a full-term pregnancy and lactation cycle is known to cause sustained
changes in the cellular composition of the epithelium as well as their gene expression
profiles (D’Cruz et al., 2002; Wagner et al., 2002).

The postnatal development of the mammary gland is governed by

hormones and locally produced cytokines

The execution of the various cellular programs at particular stages of mammary gland
development are orchestrated by growth factor signaling networks within epithelial cells and
the adjacent embryonic mesenchyme or the stroma of the postnatal gland. Signaling of Wnt
(wingless-related MMTYV integration site), fibroblast growth factor (FGF), neuregulin
(NRG3), and parathyroid hormone-like hormone (PTHLH) have been shown to initiate the
formation of the mammary placode, the proliferation of committed progenitors, and the
genesis of the rudimentary mammary gland during embryogenesis (for a comprehensive
review on this subject please refer to an article by Gertraud Robinson (Robinson, 2007)).

As females sexually mature, the increase in circulating levels of estrogen greatly propels the
morphogenesis of the ductal tree. This is primarily the result of the direct action of estrogen
on the mammary epithelium (Mallepell et al., 2006; Feng et al., 2007) and not through
paracrine signaling of stromal cells that express the estrogen receptor as proposed earlier
(Cunha et al., 2000). Essential functions of progesterone and prolactin (PRL) on the
mammary epithelium are restricted to the formation of the lobuloalveolar units of the mature
mammary gland (Brisken et al., 1998; Grimm et al., 2002). The various functions of these
classical hormones during postnatal mammary gland development were highlighted in a
previous review by Brisken and O’Malley (Brisken and O’Malley, 2010). In addition to the
action of steroid and peptide hormones, locally synthesized cytokines have been shown to
play key roles for the specification and differentiation as well as the postlactational
remodeling of the mammary epithelium. Khaled and coworkers (Khaled et al., 2007) have
shown recently that the commitment of epithelial cells to the luminal lineage is accompanied
by a switch in the production of cytokines that are present in native T helper (Th) cells of the
subtypes Thl (IL-12, INFg) and Th2 (IL-4, IL-13, IL-5). In synergy with PRL, signaling of
the Th2 cytokines IL-4 and 1L-13 seems to support the development of alveolar cells during
early to mid-pregnancy. It has been demonstrated in genetic models deficient in PRL or its
receptor (PRLR) that this peptide hormone is essential for the proliferation, specification,
and functional differentiation of alveolar cells (Horseman et al., 1997; Ormandy et al.,
1997). PRL signaling also supports the survival of functionally differentiated alveolar cells
throughout lactation.

Although circulating levels of PRL decline following the weaning of offspring, it is
primarily the accumulation of milk within secretory alveoli that triggers the involution of the
mammary gland (Li et al., 1997). This process requires a disengagement of PRL signaling
from their downstream mediators within the epithelium as well as the production and
signaling of interleukin-6 (IL-6)-class inflammatory cytokines, i.e., leukemia inhibitory
factor (LIF) and oncostatin M (OSM). Following postlactational mammary gland
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remodeling, the developmental program of alveolar proliferation, differentiation, and cell
death recurs with each subsequent full-term pregnancy and lactation cycle. In summary, the
mammary gland develops in a female predominantly after the onset of puberty, and the
growth and differentiation of the mammary epithelium is controlled by the synergistic action
of steroid and peptide hormones as well as local growth factors.

