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Deregulated estrogen signaling is evidently linked to breast cancer
pathophysiology, although the role of signal transducer and acti-
vator of transcription (Stat)5a, integral to normal mammary
gland development, is less clear. A mouse model of mammary
epithelial cell-targeted deregulated estrogen receptor o (ERa)
expression [conditional ERx in mammary epithelium (CERM)]
was crossed with mice carrying a germ line deletion of StatSa
[StatSa—/—] to investigate interactions between ERa and
StatSa in mammary tissue. CERM, CERM/Stat5a+/—, CERM/
Stat5a—/—, Stat5a+/—, StatSa—/— and wild-type (WT) mice
were generated to test the roles of ERa and StatSa on pubertal
differentiation and cancer progression with and without exposure
to the chemical carcinogen 7,12-dimethylbenz[a]anthracene
(DMBA). Only CERM/Stat5a—/— mice demonstrated delayed
pubertal terminal end bud differentiation. Without DMBA expo-
sure, Stat5a loss abrogated ERa-initiated hyperplastic alveolar
nodule (HAN) development and, similarly, StatSa—/— mice did
not develop HANs. However, although StatSa loss still reduced
ERa-initiated HAN prevalence following DMBA exposure, StatSa
loss without deregulated ERa was associated with an increased
HAN prevalence compared with WT. Progression to ERa(+) and
ERa(—) adenocarcinoma was found in all CERM-containing gen-
otypes (CERM, CERM/StatSa+/—, CERM/Stat5a—/—) and
ERa(+) adenocarcinoma in the Stat5a—/— genotype. The mam-
mary epithelial cell proliferative index was increased only in
CERM mice independent of Stat5a loss. No differences in apoptotic
indices were found. In summary, StatSa cooperated with deregu-
lated ERa in retarding pubertal mammary differentiation and
contributed to ER«a-initiated preneoplasia, but its loss did not pre-
vent development of invasive cancer. Moreover, in the absence of
deregulated ERq, StatSa loss was associated with development of
both HANs and invasive cancer following DMBA exposure.

Introduction

Deregulation of estrogen signaling is linked to breast cancer devel-
opment (1). Although most human breast cancers are estrogen recep-
tor o (ERa)-positive, ERa-negative breast cancers also appear and
carry a worse prognosis. Breast cancers are believed to arise from
preneoplastic lesions including atypical ductal and lobular hyperpla-
sia and ductal carcinoma in sifu, which can be markers for later in-
vasive cancer development (2). Open questions remain on the role

Abbreviations: cDNA, complementary DNA; CERM, conditional ERa in
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gen receptor o; F, forward; HAN, hyperplastic alveolar nodule; IP, immuno-
precipitation; PCR, polymerase chain reaction; PR, progesterone receptor; R,
reverse; rtTA, reverse tetracycline responsive transactivator; RT-PCR, reverse
transcription—polymerase chain reaction; Stat, signal transducer and activator
of transcription; TEB, terminal end bud; WB, western blots; WT, wild-type.

of deregulated estrogen signaling in ERa-negative cancers and the
relationship between preneoplasia and invasive breast cancer (3).

In the mouse mammary gland, ductal hyperplasia and hyperplastic
alveolar nodules (HAN) are preneoplastic lesions that mimic human
preneoplasia (4). The conditional ERa in mammary epithelium
(CERM) mouse model with deregulated ERa targeted to mammary
epithelium is one of the few breast cancer mouse models that illus-
trate ERo-positivity in preneoplasia (5,6). Experiments utilizing
this model have shown that cyclin D1 plays a critical survival role
for mammary cells with aberrant ERo expression (7), deregulated
ERo in combination with Simian Virus 40 T antigen oncogene
produces ERa-positive mammary adenocarcinoma (8) and both
ERoa-positive and ERo-negative mammary adenocarcinomas de-
velop when deregulated ERo is combined with Brcal loss and
p53 haploinsufficiency (9).

The polycyclic hydrocarbon 7,12-dimethylbenz[a]anthracene
(DMBA) is the most commonly employed chemical carcinogen to
study chemically induced mammary gland carcinogenesis in mice
(10). DMBA induces the development of mammary ductal hyperpla-
sia and HANS, as well as adenocarcinomas and adenosquamous car-
cinomas (4,11).

Puberty follows maturation of the hypothalamo—pituitary—gonadal
axis with estrogen signaling stimulating mammary ductal elongation
driven by highly proliferative mammary ductal structures called ter-
minal end buds (TEBs) (12). TEBs are composed of proliferating cells
that differentiate into myoepithelial and luminal cell lineages as the
TEBs progress through the mammary fat pad. By the end of puberty,
TEBs reach the end of the fat pad and differentiate into terminal
ductal ends (13).

