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ABSTRACT

Ductal carcinomain situ (DCISjs one of the earliest stagesof breastcancer(BCa).The mechanismsby which
DClISesionsprogressto an invasive state while others remain indolent are yet to be fully characterizedand
both diagnosisand treatment of this pre-invasive disease could benefit from better understanding the
pathways involved. While a decreasedexpressionof Caveolinl (Cavl) in the tumor microenvironment of
patients with DCISbreast cancerwas linked to progressionto invasive breast cancer(IBC),the downstrearr
effector(s) contributing to this processremain elusive. The current report showselevated expressionof Signa
Transducerand Activator of Transcription5a (STAT5ayvithin the DCISike lesionsin Cavl KO mice following
estrogentreatment and inhibition of STATS5a&xpressionpreventedthe formation of thesemammarylesions.In
addition, STAT5averexpressiorin ahumanDCISell line (MCF10DCIS.corpyomoted their invasion,a proces:
acceleratedby estrogentreatment and associatedwith increased levels of the matrix metalloproteinase9
(MMP-9) precursor.In sum, our results demonstrate a novel regulatory axis (Cavl ATATS5a#EVIMP-9) in DCI:
that is fully activated by the presenceof estrogen.Our studiessuggesto further study phosphorylatedSTAT5¢
(Y694)asa potential biomarkerto guideand predict outcome of DClSpatient population.

INTRODUCTION (IBC) over time [%4]. Strikingly, 50% of DCIS
recurrence presents as invasive cancer, [Blus
According to the American Cancer Society, an understanding the molecular pathways involved in the
estimated 250,000 women will be diagnosed with breast development and progression of these-ipvasive
cancer (BCa) this year alone and more than 40,000 lesions is key in bringing BCa to a halt at its early stage
women will succumb to this devastating disease. Ductal [1, 2, 5, 6]
carcinoma in situ (DCIS) is one of the earliest etagf
BCa in which cancerous epithelial cells proliferate ~ Caveolinl (Cavl) is an important 2kDa integral
within the basement membrane of the breast milk duct. membrane protein and structural component of caveolae
Importantly, DCIS lesions are associated with an implicated in the compartmentalization of signaling
increased risk of progressing to invasive breast cancer moleculeg7, 8]. Cavl has been reported to positively
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and negatively impact tumor growth through tissue
specific functions[9]. Although oncogenic properties of
Cav1l have been demonstrated in BCa, evidence
suggests a tumor suppressive role of-Caua BCal7,

10]. There is increasing attention to a specific role of
Cawv1 in the tumorassociated stroma. A loss of Gav
expression in the breast tumor stroma correlated with an
increased risk for early recurrence, metastatic
progression, and decreased survival in patigrits13].

A retrospective patient cohort study revealed that nearly
90% of estrogen receptor (ER) posit DCIS patients
that had recurred to IBC showed diminished or
completely absent Cal/ expression in their tumor
stroma[14]. Additional studies also demonstrated that
loss of stromal Cai expression coupled with the gain
of stromal monocarboxylate trgymter 4 (MCT4)
expression was implicated in the transition of DCIS to
IDC [15]. However, very little is currently known about
the underlying mechanisms associated with DCIS
formation and progression in the context of a Cav-
negative micreenvironment.

Signal transducer and activator of transcription 5a
(STAT5a) is a transcription factor implicated in cell
cycle progression, invasion, and migration in solid
cancers[16, 17] Hemizygous loss of STAT5a in a
tumorprone WARSiImian Virus 40 T antigen (TAQ)
transgenic mouse model significantly delayed
mammary cancer progression, as evidenced by a
reduction in tumor size and numbd8]. Conversely,
transgenic overexpression of a constitutively activated
STAT5a mutant or its upstream JAK2 activator was
sufficient to cause tumor formation in the mammary
glands of mice [1921] Most recently, a role of
STAT5a signaling in preancerous breast lesions was
also reported, where hyperprolactinesmducing
antipsychotics were demonstrated to induce activation
of STAT5a and suppress apoptosis [2B] addition,
STAT5aregulated NOXH. expression increased the
invasion and migration of human SBR-3 breast
adenocarcinoma cells [23pnd the inhibition of
STAT5a by N .-acetyltransferase protein (NaalOp) led
to the suppreson of cell motility and invasion in
human MCF7 and MDAMB-231 BCa cells[24].
STAT5a was also shown to promote the progression of
human atypical ductal hyperplasia (ADH), a precursor
of DCIS [25]

Surprisingly, there is very limited data on the
contribution of STAT5a in the context of early BCa,
especially DCIS formation and progression to invasive
disease. However, knowing that several reports link
STATb5a expression to tumor progression, and previous
studies have demonstrated an inverted relationship of
Cawv1 and STAT5a expression bathvitro andin vivo

[26, 27] the current work focusesn the specific role

(s) of STAT5a in early estrogestimulated BCa
formation and progression, using both our established
mouse model of estrogenduced DCIS lesions in Cav-

1 KO mice [28]and in vitro human DCIS cells with
differing STAT5a expression levels.

Herein, our current report establishes that phosphorylated
STAT5a (Y694) expression is significantly egulated in

the epithelia of DCIS lesions in GAWKO mice following
estrogen treatment, compared to viyige (WT) mice.
Functionally STAT5a deletion in Cat KO mice
prevented mammary ductal branching and foci (DIKES-
lesion) formation, reduced theccamulation of PCNA
positive epithelial cells, and maintained mammary ductal
integrity by exhibiting both normal basement membrane
and smooth muscle actin (myoepithelial) layer following
estrogen treatment, suggesting that STAT5a could also
play a role in invasion. Our results also demonstrate a
direct contribution of STAT5a on the invasion of a human
DCIS cell line (MCF10DCIS.com), an effect amplified by
the presence of estrogen and associated with increased
expression of a matrix metalloprotein&eMMP-9)
precursor protein levels. Collectively, we propose
STAT5a as an important player into both DCIS formation
and invasion and its phosphorylation on tyrosine 694
(Y694) should be given closer attention as a potential
target to prevent DCIS formation andartsition to
invasive cancer in a subset lufh-risk patients such as
those with a Cal negative cancer stroma. Having a
better understanding of STAT5a pathway in-iprasive
breast cancer could lead to the development of
personalized therapies for high risk DCIS patients.