Obligatory roles of JAK/STAT signaling cascades during mammary gland

development

A commonality among peptide hormones and cytokines that orchestrate mammary gland
development (i.e., PRL, IL-12, INFy, IL-4, IL-13, IL-6, LIF, and OSM) is that they all rely
on Janus kinases (JAKSs) and signal transducers and activators of transcription (STATS) for
intracellular signaling. Consequently, all major cellular programs during postnatal mammary
gland development depend on one or more JAK/STAT signaling cascades. Of the seven
STAT proteins that are present in mammalians, five (i.e., STAT1, 3, 5a, 5b, and 6) have been
found to be expressed and activated at particular stages of mammary gland development
(Watson and Neoh, 2008; Wagner and Schmidt, 2011). The activation of these STATS as
defined by their tyrosine phosphorylation and nuclear translocation occurs in a sequential
manner in response to the major cytokines that control a particular developmental program.
The highest levels of STAT1 activation in the mammary epithelium were observed in
nulliparous and nonpregnant parous females after postlactational remodeling as well as
briefly during mid-pregnancy (Philp et al., 1996; Sakamoto et al., 2016b). STAT6 was
reported to have a biologically significant role as a downstream effector of IL-4 and IL-13 in
developing alveoli of pregnant females (Khaled et al., 2007). Despite the precise temporal
control of the activation of STAT1 and STAT6, females that are deficient in these two STAT
proteins are able to lactate, therefore STAT1 and STAT®6 are not stringently required for
ductal or alveolar morphogenesis (Khaled et al., 2007; Klover et al., 2010).

STAT5a and STAT5b exhibit a significant increase in their activation in response to elevated
levels of circulating PRL during pregnancy and lactation (Liu et al., 1996), and studies in
knockout mice have shown that the combined functions of both STAT5 isoforms are central
for alveolar development and milk gene expression (Liu et al., 1998; Cui et al., 2004). The
fact that the loss of STAT5a alone causes more severe phenotypic abnormalities compared to
a STAT5b single knockout (Liu et al., 1997; Udy et al., 1997) is primarily a consequence of
a disproportionally high expression of STAT5a in the mammary epithelium. The significance
of STAT5a is best illustrated by its original name, ‘“mammary gland factor’ or MGF, when
this PRL-responsive signal transducer was identified in the early 1990s by the team of Bernd
Groner (Wakao et al., 1992; Wakao et al., 1994). Irrespective of high levels of pituitary PRL
in circulation, the maintenance of secretory capacity of the mammary gland and STAT5
activation requires a periodical discharge of milk. Milk stasis leads to a very rapid de-
phosphorylation of STATS5 and a significant increase in the activation of STAT3 (Philp et al.,
1996; Li et al., 1997; Watson and Neoh, 2008). This synchronous switch from STAT5 to
STAT3 phosphorylation along with changes in the transcriptional expression of their
respective downstream targets signifies the initiation of involution and postlactational
remodeling. This mechanism explains on the molecular level what has been known since the
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domestication of cattle for milk production thousands of years ago: a cow has to be milked
twice a day and evenly on all four quarters to ensure continuous and optimal lactation.
Initially, the STAT5/3 switch is reversible when milk withdrawal is resumed. Studies in mice
have shown that the local production of LIF increases during milk stasis and activates
STAT3 during the reversible phase of mammary gland involution (Kritikou et al., 2003).
Subsequently, active STAT3 enhances the expression of OSM and its receptor (Tiffen et al.,
2008; Hughes et al., 2012; Sakamoto et al., 2016b). This autocrine loop ensures a sustained
activation of STAT3, which then initiates the death of secretory alveolar cells and promotes
the remodeling of the mammary gland, which, at this point, is nonreversible (Tiffen et al.,
2008).

JAK1 and JAK2 have non-redundant functions in mammary gland

development

Among the four upstream Janus tyrosine kinases (JAKS) that activate STAT proteins, JAK1
and JAK2 play pivotal roles in peptide hormone and cytokine signaling during mammary
gland development. Due to their associations with multiple cytokine receptors, these two
Janus kinases are suggested to have pleiotropic functions, and they are thought to be
redundant for the activation of particular STATS in selected tissues (Kisseleva et al., 2002).
However, a comparison of conditional knockout mice that lack either JAK1 or JAK2 in the
mammary epithelium revealed that these tyrosine kinases have discrete roles in the
activation of particular STAT proteins and non-redundant functions during mammary gland
development (Wagner et al., 2004; Sakamoto et al., 2007; Sakamoto et al., 2016a; Sakamoto
et al., 2016b). We and others have shown that the main role of JAK2 in the epithelium is to
activate STAT5a and STAT5b in response to PRL signaling (Shillingford et al., 2002;
Wagner et al., 2004). In support of this finding, a mammary-specific double knockout of
STAT5a and STAT5b mirrors the phenotypic abnormalities that were observed in JAK2
deficient females (Cui et al., 2004) The collective results from these defined genetic models
demonstrated that essential functions of JAK2/STATS5 signaling are restricted to the
specification and proliferation of alveolar progenitors as well as the survival of their
functionally differentiated descendants (Cui et al., 2004; Wagner et al., 2004). JAK2 has
been generally perceived as the “JAK of all trades”, which is evident by the significantly
higher number publications on this particular kinase (i.e., almost twice as many as all the
other JAKs combined according to PubMed) as well as efforts to develop specific JAK2
inhibitors to treat a variety of malignancies.