Signal transducer and activator of transcription (Stat)5a and Stat5b
are mediators of the prolactin/Jak2 pathway contributing to differen-
tiation and survival of normal mammary lobuloalveolar cells. Stat5a
and Stat5b are homologs with Stat5b arising from a recent gene du-
plication and showing 96% protein homology with Stat5a (14). Stat5a
is the predominant homolog expressed in mammary epithelial cells
(15,16). During first pregnancy, StatSa—/— mice demonstrate defec-
tive lobuloalveolar development and impaired lactation (16). Rescue
of this defect with subsequent pregnancies correlates with increased
Stat5b protein expression and activity (17). When both Stat5a and
Stat5b are absent from mammary epithelial cells prior to pregnancy,
there is no lobuloalveolar development and when Stat5a/b are condi-
tionally deleted from alveolar cells after pregnancy, the cells undergo
apoptosis (18).

Nuclear-localized Stat5a is found in 40% of human ductal carci-
noma in situ lesions (19) and 76% of invasive breast cancers in asso-
ciation with higher levels of differentiation (20). Stat5a/b is highly
activated in human breast cancers (21) and associated with a better
prognosis (22). Studies in human breast cancer cell models showed
that Stat5a/b reverses epithelial-mesenchymal transition and inhibits
invasion (23,24) and that Stat5a expression increases with transition
from preinvasive to invasive (25) and that expression of a Stat5 dom-
inant-negative construct leads to apoptosis and a decrease in tumor
size (26). Potential cross-talk between ERa and Stat5a has been
shown in both normal and breast cancer cells (27-29).

In mouse models, StatSa is a survival factor whose overexpression
leads to cancer. Loss of Stat5a in the whey acidic protein-transforming
growth factor alpha mouse model promotes apoptosis and decreases
mammary hyperplasia development (30). Loss of one Stat5a allele in
the whey acidic protein-simian virus 40 T antigen mouse model in-
creases apoptotic rates in mammary adenocarcinomas and postpones
mammary cancer progression (31). Constitutively activated Stat5
slows down involution and predisposed the multiparous mammary
gland to tumor formation (32). Overexpression of Stat5a as well as
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a dominant-negative Stat5 construct in mammary epithelial cells
gland in transgenic mice leads to mammary cancer (33) compatible
with both cancer-promoting and cancer-protective activities.

This study was initiated to test the hypothesis that loss of Stat5a
alters ERo-initiated preneoplasia progression and cancer develop-
ment. Results revealed that Stat5a contributed to the development
of ERa-initiated preneoplasia but that its loss, even in the absence
of deregulated ERa expression, was associated with chemically in-
duced carcinogenesis implying that the impact of Stat5a loss on car-
cinogenesis was context dependent.

