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ABSTRACT
ANALYSIS OF PROGESTIN EFFECTS ON HEPATOCYTE GROWTH FACTOR
SIGNALING PATHWAYS IN RELATION TO PROLIFERATION AND ALVEOLAR
MORPGOGENESIS OF NORMAL MAMMARY EPITHELIAL CELLS IN VITRO
By
Kyle Thomas Smith

Progestins (P) are major mitogens in the adult human breast and can significantly
contribute to breast cancer risk. Using an in vitro, primary culture system we determined
that for P-induced proliferation and morphogenesis to occur in normal mouse mammary
cells, the presence of hepatocyte growth factor (HGF) is required. HGF induces
proliferation and ductal morphogenesis. Addition of P results in increased proliferation
and alveolar-like morphogenesis.

The aim was to determine the cell type specific signaling pathways by which P
and HGF interact to promote growth and morphology change of mammary epithelial
organoids, containing luminal and myoepithelial cells. This was done by
immunostaining of HGF signaling intermediates and using biochemical inhibitors of
relevant signaling pathways, PI3K, MEK1/2, and matrix metalloproteinases (MMPs).
Results showed that increased expression of cyclin D1 and PR B, and decreased
expression of PRA in luminal cells was correlated with increased proliferation and
alveolar-like morphology response to HGF+P treatment; no changes in c-Met expression
were observed in either cell type under any treatment. Both PI3K and MEK /2 signaling
intermediates were important for the proliferative response of luminal cells and

morphologic responses of myoepithelial cell treated with HGF+P. MMPs activity was

important for proliferative and morphologic responses of luminal cells only.
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Introduction
Progesterone has Major Mitogenic Activity in the Human Adult Mammary Gland

Progesterone (P) has a role in regulating proliferation in the human breast.
Proliferation in response to estrogen (E) vs. E+P in the postmenopausal human breast of
patients receiving hormone replacement therapy (HRT) has been examined (1). It was
found that the proliferation index and epithelial density were greater in women receiving
E+P treatment than E alone. In the same study, proliferation of breast tissue was
examined during both the luteal and follicular phase of the menstrual cycle of
premenopausal women. During the luteal phase when both E and P were present,
proliferation indices were similar to postmenopausal women receiving E+P HRT and are
greater than during the follicular phase when only E was present.

Since this report on the effect of E vs. E+P in the human breast, at least four
studies of HRT’s effect on breast cancer risk have shown that a greater cancer risk is
associated with E+P HRT (2-5). The most recent study is the Womens’ Health Initiative,
a study that was stopped due to the negative effects of E+P HRT, one of which was
increased breast cancer risk (5). Therefore, there is substantial evidence that P is a strong
mitogen in the adult pre and postmenopausal breast and that the mitogenic activity of P
can lead to an increased breast cancer risk.

The Mouse Model

The mouse is the most extensively studied and best described model of mammary

gland growth and development. Furthermore, the mouse mammary gland is similar to the

human breast with regard to response to growth factors and hormones. The observation



of the greater proliferative effect of E+P in the adult human breast has also been shown to

be in agreement with studies in the mouse mammary gland (6).

M y Gland Organization and the Epithelial Subtypes of the Mammary Gland
Since the majority of the development of the mammary gland takes place
postnatally, how the gland is organized is dependent on the stage of development. From
birth to sexual maturity the predominant structures in the mammary gland are ducts. The
duct structure consists of cuboidal epithelial cells, luminal cells, that line the lumen of the
duct. Luminal epithelial cells are surrounded by a continuous layer of myoepitheial cells,
a contractile cell type which run parallel to the direction of the duct. The epithelial
compartment, consisting of both luminal and myoepithelial cells, is surrounded by a
basement membrane consisting of extracellular matrix (ECM) proteins that are secreted
predominately by the stromal cells of the mammary gland (7). In ducts the myoepithelial
cells are the predominant epithelial cell type in contact with the basement membrane (8).
The stroma is comprised of fibroblasts and adipocytes, as well as blood vessels, lymphoid
tissue, and nerve fibers. Fibroblasts are closely associated with the epithelial
compartment of the mammary gland, surrounding the ducts. The adipocytes are the cells

that constitute majority of the stroma (Figure 1). Myospithelial cell
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During pregnancy the organization of the mammary gland is greatly altered. The
main structures present are alveoli organized in lobules. While the organization of the
cell types is still similar with luminal epithelial cells and then myoepithelial cells both
surrounded by a basement membrane, the organization of the myoepithelial cells is
different. Myoepithelial cell shape is more stellate and the myoepithelial cells form a
basket- or net-like structure around the lobules as opposed to laminating the luminal cells
in ducts. In this arrangement the luminal epithelial cells in alveoli are allowed much
greater contact with the basement membrane (8).

Luminal epithelial cells are generally thought of as the main functional cells of
the mammary gland. It is in the luminal epithelial cells of the alveoli that milk is
synthesized during lactation. Of the epithelial subtypes, the luminal epithelial cells have
been more widely studied than myoepithelial cells. Most of the mammary epithelial cell
lines used today, cancerous and normal, are of luminal epithelial cell origin. While a
comprehensive review of luminal cell properties is beyond the scope of this literature
review a few characteristics of luminal cells need to be mentioned. First, the luminal
cells are more proliferative than the myoepithelial cells (9). Second, it is only in the
luminal cells and not in myoepithelial cells that the progesterone receptor (PR) and the
alpha form of the estrogen receptor (ERa) are expressed (10, 11). These receptors have
both been shown to be important in the normal development of the mammary gland (12,
13). Finally, the majority of carcinomas in the breast are of luminal cell origin (8).