JAK1 was thought to have a subordinate role for STAT activation, in particular STAT3,
during mammary gland development and in breast cancer (Corcoran et al., 2011; Marotta et
al., 2011; Abubaker et al., 2014). In contrast to this paradigm, a recent study using JAK1
conditional knockout mice has shown that this particular Janus kinase is required for the
tyrosine phosphorylation of three of the five STAT proteins (STAT1, 3, and 6) that are active
in the mammary epithelium (Sakamoto et al., 2016b). Despite the broader impact of JAK1
deficiency on the activity of several STATS, the biologically relevant functions of JAK1 are
limited to postlactational mammary gland remodeling where a loss of this kinase uncouples
IL-6-class cytokine signaling from its downstream effector STAT3. Therefore, a primary role
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of JAK1 is to mediate signals from inflammatory cytokines to the cell death machinery in
the functionally differentiated mammary epithelium. It was somewhat surprising to note that
the combined loss in the activation of STAT1, 3 and 6 in the mammary epithelium does not
result in any additional, previously unrecognized phenotypic abnormalities. Possible reasons
for this observation might be that a) the highest levels of activation of STAT1, 3, and 6 occur
at different stages of development, and b) a strong nuclear accumulation of individual STATS
appears to be confined to distinct epithelial subtypes in ducts versus alveoli. Deficiency in
JAK1 closely phenocopies a mammary specific knockout of STAT3 (Chapman et al., 1999).
However, despite the lack of STAT6 activation in the epithelium, the previously reported
abnormalities in alveolar development associated with a complete loss of STAT6 (Khaled et
al., 2007) were not apparent in JAK1 conditional knockout mice. Future experiments will
have to clarify whether the observed phenotype in STAT6 deficient mice is primarily a
consequence of the loss of this STAT protein in the epithelium or the stroma, which is
known to exert paracrine effects on developing alveolar cells. It should also be considered
that a deficiency in an upstream kinase and consequential lack of the tyrosine
phosphorylation of its STAT target is functionally not the same as a complete loss of a STAT
protein. Un-phosphorylated STATs have been suggested to play different roles in signaling
(YYang and Stark, 2008), and, in the case of STAT1 and STAT3, these signal transducers can
still be phosphorylated on the conserved serine 727 residue despite their lack of tyrosine
phosphorylation in the JAK1 knockout (Sakamoto et al., 2016a; Sakamoto et al., 2016b).
This clearly supports previous observations that the tyrosine phosphorylation of STAT1 may
not be a prerequisite for other posttranslational modifications (Zhu et al., 1997; Milocco et
al., 1999; Decker and Kovarik, 2000). In summary, the collective observations in JAK1 and
JAK?2 conditional knockout models have illustrated very clearly that JAKs have non-
redundant functions for the tyrosine phosphorylation and activation of specific STATSs, and
therefore they control distinctly different developmental programs during mammogenesis.

