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The signal transducer and activator of transcription 5 (Stat5) plays a pivotal role in the proliferation,
secretory differentiation, and survival of mammary epithelial cells. However, there is little information about
Stat5 target genes that facilitate these biological processes. We provide here experimental evidence that the
prolactin-mediated phosphorylation of Stat5S regulates the transcriptional activation of the Akt1 gene. Stat5
binds to consensus sequences within the 4kt1 locus in a growth factor-dependent manner to initiate transcrip-
tion of a unique 4k¢I mRNA from a distinct promoter, which is only active in the mammary gland. Elevating
the levels of active Aktl restores the expression of cyclin D1 and proliferation of Jak2-deficient mammary
epithelial cells, which provides evidence that Aktl acts downstream of Jak/Stat signaling. The ligand-inducible
expression of Stat5 in transgenic females mediates a sustained upregulation of Akf1 in mammary epithelial
cells during the onset of postlactational involution. Stat5-expressing mammary glands exhibit a delay in
involution despite induction of proapoptotic signaling events. Collectively, the results of the present study
elucidate an underlying mechanism by which active Stat5 mediates evasion from apoptosis and self-sufficiency

in growth signals.

Canonical Jak/Stat pathways relay extracellular polypeptide
signals, i.e., hormones and cytokines, from transmembrane re-
ceptors to target gene promoters in the nucleus. Specific cell
types respond to these signals by altering their growth proper-
ties and their physiological activities (1, 29, 45). In the devel-
oping mammary gland, the Janus kinase 2 (Jak2) is essential
for the tyrosine phosphorylation and activation of the signal
transducer and activator of transcription 5 (Stat5a and Stat5b)
in response to prolactin signaling (47, 50). Developmental
studies on genetically engineered mice that lack Jak2 and Stat5
conditionally at defined stages of mammogenesis demon-
strated that these two signal transducers play a pivotal role in
the proliferation of alveolar progenitors and the survival of
epithelial cells that undergo secretory differentiation during
late pregnancy and lactation (16, 50). In addition, it has been
shown recently in mice that express Stat5a conditionally in a
StatSa/b knockout background that this transcription factor
controls the development of luminal progenitors in the mam-
mary gland (53).

Despite a wealth of knowledge about the involvement of
Stat5 in mammogenesis and the transcriptional regulation of
milk protein genes (32, 37, 49), there is little information about
putative StatS target genes that facilitate the proliferation and
survival of mammary epithelial cells. Previous reports linked
prolactin signaling to the cell cycle machinery in an indirect
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manner via IGF-2 (9), and Stat5 may also directly enhance the
transcriptional activation of the Cyclin DI gene (10). Recent
studies in our laboratory on Jak2-deficient mammary epithelial
cells and their isogenic wild-type controls showed that the
ablation of Jak2/StatS signaling instigated a decrease in the
expression of total and phosphorylated levels of the serine-
threonine kinase Aktl (42). Aktl is known to inhibit GSK38,
a kinase that phosphorylates cyclin D1 on threonine 286 and
initiates its nuclear export and degradation (17). Consequently,
the conditional deletion of Jak2 caused a reduction in the total
levels of cyclin D1, which significantly slowed the proliferation
of mammary epithelial cells in culture. This phenotypic abnor-
mality could be restored through expression of a mutant form
of cyclin D1 (T286A) that constitutively resides in the nucleus
(42). Collectively, these previous reports may provide mecha-
nisms of how Jak2/Stat5 signaling is tied to the cell cycle ma-
chinery during pregnancy when alveolar progenitors rapidly
multiply. They do not, however, explain how this pathway con-
tributes to the survival of nondividing, differentiated alveolar
cells since Cyclin D1 expression is significantly reduced in these
cells (33).

Among the three members of the Akt family, only Aktl is
upregulated in the mammary gland during pregnancy and lac-
tation, and knockout studies have demonstrated that this par-
ticular serine-threonine protein kinase plays a role in the func-
tional differentiation of the secretory epithelium and metabolic
pathways that regulate milk synthesis (8, 35). In addition to its
metabolic functions, Aktl may also serve as a potent survival
factor for secretory epithelial cells. Aktl levels decline rapidly
after weaning of the offspring, and Akt1 deficiency accelerates
the postlactational involution of the mammary gland (35).
Conversely, the continuous upregulation of Aktl inhibits pro-
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grammed cell death of terminally differentiated epithelial cells
(4, 25, 46). Interestingly, a similar phenotype was reported in
mice that overexpress a constitutively active prolactin receptor
(PRLR) or a hyperactive Jak2/Stat5/6 fusion protein (20, 28),
but a definitive association between Aktl and Jak/Stat signal-
ing remained elusive. Signaling through the PRLR has been
shown to phosphorylate Aktl via Src-mediated signal trans-
duction to PI3 kinase but not through a Stat5-dependent mech-
anism in lymphoid and breast cancer cells (for references, refer
to Clevenger et al. [13]). Since our recent study and that of
Fresno Vara et al. (19) suggested that the functional ablation
of Jak2 did not abolish the PRLR-induced activation of Src, it
was surprising to note that Aktl expression and activation was
significantly reduced in Jak2 conditional knockout cells (42).
We therefore reasoned that mammary epithelial cells might
possess alternative mechanisms to regulate the expression of
Aktl in a Jak2/Stat5-dependent manner.

We provide here experimental evidence in vitro and in vivo
that the PRLR-mediated activation of Stat5 regulates the tran-
scriptional activation of the AktI gene. We identified a novel
promoter in Aktl, which is specifically active in mammary
epithelial cells. Stat5 was able to bind to recognition sites in
proximity of a unique noncoding exon in a PRL-induced man-
ner. Finally, we demonstrate that the conditional overexpres-
sion of Stat5 in secretory epithelial cells of the mammary gland
caused a prolonged expression of Akt1 and a delay in postlac-
tational involution despite the induction of upstream proapop-
totic signaling events. Collectively, the results of the present
study suggest that prolactin mediates cell survival through the
transcriptional activation of the Aktl gene via the Jak2/Stat5
signal transduction cascade. Subsequently, Aktl can be phos-
phorylated by the PRLR and other growth factor receptors to
exert its role in cell survival.