Myoepithelial cells are highly contractile cells that contain muscle specific

cytoskeletal and contractile proteins (8). However, like all true epithelial cells they



express cytokeratins, and are separated from the connective tissue by a basement
membrane. Functionally, the main role of the myoepithelial cells is the ejection of milk
during lactation through the action of their contractile properties. Until recently little else
was known about the functions of myoepithelial cells. It is now known that
myoepithelial cells are important in establishing the correct polarity of luminal epithelial
cells. Luminal epithelial cells cultured in a collagen gel matrix form a fluid filled cyst.
However, in the absence of myoepithelial cell the polarity of the luminal epithelial cells
is reversed (14). Myoepithelial cells are also now believed to have tumor suppressive
properties. mRNA expression profiles were used to compare gene expression profiles in
myoepithelial cells vs. non-myoepithelial breast carcinoma cell lines and breast
carcinoma samples. It was seen that the myoepithelial cell expression profile is that of a
tumor suppressor, with increased expression of extra-cellular matrix proteins,
angiogenesis inhibitors, and proteinase inhibitors. Decreased expression of angiogenic
factors and proteinases is also seen (9). Further evidence of the tumor suppressing
capabilities of myoepithelial cells is seen in the ability of myoepithelial cells to inhibit
proliferation of breast cancer cell lines when they are co-cultured (15). Overall, a better
understanding of mammary gland development as well as breast cancer will be achieved
through the use of model systems that investigate how both epithelial cell types function
together in close proximity, similar to their arrangement in vivo.
Mammary Gland Development in the Mouse

In order to understand the role of P in the mouse mammary gland, it is important
to understand the program of development in the mammary gland. In the mouse at birth,

the mammary gland is a rudimentary system of simple, un-branched ducts extending



from the nipple on a background of stroma, known as the fat pad. At puberty, the
epithelial cells begin to proliferate and form a tree-like pattern of ducts. The ends of the
ducts exhibit bulbous tips known as end buds. It is in these end buds that the majority of
cell proliferation takes place in the pubertal gland. The growth continues until the ducts
fill the fat pad. At this point, the end buds regress, and the ducts becomes proliferatively

quiescent (Figure 2).
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Figure 2. Development of mouse mammary gland from birth to sexual maturity. Figure created by Alexis
Drolet.

The adult mammary gland shows some proliferation with each estrus cycle
producing small alveoli on the lateral buds followed by regression. The onset of
pregnancy again brings about high levels of proliferation in the mammary epithelium.
The ducts form extensive side branches and alveoli are formed from these side branches
(Figure 3). Upon parturition, the alveoli synthesize and secrete milk proteins. Epithelial
cell proliferation ceases near the onset of lactation. Once lactation ceases, the glands
undergo involution and return to a state similar to the pre-pregnancy state, with the

exception that some alveolar structures remain.
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Figure 3. Development of the mouse mammary gland during pregnancy. Figure created by Alexis Drolet.
The Role of Progesterone in Mammary Epithelial Cell Proliferation in the Mouse

Systemic P is not present until estrus cycles begin at puberty. The mouse estrus
cycle is 4 days in length and can be divided into two separate stages, estrus and diestrus.
It is during diestrus that serum levels of P increase (16). However the increase in the
levels of P is not necessary for the proliferation that takes place during ductal elongation
in the pubertal mouse. In progesterone receptor (PR) knock-out mice (PR K/O), which
lack the receptors for P, ductal elongation occurs normally (17).

Pregnancy, the other stage in mouse mammary gland development that exhibits
high levels of proliferation, is dependent on the actions of P. Serum levels of P rise well
beyond the levels seen during diestrus. Since PR K/O mice are unable to undergo estrus
or pregnancy because P is needed for the normal ovulatory cycle to occur, more complex

techniques were needed to determine what phenotype was present in the mammary



epithelium of PR K/O mice. Tissue recombination studies were used to overcome this
problem. Tissue recombination takes a transplant of mammary epithelium from one
mouse and places it in a fat pad cleared of epithelium in a second mouse that is either of
the same strain or immuno-compromised to avoid immune rejection. The mice receiving
the transplant can then be bred and the transplanted mammary gland can be observed to
determine if a phenotype is present. Using the gland transplant technique it was
observed that PR-negative ductal epithelium transplanted to wild type mice is unable to
form the alveolar morphology seen in response to pregnancy (13). P has also been shown
to be necessary for ductal side branching that precedes alveolar formation and to be
required for epithelial cell proliferation in the adult gland in response to pregnancy (13).
Mechanisms of Progesterone Action

Progesterone exerts its morphologic and proliferative effects through its cognate
receptor, the progesterone receptor (PR). The PR exists in two naturally occurring
isoforms, PR A and PR B, which are produced from the same gene through the use of
alternate start sites under the control of two separate promoters (18-20). The PR A
isoform is a truncated version of the of the PR B form, missing the N-terminal 128-165
amino acids depending on the species (18). Both PR isoforms are functional, and able to
bind P as well as alter transcription of responsive genes. Studies in vitro in cell lines
have shown that the two isoforms exhibit different transcriptional activities (21). Gene
array studies also done in vitro in the T47D human mammary tumor cell line showed that
some genes are differentially regulated by the two PR isoforms (22).

Recent work in our lab (23) examined the developmental expression of the PR A

and B isoforms in the BALB/c mouse mammary gland. PR A protein expression is



present in the virgin mammary gland as early as 3 weeks of age in nearly 50% of luminal
epithelial cells. The percent of PR A positive cells does not change much through
puberty and is at similar levels in the sexually mature mouse at 12 weeks of age. As the
nulliparous mice age further, PR A levels show a decrease in the number of PR A
positive cells to 30% of luminal epithelial cells at 17-20 weeks of age. The number of PR
A positive cells then decreases dramatically during pregnancy to only 10% of luminal
epithelial cells at 14 days of pregnancy. PR B is abundantly expressed only during
pregnancy with 50% of luminal cells positive for PR B at 14 days of pregnancy,
suggesting that expression of PR B is likely important in alveologenesis (23).

Two major mechanisms exist by which P may exert its effects within the
mammary gland. First, since the PR is a class 1 nuclear family receptor, it may act as
other nuclear receptors do to alter gene transcription through binding directly to specific
DNA elements. Upon P binding to the PR, its association with heat shock proteins is lost
and it dimerizes and translocates to the nucleus. Once in the nucleus, the PR binds the
DNA through its DNA-binding domain at a specified sequence known as a progesterone
responsive element (PRE), and depending on which co-activators or co-repressors are
present within the cell and are present at the PRE-containing gene promoter, the PR can
either up or down-regulate the transcription of a given gene (18). The changes in the
expression of these genes could then mediate the action of P in the mammary gland
within PR expressing cells. P has been shown to be involved in increasing the
transcription of cyclin D1 and Stat 5a, both of which are important in the alveolar

development of the mammary gland (22).



The PR may also alter transcription of genes whose protein product could act on
adjacent PR negative cells in a paracrine fashion. The glands of total PR knock-out (PR
K/O) are unable to develop normally in response to pregnancy to form alveoli. However,
a study using chimeric epithelium, in which PR K/O cells where in close proximity to
PR+/+ cells, the reconstituted mammary gland was able to develop normally, both
proliferatively and morphologically, in response to pregnancy (13). Therefore, P may
also act on PR expressing cells to induce paracrine factors that act on cells that are not
expressing PR.