RESULTS

Cav-l KO DCIS lesions display increased
phosphorylated STAT5a (Y694) levels as a response
to 17 -estradiol treatment

As previously demonstrated, Cav-KO mammary
glands show hypersensitivity to the proliferative effects
of 17 -estradiol (E2) [28] A similar protocol was
utilized to examine if STAT5a was induced during this
process and how its deletion could affect DCIS
formation in these mice. Immunofluorescence data
show that estrogetmreated Caxd KO mammary glands
exhibit devated levels of STAT5a (Y694), compared to
WT counterparts (Figure 1A) and this increase was
guantitatively analyzed as shown kigure 1B (71.1-
fold, p<0.05, n=3 Cad-KO vs WT).

Deletion of STAT5a in Cavi KO mice prevents
mammary branching and DCIS-like foci formation

Since DCISlike lesions secondary to estrogen treatment
in Cavl KO mice showed increased levels of
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phosphorylated STAT5a (Y694) as shownFigure 1 Proliferating cell nuclear antigen (PCNA) increase in
we questioned whether this was a bystander or Cav-1 KO DCIS-Like lesionssecondary to estrogen
functional effect of this transcription factor. To study  treatment is inhibited by a homozygous STAT5a
this hypothesis, we compared branching and lesion deletion

formation in ovariectomized female WT, GAWO, and

Cawv1/STAT5a double knockout (dKO)mice treated The data above warranted further exploration into the role
with an estrogen regimen for 60 days by performing of STAT5a in estrogemduced DCIS lesion formation
whole mounts analysis. As shown in Figure 2A and 2B, grown within a Caut negative mammary gland. PCNA, a
estrogerreated Caxd KO mice showed a significant cofactor of DM\ polymerase that functions in the G1 and
increase in ductal branching (summation of primary, S phases of the cell cyd29], was investigated through
secondary, and tertiary branch points) compared to WT immunofluorescence in estrogstimulated WT, Cad

counterparts (2:%old, p<0.001, n=8). A homozygous KO, and Cavl/STAT5a dKO mammary glands (Figure
deletion of STAT5a in Cal-KO mice was sufficient to 3). The increased level of PCNA nuclear expression
significantly reduce the development of mammary obseved in Cavl KO compared to WT mammary glands
branching compared to Cdv KO mice (1.5fold, (middle panel) was reduced by a homozygous deletion of
p<0.01, n=78), but still significantly higher than the WT STAT5a in Cavl KO mice. These observations suggest
group (1.9fold, p<0.01, n=8) (Figure 2B: left panel). an implication of STAT5a in the cell cycle progression of
While mice lackig Cavl expression exhibited a Cavl KO mammary lesions following estrogen

significant increase in mammary foci formation treatment.
following estrogen stimulation compared to WT mice
(19.3fold, p<0.01, n=7) (Figure 2B: right panel), this Collagen and smooth muscle actin layer remain

increase was significantly reduced in €H8TAT5a uninterrupted in  Cav-1/STAT5a dKO mice
dKO mice (8.6fold, p<0.01, n=78, compared to Ca¥- mammary ducts following estrogen treatment
KO mice) (Figure 2B: right panel) which reached the
levels observed in WT mice (NS, p=0.164, f8;8NT Given the reported involvement of STAT5a in driving
vs Cavl/STAT5a dKO). the progression of solid tumors HB3, 23, 24] we
WT+E2 Cav-1 KO+E2
A B
9000 - *
DAPI 2000
7000
8 B WT+E2
g 6000 . [ Cav-1 KO+E2
_§ E 5000 -
pSTAT5a St
(Y694) g ; 4000 -
.Ej 3000 -
2 2000 -
1000 -
MERGE

WT+E2 Cav-1KO+E2

Figure 1.Cavl KO DCIS lesions display increased phosphoryleéd@dT5a (Y694gvels as a response ta7 -Estradiol
treatment. (A) Mammary glands of estrogdreated WT and Cat KO mice were immunostained with an antibody recognizing
phosphorylated STAT5a (Y694). DAPI was used as a nuclear counterstain. The EVOS FL microscope was used to captufix images at <
objective with the DAPI and CY5.5 light cubes (blue: DAPI immunostaining; green: phosphorylated STAT5a (Y688inmglurieor each
experimental group, immunofluorescence was performed in triplicate on mammary glands derived from 3 independentBjnice. (
Immunofluorescence staining was quantified using Image J software. Corrected total cell fluorescence (CTAE)lated waing the

following formula: CTCF = Integrated Densif{Area of Selected Region x Mean Fluorescence of Background). Kaxmammary glands
demonstrated a significant increase in phosphorylated STAT5a (Y694) expression compared to-esttsgeldV T counterparts (71-fbld,

p<0.05, n=3). Data are expressed as % WT+E2.

www.agingus.com 3 AGING



A WT+E2 Cav-1KO+E2 Cav-1/STAT5a dKO+E2

oA
Sy

B Ductal Branching Ductal Foci
P o ** — *

Number of Mammary Foci

Number of Bea

. o
[ -2 I

wT CAV-1 KO CAV-VSTAT-S dKO wT CAV-1KO CAV-U/STAT-S dKO

Figure 2. Deletion of STAT5a in €aKO mice prevents mammary branchingdaDClISike fod formation. (A) Mammary glands

of estrogentreated WT, Cait KO, and Cal/STAT5a dKO mice were subjected to whole mount analysis to assess ductal branching and foci
formation. Images of the mammary gland whole mounts were captured at 40x objective using an Olympus DP71 camera. Black arrows
indicate mammary foci. Originableort sizes were as follows: WT+E2 (9 mice); CKO+E2 (7 mice); CAASTATS5a dKO+E2 (8 migB). SAS
programming software (version 9.4) was used to generate box plots displaying the number of ductal branching points (left panel) and the
number of ductafoci (right panel) for each experimental group. Ductal branching was calculated as a summation of primary, secondary, and
tertiary branch points. The absence of STAT5a in thel®&@® mammary gland led to a decrease in both ductal branching and foeitifmnm
Quantitatively, changes in ductal branching were as follows (left panel): WT v&.K&ay2.9eld, p<0.001), Ca¥ KO vs. Cal/STAT5a dKO
(1.5fold, p<0.01), WT vs. G&¥STAT5a dKO (k6ld, p<0.01). Quantitatively, changes in ductal foci were as follows (right panel): WT vs.
Cavl KO (19.30ld, p<0.01), Cat KO vs. Cal/STAT5a dKO (8f6ld, p<0.01), WT vs. CGAVSTAT5a dKO (NS, p=0.164).