MATERIALS AND METHODS

Mouse models. The generation of the Wap-rtTA knockin strain was published
recently (15), and the cloning of the TetO-Stat5(S710F)Flag-IRES-luciferase
transgene will be reported elsewhere (B. A. Creamer et al., unpublished data).
To conditionally express Stat5, double-transgenic females were administered 2
mg of Dox/ml in their drinking water starting on lactation day 7. After perform-
ing bioluminescence imaging at day 10 of lactation as described previously (15),
we sealed the left mammary glands to induce milk stasis. All glands were col-
lected 1, 2, 3, and 5 days later. All animals used in the present study were treated
humanely and in accordance with institutional guidelines and federal regulations.

Cell culture and expression vectors. HC11 and primary mammary epithelial
cells were cultured as described previously (42). For stable expression of the
caPRLR and myr-Aktl in HC11 cells, we generated retroviral vectors by cloning
the corresponding cDNAs into pBabe-puro and pBabe-hygro, respectively. The
construction of the pMSCV-Stat5(S710F) vector was described previously (38).
After an overnight culture in growth factor-free medium, HCI11 cells were
treated with 10 nM PRL for 20 min to activate Stat5 signaling.

Immunoprecipitation and Western blot analysis. The preparation of whole-
cell extracts of clarified cell lysates and tissues homogenates, the source of all
antibodies as well as the experimental procedures for immunoprecipitation and
Western blot analysis were described in detail elsewhere (42). The anti-phospho-
Stat5a/b (Y694/9) antibody was kindly provided by Hallgeir Rui (Thomas Jef-
ferson University). The anti-StatSa antiserum was a gift from Lothar Hen-
nighausen (National Institutes of Health).

Histology, immunohistochemistry, and TUNEL assay. Mammary gland tissues
were collected and procured for histological examination as described previously
(42). The immunohistochemical detection of pStat3 was performed using pri-
mary antibodies from Cell Signaling, Inc., and the detection of biotinylated
secondary antibodies was performed using Vectastain Elite ABC kits from Vec-
tor Laboratories. TUNEL (terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling) staining was carried out on histological sections
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using the in situ cell death detection kit (Roche Applied Sciences, Indianapolis,
IN). Three representative areas (i.e., 1,000 nuclei) of each specimen were
counted, and a paired Student ¢ test using Prism (GraphPad Software, La Jolla,
CA) was performed to calculate statistically significant differences in apoptotic
indices.

mRNA expression analyses and 5'RACE (5’ rapid amplification of ¢cDNA
ends). Total RNA was extracted from flash-frozen tissues and cell pellets using
standard guanidinium thiocyanate-phenol-chloroform extraction. A Super-Script
1T kit from Invitrogen with oligo(dT) primers was used to perform the first-strand
synthesis according to the manufacturer’s protocol. Quantitative detection of
Akt transcripts was performed using the TagMan Mastermix (Applied Biosys-
tems, Foster City, CA) with the addition of AktI-, Cish-, and Gapdh-specific
primers and probe sets (nm_MmO00437443_m1, MmO00515488_ml, and
4352339E). Detection of AktIm and Gapdh was performed using iQ SYBR green
Supermix (Bio-Rad, Hercules, CA), and primer sequences are available from the
authors upon request. The quantitative PCRs (qPCRs) were carried out in
triplicate in a CFX96 real-time PCR detection system (Bio-Rad). The expression
values obtained were normalized against Gapdh via a standard curve generated
by serial dilution of pooled lactating mammary gland cDNA.

RNA ligase-mediated RACE (RLM-RACE) was performed according to the
manufacturer’s instructions (Applied Biosystems).

ChIP assay. Chromatin immunoprecipitation (ChIP) was performed accord-
ing to a protocol by LeBaron et al. (30). Input and bound DNA was detected
quantitatively by real-time PCR using specific primers to amplify Stat5-binding
sites in Akt] and Wap. Primer sequences will be provided upon request. The
ChIP assay to assess the binding of Stat3 to the p55a and p50a promoters was
described previously (2). Arbitrary concentrations of the amplified products were
determined against a serial dilution of genomic DNA. Assay background was
determined by detecting nonspecific DNA amplicons using a Gapdh primer set.
In addition, the enrichment was normalized against amplicons from immuno-
precipitations using an isotype-matched control IgG.

RESULTS

PRLR-mediated activation of Stat5 enhances the transcrip-
tional activation of Aktl. Since Jak2 deficiency resulted in
decreased levels of total and phosphorylated Aktl (42), we
examined whether PRLR signaling through Jak2/Stat5 was
able to regulate the expression and activation of Aktl in nor-
mal mammary epithelial cells (MECs). Similar to a previous
report (5), the treatment of HCI11 cells with PRL alone had
almost none or only a marginal effect on the expression and
activation of Aktl compared to a combination of growth fac-
tors that contained fetal bovine serum, epidermal growth fac-
tor (EGF), and insulin (Fig. 1A, control). This is not surprising
since the steady-state levels of Stat5 and the PRLR are signif-
icantly lower in cultured MECs compared to mammary epi-
thelial cells in their innate environment in vivo (Fig. 1A, MG,
and Fig. 1B). We therefore expressed a hyperactive form of
Stat5 (Stat5S710F) or a constitutively active prolactin receptor
(caPRLR) in HC11 cells, and both were sufficient to elevate
the total levels of Aktl in these cells (Fig. 1A, middle panels).
Introducing a hyperactive PRLR signaling pathway by coex-
pressing both Stat5 and caPRLR resulted in a significant in-
crease in the expression and phosphorylation of Aktl even in
the absence of all growth factors (Fig. 1A, right panel). This
finding supports our previous observation in Jak2-deficient
MECs that PRLR signaling through the Jak2/Stat5 pathway
regulates the expression and activation of Aktl. In addition,
the significant upregulation of Cish, a known transcriptional
target of Stat5 in mammary epithelial cells, confirmed that
exogenous Stat5 was persistently activated by the caPRLR in
these cells that express high levels of Aktl (Fig. 1C).

