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The adult mammary structure provides for the rapid growth, development, and immuno-
logical protection of the live-born young of mammals through its production of milk. The
dynamic remodeling of the branched epithelial structure of the mammary gland in response
to physiological stimuli that allow its programmed branching morphogenesis at puberty,
cyclical turnover during the reproductive cycle, differentiation into a secretory organ
at parturition, postlactational involution, and ultimately, regression with age is critical for
these processes. Extracellular metalloproteinases are essential for the remodeling pro-
grams that operate in the tissue microenvironment at the interface of the epithelium and
the stroma, coupling form with function. Deregulated proteolytic activity drives the transition
of a physiological mammary microenvironment into a tumor microenvironment, facilitating

malignant transformation.

ilk production is an evolutionary survi-
Mval strategy that allows the rapid growth
and development of live-born young, as well
as being a defining trait of mammals. Milk pro-
duction at parturition and not at other times
conserves valuable energy resources of the
mother. It also provides immunological pro-
tection to the offspring. Thus, the response of
the adult mammary structure to changes in sys-
temic hormones as well as locally derived factors
is to expand the ductal network into a milk-
producing gland rapidly and to tear it down

again when its function is no longer required.
The origin of the mammary gland during evolu-
tion including its link with the immune system
has inspired considerable interest but remains
speculative (Oftedal 2002; Vorbach et al. 2006;
Widelitz et al. 2007; McClellan et al. 2008). Al-
though the branched epithelial structure of the
mammary gland varies in composition and
complexity among mammals, the alveolar aci-
nus, its cellular secretory unit, and the tubular
ducts, which channel milk for delivery through
the teat, have been conserved in mammals.
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The concept of form and function first arose
from the study of mammary epithelial cells and
has become a cornerstone in biology, because it
applies universally to other parenchymal units
(Lee et al. 1984). Here, epithelial cells retain
apical-basal polarity and shape by establishing
physical contacts with the structural matrix
and neighboring cells, and build an adequate
form to enable their function of milk produc-
tion in response to appropriate stimuli (Bou-
dreau and Bissell 1998). The mammary gland
encounters constant physiological demands
during the female lifespan. To maintain its func-
tion, it must repeatedly reacquire its funda-
mental form with the preservation of cell types,
ratios, differentiation state, and matrix integrity.
This requires remodeling programs that initially
allow development of the mammary gland at
puberty, cyclical turnover during the reproduc-
tive cycle, differentiation into a secretory organ
at parturition, postlactational involution, and
ultimately, regression with age. In this article,
we describe the essential features of remodeling
programs that generally operate at the paren-
chymal-stromal interface in the mammary
tissue microenvironment, and highlight the
critical role of extracellular proteolysis in cou-
pling form with function. We also discuss how
deregulated protease activity facilitates the tran-
sition of a physiological mammary microenvi-
ronment into a tumor microenvironment.

Our understanding of the mammary gland
has been enriched by the use of the mouse as
an experimental system, and, thus, observations
from murine genetic models, loss- and gain-
of-function studies, as well as transplantation
assays form the basis of this article. Although
the mouse has become an integral part of inves-
tigations, there are notable differences between
human and murine mammary biology (Cardift
and Wellings 1999). The mammary epithelial
ductal system in humans differs considerably
with respect to its branching pattern, the stro-
mal, adipocyte, and extracellular matrix (ECM)
content, as well as the hormonal triggers that
provide the mammotrophic stimuli. Therefore
species-specific differences must be considered
while making generalizations for the mammary

gland.

DYNAMIC STAGES OF THE MAMMARY
GLAND

A rudimentary ductal tree forms during em-
bryogenesis, but the most remarkable and
dynamic morphological changes of the mam-
mary gland occur from puberty to menopause.
The discrete stages of the mammary gland are
shown in Figure 1. In the mouse, the mammary
anlagen become apparent as disk-shaped pla-
codes in the ectoderm at mid-gestation (em-
bryonic day 10.5). Surrounded by a distinct
mesenchyme, the placode sinks deeper into
the dermis and invaginates to form a lumen,
in response to a number of locally secreted
molecules (Robinson 2007; Watson and Khaled
2008). Interestingly, each of the five pairs of
glands that develop in the mouse requires differ-
ent sets of cues, calling for distinct, but over-
lapping sets of morphogens. For example, only
the abdominal mammary grand (#4) develops
in the absence of fibroblast growth factor-10
(FGF10). Mammary mesenchyme is induced
by the mammary epithelial signal and expresses
steroid hormone receptors for estrogen and
androgen, as well as specific matrix proteins. At
puberty, branching morphogenesis is triggered
by the mammotrophic signals provided by the
hypothalamic-ovarian-pituitaryaxis (Sternlicht
et al. 2006). Following the rules common to
many organs that display branched tubular
structures (Affolter et al. 2003), the mammary
ductal tree elongates as epithelial cells grow and
invade the adipocyte-rich stroma led by the ter-
minal end buds (TEB), which are highly motile
structures located at the forefront of ducts
(Hinck and Silberstein 2005). Stimulation by
growth hormone (GH) induces stromal insu-
lin-like growth factor 1 (IGFI) whereas ovarian
estrogens stimulate release of epithelial am-
phiregulin to mediate stromal-epithelial cross
talk during pubertal mammary development
(Sternlicht 2006; Sternlicht et al. 2006). The
bulbous TEBs undergo repeated dichotomous
branching to form adequately spaced primary
ducts with lumens, whereas concomitant sec-
ondary and tertiary side branching occurs
by lateral bud sprouting (Wiseman and Werb
2002; Lu et al. 2006; Lu and Werb 2008).
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Figure 1. Distinct stages of mammary gland remodeling. A series of murine mammary whole mounts illustrating
distinct mammary morphology during the indicated stages of development from embryonic through to adult,
the prenatal rudimentary ductal tree (embryonic day 18-5), postnatal prepubescent mammary gland (2-wkold),
rapidly elongating pubertal mammary gland with bulbous TEBs (5-wk old), and the fully developed adult gland
(10-wk old) that has reached the limits of the fat pad. Mammary glands at specific phases of the estrus cycle
(proestrus, estrus, metestrus, diestrus) showing lobuloalveologenesis at diestrus. The major reproductive phases
that involve extensive remodeling are gestation (day 18.5 gestation), which shows extensive lobuloalveolar differ-
entiation; lactation, which highlights a functionally differentiated gland; postlactational involution (day 8 post-
lactation), which shows the loss of secretory epithelium; and finally, 20-mo old mice, which have ceased the
reproductive cycle show a dormant ductal tree. Size bar = 100 wm (Embryonic); 1 mm (Pubertal and Adult);

50 wm in all other panels

The ductal tree ceases forward growth when
it approaches the distal limits of the fat pad,
dictated in part by transforming growth factor
beta (TGFR) signaling (Sternlicht 2006). The
mechanistic processes underlying branching
morphogenesis are dynamic and form the
subject of many comprehensive reviews that
draw attention to their individual complex
nature.