Figure 3. Proliferating Cell Nuclear Antigen (PCNA) incréa$gavl KO DCHike lesions secondarto estrogen treatmentis

inhibited by a homozygous STATBaletion. Mammary glands of estrogemeated WT, Cal KO, and Cal/STAT5a dKO mice were
immunostained with an antibody recognizing proliferating cell nuclear antigen (PCNA). DAPI was used as a nuclear counterstain. The EVOS F
microscope was used to capture images at 40x objective with the DAPI and Texas Red light cubes (blue: DAPI immunostaining; red: PCN/
immunostaining). Qualitatively, mammary glands lacking Cexpression showed elevated R&E expression upon stimulation with estrogen
compared to WT counterparts. A STAT5a deletion in thel(d&® mammary gland diminished PCNA expression to WT levels. For each
experimental group, immunofluorescence was performed in triplicate on mammary giended from 3 independent mice.
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sought to examine closer whether a STAT5a deletion
could restore mammary duct structural integrity in-Cav
1 KO mice treated with estrogen. While early DCIS
lesions are weltontained within the Is®ment
membrane of the mammary ducts, later stages of DCIS
are characterized by a dismantled basement membrane
and the presence of mienavasion, allowing cancer
cells to invade outside into the stroma, a characteristic
seen in Caxl KO mice treated witkestrogerl, 5, 28]

To assess how STAT5a deletion affected the
histological morphology of the mammary ducts in Cav-
1 KO mice, we first stained WT, CavKO, and Cav-
1/STAT5a dKO mammary glands with Masson's
Trichrome histochemical stain, which highlights
collagen layers surrounding the outside of the mammary
ducts (Figure 4A). Most intriguingly, collagen
deposition (integrity of the basement membrane) was
maintained in Cal KO mammary glands lacking
STAT5a expressionF{gure 4A: right pang) similar to

that observed in WT mice following estrogen treatment
(Figure 4A: left panel). This is a significant change
compared to the degradation of collagen seen around
the DCIS lesions of estrogdreated CaM KO
mammary glandsKjgure 4A: middle panel). Closely
associated with the inner side of the basement
membrane is the smooth muscle layer that allows
mammary ducts to contract during lactation
(myoepithelial layer). This extra layer serves as a barrier
that encloses the epithelial cells, preventing their
invason into the stroma [30]To observe the integrity

of the smooth muscle layer, we immunostained WT,
Cawv1 KO, and Cavt/STAT5a dKO mammary glands
with an antialpha smooth muscle actin (SMA) antibody
to visualize the distribution of myoepithelial cells lining
the inside of the basement membrane of the mammary
ducts (Figure 4B). Consistent with trichrome staining,
Cavl KO mammary glands lacking STAT5a
expression maintained a continuous smooth muscle
layer (Figure 4B: bottom panélssimilar to WT
mammary ductsHigure 4B: upper panglscompared to
Cavl KO proliferative lesions which exhibited
apparent breaks in the myoepithelial laydtigre 4B:
middle panels These data suggest a possible role of
STAT5a in promoting invasion of Cav-KO DCIS
lesions.

Western blot analysis following lentiviral-mediated
overexpression  of STAT5a in human
MCF10DCIS.com

To further explore the functional role of STAT5a in the
progression of 17-estradiolinduced DCIS lesions
seen in Cal KO mice, we utlized a lentiviral
transduction approach to overexpress STAT5a in human
MCF10DCIS.com cells. The MCF10DCIS.com cell line

is characterized by the presence of high grade, comedo

DCIS like structures and is an ideal model system for
studying mechanisms involved in cancer pregien
[31]. Immunofluorescence staining showed successful
nuclear overexpression of phosphorylated STAT5a
(Y694) following lentiviratmediated overexpression
compared to empty control vector cells (Figure 5A).
This was further confirmed by western blotting (Figure
5B), where densitometry analysis demonstrated a
significant increase in phosphorylated STAT5a (Y694)
expression in  STAT5a overexpressor cells in
comparison to empty vector control cells (1foR},
p<0.01, n=3) (Figure 5C). Collectivelyhdse data
verify the successful overexpression of STAT5a in
human MCF10DCIS.com cells.

STAT5a overexpression in humanDCIS cells drives
invasion, a phenomenon enhancelly 17- -estradiol
treatment

Qualitative images of invaded cells upon vehicle or
estradbl treatment of empty vector vs. STAT5a
overexpressor MCF10DCIS.com cells are depicted in
Figure 6A. While both vehicle and estrog&imulated
STAT5a overexpressor cells showed a significant
increase in invasion compared to empty vector
counterparts (1.8ld, p<0.001. n=3, vehicle STAT5a
overexpressor vs. empty vector) and (M p<0.001,
n=3, estrogen STAT5a overexpressor vs. empty vector)
(Figure 6B), invasion was significantly higher in the
latter (estrogen treated group) (Figure 6B). In fact, the
median change in invasion of estrogesated STAT5a
overexpressor cells relative to estrogezated empty
vector cells (median of 2.54, IQR of 0.39, n=3) was
significantly greater compared to the median change in
invasion of vehicldreated STAT5a ovexpressor cells
relative to vehicldreated empty vector cells (median of
1.95, IQR of 0.49, n=3) (p<0.001, n=3) (Figure 6B).
These data demonstrate that STAT5a overexpression
accelerated the invasion of MCF10DCIS.com cells in an
estrogen dependent manner.