Materials and methods

Mouse models, characterization and DMBA administration

Double-transgenic CERM mice carrying a mouse mammary tumor virus-long
terminal repeat-reverse tetracycline responsive transactivator (rtTA) transgene
(34) and a tetracycline responsive promoter-FLAG-ERo transgene (6) were
crossed with Stat5a deficient (StatSa—/—) mice with a disrupted Stat5a locus
lacking the first two protein coding exons (16) to generate female CERM
(n = 50), CERM/Stat5a+/— (n = 67), CERM/StatSa—/— (n = 59), wild-
type (WT) (n = 60), StatSa+/— (n = 43) and StatSa—/— (n = 28) mice on
a C57Bl/6 background. All genotypes demonstrated similar sizes, activities,
puberty onset and fertility. Puberty onset was measured by observing for vag-
inal opening starting at age 3 weeks until complete vaginal canalization (35).
Mice were maintained on a 12 h light—dark cycle with a doxycycline-containing
diet (Bio-Serv, Frenchtown, NJ) and water ad libitum. The Georgetown
University Animal Care and Use Committee and Institutional Biosafety Com-
mittee approved all procedures. For genotype analysis, ear DNA was extracted
(36) and 2 pl DNA was amplified in 20 pl polymerase chain reaction (PCR)
reaction solution [1x PCR buffer (Sigma, St Louis, MO), 0.2 mM dNTPs
(Invitrogen, Carlsbad, CA), 1 U/ul RedTaq polymerase (Sigma), forward (F)
and reverse (R) primers for FLAG-ERa 0.38 pM F: 5'-CGAGCTCGG-
TACCCGGGTCG-3' and R: 5'-GAACACAGTGGGCTTGCTGTTG-3',
for rtTA 0.38 uM F: 5'-ACTAAGTCATCGCGATGGAGCA-3’ and R: 5'-CT-
CGATGGTAGACCCGTAATTG-3', for StatSa—/— 0.612 uM F: 5'-GAACA-
AACAGATCATCCGCAA-3" and R: 5'-TTCGTCCAGATCATCCTGATC-3’
and for Stat5aWT 0.55 uM F: 5'-CTGGATTGACGTTTCTTACCTG-3" and
R: 5'-TGGAGTCAACTAGTCTGTCTCT-3'] in a thermocycler: FLAG-ERa
(35 cycles 94°C 60's, 57°C 90 s, 72°C 120 s), rtTA (35 cycles 94°C 60 s, 55°C
90 s, 72°C 120 s) and Stat5a (94°C 30 s, 40 cycles 98°C 35 s, 58°C 60 s, 72°C
105 s). Alternatively, genotyping was performed from tails by TransnetYX
(Memphis, TN) using the probe 5'-GCACTCAGCGCTGTGG-3’ with forward
primer 5'-TGCCAACAAGGTTTTTCACTAGAGA-3’ and reverse primer
5"-CTCTTGATCTTCCAATACGCAACCTA-3' to detect rtTA transgene, the
probe 5'-CTTAATTCCGGAGTGT-3" with forward primer 5'-GGAGAA-
GAGTTTGTGTGCCTCAA-3' and reverse primer 5'-AAGGTGCTGGACA-
GAAACGT-3" to detect FLAG-ERo transgene, two probes 5'-ACC-
TGTCCGGTGCCC-3’ and 5'-CCCCTCTGATAGCTCC-3" with two forward
primers 5'-GGGCGCCCGGTTCTT-3' and 5'-GGTGGTGTCTCTGGGA-
AAGG 3’ and two reverse primers 5'-CCTCGTCCTGCAGTTCATTCA-3’
and 5'-ACCACAGCTGTATAAGCATCAAAGT-3’ to detect WT, StatSa+/—
and StatSa—/— mice. Real-time reverse transcription—polymerase chain reac-
tion (RT-PCR) of RNA extracted from mammary tissue confirmed comparable
levels of FLAG-ERo messenger RNA expression in CERM, CERM/Stat5a+/—
and CERM/Stat5a—/— mice and up to 2-fold increased expression levels of
total ERo messenger RNA with an increased percentage of mammary epithelial
cells demonstrating nuclear-localized ERa in CERM (6), CERM/Stat5a+/—
and CERM/Stat5a—/— mice compared with WT. Numbers of WT, CERM,
CERM/Stat5a+/—, CERM/Stat5a—/—, Stat5a+/— and StatSa—/— mice:
TEB studies at 2, 4 and 12 months (n = 5, 5, 11, 8, 5, 8; n = 19, 7, 13, 18,
17, 3; n = 10, 18, 25, 21, 8, 7, respectively); HAN prevalence in untreated
mice: n = 18, 19, 25, 22, 8, 6; HAN/cancer prevalence following DMBA
exposure: n = 8, 10, 9, 9, 9, 8. Numbers of WT, CERM, CERM/Stat5a+/—,
CERM/Stat5a—/— for western blots (WB), immunohistochemistry and immu-
noprecipitation (IP)/WB, respectively: n = 0,6,6,5;n = 0,3,0,3;n = 1, 3,
2, 3. DMBA (D3254, Sigma) was dissolved in corn oil to a 10 pg/pl final
concentration. Four-month-old mice received a single 1 mg DMBA/animal
intragastric dose (10). Mice were necropsied between 10.5 and 12 months of
age subsequent to weekly clinical examination until age 12 months or when
tumor reached 1 cm? or other health issues required euthanasia.

Morphology and histology

For each mouse, one abdominal mammary gland whole mount was prepared,
with fixation of the second abdominal mammary gland and any tumors in 10%
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buffered formalin for hematoxylin and eosin-stained section preparation (6).
Ductal length [measured longest two to three primary ducts from the nipple to
their end close to the end of the fat pad using Metamorph Image Analysis
version 6.3r2 (Downingtown, PA)], TEBs (number and size: defined as bulbous
shaped terminal ends >10 000 um? measured by Metamorph Image Analysis
version 6.3r2) and HANs (4) were evaluated on whole mounts from 2-, 4- and
12-month-old mice. Histology of hyperplasia, ductal carcinoma in situ and
invasive cancers were evaluated on hematoxylin and eosin-stained sections.
Images were captured using a Nikon Eclipse ES00M microscope, DMX1200
camera with the ACT-1 Version 2.7 program (Nikon Corporation, Melville,
NY) and assembled in Adobe Photoshop version 6.0 (San Jose, CA).

RNA expression studies

For real-time RT-PCR, total RNA was prepared from snap-frozen thoracic
mammary gland tissue using Trizol extraction (Invitrogen). Complementary
DNA (cDNA) was synthesized as per manufacturer’s instructions (Super-
Script™ Reverse Transcriptase; Invitrogen). TagMan® Gene Expression
Assays-On-Demand [Applied Biosystems (ABI), Foster City, CA] detected 18S
(Hs99999901_s1), total ERa (transgene and endogenous) (Mm00433149_ml),
Stat5b  (MmO00839889_m1), P-casein  (MmO00839664_ml), Lemd3
(MmO01156598_m1), Sstrl (Mm00436679_s1), Statl (MmO00439518_ml),
Stat3 (Mm00456961_m1) and transgene FLAG-tagged ERo (forward primer:
5'-CCCCGGGAGATCTGTGAAC-3'; reverse primer: 5'-TGTGAAGGGT-
CATGGTCATATGTTT-3"; Reporter: 5'-CCATGGACTACAAAGACG-3").
Gene amplification was performed as per manufacturer’s instructions (TagMan
Universal PCR Master Mix; Roche, Basel, Switzerland) on a 7900 HT Fast
Real-Time PCR System and analyzed with the ABI Prism SDS Version 2.1
program. For cDNA microarray analyses, RNA was prepared as above from
thoracic mammary glands of 12-month-old WT (n = 4), CERM (n = 4) and
CERM/Stat5a—/— (n = 4) mice. MOgene (St Louis, MO) prepared cDNA and
performed microarrays using whole mouse genome 4x44K Agilent gene
expression microarrays.