The branched structure of the mammary
gland is well suited for maximizing its cellular
surface area as it structurally and functionally
adapts to the assigned physiological demand.
In the adult female, the mammary gland un-
dergoes repeated cyclical turnover during each
reproductive cycle, systematically displaying lo-
buloalveologenesis during the murine diestrus

phase (Robinson et al. 1995; Fata et al. 2001a),
which parallels the luteal phase in humans.
Increased mammographic density has been
reported during this phase of the reproductive
cycle in women (Ursin et al. 2001). In mice,
this changing morphology is accompanied by
rounds of cell proliferation as well as cell death
that peak at diestrus. Thus, the mammary duc-
tal tree matures gaining structural complexity
by further secondary and tertiary branching.
This lateral branching requires more extensive
remodeling because it must breach an addi-
tional structural barrier.

Progesterone secretion rises in response
to the postcoitum maintenance of the corpus
luteum, and this function is taken over by the
placenta as pregnancy establishes. Progesterone,
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together with pituitary-derived prolactin, pro-
vides key signals for orchestrating mammary
epithelial differentiation during pregnancy
(Brisken et al. 1999; Oakes et al. 2008). Exten-
sive mammary epithelial proliferation ensues,
resulting in ~100-fold increase in the cell num-
ber, accompanied by cellular differentiation,
polarization and development of secretory epi-
thelium during a relatively short period of 19
days of gestation in the mouse. The ratio of
adipocytes to epithelia decreases to facilitate
parenchymal expansion during this phase. A
complex milieu of hormones marked by a drop
in progesterone activates epithelial changes
leading to lactation, which is typically main-
tained by the suckling response of the new-
born (Neville et al. 2002; Pang and Hartmann
2007). Postlactation mammary involution,
studied after natural or forced weaning, involves
rapid regression of the differentiated gland and
depends on programmed cell death pathways
that eliminate up to 50%—80% of the secretory
epithelium within 1 wk of weaning (Walker et al.
1989). Two phases of involution have been
described, the first is a potentially reversible
period initiated by mechanical triggers associ-
ated with milk-stasis, and the second is a pro-
grammed deconstruction of the lobuloalveolar
acini and the supporting structural ECM
(Lund et al. 1996; Alexander et al. 2001; Watson
2006). The latter phase is dominated by the
involvement of extracellular proteases with
concomitant reconstitution of the adipocyte
compartment. The secretory alveoli collapse,
forming epithelial cords, eventually returning
the glandular structure to a pregestation pheno-
type that resembles the virgin mammary gland.
Along with the classical apoptosis pathways
(Watson 2006), phagocytosis by cells of the
monocyte lineage (O’Brien and Schedin
2009), as well as the more recently discovered
epithelial cell autophagy (Atabai et al. 2007;
Monks et al. 2008; Zarzynska and Motyl 2008),
contribute to involution. Distinct from post-
lactation involution is the irreversible process
of lobular involution that is associated with
age-related, gradual loss of breast epithelial tis-
sue (Radisky and Hartmann 2009). In humans,
this regression begins at variable ages in women,

early or during perimenopause, and leads to
decreased size and complexity of the mammary
ductal tree.

The substantial plasticity of the ductal
network is thus evident throughout the female
lifespan. Plasticity of the mammary gland is
not merely biologically intriguing; it is inti-
mately tied to breast cancer as documented by
the vast but complex epidemiology literature.
Briefly, a higher number of menstrual cycles,
because of early menarche or late menopause
correlate with an increased risk of developing
breast cancer (Kelsey et al. 1993; Veronesi et al.
2005). Mammary gland regression after preg-
nancy is implicated in tumor promotion be-
cause poorer prognosis is seen in a subset of
patients diagnosed within 5 years of pregnancy
(O’Brien and Schedin 2009). Conversely, par-
ity, with a limited number of pregnancies,
and breast feeding are considered preventative
against breast cancer when compared with nul-
liparous women or those who never breastfed
(Akbari et al. 2010). The more recent literature
suggests that premenopausal women displaying
partial or complete lobular involution have a
reduced breast cancer risk (Radisky and Hart-
mann 2009). Distinct from the above examples
is the well established fact that women with
higher mammographic density, which is attrib-
utable to a greater cellularity and ECM content,
have a significantly higher lifetime risk of devel-
oping breast cancer (Boyd et al. 2009). Overall,
the complexity of ductal cellular structures
where breast cancer originates, as well as con-
tinuing cycles of turnover, impact women’s
susceptibility to developing breast cancer.

CELLULAR COMPOSITION AND
STRUCTURAL COMPONENTS OF THE
MAMMARY GLAND

Mammary epithelial and stromal compart-
ments each contain multiple cell types, which
are illustrated in the cross sections of the mam-
mary ducts and TEB shown in Figure 2. The
ducts, ductules and lobular structures make
up the functional units of the mammary gland
and are lined with two types of epithelium.
The cuboidal luminal epithelial cells produce
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Figure 2. Composition of the mammary gland. (A) A mammary epithelial duct showing TEBs at the distal tips
(i), and smooth muscle actin staining, which marks the outer layer of cap cells (ii). The multicellularity of TEB
can be seen as an outer layer of cap cells and an inner core of body cells. (B) The bilayered mammary duct show-
ing an inner layer of cytokeratin 18-stained luminal epithelial cells (i), and an outer layer of smooth muscle actin-
stained myoepithelial /basal cells (ii). Periductal fibroblasts can be seen in the vicinity of a bilayered duct, which
is in turn surrounded by distal fibroblasts and adipocytes in these cross sections. (C) Serial multiphoton optical
section images demonstrating the intimate contact between native collagen type I fiber bundles (detected by sec-
ond harmonic generation, green) and autofluorescence (red) of cells comprising TEBs (i-vi). Individual image
slices of an isolated 35d old mammary gland were selected out of a 3D image volume generated by multiphoton
laser scanning microscopy, revealing (i—iii) collagen surrounding the TEB surface, and (ii—iv) progressive slic-
ing through to the cap and body cells of the TEB, with the lumen becoming apparent in deeper slices (v, vi). Size
bar =100 pm (Ai); 50 wm (Aii, Bi-ii).