Increased PrecMMP -9 protein expression secondary
to STAT5a overexpression and 17- -Estradiol
treatment suggest a hormonal regulationof DCIS
progression with this transcription factor

To further investigate the mechanisms associated with
invasiveness of MCF10DCIS.com STAT5a
overexpressor cells in response to estrogen, we sought
to examine the protein expression of downstream pro-
matrix metalloproteinas@ (MMP-9). PreMMP-9 is a
precursor that leads to the production of a basement
membrane and extracellular matrix endopeptidase
degrading enzyme to promote the invasion of cancer
cells into the surrounding stroma, and is often used as
an inde of transcriptional regulation of this geifig2,
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33]. Upon treating MCF10DCIS.com empty vector and DISCUSSION
STAT5a overexpressor cells with vehicle or estrogen,

protein expression of pmMP-9 was determined by Currently, the molecular mechanisms that govern the
western blot (Figure 7A). Quantitatively, densitometry  transformation of nomvasive DCIS lesions to invasive
revealed that while prMMP-9 expression did not carcinomas are not well understood [5]. Surgical
differ between vehicléreated empty vector and excision, radiation, and endocrine therapyehbecome

veficle-treated STATSa overexpressor cells (NS, the standard treatment options to reduce the risk of
p=0.382, n=3) (Figure 7B), STAT5a overexpressor cells  disease progression, even for patients that would
demonstrated a significant increase in protein  otherwise never evolve to IBC [34]Traditionally,

expression of préAMP-9 compared to empty vector histological grade and hormone receptor status have
counterparts upon estrogen treatment (36ld-- been used to stratify DCIS patients adiog to their
p<0.001, n=3) (Figure 7B). risk of recurrence and/or progression to IBC [35]

Figure 4. Collagen and smooth muscle actin layer remain uninterruptedCawv1/STAT5a dKQnice mammary ducts
following estrogen treatmen. (A) Mammary glands of estrogereated WT, Cast KO, and Cal/STAT5a dKO mice were stained with
Massons trichrome to highlight the collagen (blue staining) lining the outside of the basement membrane of the ducts. Qualitasively
KO mammary glands stimulated with estrogen demonstrated a complegeadation of collagen surrounding the basement membrane,
whereas WT ducts showed intact collagen deposition. Deletion of STAT5a from edtezged Cavl KO mice restored collagen deposition
to WT levels. For each experimental group, trichrome stgimias performed in triplicate on mammary glands derived from 3 independent
mice. B) Mammary glands of estrogeareated WT, Cal KO, and Cal/STAT5a dKO mice were immunostained with an antibody
recognizing alpha smooth muscle actin (SMA) to highlightrtieepithelial cells lining the inside of the basement membrane of the ducts.
DAPI was used as a nuclear counterstain. The EVOS FL microscope was used to capture images at 40x objective with Ffex&ARednd
light cubes (blue: DAPI immunostaining; red: SMA immunostaining). Qualitatively, the SMA layer surrounding esategk@avl KO
mammary ducts was disrupted (white arrows indicate breaks in the myoepithelial cells), but completely intact around WCTagkickO
mice lacking STAT5a expressioaintained an intact SMA layer similar to WT mice. For each experimental group, immunofluorescence was
performed in triplicate on mammary glands derived from 3 independent mice.
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However, these features alone cannot reliably ptredi

which DCIS lesions will progress to an invasive

phenotype[l, 35] As such, there is an unmet need to
further understand the molecular pathways involved in
DCIS progression.

Studies have reported that an elevated expression of
Cavl in the stroma of lmast cancer patients confers
significant protection against progression to metastases
and associates with increased chances of survival [11]
[36]. In contrast, Haret al have attributed a predictive
value of Cavl expression in the epithelial compartment
of invasive breast cancer [37@pespite CayM having a
consistent prognostic value in breast cancer patients, the
subtissular compartments associated with these effects
seem to differ in the literature. Interestingly, studies
focusing on protective effects of Cavexpression in

the stroma reported its protein levels through stains with

a Cavl antibody, while the Hart et.atudy showing an
epithelial protection of Catt expression focused on
MRNA levels, which might explain these contrasting
observations. Our Cav-KO mouse model that develop
accelerated DCHike lesion formation and invasion
secondary to estrogen treatment as previously
published, seems to be an appropriate model {@8]
uncover the potential mechanisms involved in
accelerated DCIS invasion in patients with a lack of
stromal Cavl.

Our current data implicates a functional role of STAT5a
in the epithelial compartment of DCIS.owering
STAT5a levels in estrogenduced Cawvt knockout
DCIS model in mice prevented lesions formation,
restored collagen deposition, maintained myoepithelial
cell layer, and decreased PChpasitive epithelial cells.
Although these results are very eiat and might

Figure 5. Westerrblot analysis following lentiviralmediated overexpression ofSTAT5a irhuman MCF10DCIS.confA)

Immunofluorescence staining was used to confirm overexpression of phosphorylated STAT5a (Y694) in MCF10DCIS.coty wetigrEmp

and STAT5a overexpressor cells were immunostained with an antibody recognizing phosphorylated STAT5a (Y694). DAPI was used as
nuclear counterstain. The EVOS FL microscope was used to capture images at 40x objective with the DAPI andiglexestRsdblue:

DAPI immunostaining; red: phosphorylated STAT5a (Y694) immunostaining). Qualitatively, phosphorylated STAT5a (Y694 )weagressio
upregulated in STAT5a overexpressor cells compared to empty vector control cells. Immunofluorescencéowasdom triplicate on cells

derived from 3 independent passage8) (Western blotting was used to confirm overexpression of phosphorylated STAT5a (Y694) in
MCF10DCIS.com cells. Whole cell lysates ¢)0ff empty vector and STAT5a overexpressor cells were used to assess the protein expression
of phosphorylated STAT5a (Y694) and total STAT5a. GAPDH was used as a control for equal loading. Western blotting ecsnperform
triplicate on cells derived from 3 independent passag€p.Oensitometry analysis a8 performed using the QOR imager. A ratio of
phosphorylated STAT5a (Y694) to total STAT5a was calculated upon normalizing to respective loading controls. Data are reported as % empt
vector. Quantitatively, phosphorylated STAT5a (Y694) expressionpregulated in MCF10DCIS.com STAT5a overexpressor cells compared

to empty vector control cells (11-8Id, p<0.01, n=3).
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highlight a previously unidentified role of STAT5a in
estrogerinduced DCIS formation, our in vivonodel
has cetain limitations that should be noted. Firstly, all
compartments of the mammary gland of the Cav-
knockout mice growing these DCIS lesions lack Qav-
expression (including both stromal and epithelial where
the DCIS arise). Future studies will be developed
focus more specifically on the role of STAT5a as it
relates to a lack of Cal in the stroma, to closely
reproduce the studies in patients [14,. I8jis might be
performed by using human CAFs with and without Cav-
1 expression that will be dajectedwith human DCIS
cells to look at STA5a signaling. Another limitation of
our current in vivanodel is that STAT5a was deleted in
the mammaryglands of Cav1l KO mice from birth
which might also modify how this hormonally regulated
tissue might develop and further respond to estrogen to
form DCIS lesions. For this specific reason, we set out