The role of phosphorylation of PR protein residues has been examined recently.
Studies in the T47D human mammary cancer cell line have shown that PR is
phosphorylated on Ser294 in response to both progestin treatment and in response to
MAPK (p42 and p44) activation resulting from growth factor stimulation (24).
Phosphorylation at Ser294 by growth factors was shown to have three major effects: 1) it
enhanced PR nuclear localization, 2) it mediated transcriptional synergy with progestins
on PRE-luciferase construct, and 3) it was essential for rapid turnover of liganded PR.
These effects were abrogated if cells were treated with inhibitors of MEK 1/2 or if a
construct with a Serine to Alanine mutation was used (24). These results indicate that the
actions of P through the PR may also be influenced or altered by the growth factor
signaling environment present within a given cell.

The second mechanism in which P may exert its effects through the PR is
through a direct interaction between the PR and other signaling intermediates. Evidence
for a direct action of PR on signaling proteins is found in a report by Edwards, et al. (25)

They showed that both isoforms of PR, PR A and B, contain a SH3 binding domain,



whose binding activity is dependent on P binding to the receptor. This domain has been
shown to bind and activate Src as well as other SH3-containing signaling proteins in
response to P (25). It is plausible that this SH3-binding domain may also bind with other
SH3-containing proteins other than Src to exert the effects of P. This mechanism of
action would be confined solely to the specific cell types that are expressing PR. In
summary, it is likely that P may act through both nuclear and cytoplasmic signaling in
order to exert its effects.
Knock-out Studies and Progesterone Action

Knock-out (K/O) mice have been generated for a number of different proteins to
examine their roles in the development of the mammary gland as well as other tissues.
Studies on the total PR K/O mice, lacking both isoforms, have shown that when PR is
lost the mammary gland does not respond to P-treatment and fails to form side-branches
and alveoli in gland transplantation studies (17). More recent studies looked at the single
isoform knock-outs. The PR A knock-out (PRA K/O) mouse exhibits normal
development of the mammary gland throughout development; ductal elongation during
puberty and alveologenesis during pregnancy both appear normal (26). The PR B knock-
out (PRB K/O) mouse also exhibits normal pubertal development with no effect seen on
ductal elongation. However, in response to pregnancy the mammary gland of the PRB
K/O mice are unable to form alveoli or lactate (27).

The PR K/O mouse mammary glands are able to form normal ducts during
puberty but are unable to proliferate, form side-branches, or form alveoli in response to
treatment with estrogen and progesterone (17). This finding suggests that P is essential

for the gland to form side branches as well as to form alveoli. The mechanism of P
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action, as described previously, is to alter levels or activation of other proteins in order to
exert it effects. It is logical to presume that if a P-induced protein mediating the effect of
P were to be knocked out, the resulting phenotype in the mouse mammary gland would
be very similar to the PR knock-out phenotype. This hypothesis has led to the
identification of some possible targets proteins that are essential for P action in the
mammary gland.

Wnt-4 is a secreted glycoprotein that is a member of the Wnt protein family. Wnt
proteins are involved in embryological development during axis formation; however,
they are also known to play a role in organ and tissue formation (28). A knock-out of
Wnt-4 is embryonic lethal in mice, but through the use of mammary gland reconstitution
techniques, Brisken et al. was able to take Wnt-4 K/O mammary epithelium from the
embryonic mammary gland and place it in the cleared fat pad of a normal mouse to
produce a Wnt-4 K/O mammary gland. The Wnt-4 K/O mammary glands are able to
develop normally through sexual maturity. However, the glands are unable to form the
side-branches normally seen in early pregnancy, similar to the phenotype of the PR K/O
mouse. Despite this, by late pregnancy the Wnt-4 K/O glands are able to form normal
lactating glands. The proposed explanation was that other wnt proteins expressed in late
pregnancy are able to replace Wnt-4 to recover the normal phenotype (29). Brisken also
showed that Wnt-4 is the only member of the wnt family that is regulated by P.
Treatment of mammary epithelial cells with P led to an increase in Wnt-4 mRNA
expression (29). These results suggest that Wnt-4 mediates side branching in early

pregnancy.
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Cyclin D1 K/O mice also exhibit a mammary phenotype very similar to that of the
PR K/O (30). The glands are able to develop normally during puberty through sexual
maturity. However, in response to pregnancy the gland is unable to form alveoli and
lactate, suggesting that cyclin D1 is an essential mediator of P action in the mammary
gland. Further supporting this hypothesis is the data that gene deletion or inhibition of
proteins involved in associating with, activating, and maintaining cyclin D1 expression,
such as P27, B-catenin, and Pin 1 respectively, all exhibit phenotypes similar to the cyclin
D1 K/O (31-33).

Other K/Os, such as C/EBP and Stat 5a, also exhibit phenotypes similar to that
of the PR K/O (34, 35). Stat 5a K/O mice are unable to form functional alveoli in
response to pregnancy, which is also true of the PR K/O. However, the inability of the
Stat5a KO to from functional alveoli is not due to the lack of lobuloalveolar structures,
but most likely due to a lack of functional differentiation of the alveolar epithelium (35).
The C/EBPB K/O mouse also exhibits a lack of functional alveoli in the mammary gland.
The mammary glands of the C/EBPB K/O mouse also exhibit altered expression of the
PR protein. Normally, PR is expressed in about 40% of luminal cells in a spotty or
punctuate pattern. In the C/EBPB K/O mammary gland the expression pattern of PR is
uniform, with PR expressed in almost all the luminal cells. Since it is not known which
PR isoforms are effected within the C/EBPPB K/O, it is presently difficult to interpret the
role of PR in the resultant phenotype (34). Overall, these studies show that many
proteins are essential for normal P-mediated actions to occur during mammary gland

development.



Stromal Cell Influences on Mammary Gland Development

Our lab and others have shown that the proliferative and morphological response
of the mammary epithelium to E and P is dependent upon epithelial cell-stromal cell
interactions (36). Using a primary culture system, we and others were able to determine
that a growth factor is produced by stromal cells. Epithelial organoids co-cultured with
mammary fibroblasts will proliferate and form tubules. This response is also seen when
epithelial organoids are treated with fibroblast- conditioned media. Through the use of
neutralizing antibody experiments our lab determined that hepatocyte growth factor
(HGF) is the factor responsible for the proliferative and morphologic effects.
Hepatocyte Growth Factor and its Receptor, c-Met

Hepatocyte growth factor, which was originally identified and cloned as a potent
mitogen for hepatocytes, has been shown to have both biological and physiological roles
in development and in tissue regeneration of various different organs and tissues (37).
Hepatocyte growth factor is composed of an a-chain, which contains a NH,-terminal
hairpin and four kringle domains, and the catalytically inactive serine protease-like B-
chain (38). Hepatocyte growth factor is produced only by fibroblasts in the mammary
gland and this production is developmentally regulated (39). Its expression is first seen
during puberty at around 5 weeks of age in the mouse. Maximal expression occurs at 12
weeks of age in the mouse, at sexual maturity, and this is also the time when the
mammary gland will respond to P by forming ductal side branches and alveoli.
Expression of HGF is lost in late pregnancy and lactation (39, 40).