milk on differentiation, and these are in in-
timate contact with flattened myoepithelial
cells, which are oriented at the basal surface in
parallel with the basement membrane. The
actin microfilaments of myoepithelial cells pro-
vide contractility to the luminal and acinar
structures to facilitate milk ejection. Mammary
gland stem cells have been hypothesized to
reside in specialized niche(s) within the basal

myoepithelial layer, distributed along the ducts.
This is rooted in the observation that mammary
epithelium from any region of the ductal tree
can reconstitute a functional mammary gland
following transplantation into a cleared fat
pad (Brisken and Duss 2007). The entire epithe-
lial ductal tree is encased in a network of
connective tissue and histologically complex
stroma constituted of fibroblasts, adipocytes
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and endothelial cells. Avariety of bone marrow-
derived or resident immune cells also populate
the mammary gland in varying abundance.
Some of these innate and acquired immune cells
increase during periods of active mammary
gland remodeling (Atabai et al. 2007). The club-
shaped TEBs are only seen at puberty and con-
tain a heterogeneous multilayered cell popula-
tion, with an outer layer of basal progenitor
cells termed as cap cells, and an inner core of
luminal progenitor cells called body cells. TEBs
are both motile and mitotically active and are
considered to be prime targets for carcinogenic
insult (Anderson and Beattie 1992).

Mammary epithelial cell—cell contact is built
through desmosomes and cadherin-mediated
adherens junctions, whereas other classes of
proteins generate tight junctions and gap junc-
tions or determine the apicobasal polarity. A
physical boundary created by the basement
membrane exists around every epithelial unit.
The repertoire of ECM proteins found in the
mammary gland changes in composition, as-
sembly and degradation in a stage-specific man-
ner (Fata et al. 2004; Xu et al. 2009). As such,
ECM extracted from defined remodeling stages
of the rat mammary gland induces different
effects in 3-dimensional mammary epithelial
cultures on glandular development, morpho-
genesis, reorganization or cell death, that are
reflective of the original gland (Schedin et al.
2004). The type of ECM molecules found at
the tip of TEBs differs from those that flank
the ducts. For instance, collagen type IV and
laminins are concentrated near TEBs and
around the alveoli, whereas fibrillar collagen
I is predominantly localized along the ducts
(Keely et al. 1995). Interestingly, whereas for-
ward TEB growth depends on epithelial cell
proliferation and ECM breakdown at the tip,
deposition of ECM at the tip is required to
create an impediment and serve as a guide
for TEB bifurcation. Additionally, ECM im-
posed constriction per se maintains its bul-
bous nature (Hinck and Silberstein 2005). The
ECM proteins including collagens, laminins,
and fibronectin interact with their respective
cell surface receptors, the integrin heterodimers
(Fata et al. 2004; Hinck and Silberstein 2005), as

well as with nonintegrin ECM receptors includ-
ing dystroglycans, syndecans, and discoidin
domain receptors (Fata et al. 2004).

Dynamic reciprocity is the term for extra/
intracellular communication via the ECM//cell
cytoskeleton, with this communication becom-
ing instrumental in the propagation of bio-
chemical signals arising from the activated cell
surface receptors and also for sensing mechani-
cal cues and stresses (Xu et al. 2009). How me-
chanotransduction affects mammary form and
function and alters mammary tumorigenesis
has grown into a new field (Butcher et al. 2009).
Opverall, there is a molecular continuum from
the ECM to the epithelial cell surface and on
to the cell nucleus. Mammary gland remodeling
requires deconstruction and reassembly of mul-
tiple intricate structures throughout the tissue
calling for precise regulation of numerous pro-
cesses across epithelial-stromal-adipocyte com-
partments.

THE MAMMARY REMODELING PROGRAM

The remodeling process is a means of tissue
reprogramming designed to conserve its phys-
iological function. It can be viewed as a set of
hierarchical platforms beginning with systemic
mammogens that oversee and integrate female
reproductive development and function with
that of the mammary tissue. These mammo-
gens induce mitogens to initiate growth, epi-
thelial ductal branching and differentiation,
and inhibitors to terminate ductal growth or
balance proliferation with apoptosis. A program
of ECM modifiers is necessary to tailor the
structural support of the mammary tissue, with
a parallel system to alter cell-cell adhesion. The
overall tissue regenerative capacity also demands
mammary stem cell recruitment as well as im-
mune cell function.