Next, we examined whether Stat5 plays a role in the tran-
scriptional activation of the Akt/ gene. Similar to the Western
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FIG. 1. Expression of AktI is regulated by Jak2/Stat5 signaling in mammary epithelial cells. (A) Western blot analysis using immortalized
mammary epithelial cells (HC11; control) that express StatSa, a constitutively active prolactin receptor (caPRLR), or both. Cells were cultured in
the absence or presence of growth factors (GF), i.e., insulin, EGF, and serum. Alternatively, cells were treated for 20 min with PRL 24 h after the
removal of all growth factors (MG, lactating mammary gland control). (B) Immunoprecipitation (IP)/Western blot analysis to compare the
expression and tyrosine phosphorylation levels of the prolactin receptor (PRLR) in normal HC11 cells and in the lactating mammary gland (MG).
(C) Quantitative real-time RT-PCR analysis to assess the relative expression of Cish mRNA in HC11 cells that express Stat5a, caPRLR, or both.
Cish is a known transcriptional target of active Stat5 and negative regulator of Jak2/Stat5 signaling, which explains its higher expression in cells
with active PRLR/Stat5 signaling in the absence of additional growth factors (normalized expression of cells with active PRLR/Stat5 that were
maintained in the presence of GF was set to 1). (D) Quantitative real-time RT-PCR analysis to determine the relative expression of Akz/ mRNA
in HC11 cells expressing exogenous Stat5a, caPRLR, or both (normalized expression of —GF control was set to 1). All expression values shown
in panels C and D were normalized to Gapdh. Bars indicate the standard error (SE).

blot results, coexpression of Stat5 and caPRLR resulted in
significantly elevated levels of Akt mRNA as determined by
quantitative RT-PCR (qRT-PCR) (Fig. 1D). Interestingly,
there was a clear synergistic effect of the caPRLR and exoge-
nous Stat5 in association with other growth factors in control-
ling the transcriptional regulation of the AktI gene (Fig. 1D,
solid bars). We will demonstrate later that these growth factors
seem to enhance binding of Stat5 to regulatory elements within
the AktI locus.

PRLR signaling facilitates the transcriptional activation of
AktI from a mammary gland-specific promoter. The Akt gene
is ubiquitously expressed, and its encoded serine-threonine
protein kinase plays a critical role in the proliferation, survival,
and metabolism of numerous cell types. In mice, the transcrip-
tional activation of Akt1 was reported to utilize GC-rich reg-
ulatory elements, which is typical for housekeeping gene pro-
moters (6). Since it was unclear how the transcriptional
activation of this gene could be regulated by Stat5, we per-
formed a sequence analysis of the Akt/ gene encompassing the
first three exons, including several kilobases upstream of the
untranslated first exon. The initial analysis revealed that Akt/
possesses at least five optimal binding sites for Stat5 ho-

modimers (TTCYNRGAA) (48). One consensus site was ~1.3
kb upstream of exon 1, and all other binding sites were located
at an even greater distance within introns 1 and 2. To verify the
commonly known transcriptional start site, we performed a
5'RACE on RNA derived from the mammary gland of a lac-
tating female. Unexpectedly, the cloning and sequence analysis
of the nested PCR product revealed a novel 5’ exon of Akt1,
exon 1m (Fig. 2A), which is located only 1.3 kb upstream of
exon 2 (i.e., the first coding exon). Since only the novel exon
1m preceded the Akt1 coding sequence, we concluded that this
mRNA transcript originated from distinct regulatory elements
more than 1.4 kb downstream of the previously described pro-
moter of Aktl. After generating PCR primers that specifically
recognize the novel transcript (primers a/c; Fig. 2A), we per-
formed a reverse transcription-PCR (RT-PCR) analysis on a
panel of selected organs from a lactating female. A primer set
within the coding region of Akt! (exons 2/3, primers b/c) was
used as a control to detect other transcripts that originate from
alternative sites including the ubiquitously expressed pro-
moter. Although Stat5a and Stat5b possess essential functions
in a number of selected tissues such as spleen and liver, it was
surprising to note that the novel exon 1m was only expressed in
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FIG. 2. A mammary gland-specific transcript of AktI originates from a distinct promoter. (A) Genomic structure of the mouse AktI gene; exon
1 represents the commonly known 5'-untranslated region of the mature mRNA. A novel noncoding exon (1m), which originates from downstream
regulatory elements, was identified by using 5’RACE in a mammary gland-derived mRNA pool. Arrows indicate the location of RT-PCR primers
that were used in panel B. (B) RT-PCR to determine the tissue-specific transcriptional activation of the newly identified exon 1m. PCR primers
that amplify the coding region of Akt! (exons 2 and 3), as well as beta-actin (ActB), were used as controls. (C) The upper panels show the results
of quantitative real-time RT-PCR to determine AktI and AktIm mRNA levels in tissues from a lactating female, as well as an epithelium-free
mammary fat pad in comparison to cultured primary mammary epithelial cells (MECs, their relative expression level set to 1). The lower panels
show Akt1 and AktIm mRNA expression levels at various stages of mammary gland development (V, virgin; P12, pregnancy day 12; L10, lactation
day 10; I2, involution day 2). The relative expression levels of the virgin gland were set to 1. In all four panels, expression was normalized to Gapdh.
Bars represent the SE.
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the lactating mammary gland (Fig. 2B). The qRT-PCR analysis
revealed that secretory mammary epithelial cells have, by far,
the highest levels of Akt] compared to all other organs, includ-
ing an epithelium-free mammary fat pad or primary MECs in
culture (Fig. 2C). Interestingly, the expression of the novel
AktIm transcript was significantly lower in primary MECs that
were cultured, and it appeared to be specifically expressed in
the epithelium of the functionally differentiated mammary
gland and not in stromal cells (i.e., the cleared fat pad). The
analysis of expression profiles during mammogenesis demon-
strated that the total levels of Akz] mRNA gradually increased
during pregnancy and lactation and sharply declined 48 h after
weaning the offspring. In particular, the AktIm transcript ap-
peared to be under strict control of lactogenic hormones as it
increased significantly from the virgin gland throughout preg-
nancy and lactation. The upregulation of the AktIm transcript
mirrors almost precisely the PRLR-induced activation of Stat5
during these stages of mammary gland development. This is
comparable to the transcriptional activation of milk protein
genes that are tightly controlled by Stat5.