The receptor for HGF, c-Met, is expressed only in the epithelial compartment of

the mammary gland. c-Met is a 190 kDa protein tyrosine kinase, consisting of a 50 kDa
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extra-cellular domain, which is responsible for its ligand binding function, and a 145 kDa
transmembrane/cytoplasmic domain, containing the kinase activity (41). Upon binding
of HGF to c-Met, autophosphorylation of the cytoplasmic tail is seen at a number of
tyrosine residues. These phosphorylated residues provide a binding site for a number of
signaling proteins containing a SRC homology 2 domain (SH2) or a phosphotyrosine
binding domain (41). The adapter proteins Gabl, GRB2, the p85 subunit of
phosphoinositide-3 kinase (PI3K), Src, Shc and the SH2-containing inositol 5-
phosphatase (SHIP)-1 all have the ability to bind to c-Met and can recruit and activate a
number of signaling pathways (41). Depending on which signaling pathways are
activated in response to HGF, mitogenic, morphogenic, and motogenic responses are seen
in many cell types including mammary epithelial cells (42).

However, a discrepancy exists in the literature as to the expression of the HGF
receptor, c-Met. One study using a Northern blot assay shows that c-Met follows the
same pattern of expression as HGF (39). A second study using an RNase protection
assay shows c-Met increasing through puberty and no down-regulation of c-Met during
late pregnancy or lactation (40). Both the HGF and c-Met expression studies were done
using RNA from homogenized glandular tissue, so little is known about the relative
expression of the c-Met protein in the luminal vs. myoepithelial cells of the mammary
gland.

In a study using human primary cultures of purified luminal or myoepithelial
cells, both cell types were shown to express c-Met and exhibited distinct responses to
HGF. While both cell types showed a motogenic response to HGF, myoepithelial cells

exhibited a morphogenic (tubulogenic) response as well, but no mitogenic response was



seen. In contrast, a mitogenic response was observed only in luminal epithelial cells, but
no morphogenic response was observed (39). It is possible that HGF may act through c-
Met to initiate different pathways within these two different cell types.

Hepatocyte growth factor has been shown to be necessary for branching
morphogenesis in the mammary gland. A study using anti-sense oligonucleotides against
HGF showed that branching morphogenesis is blocked in whole mammary gland cultures
(40). Work in our lab has also addressed the role of HGF-induced branching
morphogenesis in vivo. Elvax pellets containing a neutralizing antibody the HGF are able
to block side-branching induced by an adjacent pellet containing E+P or induced by
systemic E+P injection (43). Transgenic mice in which HGF was targeted to the
mammary epithelium by the whey acidic protein (WAP) promoter have been generated to
examine the role of HGF in breast cancer (44). Results from this study also shed some
light on the role of HGF in mammary gland development. In virgin females, over-
expression of HGF in the mammary epithelium leads to the formation of lobular
structures protruding off of ducts. However, in the presence of the unscheduled HGF
expression, lactation is able to occur normally. Since the WAP promoter is induced
during pregnancy, multiple pregnancies led the female mice to develop hyperplastic
ductal trees and invasive tumors in response to HGF overexpression. It was observed in
these tumors that the levels of active AKT and nuclear B-catenin were elevated.

Models of HGF-induced Tubulogenesis

Until recently, the manner in which groups or cysts of cells formed tubules has

not been well understood. Two competing hypotheses now exist. The first from work

done in Madin Darby canine kidney (MDCK) cells, argues that the formation of tubules



is the culmination of a four-step process (45). First, in response to a stimulus, such as
HGF, a cell will form an extension, that is an elongated section of the cell projecting out
from the main group of cells. Once the extension is formed the following steps require
proliferation to occur. Proliferation of the cell that forms the extension leads to the
formation of a chain of cells. Further proliferation allows for the formation of a cord,
which is comprised of two layers of cells with a discontinuous lumen. This is finally
followed by reorganization of the two layers of cells to form a continuous lumen, which
constitutes a tubule.

Further work by the Mostov lab has also shown that in order for formation of
extensions and chains of cells to occur extra-cellular signal related kinase (ERK) activity
must be present. When ERK 1/2 signaling was blocked, formation of extensions and
chains was lost (46). The same study also showed that matrix metalloprotease (MMP)
activity was needed for chains of cells to further progress into cords and tubules. When
MMP activity was inhibited, the cysts of MDCK cells were only able to form extensions
and chains of cells in response to HGF.

The second hypothesis was also generated from work done in MDCK cells and
suggests that tubule formation is a two step process. The first step is the loosening of the
lateral membranes and the formation of large paracellular spaces. The second step is then
the formation of basal protrusions of more than one cell, which then continue extending
to form new tubules. In this model there is always a continuous lumen present (47). The
authors of this paper suggest strain differences in MDCK cells and the use of mouse

recombinant HGF as possible reasons for the differing mechanisms of tubule formation



reported using the MDCK cell line. However, they felt these explanations could not
adequately explain the differing mechanisms observed and did not speculate any further.
An In Vitro Model to Study Progesterone-Induced Proliferation

Much has been learned from the studies of normal, knock-out, and transgenic
animals in vivo; however, the complexity of the mammary gland, with its various cell
types and growth factors, has made it difficult to interpret the function of specific factors
in the mammary gland. Understanding the mechanisms of P-induced proliferation in the
mammary gland has been hampered by the lack of a good, in vitro, experimental model.
An appropriate cell culture system can overcome these problems. There is no normal,
non-transformed human or rodent cell line that expresses both ER and PR and exhibits a
mitogenic response to P. Many studies have used a primary culture system. However,
most studies were carried out in the presence of serum, impure supplements and/or high
concentrations of insulin, which can act like insulin-like growth factor I, a potent mitogen
in the mammary gland. The use of these factors in experiments can confound results.
The use of extracellular matrix gel preparations (matrigel, collagen I) have allowed
mammary epithelial cells to grow into three dimensional structures which more closely
resemble their structure in vivo and provide a more physiological coﬁtext in which to
study growth and morphogenesis. For these reasons, investigators are more frequently
using a three dimensional culture systems and serum free media.