Systemic Mammogens

Mammary morphogenesis depends on the hypo-
thalamic-pituitary-ovarian axis, which involves
cooperation of gonadotropin-releasing hormone
produced by hypothalamus, luteinizing hor-
mone and follicle-stimulating hormone from
the anterior pituitary, as well as estrogen and
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progesterone secreted by the ovary. A series of
studies involving ovariectomy and hypophy-
sectomy, as well as mammary transplants in
mice lacking ovarian hormone or growth factor
receptors, have established GH as the master
regulator of this process (Sternlicht 2006). It
is secreted by the pituitary and leads to the
production of ovarian-derived 17-f estradiol
and progesterone. GH and 17-B estradiol then
involve locally produced IGF1 as a stromal
intermediary in exerting their effects on epi-
thelial cells (Kleinberg et al. 2000). GH binds
its receptor on stromal cells to induce IGF1
expression, which in turn interacts with its re-
ceptor on epithelial cells. The understanding
of estrogen receptor localization has shifted
over the years to show its requirement in the epi-
thelium for normal mammary development
(Bonnette and Hadsell 2001; Richards et al.
2004; Mallepell et al. 2006; Sternlicht et al.
2006), and that it affects mammary develop-
ment in a noncell autonomous manner. 17-3
estradiol induces the expression of epidermal
growth factor receptor (EGFR) ligands, which
together with GH-induced IGF1 provides a
synergistic effect on TEBs. Among the seven
EGFR ligands, amphiregulin is critical for
ductal morphogenesis (Sebastian et al. 1998;
Luetteke et al. 1999). In contrast to estrogen,
progesterone is redundant for pubertal ductal
development, but is required for tertiary side
branching and lobuloalveologenesis, where it
acts synergistically with IGF1 (Brisken et al.
1998; Ruan et al. 2005). 17-B estradiol also
induces progesterone receptor (PR) expression
and, of its two-receptor isoforms, the B isoform
has been shown to be essential and sufficient
for tertiary branching (Humphreys et al. 1997;
Brisken et al. 1998). Interestingly, PR may be
differentially required in the epithelial and
stromal compartments for lobuloalveolar devel-
opment and tertiary branching. In the repro-
ductive cycle, maximal serum progesterone
levels at the diestrus phase of the estrus cycle
positively correlate with tertiary branching,
lobuloalveologenesis, alveolar proliferation, as
well as apoptosis in the mammary gland of an
adult female (Fata et al. 2001a). During preg-
nancy, prolactin and progesterone are critical

Mammary Gland Reprogramming

mammogens for tertiary branching and secre-
tory differentiation of the alveolar compart-
ment. Mice lacking either prolactin or its
receptor show an absence of alveolar structures
(Oakes et al. 2008). Prolactin and progesterone
act at least in part by inducing receptor activator
for nuclear factor k B ligand (RANKL) expres-
sion, and Rankl null mice fail to undergo lobu-
loalveolar differentiation and therefore do not
lactate (Fata et al. 2000b). Other regulatory
components downstream of prolactin signaling
include amphiregulin and GATA3. As the ovar-
ian hormones subside with aging and the re-
productive cycles cease, the mammary tissue
undergoes irreversible lobuloalveolar regression
acquiring a dormant state. A notable feature of
the hormone-directed mammary remodeling
program is the dependence on stromal-epithe-
lial crosstalk arising from the distribution of
specific ligands and their receptors across these
compartments.

Epithelial Morphogens and Inhibitors

Embryonic mammary development precedes
endocrine hormones and involves a number of
local factors: Wnt for milk line specification
and placode size; FGFs for initiation of mam-
mary cell fate; and EGFR ligands for the number
and positioning of mammary glands. On the
other hand, repression of Hedgehog signaling
specifies a follicular versus glandular epithelial
cell fate decision (Robinson 2007; Watson and
Khaled 2008). Instructive paracrine signaling
is seen as early as the development of mam-
mary-specific mesenchyme, whereby parathy-
roid hormone-related protein (PTHrP) in the
embryonic mammary bud epithelium interacts
with its receptor PTHR1 on the adjacent mesen-
chymal cells. At puberty, a number of signaling
pathways serve specific functions in TEB prolif-
eration, ductal elongation and side branching.
As discussed earlier, IGFR1 downstream of
stromal IGF1 provides the first response to
endocrine hormones at this stage. The canoni-
cal Wnt signaling pathway is also required early
on as defects in embryonic mammary glands
or mammary bud formation arise in mice
genetically modulated in Wnt ligands, their

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004333 7



fggﬁﬁ) Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

R. Khokha and Z. Werb

transcriptional targets, or the Wnt inhibitor
Dickkopf-1 (Hens and Wysolmerski 2005; Tur-
ashvili et al. 2006). Wnt-4 is induced by proges-
terone in the mammary epithelial cells and plays
an essential role in side branching during preg-
nancy (Brisken et al. 2000). Among the FGF
family members, Fgfl0 and Fgf7 expression is
noted during the embryonic placode formation,
and Fgfr2 is found to function in TEBs (Lu et al.
2008; Sternlicht et al. 2006). A deficiency of
many of the above molecules results in defective
early mammary development; however, their
adult remodeling-related phenotypes remain
unresolved. The EGFR signaling is required
for adequate branching morphogenesis, and of
its seven ligands, amphiregulin has emerged
to be the most critical. Via a paracrine mode
of action, epithelial-derived amphiregulin acti-
vates the EGFR located on the stromal cells
(Sternlicht et al. 2005). Exogenous estradiol
induces tyrosine phosphorylation of EGFR as
well as ErbB2 in ovariectomized mice, which
is also observed in pubertal mammary glands
(Sebastian et al. 1998). Intriguingly, ErbB2,
which heterodimerizes with EGFR or other
ErbB receptors, is required in the epithelium
for normal ductal development (Jackson-Fisher
et al. 2004; Andrechek et al. 2005), whereas
ErbB4 is required for lobuloalveologenesis dur-
ing pregnancy (Tidcombe et al. 2003). Factors
that play important local functions in main-
taining the TEB or ductal morphology include
netrin-1 and its receptor neogenin (Srinivasan
et al. 2003) and a cell surface morphogen
epimorphin (Radisky et al. 2003). GATA3 is a
transcription factor enriched in the pubertal
mammary glands and especially found in the
body cells of invading TEBs. GATA3 is critical
for mammary morphogenesis and maintenance
of luminal differentiation in the adult mam-
mary gland (Kouros-Mehr et al. 2006; Asselin-
Labat et al. 2007; Chou et al. 2010).

In opposition to the above mitogens, TGF3
negatively regulates mammary gland develop-
ment (Barcellos-Hoff and Ewan 2000) as has
been shown by the use of mice deficient in these
mitogens, their receptors or downstream signal-
ing effector molecules (Cheng et al. 2005; Serra
and Crowley 2005). Effects of TGF on normal