to examine the role of STAT5a in an in vitroodel
system of already edtished DCIS using the human
MCF10DCIS.com cell line, to better understand the
direct contribution of this transcription factor in DCIS
progression. MCF10DCIS.com cell line originates from
DCIS lesions with comedo growth patterns created by
the injection & T24 cHaras oncogent&ransformed
MCF10A (MCF10AT) cells into severe combined
immunedeficient (SCID) mice. This cell line is an ideal
in vitro model for studying human DCIS progression
[38]. Our current report also demonstrates that STAT5a
overexpressio in a human DCIS cell causes increased
invasion when treated with estradiol. Together our
results indicate a possible implication of STAT5a in
estrogerstimulated DCIS progression, a phenomenon
that could be initiated by a decrease in stromalCav
vivo, and this possibility will also be tested in future
studies with cecultures with cancer fibroblasts

Figure 6. STATSaverexpression in humamCISells drives invasion, a phenomenon enhandegl 17- -Estradioltreatment.

(A) Qualitatively, transwell invasion assay results depict Bfdfted invaded cells after 1Bour treatment of MCF10DCIS.com empty vector
or STAT5a overexpressor cells with vehicle (DMSO) or 1nM estradiol. Images of the invaded cellstuveceusapg the DAPI channel on
the EVOS FL microscope at 10x objectBeQuantitatively, the number of invaded cells in five representative fields of view were averaged

for each membrane. Data were normalized to empty vector. Treatment with vehicle or 1nM estradiol led to a significant increase in invasion

of STAT5a overexpressor cells compared to empty vector cells (viebatled empty vector vs. STAT5a overexpressor cellsfold9
p<0.001, n=3; estrogetmeated empty vector vs. STAT5a overexpressals: 2.4fold, p<0.001, n=3). Moreover, the invasion of STAT5a
overexpressor cells relative to empty vector cells was calculated independently for each treatment group and reportedias alraage in

invasion with an associated interquartile rand®R) (vehicle [STAT5a overexpressor/empty vector]: 1.95 median, 0.49 IQR, p<0.001, n=3;

estrogen [STAT5a overexpressor/empty vector]: 2.54 median, 0.39 IQR, p<0.001, n=3). The median change in invasion-wéastdgen
STAT5a overexpressor cells relatte empty vector cells was significantly higher compared to the median change in invasion of vehicle
treated STAT5a overexpressor cells relative to empty vector cells (p<0.001, n=3).
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To our knowledge, no pwrious studies have yet
implicated STAT5a as an important transcription factor
actively involved in DCIS formation and invasion.
While several studies ascribe a {honorigenic
function of STAT5a in many cancers described
above [16-21], its role in huma BCa remains
somewhat mixed and controversial. For example,
STAT5a expression was predictive of increased overall
survival and response to endocrine therapy in ER
positive human invasive breast cancer [38]addition,

in vitro experiments demonstrated that STAT5a
inhibited the invasion of wellifferentiated ER positive
human TF47D cells and poorly differentiated ER
negative human BR0 cells[40]. Taken together, these
publishedreports indicate so far, a dual functionality of
STAT5a in human BCa, whicseems dependent upon
cellular context and the stage of BCa, only to name a
few. Although our study demonstrates STAT5a as a key
factor during DCIS formation in vivand which also
stimulates pranvasive properties in a DCIS model in
vitro, more studies will be warranteéal fully undestand

its biological role in early cancer progression. An
important result shown in our current report here
suggests that estrogen treatment enhances the pro-
tumorigenic properties of STAT5a in our DCIS madel
So far, very little attention has been given to a potential
synergism between STAT5a and estrogen signaling,
especially in the context of DCIS formation and
progression, and which might also explain differing
roles of STAT5a in breast cancer. Furthereoit
appears that paying closer attention to the subtype of
estrogen receptor(s) expressed by the cells when
STATb5a is present might also be of importance in fully
predicting breast cancer cell behaviors. Despite lacking
the expression of a traditional nuclear estrogen receptor
alpha (ER. [41], MCF10DCIS.com invaded
significantly more following estrogen treatment when
STAT5a was overexpressed. This could be explained by
an alternatively spliced variant of fuéngth ER ., a
shorter ER isoform (ER36) and a key mediator of
non-genomic estrogen signaling pathwd4g, 43]also
shown to mediate Scr/EGFR/STAT5S pathway activation

Figure 7. PreMMP-9 protein expression secondaryot STAT5averexpressionand 17 -Estradiol treatment suggest a
hormonal regilation of DCISprogression with this transcription faor. (A) MCF10DCIS.com empty vector and STAT5a
overexpressor cells were treated with vehicle (DMSO) or 1nM estradiol for 24 hours. Whole cell lysatgpsmMgte used to assess the
protein expression B MMP-9. GAPDH was used as a loading control. Western blotting was performed in triplicate on cells derived from 3
independent passagesB) Using the LCOR imager, densitometry was used to determine the protein expression of-Mhjpdn
normalizing to thdoading control. Data are reported as % empty vector. Quantitatively, no significant difference irdMkfiPession was

observed between vehicleeated empty vector and STAT5a overexpressor cells (NS, p=0.382, n=3). Upon treatment with estrogen, a

signifcant increase in MM protein expression was observed in STAT5a overexpressor cells compared to empty vector cédkl(39.1