Our lab has developed a serum-free, 3-D (collagen gel) primary culture system
using mammary epithelial cell organoids from adult virgin mice, which expresses both
ER and PR. Importantly, P induces proliferation and an alveolar-like morphogenesis in

this system, similar to the P-induced responses seen in vivo. To the best of our



knowledge, this is the first report of a mitogenic and morphologic response to P in vitro
under defined, serum-free conditions that simulates the responses to P seen in vivo.

For P-induced proliferation and morphogenesis to occur in our in vitro system, the
presence of HGF is required. After 3 days in culture, the synthetic progestin, R5020,
when added with HGF caused an 8-fold increase in proliferation over control cultures and
a significant 1.5-fold increase over cultures treated with HGF alone (Figure 4).
Interestingly, the morphogenic response to R5020+HGF resembles the alveologenic
response seen in vivo in response to P (Figure 5). In contrast, treatment with HGF alone
increases proliferation and produces a tubulogenic response, similar to that seen during
ductal elongation in vivo. While treatment with R5020 alone had no proliferative effect,
lumen formation was observed (Figures. 4 and 5). Since P cannot act independently of
HGF to increase proliferation or induce an alveolar-like morphology, it implies that there
must be interactions between P and the HGF signaling pathways.

Another important aspect of our culture model is that our isolation procedures
give us organoids consisting of both luminal epithelial and myoepithelial cells. This is
important because both cell types are found in the ducts of the mammary gland and
participate in morphogenesis in vivo. Studies have also shown that luminal epithelial and
myoepithelial cells when cultured separately will respond differently to HGF (39), and

that normal polarity of luminal cells is reversed (14).
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Figure 4. Effect of progestin (R5020) on
epithelial cell proliferation in collagen gels.
Mammary epithelial cells in collagen gels
were cultured alone (BM+Hormones) or with
HGF (50ng/ml). For each of these conditions
cells also received treatment with basal
media only (BM), Estradiol 20nM (E2).
R5020 10nM, or E2+R5020 (20nM+10nM).
3H-thymidine incorporation was assayed on
day 3. The data are expressed as fold
increases over basal media. Each bar= mean
+ S.E.M. of triplicate determination from 3-5
separate experiments. * p=0.05 that
proliferation in HGF+R5020 treated cultures
is greater than HGF and HGF+E2-treated
cultures within each treatment group. ** p=

0.05 that proliferation in HGF+E2+R5020 is

greater than all other treatments within each treatment group. Endocrinology Vol. 143, No. 8 2953-2960.
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Figure 5. Phase contrast photomicrographs of epithelial cell organoid morphology in collagen gel cell
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culture. Mammary epithelial cells were suspended in collagen I gels and cultured for 3 d in BM, E2, PRL
(1 pg/ml), R5020, HGF, or R5020+HGF. Gross organoid morphology was visualized in situ in collagen

gels with the aid of an inverted mi ( i ion, x100) and in histological sections of collagen

gels (magnification, x400). Organoids appear solid when treated with BM, E2, and PRL, whereas lumens
(L), tubules (T), and alveolar buds (AB) are visible in R5020, HGF, and R5020 plus HGF cultures,
respectively. Sections through a tubule and alveolar structure are also shown. Endocrinology Vol. 143, No.
82953-2960.

Signaling Pathways Relevant to Proliferation, Morphogenesis, and Interactions

between HGF and Progesterone

Immunohistochemical and in situ hybridization studies of luminal epithelial cells
have shown them to contain PR; in situ hybridization assays have shown that
myoepithelial cells do not express PR (10). Three dimensional mammary organoid
cultures treated with HGF alone show a tubulogenic response, while cultures treated with
both HGF and R5020 show an alveolar-like response. This response could be the result
of 1) a direct interaction of the PR on HGF signaling through binding of the PR to an
HGF downstream effector or 2) an indirect interaction via a paracrine factor induced by
R5020 in PR positive epithelial cells that interacts to alter HGF signaling in PR negative

luminal epithelial and/or myoepithelial cells.

20



The phosphorylation cascades initiated by HGF/c-Met through adapter proteins
can result in the activation of a number of signaling pathways. The proliferative
response to HGF has been shown to be mediated through the ERK 1/2, PI3K/AKT, Src/c-
Myc, and wnt/B-catenin pathways as well as downstream effectors of these proteins, such
as JNK, c-Fos, Cyclin D1, and c-Myc (48-52). The PI3K/AKT pathway has also been
shown to be important in HGF induced motility and cell survival (52). Studies of
tubulogenesis and motility in responses to HGF have shown that the activation of FAK,
the Rac/Rho pathway, and the Grb-2/SHIP-1/2 pathways are important to due to their
involvement in cell adhesion and cytoskeletal organization (53). The Wnt-4 pathway has
also been shown to be important in P-induced side-branching seen during pregnancy in
vivo (29). It has also been shown in human mammary epithelial cells in culture that an
increase of wnt proteins precedes a decrease in the HGF-induced tubulogenic response
(54). This could indicate a role for wnt protein in the response of organoids to
HGF+R5020, which exhibit blunted tubules when compared to HGF treatment. f-
catenin is activated in response to HGF treatment and is part of the E-cadherin complexes
involved in tubulogenic response of HGF (45).

Many of these studies have been carried out in vitro in a variety of cell types
under various culture conditions. However, little is known about which pathways are
activated by HGF in the normal mammary gland. Some individual pathways have been
investigated in normal mammary epithelial and breast cancer cell lines in response to
HGF treatment. In the case of proliferation, the ERK 1/2 and PI3K/AKT pathways are
activated (51, 52). Tubulogenesis studies have implicated the FAK and

PI3K/AKTpathways (55, 56). It is possible that some pathways, such as PI3K/AKT, may
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function in both responses. Knockout studies have shown that Wnt-4 and cyclin D1 are
essential for side branching and alveolar formation during early pregnancy, respectively
(29, 30).

Matrix Metalloproteinases (MMPs) and Mammary Development

Matrix metalloproteinases are important in the tubulogenic response to HGF
treatment in MDCK cells. It has been shown that MMP activity is also important in
mouse mammary gland development. Studies looking at specific MMPs in mammary
gland development have shown that MMP2 is important for ductal elongation and when
knocked out it results in delayed ductal elongation and increased side branching in the
pubertal gland. In contrast, loss of MMP3 led to delayed side branching during early
pregnancy (57). Earlier work looking at a transgenic mouse over expressing MMP3
showed excessive side branching in the virgin gland and that MMP3 can act as a
mammary tumor promoter (58, 59). The authors of the MMP?3 transgenic studies propose
a model in which MMP3 could lead to increased proliferation. In this model MMP3
would cleave E-cadherin in luminal epithelial cells, releasing B-catenin from the
cadherin complexes and increasing its cytosolic levels; B-catenin could then translocate
to the nucleus where it partners with TCF/LEF transcription factors to lead to increased
expression of responsive genes, such as cyclin D1 and c-Myc (59).