Immunohistochemistry

Immunohistochemical detection was performed on paraffin-embedded mam-
mary gland sections following manufacturer’s instructions (rabbit VectaStain
or Mouse-On-Mouse kit; Vector Labs, Burlingame, CA). Antigen retrieval was
performed either in a decloaker using BORG retrieval solution (Biocare Med-
ical, Concord, CA) or by immersion at 98°C for 20 min in 10 mM citrate buffer
(pH 6.0) with 0.05% Tween. Primary antibodies: Stat5a (L20 clone; sc-1081,
Santa Cruz, Santa Cruz, CA), Ki67 (NCL-Ki67-MM1; Novocastra, Logan,
UT), cyclin D1 (RM-9104; Neomarkers, Fremont, CA), Stat5b (sc-1656; Santa
Cruz), ERa (sc-542; Santa Cruz) and progesterone receptor (PR; sc-538; Santa
Cruz). Apoptotic cells were detected by terminal deoxytransferase-mediated
deoxyuridine nick end-labeling assay following the ApopTag® peroxidase
in situ apoptosis detection kit’s instructions (Chemicon International, Billerica,
MA). The numbers of mammary epithelial cells showing immunoreactivity for
the ApopTag assay, nuclear-localized Ki67 for proliferation and nuclear-
localized cyclin D1 were counted out of a total of 1000 cells and expressed
as a percentage of positive cells.

Protein expression studies

For WB and IP/WB studies, frozen mammary gland tissue was homogenized in
50 mM Tris—HCI (pH 8.0), 150 mM NaCl, | mM EGTA, 1% IGEPAL, 40 mM
B-glycerophosphate Na, 50 mM NaF, 20 mM Na pyrophosphate, 2 mM sodium
orthovanadate, 1 complete Protease Inhibitor Cocktail tablet (Roche) and
centrifuged. Protein concentration was measured using BCA™ Protein Assay
Kit (Pierce, Rockford, IL). Protein lysate was boiled for 3 min. Proteins were
separated on 8—10% Tris—Glycine gels (Novex, Carlsbad, CA) adjacent to full
Range Rainbow™ protein molecular weight markers (Amersham Bioscience,
Fairfield, CT), transferred onto Immobilon-P polyvinylidene difluoride transfer
membrane (Millipore, Billerica, MA), blocked in 3—5% bovine serum albumin
(Sigma) followed by incubation with Stat5b (sc-1656; Santa Cruz) primary
antibodies and then with anti-mouse monoclonal secondary antibody (Jackson
Laboratories, Bar Harbor, MI). Proteins were detected using SuperSignal®
West Dura Extended Duration Substrate (Pierce). Blots were stripped 30 min
at 60°C [0.2% sodium dodecyl sulfate, 0.0625 M Tris (pH 6.7), 0.7%
B-mercaptoethanol], reprobed with anti-mouse monoclonal secondary anti-
body to verify stripping of proteins and reprobed with actin (sc1616; Santa
Cruz). For IP studies, protein lysate was prepared as above, mixed with 0.25%
Na deoxycholate and 0.1% sodium dodecyl sulfate 50 min at 4°C and pre-
cleared by incubation with control isotype antibody mouse IgGl (X0931,
Dako, Carpinteria, CA) and protein A/G PLUS-Agarose beads (sc-2003; Santa
Cruz) for 30 min at 4°C. Five hundred microgram protein from the precleared
supernatant was incubated with 2 pg of StatSb antibody (sc-1656, Santa Cruz)
for 1 h at 4°C followed by incubation with 20 pl protein A/G PLUS-Agarose
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beads for 1 h at 4°C. Supernatants were loaded on gel to verify incomplete
Stat5b depletion after IP. Proteins were separated on 8-10% gels (Novex).
Membranes were blocked in 3-5% bovine serum albumin (Sigma) followed
by incubation with 1 pg/ml AX1 anti-phosphoStat5a/b primary antibody
(Advantex BioReagents, El Paso, TX) and then incubation with anti-mouse
secondary antibody (Jackson Laboratories) with protein detection as above.
Blots were stripped 30 min at 60°C, reprobed with anti-mouse secondary anti-
body to confirm protein stripping and reprobed with Stat5b antibody (sc-1656;
Santa Cruz), followed by incubation with anti-mouse secondary antibody.