p<0.001, n=3).
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and mitogenic effects in ERegative TNBC cell lines
[44, 45] It could bespeculated that the contribution of
STAT5a on invasion following estrogen treatment could
result from a crosstalk between membrane localized ER
.36 and neighboring growth factor receptors. Important
future experiments will focus on overexpressing a
traditional nuclear ERipha (66KDa) in
MCF10DCIS.com and assess whether STAT5a will
maintain its preinvasive properties and/or knocking down
ER-alpha 36. Interestingly, a previous study showed that
in a model of traditional nuclear ERpha66
overexpression, aeletion of STAT5a did not prevent
chemicallyinduced tumors in the presence of estrogen,
which could also hint at the importance of the ER
subtypes to fully understand the role of this transcription
factor[46]. Also important to mention, is that our gemt
models did not focus on any potential roles or
contributions of STAT3, a different related isoform.
STAT3 was discovered to have non redundant and
sometimes even opposing effects as STAT5a. For
example, in 47D and SKBR-3 breast cancer cell lines,
STAT5a and STAT3 differentially regulated B
expression, a protein involved in apoptog]. In
addition, STAT5a seems to have a dominant effect over
STAT3 when caexpressed in the same cell, also a very
interesting observation [47plthough our modsl herein

did not coexpress STAT3 and STAT5a or specifically
looked at the functional role of STAT3, our future studies
will focus on the effects of these 2 transcription factors
alone and together in DCIS cell model systems. In sum,
clarification of thesgpotential mechanisms of action will
be warranted in future pathway exploration studies in
human DCIS models.

To further our mechanistic knowledge of the pro-
invasive role of STAT5a, we assessed the levels of pro-
MMP-9, a proenzyme that facilitates deggtation and
proteolysis of the extracellular matrix to promote cancer
cell dissemination and metastaf8g]. Intriguingly, we
observed a dramatic upregulation of pdP-9 protein
expression in MCF10DCIS.com cells overexpressing
STAT5a stimulated with estrogen treatment. The
recruitment of this enzyme by STAT5a in DCIS would
be consistent with previous studies demonstrating that
siRNA and overexpression of MM® modulate
invasion, motility and alterations ofcytoskeletal
components48]. Our results are sb consistent with
previous reports confirming a transcriptional regulation
of MMP-9 by STAT5a [49] STAT5a was also
previously shown to cause changes associated with
epithelial to mesenchymal transition, also consistent
with our observation of increasedvasion in DCIS
cells by this transcription factor [50]A possible
connection between a lack of stromal dawand an
increase in STAT5a in the epithelial DCIS lesion could
be through cytokine secretion, through interleukin-

(IL-6). Interestingly, Cax- null mouse fibroblasts have
been previously demonstrated to secrete significantly
more IL-6 when compared to their wilgpe
counterparts[51]. Interleukin6 is a very important
cancer cytokine and it is known to be capable of
activating the STAT pathway 2. Whether preventing
upstream interleuki® secretion by cancessociated
fibroblasts(CAFs) could halt the progression of DCIS
lesions to invasive cancer in higisk DCIS breast
cancer patients, such as those with low stromatLav
expression, remaint be elucidated and could have
significant clinical impact.

To our knowledge, no studies have yet correlated the
levels of STAT5a, especially the Y694 phosphorylated
form, to histological grades of DCIS and invasive
potential in vivo or in patients. Ahough Shan et al.
have previously detected STAT5a in DCIS lesions of
chemicallyinduced rat lesions and human samples, they
have not correlated its expression or phosphorylation
with histological grade of DCIS [53]therefore this
would be a clinically important study to perform and
follow up on in a near future. Our future experiments
also plan to further our knowledge on the paracrine
influence of the stromal cancer compartment on
epithelial STAT5a signaling by performing colture
experiments of CAFsdth in vitro and in vivoalso as
mentioned above. Our results here thus suggest that
there is a potential complex signaling event occurring
that could begin in the microenvironment of pre
cancerous patients that could signal and push DCIS
lesions to begin invading in some patients and our
results point towards a novel regulatory axis (Cav-
1 ASTAT5a/AMMP-9) that might enable a better
understanding of the early events involved in the
progression of DCIS lesions to invasive cancers.

In summary, whether phosphorylated STAT5a (Y694)
could serve as a clinical biomarker and potential target
to help treat Caxl-depleted DCIS population at greater
risk of progressing to IBC remains a future avenue for
further exploration. While the presented study is
preliminary in rature, we are hopeful that current results
will contribute to a better understanding of DCIS
progression and potential new avenue of treatment for
high risk DCIS patient populations and open up many
future research endeavotthat will focus on this
pathway, especially in the context of estrogen
stimulation.

MATERIALS AND METHODS
Antibodies

An antirabbit monoclonal antibody (mAb) against
phosphorylated STAT5a (Y694) (Cat#9314S) was
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purchased from Cell Signaling Technology (Danvers,
MA). An anti-mouse mAb against alpha smooth muscle
actin (Cat#ab7817) were purchased from Abcam
(Cambridge, MA) Anti-mouse mAbs against PCNA
(Cat#seb6) and MMP9 (Cat#se€393859) were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). An antimouse mAb against glyceradehygle
phosphate dehydrogenase (GAPDH) (Cat#20B2)
was purchased from Fitzgerald Inthes International
(Acton, MA).

Mousemodel

This study was conducted according to the guidelines of
theNational Institutes of Health (NIH) and the Thomas
Jefferson UniversityInstitute for Animal Studies.
Approval was granted by the Institutional Animal Care
and Use Committee (IACUC) at Thomas Jefferson
University. All mice used in this study were in the
FVB/N genetic background. Experimental groups
included wild type (WT), Cau- knockout (KO), and
Caw1/STAT5a double knockout (dKO)ioe. WT mice
and STAT5a mice were purchased from Jackson
Laboratories (Bar Harbor, Maine). G&WKO micewere
generated as previously descriljgd]. To generate the
Cav1/STAT5a dKO mice, Cal KO female mice were
bred with STAT5a male mice to generate vCa
1/STAT5a heterozygotes. Then, female and male
heterozygotes (Cat/STAT5a) were bred to generate
Cawv1/STAT5a dKO mice. To maintain the colony,
male Cavl/STAT5a dKO mice were bred with female
Cawv1l KO/STAT5a heterozygotes since the complete
lack of STATsa interferes with proper lactation [55]
Genotypes were confirmed by polymerase chain
reaction (PCR) as followed by Jackson Laboratories
protocol (Bar Harbor, Maine).