Evidence for a crosstalk between active STAT5 and PI3K/AKT in response

to PRL signaling in the mammary epithelium

As discussed earlier, female mice that are deficient in the PRL receptor, JAK2, or STAT5a/b
are unable to nurse their offspring and are phenotypically quite similar as they exhibit a
complete lack of alveolar proliferation and differentiation during pregnancy. This suggests
that all biologically relevant functions of PRL signaling are mediated by the JAK2/STAT5
signaling pathway. Since PRL also activates the RAS/MAPK, AKT (protein kinase B), and
phospholipase C-protein kinase C pathways (Erwin et al., 1995; Das and Vonderhaar, 1997;
Grimley et al., 1999; Llovera et al., 2000), it was logical to assume that JAK2 or STAT5
control all other signaling events that converge on the PRLR. Surprisingly, the molecular
analysis of JAK?2 deficient mammary epithelial cells revealed that the SRC tyrosine kinase,
the focal adhesion kinase (FAK), and MAP kinases could still be effectively activated in
response to PRL stimulation (Sakamoto et al., 2007). This finding supports previous
observations by Fresno Vara and colleagues (2000) that the PRLR-mediated activation of the
¢-SRC kinase occurs independently of JAK2 in human breast cancer cells. Since JAK2
deficient mammary epithelial cells lack active STATS5, it is evident that SRC does not
activate STATS directly in a JAK2-independent manner. Although SRC and MAP kinases,
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i.e., signal transducers that are commonly associated with proliferative responses, were still
active, a knockout of JAK2 caused a significant reduction in cell proliferation. As
demonstrated by Brockman et al. (2005), STAT5 may play a direct role in the transcriptional
activation of the Cyclin D1 (Ccndl) gene. In JAK2 deficient mammary epithelial cells,
however, the difference in the expression of Cyclin D1 was more pronounced on the level of
the protein compared to the mMRNA (Sakamoto et al., 2007). This was primarily a
consequence of an accelerated, GSK-3p-mediated phosphorylation of Cyclin D1, which
elicits the nuclear export and proteosomal degradation of this cell cycle regulator. The
decline in Cyclin D1 levels in JAK2 deficient cells was likely caused by the reduced
expression of AKT1, which is known to stabilize Cyclin D1 through inhibition of GSK-3p
(Diehl et al., 1998). This initial finding that JAK2/STATS5 signaling engages in a crosstalk
with the PI3BK/AKT cascade was further substantiated by experimental evidence that showed
that the proliferation of JAK2 deficient cells can be restored through expression of
myristolated AKT1 or constitutively nuclear Cyclin D1 that cannot be phosphorylated by
GSK-3p (Sakamoto et al., 2007; Creamer et al., 2010).

Despite evidence for signaling crosstalk, it was unclear how the PRL and its receptor might
activate the PIBK/AKT pathway in a JAK2- or STAT5-dependent manner in the mammary
epithelium. The fact that the PRL-mediated activation of SRC and MAP kinases was not
blocked in the absence of JAK2 excluded them from being potential candidates that connect
PRL signaling to PI3K and AKT as proposed previously for other signaling cascades
(Rodriguez-Viciana et al., 1996; al Sakkaf et al., 1997). It has also been shown, that STAT
proteins can form complexes with the p85 regulatory subunit of the P13 kinase to modulate
its activity (Pfeffer et al., 1997; Rosa Santos et al., 2000; Santos et al., 2001; Nyga et al.,
2005). Indeed, active STAT5 can bind to the SRC-homology 2 (SH2) domain-containing
p85a. subunit of PI3K in a PRL-inducible and JAK2-dependent manner in mammary
epithelial cells (Sakamoto et al., 2007). This association, however, was very weak and
therefore not being considered to be the primary mechanism that vindicated the much lower
expression and activation of AKT1 in JAK2-deficient cells.