Statistical analysis

Statistical analyses were performed with GraphPad Prism version 4 for
Windows (La Jolla, CA). One-tailed Student’s z-test with Welch’s correction
was used to compare TEB number and nuclear-localized cyclin D1 indices
between genotypes. Two-tailed Student’s 7-test was used to compare prolifer-
ative and apoptotic indices between genotypes. TEB, HAN and invasive cancer
prevalence were compared using Fisher’s Exact Test. Analysis of variance was
used to compare the day of vaginal opening between genotypes. TEB number,
nuclear-localized cyclin D1, proliferative and apoptotic indices, and day of
vaginal opening are presented as the mean + SEM. Statistical significance was
reached when P < 0.05.

Results

Loss of Stat5a in combination with deregulated ERv. led to delayed
TEB differentiation

To test whether loss of StatSa and/or deregulated ERo altered TEB
differentiation, the presence, number and size of TEBs at 2, 4 and
12 months of age in CERM/StatSa—/—, CERM/Stat5a+/—, CERM,
StatSa+/—, StatSa—/— and WT mice were measured. Although CERM,
CERM/Stat5a—/—, CERM/Stat5a+/— and StatSa—/— mice demon-
strated a higher number of TEBs compared with WT mice at 2 months
of age (9.2 £ 5.3,8.4 + 1.8,10.55 = 3.7 and 10.0 = 3.7 compared with
1.8 £ 0.8, P = 0.1, 0.005, 0.02 and 0.03, respectively), only CERM/
StatSa—/— mice demonstrated a significantly higher number of TEBs
compared with WT mice at 4 months of age (CERM/StatSa—/—:
6.6 + 2.9 compared with WT: 0.7 + 0.3, P = 0.03; Figure 1). By
12 months of age, the number of TEBs in CERM/Stat5a—/— mice
was no longer increased. The size distribution of TEBs at any age
did not significantly differ between CERM/Stat5a—/— and WT mice
nor were there any differences in the length of ductal extension through
the fat pad. StatSa immunohistochemistry determined that all cells in
2-month-old CERM TEBs were nuclear StatSa positive. The onset of
vaginal opening as a marker of puberty initiation was not significantly
different between CERM/StatSa—/— (30.0 + 1.9 days) and WT
(29.7 = 0.6 days) mice. In conclusion, the combination of Stat5a loss
with deregulated ERa led to an increase in TEB number persisting
through 4 months of age that was not attributable to differences in
puberty onset or altered kinetics of ductal elongation.

Loss of Stat5a reduced the prevalence of HANs induced by
deregulated expression of ERo without altering rates of either
proliferation or apoptosis

To test whether or not loss of Stat5a or deregulated ERa altered de-
velopment of mammary preneoplasia, the presence or absence of
HANs was compared at 12 months of age in CERM/StatSa—/—,
CERM/Stat5a+/—, CERM, Stat5a+/—, StatSa—/— and WT mice.
By itself, expression of deregulated ERa was found to increase
HAN prevalence. A significantly higher percentage of CERM
(37%) as compared with WT (5.5%) mice demonstrated HANs at
12 months of age (P < 0.05; Figure 2A and B) and the proliferative
hyperplasia exhibited nuclear-localized Stat5a (Figure 2C). Signifi-
cantly, loss of Stat5a in CERM mice reduced HAN prevalence to zero
(P < 0.01) compared with CERM. Proliferative and apoptotic indices
were measured to determine if changes in these measures could be
correlated with the reduced preneoplasia prevalence. As shown pre-
viously (6), the proliferative index of mammary epithelial cells was
statistically significantly increased in CERM mice compared with WT
mice but loss of one or two StatSa alleles did not alter this ERa-
associated increase (Table I). The apoptotic index was not changed
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Fig. 1. Loss of Stat5a alleles in combination with deregulated ERa led to
a delayed terminal end bud differentiation. Graphs representing the number
of TEBs in WT, CERM, CERM/Stat5a+/—, CERM/Stat5a—/—, StatSa+/—
and Stat5a—/— mice at 2 (A), 4 (B) and 12 months of age (C). Horizontal
lines between genotypes demonstrating statistically significant differences in
TEB number (*P < 0.05); mean = SEM indicated.