Bilateral ovariectomy procedure

Mice were ovariectomized as previously described.[28]
Briefly, 5-week old female WTCawv1 KO, and Cav-
1/STAT5a dKO mice were anesthetized using 5mg/kg
xylazine and 50mg/kg ketamine. A single dorsal
incision followed by ligatiorof the ovarian arteries and
veins with a 40 silk suturavas performed, followetdy

the excision of both ovaries. Thacision site was
subsequently closed with albsilk suture and the mice
were administered a subcutaneous injection of analgesic
(0.1mg/kg buprenorphine). Mice were allowed to
recuperate for 2 weeks before being rantjoassigned

to 2 replacement pellets containing- -@stradiol (7.5
mg/pellet; 66day slow release; 125g/day) or placebo
pellets (Innovative Research of America, Sarasota, FL).
Implantation of slowrelease pellets was performed
under anesthesia by lifig the skin on the lateral side of
the neck of the mice and by making an incision equal in

diameter to that of the pellet. Then, with a pair of
forceps, a horizontal pocket of about 2 cm beyond the
incision site was created, and the pellet was introduced.
The incision site was closed with @5ilk suture.

Preparation of tissues

Mice were euthanized by inhalation of €O
(compressed Cfgas cylinder) at 60 days following
pellet implantation. After the mice were euthanized, the
inguinal mammary gland #4 a8 excised and fixed in
formalin for 24 hours, paraffiembedded, and cut into
5 um sections for histological analyses.

Immunofluorescence onissues

Paraffirembedded sections of mammary glands were
dehydrated in xylene for 20 minutes and rehydrated in
series of graded ethanol solutions and distilled water for
5 minutes each. Tissues were then incubated in a citric
acidbased antigen unmasking solution with an acidic
pH (Cat#H3300, Vector Laboratories, Burlingame,
CA) using an electric pressure cooker on high pressure
for 5 minutes. Tissues were washed three times with
Dulbecco’s phosphate buffered saline (DPBS) (1x) for 5
minutes each wash. Then, tissues were blocked with
10% goat normal serum (Cati900, Vector
Laboratories, Burlingame, CA) for lotr at room
temperature and incubated with a given primary
antibody (1:50 dilution) overnight at@? The following
day, tissues were washed with DPBS (1x) three times
for 5 minutes each wash and then incubated with Alexa
Fluor 594 or 64%onjugated secondary antibodies
(1:250 dilution) for 30 minutes at room temperature
(ThermoFisher Scientific, Waltham, MA). Lastly,
tissues were washed with DPBS (1x) before being
mounted with ProLong Gold Antifade with 4'6-
diamidino2-phenylindole (DAPI) (Cat#P36931,
ThemoFisher Scientific, Waltham, MA). Nail polish
was applied around the perimeter of the coverslips to
prevent the tissues from drying out. Images were
acquired on the EVOS FL microscope using the DAPI,
Texas Red, or CY5.5 light cubes at 40x objective
(ThernoFisher Scientific, Waltham, MA).

Mammary gland whole mounts

Mammary glands were fixed in Carnoy’s fixative (six
parts 100% ethanol: three parts chloroform: one part
glacial acetic acid) for 2 to 4 hours at room temperature.
Mammary glands were then weel in 70% ethanol for

20 minutes and changed to decreasing amounts of
ethanol and finally to distilled water. The mammary
glands were stained overnight in a solution of 0.2%
carmine and 0.5% aluminum potassium phosphate
(SigmaAldrich, St. Louis, MO). Mammary glands were
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then dehydrated using graded ethanol solutions and left

in xylene to clear the fat. Mammary gland whole
mounts were stored in methgdlicylate. Images were
captured at 40x using an Olympus DP71 camera.

Trichrome staining

Masson’s trichome method for connective tissue
(Cat#k037) was adopted from Poly Scientific R&D
Corporation (Bayshore, NY). Briefly, tissues were
placed in Bouin's Fixative overnight at room
temperature to increase the intensity of the stain.
Tissues were washed in ring tap water for 10
minutes followed by a distilled water rinse prior to
being submerged in Weigert's Iron Hematoxylin
Working Solution for 10 minutes. Tissues were then
washed in running tap water for 10 minutes followed by
a distilled water rinse prido being placed in Biebrich
Scarlet Acid Fuchsin. Tissues were rinsed twice with
distilled water for 15 seconds and subsequently placed
in Phosphotungstic Phosphomolybdic Acid for 12
minutes. Tissues were then submerged in Aniline Blue
Solution for 20 minutes followed by two 15 second
distilled water rinses. Lastly, tissues were placed in 1%
Acetic Acid to clear the tissues of any loosely bound
dye. Tissues were dehydrated in a series of ethanol
solutions, placed in xylene for 5 minutes, and mounted
with Pemount (ThermoFisher Scientific, Waltham,
MA). Images were acquired at 40x using the EVOS XL
Core microscope.

Cell lines

MCF10DCIS.com cells were obtained through a
Material Transfer Agreement with the Barbara Ann
Karmanos Cancer Institute at Wayne State University.
The MCF10DCIS.com cell line was cultured in phenol

free DMEM/F12 medium (Cat#21041025,
ThermoFisher ScientificWaltham, MA) supplemented
with  5.26%  charcoadtripped horse  serum

(Cat#NC9058780, ThermoFisher Scientific, Waltham,
MA), 1.05mM calcium chloride (Cat#2111%0ML,
SigmaAldrich, St. Louis, MO), and 10mM HEPES
(Cat#15630080, ThermoFisher Scientific, Vdakn,
MA). 293T cells (Cat#CR13216, ATCC, Manassas,
VA) were cultured in DMEM medium (Cat#11965118)
supplemented with 10% fetal bovine serum (FBS)
(Cat#16140071) and 1% penicillin/streptomycin
(Cat#15140163) (ThermoFisher Scientific, Waltham,
MA). All cell lines were incubated at 3¢ / 5% CQ.

Bacterial transformation and lentiviral transduction
All work involving bacterial transformation and

lentiviral transduction was approved by the Institutional
BioSafety Committee at University of the Sciences. A

STAT5a plasmid (TRCN0000473086, NM_003152.3)
and an Empty Vector plasmid (ORFPUR) were
purchased from Sigmaldrich (St. Louis, MO).
Briefly, plasmids were grown up to desired
concentrations using GCIL3 ultracompetent bacteria by
selecting with ampicillin (8mg/mL). Plasmid DNA
was isolated, purified, and precipitated using the
PureLink HiPure Plasmid Filter Maxiprep Kit
(Cat#K210016, ThermoFisher Scientific, Waltham,
MA). Next, 293T packaging cells were tansfected
with the plasmids and the LerRac HIV Expression
Packaging Kit (Cat#LT001, GeneCopoeia, Rockville,
MD) to produce lentiviral particles. Lastly,
MCF10DCIS.com cells were infected with 1mL of
Empty Vector or STAT5a Overexpressor lentiviral
particles in complete medium supplemented with
5 g/mL Pdybrene for 24 hours (Cat#434220, Santa
Cruz Biotechnology, Santa Cruz, CA). Stable cell lines
were generated upon selection with @OnL
puromycin dihydrochloride for two weeks (Cat#108071,
Santa Cruz Biotechnology, Santa Cruz, CA).