P13 kinase subunits and AKT isoforms are ubiquitously expressed, and the main
mechanisms of action are generally being recognized to occur on the level of
posttranslational modifications (i.e., phosphorylation), which is depicted in the pathway
maps on posters that decorate the walls of many laboratories. It is less apparent, however,
that the expression of the mRNAs of PI3K and AKT varies significantly between organs or
even among different physiological states of the same tissue. In the mammary gland, the
level of Akt mRNA appears to be inversely correlated to the transcriptional activation of
Akt2and Akt3 (Boxer et al., 2006). The AktI message and the total and active levels of the
AKT1 kinase increase during pregnancy and lactation and decline sharply during involution
(Schwertfeger et al., 2001; Boxer et al., 2006; Creamer et al., 2010). Similarly, the
expression of certain PI3 kinase subunits fluctuates on the mRNA and protein level during
mammary gland development, and Abell and colleagues (Abell et al., 2005) were first to
demonstrate that active STAT3 directly controls the expression of the smaller PI3K
regulatory subunits (p50a/p55a) during mammary gland involution. The expression of
AKT1 as well as the regulatory and catalytic subunits of PI3K (p85a. and p110a.) mirror
almost precisely the activation profile of the JAK2/STAT5 pathway in response to PRL
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signaling, and it has been demonstrated that active STAT5 binds to at least two consensus
sequences within the mouse Ak#Z locus in a growth factor-dependent manner (Creamer et
al., 2010). During pregnancy and lactation, STATS5 greatly enhances the transcription of a
unique Akt mRNA, called AktIm, from a novel promoter located within the first intron.
Like the mRNA message that originates from the upstream ubiquitously active promoter, the
AktImtranscript encodes the full-length AKT1 serine/threonine protein kinase. Notably,
overexpression of a hyperactive mutant of STAT5a in cultured mammary epithelial cells and
in the developing mammary gland of transgenic mice was sufficient to maintain an elevated
expression of AktZmand higher levels of the total and activated AKT1 kinase (Creamer et
al., 2010). The sustained activation of AKT1 is mediated by the PI3 kinase through the
transcriptional activation of the genes encoding p85a and p110a (Pik3r1 and Pik3ca) whose
expression, like AKT1, is under control of active STAT5 (Schmidt et al., 2014a). These
collective findings suggest that STAT transcription factors are able to enhance the expression
of particular PI3 kinase subunits and AKT1 in the developing mammary gland (Figure 1). In
particular, the sustained activation of the JAK2/STATS5 cascade greatly augments signaling
through the PI3K/AKT1 pathway, which plays a significant biological role in the
proliferation, survival, and possibly also the metabolism of alveolar cells in the mammary
gland.

JAK2/STATS signaling promotes the survival of mammary epithelial cells
through PI3K and AKT1

It is well-known that diverse growth factor receptors can utilize common downstream
signaling mediators, thereby engaging in signaling crosstalk. The extent of a specific
crosstalk among downstream pathways might explain why an abnormal activation of diverse
growth factor pathways can have very similar phenotypic responses. For example, an
upregulation or constitutive activation of either PRLR or insulin-like growth factor 1
receptor (IGF-1R) accelerate the proliferation and differentiation of alveolar progenitors,
and, more importantly, they greatly extend the survival of epithelial cells thereby delaying
the postlactational remodeling of the gland (Sandgren et al., 1995; Neuenschwander et al.,
1996; Weber et al., 1998; Gourdou et al., 2004).

Virtually identical to the deregulated expression of growth factor receptors, the
overexpression of wildtype or hyperactive mutants of JAK2, STAT5, PI3K (p110), or AKT1
promotes a continuous survival of alveolar cells despite reduced circulating levels of PRL or
the local induction of inflammatory cytokines (Hutchinson et al., 2001; Schwertfeger et al.,
2001; Ackler et al., 2002; lavnilovitch et al., 2002; Creamer et al., 2010; Vafaizadeh et al.,
2010; Meyer et al., 2011; Caffarel et al., 2012; Yuan et al., 2013). The identified crosstalk
between JAK2/STATS signaling and the PI3K/AKT1 cascade might explain why active
STATS is a potent survival factor. The view that the PI3K/AKT1 pathway is a crucial
downstream effector of JAK2/STATS signaling is supported by the observation that a
conditional knockout of AKT1 averts the extended survival of mammary epithelial cells that
express hyperactive STAT5S (Schmidt et al., 2014a). Also, overexpression of AKT1 causes a
delay in involution without the sustained activation of STAT5 after circulating levels of PRL
decline. In its role as a transcription factor that enhances the expression of p85a, p110a, and
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AKT1, STATS5 can greatly augment the activation of this prominent survival pathway in a
direct manner as well as in an indirect manner through other receptor tyrosine kinases that
activate PI3K (e.g., IGF-1R, ERBBs). In addition to its function on gene transcription,
STATS5 binds to p85a via the Gab2 scaffolding adapter (Nyga et al., 2005), and thereby
STATS5 may play another direct role within PI3K signaling complexes that activate AKT1
and promote cell survival.