by either the presence or absence of Stat5a (WT: 1.6 + 0.5%, CERM:
1.3 + 0.4%, CERM/Stat5a+/—: 1.9 + 1.2% and CERM/Stat5a—/—:
1.0 £ 0.15%, P > 0.05). A cDNA microarray analysis on whole
mammary gland tissue from CERM/Stat5a—/—, CERM and WT mice
was performed to determine if an altered gene signature could be
defined in the CERM/Stat5a—/— mice but none was found. A reduc-
tion in -casein gene expression was detected and confirmed by real-
time RT-PCR in agreement with previous reports on StatSa—/— mice
(16). In contrast, real-time RT-PCR did not demonstrate significant
changes in expression levels for other candidate genes from the array
analysis including Lemd3, Sstr1, Statl and Stat3. In summary, loss of
Stat5a reduced ERo-initiated HAN prevalence without impacting
rates of cellular proliferation or apoptosis.
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Fig. 2. Deregulated ERa led to an increase in HAN prevalence, which was
abrogated with loss of StatSa alleles. (A) Graph representing the percentage
of mice with HANSs at 12 months of age in nulliparous WT, CERM, CERM/
Stat5a+/—, CERM/Stat5a—/—, Stat5a+/— and StatSa—/— mice. Horizontal
lines between genotypes demonstrating statistically significant differences in
TEB number (*P < 0.05); mean + SEM indicated. (B) Representative
mammary gland whole mounts of WT, CERM, CERM/Stat5a+/— and
CERM/Stat5a—/— mice at 12 months of age (bars represent 2 mm). Inserts
represent areas of mammary gland with HANs in CERM and CERM/
Stat5a+/— mice or without HAN in WT and CERM/Stat5a—/— mice.
Arrows indicate HANs. (C) Representative hematoxylin and eosin of HAN
from CERM mouse (left panel, bar represents 100 pm). HAN is positive for
nuclear-localized Stat5a and Ki67 by immunohistochemistry (right panels,
bars represent 20 pm).

Table I. Mammary epithelial cell proliferative index in WT, CERM, CERM/
StatSa+/— and CERM/Stat5a—/— mice at 12 months of age

Genotypes Proliferative index in
mammary epithelial
cells (%)
CERM versus WT 13.3 + 2.1 versus 4.1 = 0.9 P <0.05
CERM versus CERM/ 13.3 = 2.1 versus 16.1 + 2.7 P > 0.05
Stat5a+/—
CERM versus CERM/ 13.3 + 2.1 versus 10.2 + 2.2 P > 0.05
StatSa—/—

Although loss of Stat5a reduced HAN prevalence in mice with
deregulated expression of ERa exposed to DMBA, cancer
development was not prevented

To more directly compare the carcinogenic susceptibility of mam-
mary epithelial cells from the different genotypes, we analyzed
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Fig. 3. Prevalence of HANs and mammary adenocarcinomas following
DMBA exposure at 4 months of age. Graphs representing the percentage of
mice with HANs (A) and mammary adenocarcinoma (B) in the mammary
gland of DMBA-treated WT, CERM, CERM/Stat5a-+/—, CERM/Stat5a+/—,
Stat5a+/— and Stat5a—/— mice; mean + SEM indicated.

HAN and cancer development at 12 months of age following DMBA
exposure at 4 months of age in CERM/Stat5a—/—, CERM/Stat5a+/—,
CERM, Stat5a+/—, StatSa—/— and WT mice (Figure 3). Four months
of age was selected for the exposure time point due to the persistent
presence of TEBs in 4-month-old CERM/StatSa—/— mice. As with
the non-DMBA-exposed mice, a higher percentage of CERM (40%)
compared with WT (12.5%) mice demonstrated HANs at 12 months
of age and loss of Stat5a reduced HAN prevalence (11%) (Figure 3A).
However, cancer development was not prevented (Figures 3B and 4).
Unexpectedly, HAN prevalence also was higher in StatSa+/— (67%)
and StatSa—/— (50%) as compared with WT following DMBA expo-
sure and cancer developed in StatSa—/— mice (Figures 3B and 4). The
histology and expression patterns of ERa, PR, Stat5a, Stat5b and
cyclin D1 were compared in the different cancers (Figure 4). The
adenocarcinomas from the CERM/Stat5a+/— and StatSa—/— mice
were ERo/PR positive, whereas the adenosquamous carcinomas iden-
tified in the CERM and CERM/Stat5a—/— mice were ERa/PR-
negative (Figure 4A). As expected, StatSa was undetectable in the
cancers developing in the CERM/Stat5a—/— and StatSa—/— mice
but nuclear-localized Stat5b was found in all cancers, as was cyclin
D1. The percentage of cancers cells demonstrating nuclear-localized
cyclin D1 (76.3 = 9.8%; Figure 4A) was significantly higher than that
found in normal appearing mammary epithelial cells (33.3 + 4.5%,
P < 0.001; Figure 4B). Since StatSb was expressed in all cancers,
levels of Stat5b expression in normal appearing mammary epithelial
cells and mammary tissue from CERM, CERM/StatSa+/— and
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stained with hematoxylin and eosin and immunohistochemistry for ERa, PR, Stat5a, Stat5b and cyclin D1 of DMBA-induced mammary carcinomas.
Adenocarcinomas and adenosquamous carcinomas are indicated. Bars represent 50 um. Arrows indicate epithelial cells with representative staining.