Since MMPs have a role in normal in vivo mammary gland development, it is
likely that MMP activity may be important in culture responses involving tubulogenesis.
In a mouse mammary primary culture system HGF led to increased expression of a
number of MMPs (60). However, it is unclear which cells were producing the MMPs. It

was previously thought that only stromal fibroblasts and possibly myoepithelial cells
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were capable of secreting MMPs. A study done in a rat mammary epithelial organoid
system has challenged this assumption. It was observed that rat mammary organoids
were capable of producing MMPs and that pro- and anti-lactogenic hormones regulated
their expression. Most interesting was the observation that P led to an up-regulation of
epithelial MMP expression (61). However, in this study it was unclear which cell
epithelial subtype was synthesizing the MMPs since the authors did not determine which
cell types were present in their organoids. It is therefore possible that MMPs are
involved in the mammary epithelial organoid response to HGF+R5020 treatment.
Hypothesis

Since HGF is required for the proliferative and morphological responses to
R5020, this directed us to analyze how R5020 may affect c-Met activated signaling
pathways that mediate proliferation and tubulogenesis. Luminal epithelial and
myoepithelial cells express c-Met, but, only luminal epithelial cells have been shown to
express the PR (10). Since the luminal and myoepithelial cells express a different subset
of receptors it is likely that the responses to HGF+R5020 may be specific to cell type.
First we characterized the organoid system by examining cell type specific proliferation
and by examining the roles of luminal and myoepithelial cells in morphology change
through the use of an in situ antibody labeling technique. Next we asked how R5020 acts
on luminal and myoepithelial cells to alter HGF responses and to determine which
signaling pathways are needed in order to increase proliferation and cause a morphology
change from a tubulogenic to an alveolar-like morphology in response to HGF+R5020
treatment. In order to address this question we examined cell type specific c-Met protein

expression in our culture organoids under the different treatments that induce these
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changes. Cell type specific c-Met protein expression was also analyzed in vivo to
determine how similar the in vitro organoid system was with respect to c-Met protein
expression. Since cyclin D1 is essential for alveologenesis in vivo, we also examined
cyclin D1 protein expression under treatments that induce an alveolar-like response.
Through the use of signaling pathway inhibitors, we investigated the roles of PI3K/AKT,

ERK1/2, and MMPs in organoid responses to HGF and HGF+R5020. .
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Methods
Animals

Female adult (12-20-week-old) Balb/c mice from our own colony were the source
of mammary organoids for all experiments with the exception of the c-Met
developmental expression studies. For the in vivo C-met developmental expression study
the developmental stages of puberty (Swks), sexual maturity (12-16wks), pregnancy
(14d), and lactation (7d) were examined.
Cell Culture

Mammary epithelial organoids were isolated from whole mammary glands of
adult virgin (12- to 20-wk-old) female mice using enzymatic dissociation methods as
previously described (62). Briefly, mouse mammary glands were excised, minced, and
digested in collagenase (Worthington, Lakewood, NJ) and pronase (Calbiochem, San
Diego, CA) solutions. This was then followed by differential centrifugation and Percoll
(Amersham Biosciences, Piscataway, NJ) gradient sedimentation to remove mammary
stromal cells and to obtain mammary epithelial organoids consisting of both luminal and
myoepithelial cells. Cell viability was about 95% as determined by trypan blue
exclusion. 96-well culture dishes were coated with neutralized collagen I (2 mg/ml
40ul/well) prior to plating organoids. Freshly isolated organoids (1 x 10° cells /well)
were suspended in neutralized collagen I (2 mg/ml, 75 ul/well) and plated in 96-well
culture dishes, and allowed to gel for 30 minutes at 37 C. All cultures were carried out in
serum-free medium with or without growth factors or hormones (basal medium: serum-
and phenol red-free DMEM/F12 supplemented with 0.1 mM nonessential amino acids, 2

mM L-glutamine, 100 ng/ml insulin, 1 mg/ml fatty acid-free BSA (fraction V), 100
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pg/ml penicillin, and 50 pg/ml streptomycin.) Treatments with growth factors and
hormones were added at the time of plating and included 50 ng/ml HGF, 10 nM E2, and
20 nM of the synthetic progestin, promogestone (R5020). R5020 was used instead of
progesterone due to its better stability in culture. Cultures were kept in 5% CO2 at 37 C
for 3 days and culture media was replaced every 48 hrs.
In Situ Antibody Labeling of Mammary Organoids in Collagen Gels

At various times of treatment the collagen gels containing the mammary epithelial
organoids were removed with forceps and rinsed 10 minutes in phosphate buffered saline
(PBS) pH 7.2 containing ImM CaCl, and 0.5mM MgCl, (PBS+). All steps were carried
out at room temperature on a rocker (Reliable Scientific, Mount Prospect, IL) at speed 4
unless otherwise noted. The gels were then fixed in 4% paraformaldehyde in PBS+.
Following fixation the gels were permiabilized for 30 minutes in 0.025% saponin in
PBS+. Gels were again rinsed in PBS+ for 10 minutes. This was followed quenching for
10 minutes in PBS+ containing 75SmM NH4Cl and 20mM glycine. Gels were then
incubated in blocking buffer consisting of 0.025% saponin in PBS+ with 0.3% gelatin for
10 minutes. Gels were then rocked at speed 4 at 4°C for 3 days in primary antibodies.
Five to ten units of Alexa-488- conjugated phallotoxin (Molecular Probes, Carlsbad, CA)
(approximately 25 to 50 ul of methanolic stock solution) were added per ml of blocking
solution. Anti-SMA (Sigma, St. Louis, MO) antibody was added at 1:200 dilution in
blocking buffer. Samples then were washed 4 times in 0.025% saponin in PBS+ for 15
minutes each and washed 1x for 15 minutes in blocking buffer. Samples were incubated
overnight in 1:100 dilution of goat anti-mouse Alexa 546 (Molecular Probes) and Smg/ml

TO-PRO (Molecular Probes. Carlsbad, CA) at 1:1000 dilution in Blocking buffer on a
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rocker at speed 4 at 4°C. Samples then were washed 4x in 0.025% saponin in PBS+ for
15 minutes. Samples were then post fixed in 4% paraformaldehyde in 0.1M cacodylate
buffer pH 7.2 and mounted on glass slides.