The first step of a normal postlactational involution program is initiated by the swift
dephosphorylation of STATS5 and the synchronous activation of STAT3 in response to milk
stasis and increased levels of IL-6-class inflammatory cytokines. In the absence of active
STATS, a loss-of-function of STAT3 or its upstream regulator JAK1 significantly extends the
functional competence of secretory epithelial cells and causes a delay in cell death and
mammary gland remodeling (Chapman et al., 1999; Sakamoto et al., 2016b). The activation
of STAT3 enhances the expression of p50a/p55a, and the analysis of an isoform specific
knockout mouse model revealed that these smaller P13 kinase regulatory subunits are
involved in the programmed death of mammary epithelial cells (Figure 1), possibly through
upregulation of cathepsin L (Pensa et al., 2014b) or though inhibition of autophagy (Pensa et
al., 2014a). The model previously proposed by Abell et al. (2005) that p50a and p55a
inhibit the p85a/p110a PI3K holoenzyme and AKT1 needs to be revisited since the loss of
active STATS during the onset of involution causes a swift decline in p85a, p110a, and
AKT1 expression. More importantly, a sustained activation of STAT5 during involution,
which promotes an extended upregulation of p85a/p110a and AKT1, has been
demonstrated to override active STAT3 and the downstream transcriptional upregulation of
p50a/p55a (Creamer et al., 2010; Schmidt et al., 2014a). Therefore, the STAT3-mediated
increase in p50a./p55a. is likely not sufficient to inhibit a sustained activation of PI3K and
AKT1 signaling. The collective findings from the analysis of genetic models clearly
illustrates that JAK/STAT and PI3K/AKT signaling pathways are tightly interconnected
(Figure 1). The normal involution program in the postlactational mammary gland requires a
coordinated downregulation of the pro-survival JAK2/STATS5 cascade and PI3K (p85a/
p110a)/AKT1 signaling as well as an upregulation of the cell death promoting JAK1/STAT3
pathway and its downstream effectors p50a/p55a. The interference of just one signaling
mediator in these regulatory signaling networks can have severe consequences that manifest
in developmental defects, mastitis, and even the initiation of breast cancer.

Aberrant STAT5 signaling and its crosstalk with the PISK/AKT1 pathway

contributes to breast cancer initiation

As a potent survival factor, active STATS5 contributes to two hallmarks for tumor initiation
and malignant progression (Hanahan and Weinberg, 2000). First, STAT5 can largely override
the STAT3-mediated cell death program in the normal mammary epithelium. In addition to
controlling the mechanisms that lead to an evasion from canonical apoptosis or other forms
of cell death, active STATS5 also provides self-sufficiency in growth signals. In support of its
function as a protooncogene, tyrosine-phosphorylated STAT5 has been shown to be
expressed in a significant subset of primary human breast cancers (Cotarla et al., 2004;
Nevalainen et al., 2004), and the constitutive expression of hyperactive STAT5 in luminal
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epithelial cells as well as multipotent progenitors is sufficient to cause mammary cancer
(lavnilovitch et al., 2002; Vafaizadeh et al., 2010). Moreover, it was demonstrated that the
activation of STATS through JAK?2 is required for the initiation of mammary tumors in
diverse genetic mouse models for breast cancer (Humphreys and Hennighausen, 1999; Ren
et al., 2002; Sakamoto et al., 2009; Sakamoto et al., 2010; Haricharan et al., 2013).
Collectively, these findings implicate oncogenic STAT5 with neoplastic transformation at the
earliest stages of mammary carcinogenesis rather than cancer progression. In support of this
notion, active STATS5 is more abundant in less invasive primary human breast cancers and
largely absent in metastatic lesions (Nevalainen et al., 2004). Moreover, while constitutively
active STAT5 causes mammary tumors in female mice, the neoplasms tend to occur after a
long latency and rarely or never metastasize. To gain an understanding for this apparent
discrepancy, it is important to recognize that STAT5 is not only essential for the survival but
also the specification and differentiation of alveolar progenitors and their descendants. In its
role as a survival factor, STAT5 neutralizes pro-apoptotic signaling pathways and is
therefore able to counterbalance oncogenic stress responses and promote the manifestation
and accumulation of subsequent mutations that drive neoplastic progression. As a
differentiation factor, on the other hand, STAT5 has been shown to inhibit invasive
characteristics of human breast cancer cells by stabilizing the expression of proteins
mediating homotypic cell adhesion (Sultan et al., 2005). In the event that additional
mutations take over STAT5’s critical role as a survival factor (e.g., Ras, p110, or AKT),
more invasive cancer cells could emerge by acquiring yet another genetic or epigenetic
alternation that prevents the activation of STATS5 or that promotes its dephosphorylation.
This might explain why many metastatic breast cancer lesions lack active STATS5.