Stat5 binds to consensus sites within 4k¢1 and enhances the
transcriptional activation of AktIm. To verify that the prolac-
tin-induced activation of Stat5 enhances the transcription of
the mammary-specific Akt mRNA (AktIm), we performed a
qRT-PCR assay on the various HC11 cell lines that express
Stat5 and the constitutively active PRLR (Fig. 3A). The results
show that, regardless whether or not the cells were grown in
the presence of other growth factors, the Aktlm transcript
substantially increased after the constitutive activation of
Stat5. To confirm these findings in vivo, we examined the
relative expression of the AktIm transcript in the mammary
glands of mice that are conditionally deficient in Jak2
(MMTV-Cre Jak2"") and their Jak2-expressing control
(Jak2™™). We had chosen day 12.5 of gestation for this analysis,
since alveolar progenitors multiply at this particular stage of
mammary gland development and express elevated levels of
active Stat5 in wild-type mice, whereas the pregnancy-induced
activation Stat5 is significantly reduced in Jak2-deficient fe-
males (50). Also, the phenotypic differences between Jak2 con-
ditional knockout females and their controls are not as diverse
during midpregnancy as postpartum females. As illustrated in
Fig. 3B, the lack of active Stat5 in response to Jak2 deficiency
resulted in a significantly reduced expression of the newly
identified, mammary-specific Akt! transcript. Collectively, the
examination of the expression of the AktIm mRNA in re-
sponse to increased PRLR/Stat5 signaling in cultured cells, as
well as the analysis of this transcript in the Jak2-deficient
mammary gland, clearly demonstrates that PRLR signaling
through Jak2 and Stat5 is the main determinant for regulating
the expression of the AktIm transcript from a distinct mam-
mary-gland specific promoter.

Next, we performed a Stat5 ChIP assay on HC11 cells ex-
pressing the constitutively active PRLR and their untrans-
fected controls to verify that endogenous Stat5 binds directly to
consensus sites within the Akt gene in a PRLR-inducible
manner. For this analysis, we focused on two Stat5 consensus
sites, one upstream of the ubiquitously expressed exon 1 and a
second site located in intron 1, which is in close proximity (300
bp) to the mammary-specific exon 1m (Fig. 3C). As a positive
control for this assay, we amplified DNA regions around Stat5
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consensus sites within the Whey acidic protein locus (Wap),
which is known to be under stringent transcriptional control of
active Stat5 (37). Although Mukhopadhyay et al. (39) reported
the presence of only one interferon gamma activation site
within the promoter of the rat Wap gene, we found at least two
optimal binding sites for Stat5, 581 bp and 1.3 kb upstream of
the first exon of the mouse Wap locus (Fig. 3C). Collectively,
this experiment revealed that Stat5 was able to bind to all
consensus sites within Akt! and Wap when cells were grown in
the presence of growth factors, and the binding was signifi-
cantly enhanced in cells expressing the constitutively active
PRLR (Fig. 3D and E). Although the PRLR-mediated activa-
tion of endogenous Stat5 appeared to be sufficient for the
enrichment of this transcription factor on the promoters of
Aktl and Wap, the presence of additional growth factors
seemed to significantly enhance or stabilize the binding of
Stat5 on these consensus sites of both genes. This might ex-
plain why we observed a synergistic affect of constitutive PRLR
signaling with other growth factors in controlling the transcrip-
tional activation of Akt! (Fig. 1D). To verify the binding of
Stat5 to consensus sites within the Akt and Wap loci in vivo,
we performed a Stat5 ChIP assay combined with a quantitative
PCR analysis on tissues of wild-type mice during lactation and
at day 2 of involution. The first stage of involution on the
second day following milk stasis is characterized by a signifi-
cant reduction in the phosphorylation of Stat5, the activation
of Stat3, and the expression of proapoptotic factors in mam-
mary epithelial cells. This initial phase of mammary gland
remodeling is reversible, and the mammary gland still ex-
presses abundant levels of total Stat5 (31). Hence, we per-
formed the ChIP assay at two developmental stages that ex-
hibit relatively equal amounts of epithelial tissues that
significantly differ in the levels of Stat5 phosphorylation. The
results of this analysis (Fig. 1F) clearly demonstrate that the
dephosphorylation of Stat5 in response to milk stasis during
involution dissociates this transcription factor from its binding
sites within regulatory elements of Akt1, as well as Wap. In
conclusion, the results of the in vitro and in vivo Stat5 binding
studies clearly suggest that the transcriptional activation of
Akt] in mammary epithelial cells is directly mediated by the
PRLR-induced activation and binding of Stat5 to its consensus
sites within the Akt promoter. The dissociation of inactive
Stat5 from the AktI promoter during the initial phase of invo-
lution results in a sharp decline in the transcriptional activation
of this gene (Fig. 2C, lower panels).