Images were captured using a Pascal laser scanning confocal microscope. Three
separate tracks were used for capturing images: a 488 laser with 500-530 band pass filter,
a 546 laser with a 580-620 band pass filter, and a 633 laser with 650 long pass filter. The
images were captured in a Z-stack with average step size of approximately 4-5uM.
Images from the Z-stack were then over-layed to create a projection image of the entire
organoid.

Immunohistochemistry

Gels containing organoids were fixed in 10% buffered formalin for 1 hr and then
processed on the Tissuematon (Fisher Scientific, Vernon Hills, IL) and embedded in
paraffin. In the case of tissue, inguinal mammary glands were removed and fixed
overnight in10% buffered formalin and processed on the Tissuematon (Fisher Scientific,
Vernon Hills, IL) and embedded in paraffin for the in vivo c-Met studies. Five pm
paraffin embedded sections were placed on coverslips treated with (3-Aminopropyl)
triethoxy-silane (APES), deparaffinized, and subjected to antigen retrieval by autoclaving
in citrate buffer as previously described (63). Sections were blocked with goat anti-
mouse IgG Fab (Jackson Laboratories, Bar Harbor, ME) 1:100 dilution in 1% bovine
serum albumin (BSA) in PBS followed by normal goat serum (Vector Labs, Burlingame,
CA). The sections were then incubated with mouse monoclonal antibodies to either
PRA (hPRa7) 1:100 dilution, PRB (hPRa6) 1:100 dilution, cyclin D1(Cell Signaling

Technology, Beverly, MA) 1:100 dilution, alpha smooth muscle actin (Sigma. St. Louis,

27



MO) 1:400 dilution, bromo-deoxyuridine (BrdU) (Amersham Biosciences, Piscataway,
NJ) undiluted or rabbit polyclonal antibody to Met (Santa Cruz Biotechnology, Santa
Cruz, CA) 1:50 dilution. Sections were then incubated with goat anti-mouse or goat anti-
rabbit conjugated Alexa 488 or Alexa 546 (Molecular Probes, Carlsbad, CA), both 1:100
dilutions, and mounted with fluorescent mounting media containing a 1:1000 dilution of
the nuclear stain TO-PRO®-3 iodide (Molecular Probes, Carlsbad, CA).

Fluorescent images were captured using a Pascal laser scanning confocal
microscope. Three separate tracks were used for capturing images: a 488 laser with 500-
530 band pass filter, a 546 laser with a 580-620 band pass filter, and a 633 laser with 650
long pass filter.

Determination of proliferation in primary organoid cultures

[3 H]Thymidine incorporation assay

After 42 hrs or 66 hrs of treatment, cells were incubated with 0.1 uCi/well [’H]-
thymidine (specific activity, 50 Ci/mmol; ICN Pharmaceuticals, Inc., Irvine, CA) at 37°C
for 6 hrs. Collagen gels containing organoids were dissolved with 3.5 mM acetic acid,
and transferred to GF/C filters (Whatman, Clifton, NJ), followed by washing with Hank’s
ba;anced salt solution (HBSS), ice-cold 10% trichloroacetic acid, and 90% ethanol.
Radioactivity was determined by liquid scintillation counting in a Beckman Coulter
LS6500 scintillation counter.

BrdU Incorporation and Analysis of Cell Type Specific Proliferation

Cultures were incubated with 10mM BrdU for 20 hrs prior to fixing gels.
Formalin fixed, paraffin embedded, organoid sections were double labeled for BrdU and

smooth muscle actin (SMA), and treated with 4'-6-Diamidino-2-phenylindole (DAPI) to
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stain the nuclei. Using an overlay image of all tﬁree images, cells were determined to be
either luminal epithelial (not expressing SMA) or myoepithelial cells (expressing SMA).
Cells that were labeled for both BrdU and SMA were determined to be proliferating
myoepithelial cells and cell that were labeled for BrdU only were determined to be
proliferating luminal epithelial cells. Values were then tabulated and expressed as
average number of BrdU positive luminal or myoepithelial cells per organoid section.
Immunohistochemistry Quantitation Methods

General Criteria for Quantitation

Two criteria were required for quantitation. First, in order for a cell to be positive
for a nuclear protein at least half of the nucleus needed to be positively labeled. Second,
for an image to be used for quantitation the organoid needed to contain at least 10 total
cells.

PR Isoform Quantitation

Organoids stained for either PR A or PR B were quantitated for number of
positive cells and total number of cells. This allowed the determination of the percentage
of the cells that were PRA or PR B positive.

C-met Quantitation

Organoids were stained for both C-met and SMA. The cell type was then
determined by overlaying the C-met image with the SMA image. SMA expressing cells
were determined to be myoepithelial cells and were quantitated separately from luminal
epithelial cells. Images were captured using laser scanning confocal microscopy and
were then analyzed by measuring the mean Alexa 488 (green) fluorescence intensity per

cell. This was done by separating the Alexa 488 channel from an overlay image and then
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converting it to grayscale. The average grayscale value per cell was then measured using
the Image-1 program.

Cyclin D1 Quantitation

Organoids labeled for cyclin D1 were quantitated for number of D1 positive
nuclei and total number of cells. Cells that showed nuclear expression of cyclin D1 were
considered positive if at least half of the nucleus was labeled for cyclin D1. Cells that
were negative for cyclin D1 were also counted. The number of positive nuclei was then
divided by the total number of cells and multiplied by 100 to determine the percent of
positive nuclei for cyclin D1.