mammary remodeling are mediated through
signaling in both the epithelial and stromal
compartments. Epithelial-derived TGF@ acti-
vates signaling in the stromal compartment,
and also exerts autocrine effects. TGF inhibits
epithelial proliferation, facilitates the formation
of an open ductal pattern during branching
morphogenesis because of its local inhibitory
effects, and stimulates ECM production (Hinck
and Silberstein 2005). It inhibits forward move-
ment of the duct. The secreted protein also acts
on periductal targets. Mice that express TGF3
during gestation via the whey acidic protein
promoter have normal branching morphogene-
sis, but defective development of secretory epi-
thelium because of apoptosis of differentiating
alveolar cells. This phenotype is also displayed
by mice expressing activated TGFBRI in the
mammary epithelium. Conversely, dominant-
negative interference with TGFf signaling leads
to precocious alveolar development (Serra and
Crowley 2005). The dual role of TGFB in in-
hibiting the expression of ECM-degrading
proteases, whereas inducing the production of
protease inhibitors, sulfated gycosaminogly-
cans and many ECM proteins is well known.
It also counters the expression of hepatocyte
growth factor (HGF) but induces PTHrP
(Kamalati et al. 1999; Dunbar et al. 2001). Other
inhibitors of mammary gland remodeling in-
clude the Sproutys, which may act by antagoniz-
ing FGFR, EGFR, or IGFRI signaling (Sternlicht
et al. 2006). Interestingly, many of the mor-
phogens and inhibitors play similar functions
in other tissues with branched structures such
as the kidney, salivary gland, lung epithelium,
blood vessels, and nerves (Liu et al. 2008).

Stromal Extracellular Matrix Modifiers

Mammary stroma remodels concurrently with
the epithelial ductal tree. It plays an essential
role in organ homeostasis and is capable of
redirecting the fate of transplanted testicular
cells into generating a functional epithelial
branching network (Boulanger et al. 2007).
A large part of the stroma is the structural
ECM, which is also believed to be an important
component of the mammary stem cell niche
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(Wiseman and Werb 2002; Chepko and Dick-
son 2003; Brisken and Duss 2007). The collec-
tive activity of metalloproteinases is sufficient
to degrade all proteins of the ECM network,
and relevant within the metalloproteinase
superfamily are the classes of matrix me-
talloproteinases (MMPs), ADAMs, and their
biological inhibitors TIMPs (Cruz-Munoz and
Khokha 2008; Murphy 2008; Murphy and
Nagase 2008; Kessenbrock et al. 2010). These
genes show specific spatiotemporal expression
patterns in female reproductive tissues at dis-
crete mammary stages. Their mRNA and pro-
tease activity are evident during branching
morphogenesis and involution (Talhouk et al.
1991; Witty et al. 1995; Fata et al. 1999, 2000a;
Green and Lund 2005); many are produced by
periductal fibroblasts (MMP2, MMP3), others
(MMP14, TIMPs 1, 3, 4) are expressed by both
epithelial and stromal cells, whereas some
members are only present in epithelial cells
(MMP7, TIMP2) or predominant in the local
immune cells (MMP9). MMP14 is concen-
trated in the TEBs and has been found in myo-
epithelial cells, which also express TIMP3
(Wiseman et al. 2003; Fata et al. 2004). Interest-
ingly, MMP14 expressing cells localize to the
leading edge of engineered mammary ducts
(Mori et al. 2009).

TEB bifurcation involves stromal matrix
deposition for bifurcation whereas side branch-
ing requires extension through the layer of
myoepithelial cells, degradation of the base-
ment membrane that surrounds mature epithe-
lial ducts followed by invasion of the periductal
layer of fibrous stromal tissue. Therefore, these
two processes may differentially use metal-
loproteinase activity (Wiseman and Werb
2002). Of the 24 MMPs, nine active ADAMs,
and four TIMPs, only a few have been studied
in various aspects of the remodeling mammary
gland, and their specific contributions to the
processes of TEB growth and bifurcation, ductal
elongation, secondary or tertiary branching, as
well as the rate of mammary involution have
been revealed through mice lacking these genes
(Page-McCaw et al. 2007). Noteworthy is the
finding that epithelial ADAM17 is required
for mammary development and is the critical

Mammary Gland Reprogramming

sheddase for the release of amphiregulin (Stern-
lichtetal.2005). MMP2 null mice have deficient
mammary ductal invasion but excessive secon-
dary branching, whereas mice lacking MMP3
show defective side branching. On the other
hand, mice overexpressing MMP3 or MMP14
have excessive side branching, precocious al-
veologenesis, and eventually develop mammary
tumors (Witty et al. 1995; Sternlicht et al. 1999;
Ha et al. 2001). Antisense down-regulation of
epithelial TIMP1 results in enhanced ductal
elongation and supernumerary branching (Fata
et al. 1999). When slow-release pellets were used
to compare the local effects of individual TIMPs
on pubertal mammary morphogenesis, TIMP1,
TIMP3, and TIMP4 inhibited ductal elongation,
whereas TIMP2 promoted this process (Hojilla
etal. 2007). This may in part arise from increased
MMP2 activity in TIMP2 enriched glands, re-
lated to the adaptor function of TIMP2 in the
MMP14/TIMP2/MMP2 trimolecular complex,
which is essential for the cell surface activation
of MMP2 (Ellerbroek and Stack 1999; English
et al. 2006). Currently, the effects of ovarian
hormones on the expression of individual me-
talloproteinases or their inhibitors are not very
well characterized, although a few are altered
(MMP9, MMP13; TIMP3, and TIMP4) at the
diestrus phase of the murine reproductive cycle.
Indeed, progesterone-induced signaling through
the PR-A isoform induces MMP2 activity and
this coincides with the loss of laminin-5, colla-
gens type [1l and I'V, and basement membrane in-
tegrity, and the development of hyperplasia in
PR-A transgenic mice (Simian et al. 2009).

The extracellular proteases are generally more
abundant during mammary involution as this
involves copious restructuring of the mammary
gland, whereas their expression is inhibited
during lactation (Sorrell et al. 2005). Microarray
expression profiling has shown that MMP3,
MMP14, and ADAMY are markedly up-regu-
lated during pregnancy and involution, and
MMP3, MMP7, and MMP12 are induced at
involution, with MMP3 showing the most pro-
found elevation. Implantation of TIMP1 pellets
during postlactational involution retards this
process (Talhouk et al. 1992), whereas TIMP3
deficiency accelerates this mammary involution
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(Fata et al. 2001b). In addition to MMPs, there
is evidence to support a role for the serine
protease plasminogen in mammary tissue re-
modeling, as plasminogen null mice show com-
promised lactation and involution (Lund et al.
2000). On the whole, fluctuations in the plasmi-
nogen system are not as pronounced as those
in the metalloproteinases, although urokinase
plasminogen activator is induced along with
its endogenous inhibitor during involution
(Sorrell et al. 2005).