Expression of Aktl accelerates the proliferation of Jak2-
deficient mammary epithelial cells. After identifying Stat5 as a
regulator for the transcriptional activation of the AktI gene, we
intended to examine next whether Aktl functions downstream
of Jak2 and Stat5 in a biological context. In vitro and in vivo,
the Cre-mediated deletion of Jak2 decelerates the numeric
expansion of MECs due to reduced levels of cyclin D1 (42). In
culture, Jak2-deficient MECs resumed normal proliferation
when exogenous, constitutively nuclear cyclin D1 was ex-
pressed. The novel finding that Ak¢] is a direct transcriptional
target of StatS corresponds well to our previously proposed
model, which suggests that the Jak2/Stat5 pathway regulates
the levels of the cyclin D1 protein by altering the expression
and functionality of Aktl and GSK-3p. If this is correct, then
reinstating the expression of active Akt1l might elevate the level
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FIG. 3. Stat5 binds to consensus sites within Akt and greatly enhances the transcriptional activation of Akt/m. (A) Quantitative real-time RT-PCR
analysis to assess the activation of the AktIm transcript in HC11 cells expressing Stat5, caPRLR, or both. Cells were maintained in the presence or absence
of growth factors (GF); normalized expression of the —GF control was set to 1. (B) qRT-PCR analysis to assess the transcriptional activation of AktIm
in the mammary gland of a Jak2-deficient female (MMTV-Cre Jak2"") and her wild-type littermate control (Jak2™) at day 12.5 of gestation. All
expression values shown in panels A and B were normalized to Gapdh. Bars represent the SE. (C) Location of putative binding sites for Stat5 homodimers
(TTCYNRGAA) within the 5" region of the AktI locus and the Wap gene. (D and E) PCR and quantitative real-time PCR analysis on chromatin that
was bound to endogenous Stat5 and coprecipitated with an antibody against Stat5a (ChIP). HCI11 cells with or without exogenous caPRLR were
maintained in the presence or absence of growth factors (GF). The promoter of Wap, which is a known Stat5 target gene, was used as a positive control
for this ChIP assay. (F) Stat5 ChIP combined with qPCR analysis to assess the binding of Stat5 to interferon gamma activation sites (GAS) within the
promoters of Akt] and Wap in mammary tissues of females at day 10 of lactation and day 2 of involution. Quantitative real-time values of amplified Stat5
consensus sites within Akt/ and Wap shown in panels E and F were normalized against precipitated DNA using an IgG control antibody, as well as
unspecific amplicons from nonconsensus binding regions. Bars represent the SE.
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assess the expression of Aktl and cyclin D1 (Cendl) in MECs lacking Jak2 with or without exogenous Aktl, as well as isogenic Jak2-expressing
control cells. Phosphorylated Foxo3a was used as another positive control to verify that exogenous Aktl is functional in Jak2-deficient cells.
Beta-actin (ActB) was used as a loading control. (C) Viable cell count over a 5-day period to determine growth rates of Jak2-deficient MECs with
or without expression of exogenous Aktl. All time points were analyzed in triplicate. Bars represent the SE.

of the cyclin D1 protein and thereby accelerate the prolifera-
tion of Jak2-deficient cells. To experimentally test this idea, we
generated Jak2-deficient MECs expressing a hemagglutinin
(HA)-tagged, myristoylated (myr) form of Aktl (Fig. 4A). As
postulated, a gain-of-function of Aktl was entirely sufficient to
increase the expression of cyclin D1 (Fig. 4B), and conse-
quently, Jak2-deficient MECs that express myr-Aktl exhibited
a marked increase in proliferation that even exceeded the
growth rate of Jak2-expressing control cells due to excess levels
of cyclin D1 (Fig. 4C). In conclusion, the findings of this initial
study provided the first experimental evidence that Akt1 func-
tions downstream of the Jak2/Stat5 signaling pathway, and this
serine-threonine protein kinase acts as a functional link be-
tween Stat5 and the cell cycle machinery by regulating the
levels of cyclin D1.

The ligand-inducible overexpression of Stat5 inhibits post-
lactational involution through sustained expression of Aktl.
The generation and analysis of Jak2 and Stat5 conditional
knockout mice revealed that this signaling pathway is not only
required for the proliferation of alveolar progenitors, but it is
equally important for the survival of their differentiating de-
scendants (16, 50). To address whether an increase in expres-
sion and activation of StatS mediates epithelial cell survival
through transcriptional activation of AktI in vivo, we generated
transgenic mice that overexpress a Flag-tagged, hyperactive
mutant of Stat5 (S710F) in a doxycycline (Dox)-controlled
manner [TetO-Stat5(S710F)-IRES-luciferase]. The spatial ex-
pression of Stat5 in secretory mammary epithelial cells was
accomplished by crossing TetO-Stat5 transgenic mice with a
novel knock-in strain generated in our laboratory that ex-
presses the reverse tetracycline-controlled transactivator
(rtTA) under regulation of the endogenous Wap gene pro-
moter (WAP-rtTA) (15). The inclusion of a luciferase reporter
into the bicistronic TetO-Stat5 transgene allowed us to moni-
tor the Dox-inducible expression of Stat5 in lactating females
using bioluminescence imaging (Fig. 5A). After confirming the

correct temporal and spatial expression of exogenous Stat5 in
individual mice, we sealed the left mammary glands 3, 4, and 5
at day 10 of lactation to induce milk stasis, programmed cell
death, and remodeling in these particular glands despite high
circulating levels of PRL. The closed glands, along with the
open controls, were collected on days 1, 2, 3, and 5 following
sealing for histological and biochemical analyses. The initial
evaluation of hematoxylin and eosin (H&E)-stained sections of
the number 4 mammary glands revealed that milk-stasis-in-
duced remodeling was significantly delayed in the closed
glands of Dox-treated females at day 5 (Fig. 5B). Compared to
the equivalent (i.e., sealed) tissues in untreated females
(—Dox) that exhibited extensive remodeling within 5 days after
sealing (i.e., loss of epithelial cells and adipocyte expansion),
the integrity and size of secretory alveoli was largely main-
tained in the StatS-expressing epithelium of the closed glands.
The lactating mammary glands (i.e., open glands) expressing
exogenous Stat5 (+Dox) and their controls (—Dox) did not
exhibit any phenotypic differences.