(B) Representative sections of cyclin D1 labeled normal appearing ducts following DMBA exposure. Bars represent 10 pm. Arrows indicate epithelial cells with
representative staining. (C) Western blot of Stat5b expression (92 kDa) using protein lysates from the mammary glands of CERM/Stat5a—/—, CERM/Stat5a+/—
and CERM mice. Actin was used as loading control. Each lane represents one separate mouse. (D). Representative Stat5b immunohistochemistry in CERM and
CERM/Stat5a—/— mammary glands. Arrows indicate epithelial cells with representative staining. (E). Immunoprecipitation of Stat5b (92 kDa) from mammary
glands of CERM/Stat5a—/—, CERM/Stat5a+/—, CERM and WT mice was performed with (4) and without (—) Stat5b antibody. Blot was probed with phospho-
Stat5, followed by western blot with StatSb after complete stripping of proteins. Each lane represents one separate mouse.

CERM/Stat5a—/— mice were measured to determine if loss of Stat5a
was directly associated with increased Stat5b expression and activity
but none were found (Figure 4C-E). In conclusion, the reduction of
HAN prevalence found in mice with deregulated ERa with loss of
Stat5a did not prevent cancer development, and loss of Stat5a by itself
without deregulated ERo was associated with an increase in HAN
prevalence and cancer development after DMBA exposure.

Discussion

Only the combination of deregulated ERo and loss of Stat5a resulted
in a significant delay in TEB differentiation. Stat5a is linked to ter-
minal differentiation of mammary epithelial cells during pregnancy
(15-17). Mammary epithelial transplant studies reveal an ‘ample’
TEB number in the StatSa—/—-transplanted epithelium of 11-week-
old recipient mice and showed the effects of Stat5a deficiency on
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differentiation are restricted to the epithelium (17). Here, we demon-
strate for the first time that deregulated ERo can collaborate with
StatSa deficiency to impair differentiation of TEB mammary epithe-
lial cells.

HANSs have been likened to human hyperplastic epithelial lobular
units (4). Deregulated ERa expression significantly increased HAN
prevalence, nuclear-localized Stat5a was expressed in the lesions, and
Stat5a loss abrogated HAN development in nulliparous mice,
suggesting that StatSa-mediated signaling pathways contribute to
ERo-initiated preneoplasia. Previous studies in which Stat5a loss
compromised cancer progression initiated by non-hormonal mecha-
nisms implicated impaired mammary epithelial cell survival as
a mechanism (30,31). We found apoptotic rates low in the mammary
epithelial cells of mice with deregulated ERa that were not further
reduced by StatSa loss. This does not exclude the possibility that
Stat5a loss may selectively impair survival of HAN progenitor cells.



Stat5a also is known to mediate cell proliferation in hematopoietic
cells (37,38). Deregulated ERa significantly increased mammary ep-
ithelial cell proliferation (6) but this was not reduced by loss of StatSa
in the normal appearing mammary epithelium. Therefore, StatSa was
not required for the abnormal increase in proliferation initiated by
deregulated ERuo, at least in the normal appearing mammary epithelial
cells. It does not exclude that Stat5a loss could lead to significant
changes in cell proliferation only in hyperplasia or may act to extend
the cell cycle, which could explain the delay in TEB differentiation.
Even though Stat5a is a transcription factor, the gene signature was
not changed except for downregulation of B-casein. This does not rule
out the involvement of altered gene transcription but does indicate that
differences were not profound and may involve only a subpopulation
of mammary epithelial cells. Loss of Stat5a has a defined role on
lobuloalveolar but not ductal development (39), possibly explaining
the paucity of gene expression changes in the non-pregnant mammary
glands composed primarily of ductal epithelium. Moreover, the mice
were not exposed to increased levels of prolactin or other growth
factors through pregnancy or exogenous stimulation. It is possible
that fewer gene expression changes are found when Stat5a is only
basally activated in ductal cells than when Stat5a is highly activated
by prolactin or other ligands in lobuloalveolar cells.

The experiments excluded changes in apoptosis, proliferation or
measurable gene transcription as reasons for the absence of HANs
in the CERM/Stat5a—/— mice leaving open the hypothesis that HAN
precursor cells could selectively require Stat5a for their survival or
proliferation. Despite being highly conserved, Stat5a and StatSb exert
non-redundant functions (40) and exhibit different potencies on sim-
ilar effects (41). However, in the mammary gland, Stat5b activation
through serial pregnancy has been shown to rescue the lactational
defect of StatSa—/— mice indicating that Stat5b can compensate for
at least some functions of Stat5a in mammary epithelium (17). If the
same were true for HAN precursor cells, then HANs would be pre-
dicted to develop in serially pregnant CERM/Stat5a—/— mice, which
occurred (data not shown), supporting the concept that either of the
two Stat5 homologs could support HAN development if sufficiently
activated. Stat5 may contribute to the development of specific mam-
mary cancer precursor cell lineages in a manner paralleling the estab-
lished role of Stat5 in determining normal hematopoietic and
mammary epithelial cell lineages (39,42—44).