The above studies underscore the impor-
tance of the stromal ECM in the remodeling
mammary gland; however, there is a major gap
in our ability to comprehend changes that occur
in the three-dimensional ECM network. This
arises from technical limitations in studying
the ECM at high resolution in its entirety in
an intact organ. Second harmonic generation
imaging using a multiphoton laser has opened
new possibilities along these lines (Brown et al.
2003; Ingman et al. 2006), allowing the visual-
ization of the type I collagen fiber network
within the mammary gland, as shown in Figure
2 (McKee and R. Khokha, unpubl.). This tech-
nology may especially allow detailed interroga-
tion of the effect of aberrations in matrix
remodeling or mechanotransduction on mam-
mary reprogramming.

Immune Cells

A role for immune cells has been postulated in
mammary gland remodeling, based on microar-
ray expression profiling of involuting murine
mammary glands (Clarkson et al. 2004; Stein
etal. 2004). Briefly, two distinct immune phases
are likely: an early phase with transient expres-
sion of death receptors and proinflammatory
cytokines, and a delayed phase with increased
monocyte and lymphoid cytokine/chemokine
expression associated with cell death and tissue
remodeling. Several death-receptor ligands such
as tumor necrosis factor a (TNFa), TWEAK
(CD255), and Fas ligand are rapidly stimulated
and thought to provide apoptotic signals dur-
ing mammary involution. With respect to the
involvement of immune cells per se, macro-
phages are found localized along the neck of

TEBs, developing alveolar structures at gesta-
tion, and in the involuting mammary gland.
The depletion of leukocytes by y-irradiation or
in CSF1 null mice has revealed their requirement
for proper TEB outgrowth (Gouon-Evans et al.
2000, 2002). Here, macrophages are thought to
contribute to ductal invasion through the release
of factors that promote growth, angiogenesis,
and ECM breakdown. Macrophages may serve
a similar role in pregnancy, as CSF1 deficient
mice show an imbalanced ductal structure with
reduced branching but increased lobuloalveolo-
genesis (Pollard and Hennighausen 1994). Invo-
lution has been identified to be another stage
associated with an early influx of neutrophils
closely followed by macrophages and lympho-
cytes (Atabai et al. 2007). Eosinophils, mast cells,
and dendritic cells are also recruited during
mammary development, although their func-
tion is less well understood. Immune cells con-
stitute an important part of the mammary
stroma, and much remains to be understood
about the functional contribution of individual
immune cell populations, as well as the mecha-
nisms that regulate their influx and/or activity.
We have found that the rapid postlactational
mammary involution in TIMP3 null mice is
associated with increased macrophage and lym-
phocytic infiltration into the mammary gland
(C.V. Hojilla and R. Khokha, unpubl.). Interest-
ingly, plasma kallikrein, a serine protease local-
ized to mast cells, is found in the mammary
stroma at puberty and during postlactational
involution. Inhibition of plasma kallikrein
delays alveolar apoptosis, adipocyte replenish-
ment, and stromal remodeling in the involuting
mammary gland (Lilla et al. 2009).

Mammary Stem Cells

Mammary stem cells have generally been
thought to be quiescent, located in specialized
niche(s), and lacking estrogen and progesterone
receptors (Asselin-Labat et al. 2006; Brisken and
Duss 2007). Recently, specific cell surface mark-
ers (mouse: heat stable antigen, CD24; a6 in-
tegrin, CD49f; B1 integrin, CD29; 33 integrin,
CD61; and human: «6 integrin, CD49f;
EPCAM/ESA) have been identified, which
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resolve murine or human mammary epithelial
cells into distinct cell populations (Stingl et al.
2005, 2006a,b). Murine mammary epithelial
cells with specific signatures (CD24"CD29"/
CD49f™) can repopulate the mammary gland
and are thus enriched in mammary stem cells,
whereas others (CD24"CD29'°/CD49f°) pos-
sess progenitor activity (Shackleton et al. 2006).
This characterization is providing opportuni-
ties to elucidate mammary stem cell status dur-
ing the periods of mammary tissue remodeling.
We and others have shown that murine mam-
mary stem cells show dynamic fluctuations,
increasing as much as 14-fold during the pro-
gesterone-driven luteal phase of the repro-
ductive cycle (Joshi et al. 2010), and 11-fold
during gestation (Asselin-Labat et al. 2010).
Progesterone also induces the mammary stem
cell expansion, likely through a paracrine effect,
by inducing the expression of RANKL and
Wnt4 in luminal cells while up-regulating their
cognate receptors in myoepithelial cells (Joshi
et al. 2010). Because much of mammary re-
modeling is triggered in response to the ovarian
hormones, these studies provide important
evidence for the effects of steroid hormones
on the expansion of the mammary stem cell
pool at specific remodeling stages of the adult
gland. As discussed earlier, female reproductive
history and sustained exposure to estrogen and
progesterone are well established risk factors for
breast cancer. Understanding the link between
reproductive hormones, mammary stem cells,
and mammary gland remodeling will bring
new insights into the molecular basis for this
increased risk.

METALLOPROTEINASES INTEGRATE
MAMMARY REPROGRAMMING

Mammary gland remodeling requires an inte-
gration of the above platforms and the metallo-
proteinases have the capacity to orchestrate
these networks at the stromal-epithelial inter-
face. They do so by a number of means includ-
ing: (1) facilitating paracrine mode of action
across stroma-epithelium, (2) regulating mas-
ter signals and lateral engagement of multiple

Mammary Gland Reprogramming

signals, and (3) synchronizing parenchymal,
matrix and immune cell homeostasis.