Next, we performed Western blot analyses to verify that the
delay in involution in the Dox-treated females was a conse-
quence of the expression of exogenous Stat5. As expected, the
expression of endogenous Stat5 (i.e., total and active) declined
rapidly in the sealed glands of untreated (—Dox) control mice
(Fig. 6A). In contrast, high levels of total and phosphorylated
Stat5 were still present on the second day following sealing in
the involuting mammary glands of Dox-treated females. The
continuous expression of Cish on day 2 after sealing indicated
that Stat5 was transcriptionally active in these tissues. More
importantly, total and phosphorylated levels of Akt1, as well as
phosphorylated GSK3p, were still upregulated in the presence
of active Stat5. In contrast, the rapid deactivation of endoge-
nous Stat5 in response to milk stasis in the closed glands of
untreated control females resulted in a significant downregu-
lation of total Akt1. This was not due to a loss of epithelial cells
since, at this developmental stage, the secretory epithelium
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FIG. 5. Doxycycline (Dox)-controlled overexpression of hyperactive Stat5a delays mammary gland involution in vivo. (A) Experimental design.
Double transgenic Wap-rtTA/TetO-Stat5(S710F) mice were analyzed for ligand-inducible coexpression of luciferase using bioluminescence
imaging (IVIS200) prior to treatment with Dox on lactation day 7 (left panel). After confirming the correct temporal and spatial activation of the
TetO-Stat5 transgene in Dox-treated females on lactation day 10, we sealed the nipples of the left mammary glands 3, 4, and 5 to induce milk stasis
(middle panel). All sealed (closed) mammary glands and their lactating (open) controls were collected between the first and fifth days after closing
the nipples (right panel). (B) Comparative histological analysis of H&E-stained sections of mammary glands of Wap-rtTA/TetO-Stat5(S710F)

double-transgenic females. These involuting (closed) mammary glands and their lactating (open) intra-individual control tissues were examined 2
and 5 days after sealing the nipples. Bars represent 500 um (50 pm in the insets).
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FIG. 6. Doxycycline (Dox)-controlled overexpression of hyperactive StatSa leads to sustained transcription of AktI. (A) Immunoprecipitation
(IP)/Western blot analysis to assess the expression of active Stat5 on the second day after sealing the nipples (lanes C, closed) of lactating
Wap-rtTA/TetO-Stat5(S710F) double-transgenic females that were treated with Dox and their untreated controls. The lactating (lanes O, open)
glands of the same animals served as intraindividual controls. The protein levels of Cish, as well as total and phosphorylated Akt1, were determined
by conventional immunoblotting. Beta-actin (ActB) was used as a general loading control, and unchanged expression levels of E-cadherin (Cadh1)
indicate equal amounts of epithelial cells in all samples prior to programmed cell death and remodeling. (B and C) Quantitative real-time PCR
analysis to assess the relative expression levels of Akt/ and AktIm mRNA in involuting mammary glands between 1 and 3 days after sealing the
nipples (I1 to I3) of Dox-treated females and their untreated controls. These relative expression values were compared to lactating control tissues
of open glands (L10). The expression values of lactating tissues of untreated mice, which are represented by open bars, were set to 1.0. All

expression values were normalized to Gapdh. Bars represent the SE.

remained largely intact, and the levels of E-cadherin (Cdhl)
did not change (Fig. 6A). Subsequently, we performed a qRT-
PCR analysis on tissues of Dox-treated mice and their controls
over a period of 3 days after sealing to determine whether the
loss of transcriptionally active Stat5 had an impact on the
expression of AktI (Fig. 6B and C). This line of investigation
clearly showed that AktI transcription sharply declined in the
closed glands of untreated (—Dox) control females, and this
result was identical to a normal weaning process (Fig. 2C,
lower panel, I2 bar). In contrast, the expression of exogenous
Stat5 (+Dox) resulted in a prolonged transcriptional activation
of Aktl. In these latter glands, AktI expression declined more
gradually, possibly due to a slow but steady transcriptional
downregulation of the Wap-rtTA locus, which, like Aktl, is
under the control of Stat5. Interestingly, the AktIm transcript,
which originates from the newly identified promoter, appeared
to be under very stringent control of active Stat5 (Fig. 6C). Its
expression was no longer detected when Stat5 became dephos-
phorylated and downregulated within the first 24 to 48 h of
milk stasis. In contrast, the prolonged presence of exogenous,
hyperactive Stat5 was sufficient to enhance the expression of
the AktIm transcript. The level of AktIm expression remained
at nearly 30 to 40% in the involuting glands expressing Stat5 3
days after sealing the nipples compared to the expression of
this transcript in the corresponding lactating control glands of
an untreated female.

In summary, the generation and analysis of females express-
ing exogenous levels of Stat5 in a ligand-controlled manner

clearly confirmed that Akt/ is a target of this transcription
factor in the developing mammary gland. The results of the
present study also demonstrate that this pathway is biologically
relevant since it contributes to a prolonged survival of secre-
tory epithelial cells.