Like in many other human malignancies, the PI3K/AKT cascade including its negative
regulator PTEN is one of the most frequently mutated signaling pathways in breast cancer.
The recent observation that expression of hyperactive STATS5 can increase the incidence of
PTEN-associated mammary tumorigenesis in a mouse model for human Cowden Syndrome
underlines the significance of the crosstalk between JAK2/STATS signaling and the
PI3K/AKT cascade in mammary carcinogenesis (Schmidt et al., 2014a). Additionally,
deficiency in STAT5 completely prevented the onset of mammary cancer in mice that carry
one copy of the mutant Pten®129 jllele. These findings suggests that targeting the JAK2/
STATS5 signaling might be a suitable alternative to prophylactic mastectomy in order to
prevent the genesis of breast cancer in patients with Cowden Syndrome. Interestingly, the
ligand-controlled downregulation of active STATS5 also resulted in a decelerated growth of
established mammary tumors (Schmidt et al., 2014a). Neoplasms associated with mutant
PTEN possess very high levels of active AKT1, and the outcome of that experiment might
imply that, similar to cancer-initiating cells of the normal gland, the transcriptional
activation of Ak¢I (i.e., Akt1m) may still have been under the control of STATS in primary
tumors. These findings imply that targeting this transcription factor or its upstream kinase
JAK?2 could be beneficial for therapy of a subset of primary mammary tumors that retain
active STATS5, which controls the expression PI3K and AKT1. To some extent, this strategy
may also apply for a subset of breast cancers that exhibit a rebound activation of AKT1
following mTOR inhibition (Fruman and Rommel, 2014). While a potential role of STAT5
as part of this feedback activation of AKT warrants further investigation, a recent study by
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Britschgi and coworkers (2012) showed that a compensatory increase in JAK2/STAT5
signaling can offset the inhibition of mTOR and PI3K in selected triple-negative breast
cancer cell lines. Although deficiency in JAK2 alone does not seem to affect the growth of
mammary tumors in genetic models, possibly due to the overexpression and activation of
ERBB receptor tyrosine kinases (Sakamoto et al., 2009; Sakamoto et al., 2010), the findings
by Britschgi et al. may highlight the importance to co-targeting JAK2/STATS signaling and
the PIBK/AKT/mTOR cascade in more advanced, triple negative breast cancers.

In addition to therapeutic approaches that are aimed at disrupting the kinase functions or
protein interactions within signaling cascades, it might be feasible to target particular signal
transducers on the transcriptional level. The findings that STATSs can control the expression
of certain PI3 kinase subunits or AKT1 in mammary epithelial cells in a cytokine- or growth
factor-dependent manner may open up alternative opportunities to modulate the expression
of signal transducers on the transcriptional level. Studies are needed to determine whether
the expression of AKT1 from the alternative Ak¢Zm promoter in the mammary gland could
be modulated by inhibiting STATS5 at various stages of neoplastic progression. The
quantitative analysis of AkzZm mRNA expression in various murine cancer models showed
that this specific Akt transcript was expressed in virtually all primary mammary tumors
regardless of the cancer-initiating mutation or tumor subtype (Schmidt et al., 2014b). More
interestingly, the human genome also contains a DNA sequence that is orthologues to the
murine AktIm. The putative promoter immediately upstream of the novel AKTImexon is
highly conserved and gives rise to four alternative splice variants that all encode the full-
length AKT1 protein (Schmidt et al., 2014b). Although the majority of human breast cancer
cell lines as well as a subset of primary human breast cancers exhibited an upregulated
expression of the novel AKT71m RNAs, their biological significance has not yet been
determined. Unfortunately, the expression of AKT1 does not seem to closely mirror the
levels of active STATS5 in breast cancer cell lines. Nonetheless, the suggested significance of
active STATS5 as part of a compensatory mechanism to counteract mTOR inhibition now
provides a sound rationale to examine the transcriptional regulation of Ak#Z as part of the
rebound activation of this kinase.