Paracrine Signaling

A recurrent theme during mammary remodel-
ing is paracrine signaling, which necessitates
the delivery of a growth factor, or cytokine
from the stromal to epithelial compartment,
luminal epithelial cells to myoepithelial cells,
or vice versa. Given their property of ecto-
domain-shedding, the membrane-anchored me-
talloproteinases have a prominent regulatory
function in providing biochemical cues. A fine
example of this is the ADAM17-mediated shed-
ding of epithelial cell surface amphiregulin for
its binding to stromal EGFR during mammary
morphogenesis (Sternlicht et al. 2005). In fact
ADAM17 and ADAMI10 have emerged as the
key transmembrane enzymes for shedding of
the seven EGFR ligands: ADAM17 as the princi-
pal sheddase for TGFa, HB-EGE amphiregulin,
epiregulin, and epigen; and ADAMI0 as the
major sheddase for EGF and betacellulin (Blobel
et al. 2009). In fact, many of the critical ligands
discussed in previous sections are also subject
to processing by transmembrane or soluble met-
alloproteinases, although the functional link
between specific proteases and ligands have not
yet been shown to operate in the mammary
gland. A number of MMPs (MMP1, 2, 3, 9,
and 11) can potentially release IGFs from their
binding proteins present in the circulation or
the interstitium (Hojilla et al. 2003), before
the interaction of IGFs with their tyrosine ki-
nase receptor IGFIR. In the liver, TIMP1 overex-
pression inhibits the release of IGF2 complexed
to the IGF binding proteins and interferes with
IGFIR signaling blocking hepatocyte trans-
formation (Martin et al. 1999). Further, ECM-
bound ligands such as TGFf and HGF exist
in latent form and require proteolytic pro-
cessing for their maturation and subsequent
signal transduction (Mohammed and Khokha
2005; Jenkins 2008). HGF signaling via c-Met
receptor is altered on genetic modulation of
TIMP1 expression in the remodeling liver (Mo-
hammed et al. 2005), whereas TGFB1 activity as
measured by Smad phosphorylation is aberrant
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in the remodeling TIMP3 null hearts (Kassiri
et al. 2009).

Master Signals

Although multiple mitogens or inhibitors di-
rect mammary remodeling processes, some ap-
parently play more prominent functions. TGEFf3,
EGFR activation via amphiregulin, and Wnts
can be categorized as such. Activities of both
the serine protease plasmin and MMP2 are im-
plicated in the conversion of ECM-bound pro-
TGFR into its active form (Jenkins 2008). TGF3
exerts a wide-ranging control over mammary
epithelial cell proliferation and morphology. It
regulates ECM remodeling, as it allows ECM
deposition while inhibiting ECM degrading
proteases in the immediate vicinity of the end
buds and branching ducts. In turn this facili-
tates the generation of an ECM obstacle or collar
for tubular morphology. Additionally, TGF
transcriptionally regulates several MMPs and
TIMP genes during tissue remodeling (Wil-
kins-Port and Higgins 2007; Kassiri et al.
2009). Thus, although MMPs enhance TGFp
bioavailability, TGFB in turn controls the
expression of proteases. A similar dual regula-
tion may also apply for EGFR activation, which
is itself linked to ADAMI17 activity in the
mammary gland and, in turn, can induce met-
alloproteinase expression (Blobel 2005; Stern-
licht et al. 2005; Wilkins-Port and Higgins
2007). Such a mechanism of positive feedback
uniquely empowers these enzymes as useful
integrators during remodeling programs.
Moreover, ADAM17 is implicated in the ecto-
domain cleavage of ErbB4, an activity typi-
cally followed by subsequent cleavage by the
y-secretase complex to trigger nuclear localiza-
tion and signaling from this receptor. With
respect to Wnt activity, TIMP3 deficiency
leads to increased 3-catenin signaling in pri-
mary mammary epithelial cells and expression
of epithelial-specific MMP7, which is a key
transcriptional target of Lef/Tcfs downstream
of canonical Wnt signaling (Hojilla et al.
2007). Although Wnt signaling is important
for multiple aspects of the mammary gland
including the mammary stem cells (Brisken

and Duss 2007), little is currently known of
the mechanisms by which secreted Wnt ligands
are sequestered extracellularly and made avail-
able to their receptors. Interestingly, deficiency
of syndecan-1, a cell surface heparan sulfate
proteoglycan reduced mammary development
(Dontu et al. 2003) and profoundly affects
Wnt-induced mammary tumorigenesis in
mice (Alexander et al. 2000). Moreover, ectodo-
main shedding of syndecan-1 and syndecan-4
occurs by a TIMP3 regulatable metallopro-
teinase (Alexander et al. 2000; Fitzgerald et al.
2000).

Compared to the remodeling of the epithe-
lial ductal network, restructuring of the vascular
network during mammary remodeling is less
well understood. Mice lacking VEGF because
of keratin 5 promoter driven Cre show that
VEGEF is partially dispensable for angiogenesis
during pregnancy, but its loss impacts lobuloal-
veolar development and mammary differentia-
tion at lactation (Rossiter et al. 2007). VEGF is
a critical factor in vascular biology and indeed
its bioavailability is mediated by MMP activity
(Bergers et al. 2000).

The act of tissue remodeling is the cu-
mulative outcome of balanced survival/death
signals or pro-/anti-inflammatory cues, and
the repertoire of substrates subject to metallo-
proteinase-mediated processing continues to
expand (Murphy et al. 2008). ADAM17 and
its physiological inhibitor TIMP3 constitute
an important metalloproteinase axis, which
can concurrently influence a number of signal
transduction pathways. For instance, EGFR
survival signaling and TNFR cell death signal-
ing are linked to metalloproteinase-mediated
release of EGF ligands (TGFa, HB-EGE and
amphiregulin) or of TNF and its two receptors
(TNFR1 and TNFR2). Indeed parallel effects
on these two central pathways have been ob-
served in liver challenged with death receptor
activation. Here, the transmembrane metallo-
proteinase ADAM17 and its stromal inhibitor
TIMP3 provide a powerful regulatory mecha-
nism for regulating MAPK-dependent stress
signaling downstream of EGFR and TNFRI1 as
well as the survival outcome of the organ-
ism (Murthy et al. 2010). Similarly, in the

12 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004333



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

remodeling heart, TIMP3 simultaneously im-
pacts TGF and TNF signaling pathways, which
respectively exert anti-inflammatory and pro-
inflammatory effects (Kassiri et al. 2009). Al-
though both types of stimuli are required in
remodeling organs, including the mammary
gland, their temporal integration is essential
for constructive tissue remodeling. Overall, the