Gain-of-function of Stat5 promotes epithelial cell survival
despite induction of proapoptotic signals during early involu-
tion. The involution of the mammary gland occurs in two
distinct phases (31, 34). During the first phase, the mammary
gland initiates programmed cell death through downregulation
of survival factors and activation of proapoptotic signals. The
second phase of involution describes the actual remodeling of
the mammary gland, i.e., the loss of the secretory epithelium,
which becomes noticeable in the murine gland after the third
day of milk stasis. We performed immunostaining for Ki67 and
a TUNEL assay on involuting mammary glands of Dox-treated
Wap-1tTA/TetO-Stat5 double-transgenic females and their un-
treated (—Dox) controls to assess whether the delay in remod-
eling in Stat5-expressing females is a consequence of abnormal
cell proliferation or a delay in apoptosis. Neither the lactating
glands nor the involuting tissues of both experimental groups
contained Ki67-positive cells (Fig. 7A), suggesting that Stat5
does not initiate aberrant proliferation in the differentiated
epithelium. As expected, a surge of apoptotic cells was ob-
served in the closed glands of untreated females 3 days after
sealing the nipples (Fig. 7B and C), and the remodeling of
these glands was near completion by day 5 of involution. In
contrast, involuting glands of mice expressing exogenous Stat5
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FIG. 7. Gain of function of Stat5 does not initiate aberrant proliferation of differentiated epithelial cells but promotes their survival during
involution. (A) Immunostaining for Ki67 (red) on involuting mammary glands of Dox-treated Wap-rtTA/TetO-Stat5 double-transgenic females
and their untreated (—Dox) controls. A mammary gland from a female at day 12.5 of gestation was used as a positive control. Sections were
counterstained with DAPI (blue). The bar represents 50 wm. (B) TUNEL analysis of apoptotic nuclei was performed on histological sections from
lactating (open) and involuting mammary glands (closed) of doxycycline (Dox)-treated Wap-rtTA/TetO-Stat5(S710F) females and their untreated
controls on day 3 and day 5 after sealing the nipples of the left glands. Sections were counterstained with methyl green. The bar represents 50 wm.
(C) Relative number of TUNEL-positive cells on days 2, 3, and 5 after sealing the nipples. One-thousand cells from three representative areas of
the sections were counted for each time point. Bars represent the SE, and the P value was calculated by using a paired Student ¢ test.
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FIG. 8. Proapoptotic signaling events are initiated despite Stat5-me-
diated sustained cell survival. (A) Immunohistochemistry to determine
the activation and nuclear localization of Stat3 in Stat5-expressing, invo-
luting tissues (+Dox, closed), and their controls 48 h after sealing the
nipples. Slides were counterstained with hematoxylin. The bar represents
50 pm. (B) Western blot analysis to quantitatively assess the expression
and activation of Stat3, as well as the Stat3-induced expression of the
P50a/pS5a PI3K subunits during the first and second days after sealing the
nipples (lanes C, closed) of lactating Wap-rtTA/TetO-Stat5(S710F) dou-
ble-transgenic females that were treated with Dox and their untreated
controls. The lactating (lanes O, open) glands of the same animals served
as intra-individual controls. (C) Stat3 ChIP assay combined with gPCR
analysis to assess the binding of this transcription factor to the promoters
of p50a and pS5a in lactating and involuting mammary tissues of Wap-
rtTA/TetO-Stat5(S710F) double-transgenic females that were treated
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exhibited a significantly lower number of apoptotic cells on day
3 after sealing. The lumina were still filled with milk on day 5
of involution, and the rate of apoptosis remained low. In con-
clusion, gain-of-function of Stat5 during the first phase of in-
volution promotes cell survival and delays the onset of remod-
eling.

Based on the results from the TUNEL assay, we subse-
quently assessed whether exogenous levels of Stat5 interfere
with the induction of proapoptotic signals during the first
phase of involution. Specifically, the Tyr705 phosphorylation of
Stat3 is known to herald the initiation of postlactational invo-
lution, and the functional ablation of this STAT family mem-
ber has been reported to delay apoptosis (11, 23, 31). As shown
in Fig. 8A, the gain of function of Stat5 did not affect the
activation and nuclear localization of Stat3, and the total as
well as phosphorylated levels of this signal transducer did not
change in the closed mammary glands despite expression of
hyperactive Stat5 (Fig. 8B). Abell et al. (2) reported recently
that active Stat3 induces the transcription of short phosphati-
dylinositol 3-kinase (PI3 kinase) subunits, p5S0a and p55a, dur-
ing the onset of involution. Stat3 was equally able to bind to
consensus sites within regulatory regions of these genes (Fig.
8C), and the presence of similar levels of pS0a and pS55a
protein in the sealed glands of both experimental groups (Fig.
8B) clearly suggests that Stat3 is transcriptionally active re-
gardless of Stat5 overexpression. Collectively, the present
study shows that gain of function of Stat5 promotes cell sur-
vival despite a parallel activation of Stat3 and the Stat3-medi-
ated expression of the short PI3 kinase subunits in secretory
MECs.

DISCUSSION

The results of the present study suggest that Stat5, which is
highly active during pregnancy and lactation in response to
PRLR signaling, greatly increases the transcription of the Akt1
gene. Stat5 binds to two or more consensus sequences within
the AktI locus in a growth factor-dependent manner, and it
enhances the transcription of a unique Akt/ mRNA (AktIm)
from a distinct promoter. Interestingly, the transcriptional ac-
tivation of AktIm intensifies significantly during pregnancy and
lactation, which is comparable to expression patterns of major
milk protein genes. Since we were unable to assess the relative
expression of the Aktl transcript that specifically originates
from the ubiquitously active promoter due to a very high GC
content in exon 1, we cannot currently exclude the possibility
that pStat5 may, at least to some extent, also enhance the
activation of the constitutively active promoter. The consider-

with Dox (+Dox) and their untreated controls (—Dox). Tissues were
collected on the second day after sealing the nipples (columns C,
closed), and the lactating (columns O, open) glands of the same ani-
mals served as intraindividual controls. qPCR values of amplified Stat3
consensus sites within p55a and p55a were normalized against precip-
itated DNA using an IgG control antibody, as well as unspecific am-
plicons from nonconsensus binding regions, bars represent the SE.
Note that activation of Stat3 and expression of p50/p55, which herald
the onset of apoptosis beginning at 24 h after milk stasis, occur inde-
pendently of StatS-mediated suppression of programmed cell death.
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FIG. 9. Divergent roles of Stat5 and Stat3 in the survival and death of secretory mammary epithelial cells in vivo.

able increase in metabolism in the mammary gland during
pregnancy probably demands excess levels of Aktl, but this
kinase also ensures the integrity and survival of the stressed
secretory epithelium during lactation. In a normal mammary
gland, the transcriptional activation of Akt1, in particular the
transcription from the novel promoter, decreases sharply dur-
ing the onset of involution when Stat5 is rapidly inactivated in
response to milk stasis. Our in vivo experiments demonstrate
that exogenous levels of transcriptionally active Stat5 counter-
act the downregulation of Akt/ during involution. Active Stat5
mediates the survival of secretory epithelial cells, and the con-
tinuous expression of this transcription factor at the onset of
the postlactational involution period is sufficient to inhibit pro-
grammed cell death despite the initiation of proapoptotic sig-
naling events mediated by active Stat3.