Summary and Concluding Remarks

The development and physiology of the mammary gland relies on several cellular programs
that are controlled in a sequential manner by hormones and locally synthesized cytokines.
Upon binding to their corresponding receptors, these growth factors trigger the activation of
a variety of common signal transduction cascades. Many peptide hormones and cytokines
that are crucial for mammary gland development signal through receptor-associated Janus
kinases and STAT proteins. In fact, there is not a single cellular program during postnatal
mammary gland development that does not coincide with the activation of at least one JAK/
STAT signaling cascade, and therefore the development of the gland is indeed a “STaT
affair” as Lothar Hennighausen and colleagues remarked almost 20 years ago
(Hennighausen et al., 1997). Among the five STAT proteins that are expressed and
sequentially activated during mammary gland development, only the two STATS isoforms
are indispensable for the genesis and secretory function of the gland. Following lactation,
the synchronous deactivation of STAT5 and tyrosine phosphorylation of STAT3 are required
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for a coordinated remodeling of the mammary epithelium. The frequently stated view,
however, that the activation of STAT3 alone is indicative for apoptosis or even sufficient to
induce the cell death program is incorrect since active STAT5 can effectively sustain the
survival of epithelial cells despite activation of STAT3 and its downstream effectors. This is
a principal issue worth highlighting to gain a better comprehension why persistently active
STATS5 is oncogenic. It is also evident that breast cancer cells express active STAT3 when
STAT5 or other mechanisms promoting survival (e.g., increased RTK signaling, loss of
PTEN, PI3K/AKT1 mutations) are engaged that override the intrinsic cell death program
mediated by inflammatory cytokines.

STAT proteins are transcription factors that activate, and in some instances repress,
numerous target genes. Among those targets, STAT5 and STAT3 enhance the expression of
certain P13 kinase subunits that seem to have discrete roles in the growth and physiology of
the mammary gland. With its ability to enhance the expression of p85a., p110a and AKT1,
STATS can augment signaling through the PI3K/AKT signal transduction cascade, which
explains why a gain-of-function of STAT5 or AKTL1 in the postlactational mammary gland
causes very similar phenotypical abnormalities (i.e., sustained survival despite STAT3
activation). The binding of tyrosine phosphorylated STATS5 to the SH2 domain of the p85a
regulatory subunit of PI3K in a PRL signaling-dependent manner suggests that STAT5 may
also directly participate in the signaling of PI3K complexes. The collective observations in
genetic models that overexpress or lack active STAT5 and AKT or that express mutant
PTEN support the notion that central functions of STAT5 as a survival factor during normal
mammary gland development and as an oncogene during mammary carcinogenesis are
mediated by the PI3K/AKT pathway (Figure 1). Conditional knockout studies have revealed
that STATS5 is solely activated by JAK2 in the mammary epithelium, whereas STAT1, 3 and
6 are controlled by receptor complexes that rely on the functionality of JAK1. This may
provide a unique opportunity to target STATs and particular PI13K subunits via inhibition of
their upstream Janus kinases in normal, preneoplastic, and perhaps malignant mammary
epithelial cells.
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Figure 1. JAK/STAT signaling cascades control the survival or death of mammary epithelial cells
by enhancing the expression and functionality of particular P13 kinase subunits and AKT

The activation of the JAK2/STAT5 pathway promotes cell proliferation and survival through
transcriptional upregulation of p85a (Pik3rl), p110a (Pik3ca), and Akt as well as through
direct interaction of tyrosine phosphorylated STAT5 with the p85a regulatory subunit of
PI3K. The JAK1-mediated activation of STAT3 controls the expression of the shorter
p50/55a (Pik3rl) regulatory subunits of PI3K during mammary gland involution. The
persistent activation of STAT5, p110a, and AKT1 promotes a sustained survival of epithelial
cells despite the tyrosine phosphorylation of STAT3 and transcriptional activation of its
downstream targets. This may explain why these potent survival factors are protooncogenes.
The precise mechanisms by which p50/55a. may modulate P13 kinase signaling and
contribute mammary gland remodeling in the absence of active STATS5 needs further
investigation.
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