Mammary Gland Reprogramming

typical positioning of metalloproteinases and
their inhibitors at the stromal-epithelial inter-
face, where ligand-receptor interactions occur,
provides a means for engaging multiple and
diverse signal transduction pathways (Fig. 3).
It must be recognized however, that the same
ligand or signal can produce vastly different bio-
logical outcomes because of context-dependent
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Figure 3. Lateral integration of critical signal transduction pathways by metalloproteinase activity. TIMPs
together with MMP and ADAM proteases operate at the stromal-epithelial interface to affect growth factor bio-
availability by regulating the release of ECM bound factors, shedding of cell surface ligands and cytokines or
their receptors, as well as alter the release of factors complexed with their binding proteins. ADAM, a disintegrin
and a metalloproteinase; EGFR, epidermal growth factor receptor; GPCR, G-protein coupled receptor; HGE
hepatocyte growth factor; IGE insulin-like growth factor; IGFBPs, IGF binding proteins; MMP, matrix metal-
loproteinase; RTK, receptor tyrosine kinase; TGFp, transforming growth factor beta; TIMP, tissue inhibitor

of metalloproteinase; TNE tumor necrosis factor.
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effects (reviewed in Egeblad and Werb [2002];
Kessenbrock et al. [2010]).

Synchronizing Parenchymal, Stromal,
and Extracellular Matrix Homeostasis

The earlier examples illustrate a role for pro-
teases in the lateral integration of specific signal
transduction pathways, which dictate the cel-
lular turnover. This, however, must occur syn-
chronously with remodeling of the structural
matrix within the mammary gland, along with
the infiltration of relevant immune cells into
the remodeling tissue. MMPs were initially
discovered as the ECM cleaving enzymes, and
a vast early literature has documented their
expression and function during numerous
developmental aspects including the remodel-
ing of reproductive tissues. Beyond governing
ECM integrity, which confines cells to specific
compartments, proteolytic modulation alters
the availability of ligands that interact with the
cell surface integrin receptors mediating cell
adhesion and cell motility (Xu et al. 2009).
Protease activity also affects growth stimulatory
signals via the release of cryptic bioactive ECM
fragments, such as from laminin 5, which can
provide new signals for cellular alterations
(Schenketal.2003). The ability of these enzymes
to release TGFB, EGE and TNE and, in turn, be
transcriptionally regulated by the same growth
factors not only creates a positive feedback
loop but also reveals a mechanism for closely
orchestrating ECM deposition and/or degrada-
tion with that of cell proliferation and cell death.

Another mode by which metalloprotein-
ases facilitate deconstruction of the mammary
gland during remodeling is by ectodomain
cleavage of cell adhesion proteins such as E-
cadherin, which must be intact to provide a
strong survival signal for mammary epithelial
cells. MMPs have been implicated in the pro-
cessing of E-cadherin (Noe et al. 2001). Indeed,
excessive E-cadherin cleavage occurs during the
accelerated loss of the epithelial compartment
and gain of adipocyte reconstitution at post-
lactational mammary involution in TIMP3 de-
ficient mice (Fata et al. 2001b). In contrast,
TIMP1 slow-release pellets retard mammary

remodeling at this physiological window (Lee
et al. 1984; Talhouk et al. 1992). In the past dec-
ade, metalloproteinase substrates have also been
found situated at the apex of cytokine cascades,
immune cell influx, and immune cell develop-
ment (Murphy et al. 2008; Kessenbrock et al.
2010). Although there is considerable evidence
for altered immunity and/or inflammation as
a function of specific deficiencies of metallopro-
teinases and TIMPs (Mohammed et al. 2004;
Smookler et al. 2006; Weskamp et al. 2006; Ho-
riuchi et al. 2007), the function of these genes
on immune cell homeostasis in the mammary
gland remains largely unexplored. Overall, the
endocrine hormone-triggered delivery of bio-
chemical signals is aligned with the physical
alterations taking place in the matrix and
changes in immune cell milieu.

METALLOPROTEINASES AS FACILITATORS
OF THE TUMOR MICROENVIRONMENT

A tightly controlled remodeling program is re-
sponsible for preserving the fundamental form
and function of the mammary gland, whereas
deregulated metalloproteinase activity sub-
verts normal remodeling programs to facilitate
neoplasia (Wiseman and Werb 2002; Lanigan
et al. 2007). At the earliest stages of cellular
transformation, tissue loses its organized archi-
tecture including cellularity and polarity, which
is further exacerbated by the loss of cell—cell
and cell-ECM adhesion. Stroma is important
in normal mammary remodeling and also an
active contributor of tumor progression. Given
the normal role of metalloproteinases in pro-
cessing critical morphogens and inhibitors
involved in remodeling, deregulation of these
enzymes directly impacts the abundance of sur-
vival and death signals within the microenvi-
ronment of the transformed cell. Because
many of these factors are key transcriptional
inducers of the metalloproteinase and/or
inhibitor families, this creates reciprocal signal-
ing circuits towards promotion of the trans-
formed state. Such positive feedback loops
also exist between specific metalloproteinases
and cytokines, which influence inflammatory
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cell influx into the tumor as well as the nature
of the inflammatory reaction. Increased MMP
expression has been classically shown to enhance
tumor invasion and angiogenesis through both
ECM degradation and the release of sequestered
morphogens. Ovarian hormones have been
linked to increased breast cancer risk, and their
effects on mammary stem cells are now emerg-
ing; however, the regulation of metalloprotei-
nases and their inhibitors by these hormones
as well as the precise spatiotemporal regulation
of many critical events in the tissue microenvir-
onment is not well known. In the remodeling
mammary gland, a regenerative pool of stem
cells resides in a specialized niche and stem cells
are increasingly recognized as targets of malig-
nant transformation in cancer. The dynamics
of proteolytic events that affect the stem cell
niche and thus predispose stem cells to cancer
have not been explored.

SUMMARY

Mammary development and remodeling re-
quires overarching programs to bring ordered
cell-cell interactions within and across epithe-
lial and stromal compartments in response to
system-wide cues as well as those generated in
the immediate cell microenvironment. A series
of events begin to unfold with the induction
of systemic mammogens, which initiate spe-
cific responses in the stroma or epithelium and
involve regulated stromal-epithelial cross-talk,
which dictate epithelial morphogenesis through-
out the remodeling cycles in female lifespan.
Metalloproteinases are the major extracellular
proteases operating at the stromal-epithelial
interface and their regulated activity is key to a
well-orchestrated remodeling program.
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