Immunofluorescenceon cells

Briefly, 2.0 x 10 cells were seeded on pehysine
coated coverslips (Cat#P4707, SigAldrich, St.
Louis, MO) in 6 well plates (Cat#3516, Corning,
Corning, NY). The following day, cells were fixed in
4%  paraformaldehyde  (Cat#19R, Electron
Microscopy Sciences, Hatfield, PA) for 15 minutes at
room temperature. Fixed cells were washed three times
with DPBS (1x) and then permeabilized in 100%
methanol for 10 minutes aR@°C. Following another
DPBS (1x) wash, cells were blocked in blockingfeuf
(DPBS 1x, 5% normal serum, 0.3% Tritor1R0) for

60 minutes at room temperature. Cells were then
incubated with a given primary antibody (1:50 dilution
in DPBS 1x, 1% BSA, 0.3% Triton-X00) for 1 hour at
37°C. After three DPBS (1x) washes, cells were
incubated with an Alexa Fluor 5%bnjugated goat
anti+abbit secondary antibody (1:500 dilution in DPBS
1x, 1% BSA, 0.3% Triton XL00) for 1 hour at 3T
(Cat#A11012, ThermoFisher Scientific, Waltham,
MA). Cells were washed three times with DPBS)(1x
before being mounted with ProLong Gold Antifade with
DAPI (Cat#P36931, ThermoFisher Scientific, Waltham,
MA). Using the EVOS FL microscope, images were
acquired at 40x objective using the DAPI and Texas
Red light cubes.

Transwell invasion assay

Briefly, 1.5 x 16 cells were resuspended in 500uL of
phenolfree growth medium containing a reduced serum
concentration of 0.5% charcesttipped horse serum.

Culture medium was supplemented with vehicle
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(DMSO) or 1nM estradiol (Cat#E10245, Sigma
Aldrich, St. Louis, MO). Cells were then seeded in
invasion chambers with membranes {8 pore size)
precoated with growth factor reduced matrigel
(Cat#354483, Corning, Corning, NY). Invasion
chambers were placed in 24 well plates (Cat#353047,
Corning, Corning, NY), wh each well containing
750uL of phencfree growth medium at a normal serum
concentration of 5.26% charcoal stripped horse serum.
Chambers were incubated at'@7/5% CQ for 18 hours

to allow cells to invade. The following day, the inner
membranes of thehambers were washed with PBS
(1x) and gently scraped with cotton swabs to remove
any noninvaded cells and the matrigel layer. Invaded
cells located on the outer membrane were fixed with
100% methanol at room temperature for 10 minutes,
rinsed with distilled water, and left to dry before being
mounted with Vectashield mounting medium with
DAPI (Cat#H1200, Vector Laboratories, Burlingame,
CA). Using the EVOS FL microscope, five
representative fields of view of the DABtained
invaded cells on each membraae captured at 10x
objective (ThermoFisher Scientific, Waltham, MA).

Western blot
Samples were homogenized in RIPA lysis buffer

(50mM Tris pH 7.5, 150 mM NacCl, 1% Nonidet4®,
0.5% deoxycholate, 0.1% SDS) supplemented with

complete mini protease infifor  cocktalil
(Cat#NC0969110, Roche Diagnostics, Basel,
Switzerland) and phosphatase inhibitor cocktall

(Cat#78428, ThermoFisher Scientific, Waltham, MA).
After homogenization, samples were sonicated and
centrifuged at 10,000 x rpm for 10 minutes aC4°
Supernatant was then collected for measurement of
protein concentration using a bicinchoninic acid (BCA)
kit (Cat#23225, ThermoFisher Scientific, Waltham,
MA). Samples (759 -100 g) were separated by SBS
PAGE (12% acrylamide) and transferred to a
nitrocelldiose = membrane (Cat#4®4001, GE
Healthcare, Chicage, IL) for probing. Subsequent wash
buffers consisted of 1M Tris pH 8.0,150mM NacCl,
0.05% Tween 20 (TBS). Membranes were blocked in
TBST supplementeavith 5% bovine serum albumin
(BSA) (Cat#BP160400, ThermoFisher Scientific,
Waltham, MA) or 5% nonfat dry milk (Cat#5047-
778, Quality Biological Inc., Gaithersburg, MD) for 1
hour at room temperature. The membranes were
subsequently incubated with a given primary antibody
(1:200 to 1:500 dilution)overnight at 4C. IRDye
680RD or 800CW secondary antibodies (1:15,000
dilution) were used to Vvisualizédbound primary
antibodies (LUCOR, Lincoln, NE). The Odyssey CLx
Imaging System was utilized for neafrared (NIR)
fluorescent detection of proteins (CIOR, Lincoln,

NE). Image Studio software version 5 on the Odyssey
CLx was used to quantify Western bands-QOR,
Lincoln, NE).

Statistical analysis

Statistical analyses were performed using Excel and
SAS software version 9.4 (SAS Institute Inc., Cary,
NC). Differences in ductal branching were evaluated
using a onavay ANOVA followed by posthoc
Bonferroni adjusted tests for multiple comparison.
Differences in ductal foci formation were evaluated
using a KruskaWallis test followed by posthoc
adjustedtests for multiple comparisons based on the
Dwass, Steel, Critchlowligner method. Comparisons
involving only two groups were analyzed using a two-
tailed tiest. Data were reported as mean standard
error of the mean (SEM). Differences in fold change
between groups were analyzed using a Wilcoxon two
sample test. Median and interquartile range (IQR) were
reported. Statistical significance was reached at p<0.05
M), p<0.01 ()#HHET), and p<0.001
() ) (TT).
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