It is evident from previous studies (22, 52) and this report
that a coordinated postlactational remodeling of the mammary
gland requires a downregulation of survival factors such as
Stat5 and Aktl, as well as the activation of proapoptotic sig-
nals, including Stat3. The extended survival of terminally dif-
ferentiated cells during involution in our Stat5 gain-of-function
model is likely caused by the Stat5-mediated sustained expres-
sion of Aktl. This conclusion is supported by the fact that
females expressing Stat5 conditionally in the mammary gland
share striking phenotypic similarities with transgenic mice that
express mutant, myristoylated, or wild-type Akt! under regu-
lation of the MMTV-LTR (4, 25, 46). In two of these reports,
it was also shown that expression of hyperactive or wild-type
Aktl is sufficient to promote an extended survival of the func-
tionally differentiated mammary epithelium despite milk stasis-
induced phosphorylation of Stat3 (4, 46). Similar to these mod-
els, we demonstrated in the present study that Stat3 is being
activated and translocated into the nuclei of mammary epithe-

lial cells that are being protected from postlactational remod-
eling due to sustained expression of active Stat5. Abell et al. (3)
suggested that Stat3 modifies the activity of the p110 catalytic
subunit of PI3K through a switch in the expression of p85a and
p50a/p55a regulatory subunits. Although the significance of
these shorter PI3K subunits during mammogenesis remains to
be examined using pS0a/p55a double-knockout mice (12), we
can demonstrate in the present study that prolonged cell sur-
vival in response to gain-of-function of Stat5 occurs despite the
Stat3-mediated transcriptional activation of p50a/p55a. The
expression of these shorter regulatory subunits of PI3K also
does not change on the level of the protein in the presence of
active Stat5. Since we propose here that StatS regulates the
expression of AktI on the transcriptional level (Fig. 9), it is not
quite clear at this point how this transcription factor is able to
override the proposed proapoptotic function of activated
Stat3, as well as p50a and p55«. In addition to its classical role
as a transcription factor, phosphorylated Stat5 might possess
cytoplasmic functions that involve binding to adapter proteins
and subunits of PI3 kinase (44). We demonstrated recently that
phosphorylated Stat5 is able to bind to the SH2 domain-con-
taining p85a subunit of PI3K in the lactating mammary gland
(42), and active Stat5 may therefore directly modify the activity
of the PI3 kinase (Fig. 9). The significance of this observation
for cell survival and the activation of Aktl are subjects of
current investigations.

Upon deregulated expression and activation, Jak2 and Stat5
may facilitate two important hallmarks of cancer, i.e., evasion
from apoptosis and self-sufficiency in growth signals (21). The
notion that a hyperactive Jak2/Stat5 pathway plays a role in
neoplastic transformation is supported by the observation that
a subset of human breast cancers contain nuclear localized,
tyrosine phosphorylated Stat5 (14). In addition, it has recently
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been reported that gain of function of StatS promotes the
occurrence of differentiated papillary adenocarcinomas in
mice depending on the reproductive status of the females (18,
27). Although a full-term pregnancy early in life is commonly
known to reduce the incidence in breast cancer in postmeno-
pausal women, each gestation also increases temporarily (i.e.,
for a couple of years following pregnancy) the likelihood for
developing breast cancer (51). Since Stat5 is a key mediator of
pregnancy-induced growth signals and a potent suppressor of
apoptosis, it is likely that this transcription factor plays a piv-
otal role in pregnancy-associated breast cancers. Stat5 and its
upstream Janus kinase 2 might therefore serve as suitable
targets for breast cancer prevention. In support of this assump-
tion, several reports have shown that lowering the expression
of Stat5 by deleting the Stat5a gene delays mammary tumori-
genesis in various cancer models (24, 41). In addition, we have
demonstrated recently that the deletion of Jak2, and therefore
the functional ablation of Stat5, protects against ErbB2-in-
duced mammary cancer in mice (43). Since Stat5 regulates the
expression of AktI, as well as the functionality of cyclin D1 in
mammary epithelial cells, the protective effect of Jak2 defi-
ciency on mammary cancer initiation might be mediated by
both or either one of these downstream targets, as previous
studies indicate (7, 36, 54).

Despite its suggested role in cancer initiation, the continu-
ous activation of Stat5 in human tumors was associated with a
favorable prognosis (40). This observation in humans, as well
as the histopathology in transgenic mice, might suggest that
active Stat5 mediates the maintenance of a more differentiated
tumor phenotype. It is tempting to speculate that Aktl is a
main downstream target of the biological role of Stat5 in both
cancer initiation and the suppression of metastasis. In fact,
Hutchinson et al. (26) have observed that, although expression
of Aktl accelerated ErbB2-associated mammary tumorigene-
sis, this kinase suppressed cancer invasion and metastasis. Our
newly generated mouse model that allows expression of Stat5
in a ligand-inducible manner will be a suitable genetic tool to
assess whether Stat5 regulates the expression of Akt! in pre-
neoplastic and cancerous lesions and whether the ablation of
Stat5 during various stages of carcinogenesis affects tumor
progression.
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