The experimental results led to a conundrum. Loss of Stat5a in the
context of deregulated ERa delayed TEB differentiation, a condition
hypothesized to increase cancer risk (11), but StatSa loss decreased
the risk of preneoplasia development in nulliparous mice. To more
rigorously test if Stat5a loss was cancer protective, 4-month-old mice
were exposed to DMBA, the time point when impaired TEB differ-
entiation was documented. HAN prevalence was reduced with loss of
Stat5a in the mice with deregulated ERa but not absent. This is con-
sistent with the notion that StatSa might play a supportive role in
survival or proliferation of HAN precursor cells but also indicated
that StatSa is not mandatory. This suggests that other factors could
compensate for its absence. One compensating factor could be StatSb
(17) acting to increase cyclin D1, a StatSa and StatSb target gene (45—
48). Nuclear-localized Stat5b was documented in all cancers and the
percentage of cells with nuclear-localized cyclin D1 was significantly
increased in cancers as compared with normal epithelium. The in-
creased percentage of cells with cyclin D1 expression in the cancers is
consistent with the fact that the percentage of cyclin D1-positive cells
is higher in hyperplasia than normal epithelium in CERM mice (6).
Cyclin D1 loss in CERM mice interrupts mammary epithelial cell
survival (7). Cyclin D1 may play a role with Stat5 in development
of the hyperplasias and cancers studied here.

DMBA exposure experiments revealed that StatSa loss did
not absolutely protect from cancer promotion and that the impact of
Stat5a loss was context dependent. When deregulated ERa was pres-
ent, Stat5a loss reduced HAN development but in the framework of
normal mammary epithelial cells, StatSa loss increased HAN devel-
opment and cancer appeared. This could relate to a differentiation
defect in the StatSa—/— mice, independent from TEB differentiation,
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that increased susceptibility to DMBA-induced carcinogenesis (49). It
also illustrated that cancer formed even though enzyme activity re-
quired for DMBA metabolism into the active form might be decreased
by Stat5a loss (50). The reason StatSa loss resulted in a different HAN
prevalence following DMBA treatment dependent on the presence or
absence of deregulated ERa is not clear. However, mammary cells
expressing deregulated ERo demonstrate a differential dependence
upon cyclin D1 for survival that is not found in normal mammary
cells (7) and this may represent another example of how mammary
epithelial cells with deregulated ERo react differently to genetic
changes than normal mammary epithelial cells.

Both ERa/PR-positive and ERo/PR-negative mammary cancers de-
veloped in the mice with deregulated ERa, similar to when deregu-
lated ERa is combined with Brcal loss and p53 haploinsufficiency
(9). ERa/PR-positive adenocarcinoma developed with StatSa—/— loss
and no deregulated ERa. The origins of ERo/PR-negative mammary
cancers and their relationship to estrogen signaling are an active area
of investigation with evidence for generation from either ERa-
positive precursor (51) or ERa-negative precursor (52) cells. These
mouse models are tools to further investigate the origins of ERa-
positive and ERa-negative cancers.

In summary, the impact of Stat5a loss on mammary carcinogenesis
was context dependent (Figure 5). Although absence of Stat5a in the
background of deregulated ERa reduced the prevalence of preneopla-
sia, this did not extend to protection from DMBA-induced cancer.

A. Deregulated ERa expression levels

2 months| ++++ TEBs ++++ TEBs
4 months| +++ TEB: pormal
2 ductal ends
12 months No HAN +HAN GEEEHANY porss HAN
+ cancer + cancer

B. Normal ERa expression levels

[statsa

2 months| ++++ TEBs + TEBs

Normal
__ ductal ends
12months| N HAN :':;;:‘::’ +HAN +HAN

Fig. 5. Stage-dependent effects of Stat5a with respect to differentiation,
hyperplasia and cancer formation in mouse models with and without ERa
deregulation. Deregulated ERo (A) and loss of Stat5a demonstrated
persistent TEBs by 4 months of age, abrogation of HAN development at 12
months of age and upon DMBA insult, mammary carcinoma development at
12 months of age. In contrast, loss of Stat5a without deregulated ERa (B) did
not demonstrate persistent TEBs at 4 months of age; however, upon DMBA
insult, it did lead to mammary carcinoma development. All groups
demonstrated normal terminal ductal ends. Groups that demonstrated
abnormal findings including persistent TEBs, HANs and cancer are
indicated. For TEBs: normal: (<1%), +: (1.1-2.5%), ++: (2.6-5%), +++:
(5.1-7.5%), ++++: (7.6-10%). For HANs: no HAN: (0%), +: (0.1-15%),
++: (15.1-25%), +++: (25.1-35%) and ++++: (>35.1%).
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In the absence of deregulated ERa, Stat5a loss appeared to increase
susceptibility to carcinogen-induced preneoplasia and was associated
with cancer development. It is possible that the same interplay may be
found in the human breast. This will need to be explored if and when
Stat5a targeted therapies for humans become available.
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