Inhibitor Studies

All inhibitors were dissolved in di-methyl sulfoxide (DMSO). Final
concentration of DMSO in all control and inhibitor containing media was 0.1%.
Inhibitors were added at time zero at the following concentrations: the PI3K inhibitor
(LY294002 at 5SuM) (Cell Signaling Technology, Beverly, MA), the AKT inhibitor
(AKT inhibitor IV (CalBiochem, San Diego, CA) at 400nM), the MEK 1/2 inhibitor
(U0126 at 10uM) (Cell Signaling Technology, Beverly, MA), and the broad spectrum
matrix metalloproteinase inhibitor(GM6001 at 10uM) (CalBiochem, San Diego, CA).
Culture media were replaced every 48 hrs. Organoid morphology was observed at 24,
48, and 72 hrs by phase microscopy. In situ antibody labeling was performed at 72 hrs in
the AKT inhibitor IV-, U0126-, and GM6001-treated cultures. In situ antibody labeling
was performed at 24, 48, and 72 hrs in the LY294002-treated cultures. Tritiated

thymidine assays were performed at 48 and 72 hrs in all cultures.
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Cell Viability Staining

Media in wells containing organoids was removed and wells were washed one
time with Hanks Balanced Salt Solution (HBSS) before adding viability dyes. Two
viability dyes were used to test the viability of epithelial organoids in response to
signaling inhibitors. The live cell dye, Calcein Blue 50uM (Molecular Probes, Carlsbad,
CA) and the dead cell dye, Sytox Green 1uM (Molecular Probes, Carlsbad, CA) were
combined in a 0.85% saline solution and 75uL of this solution was added per well. The
plate was then incubated for 30 minutes in 5% CO2 at 37 C. Results were imaged on an
epi-fluorescence scope with filters for Fluorescein (FITC) and DAPI. Viability was
determined by comparing the number of dead cells fluorescing (green) in inhibitor-
treated vs. control-treated cultures on a grading system of 0-3, with 0 being no dead cells
and 3 being 50% dead cells. Live cell dye was used to determine the size of each

organoid and to determine where the dead cells were localized.
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Results
Images in this thesis are presented in color.
The Roles of Luminal Epithelial and Myoepithelial Cells in Mammary Organoids
Morphology

Immunocytochemical methods were adapted from O'Brien et al. (46) to examine
intact mammary epithelial organoids in situ directly in the collagen gels, in order to gain
a better understanding of the roles of luminal and myoepithelial cells in morphology
change in response to the various culture treatments. To accomplish this organoids were
incubated with a phalloidin conjugated fluorophore, which labels actin in all cells, and a
smooth muscle actin antibody (SMA), which is a specific marker of myoepithelial cells.
This allowed the determination of the location and morphology of the myoepithelial and
luminal epithelial cells; the latter were assumed to be the non-SMA expressing cells
within the culture organoids.

As seen in figure 6, at 72 hrs organoids treated with BM showed both luminal and
myoepithelial cells in a group with the myoepithelial cells exterior to the luminal cells.
In response to HGF treatment the myoepithelial cells became elongated and were present
mainly in the tubules branching off the organoids. Luminal cells were present both in the
tubules and in the main body of organoids. R5020 treatment resulted in the myoepithelial
cells external to and surrounding luminal cells, which had formed cyst-like structures.
This organization was strikingly similar to mammary ducts in vivo, where luminal cells
are surrounded basally by a layer of myoepithelial cells. HGF+R5020 treatment resulted

in elongated myoepithelial cells in the tubules, and more myoepithelial cells were present

32



in the main body of the organoids. The luminal cells were present both in the
extensions/tubules and in the main body of the organoid.

A time course of in situ labeling at 24, 48, and 72 hrs was done to examine
luminal and myoepithelial cells in the mammary organoids in response to HGF to
determine what role each cell type was playing in the formation tubules (Figure 7).
Twenty-four hours of HGF treatment led to the formation of cellular extensions from
cells within the organoid, and these extensions consisted of mostly luminal cells. After
48 hrs of HGF treatment the extensions were longer and some chains of cells were
present. SMA expressing cells were now present in the extensions and chains but did not
appear to be at the leading edge of either. At 72 hrs of HGF treatment the myoepithelial
cells were elongated and were present mainly in the extensions/tubules branching off the
organoids. Luminal cells were present both in the extensions/tubules and in the main
body of the organoids.

Cell Type Specific Proliferation In Vitro

Since cultured organoids contained both luminal and myoepithelial cells, it was
necessary to identify the cell type that was proliferating under HGF versus HGF + R5020
treatment. This question was addressed by antibody double labeling of culture organoids
for SMA and for the proliferation indicator BrdU. Cells were determined to be
myoepithelial cells if SMA expression was present. Luminal epithelial cells were
identified as the cells which did not express SMA.

Shown in figure 8A is immunofluorescence staining of SMA protein expression
and the proliferation marker, BrdU, for representative organoid sections treated with

HGF or HGF+R5020. In the HGF-treated organoids no BrdU labeling was seen in SMA
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positive cells but was seen in luminal cells. HGF+R5020-treated organoids exhibited
BrdU labeling of both SMA positive (myoepithelial) and negative (luminal epithelial)
cells. Figure 8B shows quantitation of the average number of BrdU positive luminal
epithelial and myoepithelial cells per organoid section. Proliferation in basal media (BM)
was present only in luminal cells at a level of 3 + 0.9 BrdU positive cells per organoid
section. R5020 treatment yielded 4 + 0.4 BrdU positive luminal cells per organoid
section; no myoepithelial cell proliferation was seen. HGF increased proliferation only in
luminal epithelial cells to a level of 6 + 0.5 BrdU positive cells per organoid section; no
myoepithelial cell proliferation was seen. Proliferation in HGF+R5020-treated organoids
increased the average BrdU positive luminal cells per organoid section to 8 + 0.9.
Interestingly, only HGF+R5020 treatment led to proliferation of myoepithelial cells. In
HGF+R5020-treated organoids approximately 2 + 0.5 myoepithelial cells per organoid
section were proliferating. These results demonstrate that the majority of proliferation
occurred in the luminal cells and only the combination of HGF+R5020 was mitogenic for
myoepithelial cells.
In Vivo Expression of c-Met Protein During Mouse Mammary Gland Development
Expression of c-Met protein was examined in both epithelial sub-types of the
mammary gland, luminal epithelial cells and myoepithelial cells, during different stages
of mouse mammary gland development and in the different structures of the gland. The
developmental stages of puberty (Swks), sexual maturity (10wks), mid-pregnancy, and
seven days of lactation were examined to determine if the expression was
developmentally regulated in vivo. Tissue sections were stained with an anti- c-Met

antibody and an anti SMA antibody to detect myoepithelial cells. This allowed us to
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differentiate the expression of c-Met in luminal epithelial cells vs. myoepithelial cells.
Images were captured using laser scanning confocal microscopy and were then analyzed
by measuring the mean fluorescence intensity per cell of c-Met labeled cells.

Shown in Figure 9 is the quantitation of the expression of c-Met protein within
luminal epithelial cells and myoepithelial cells at the different stages of the mouse
mammary gland development. No differences in c-Met expression were observed in
luminal epithelial cells at the different developmental stages. This was also true for the
expression of c-Met for both ducts and alveoli. Therefore, the expression of c-Met within
the luminal epithelial cells did not appear to be developmentally regulated.

In myoepithelial cells there was slightly lower expression of c-Met in pregnant
and lactating ducts, but not in lobules, when compared to other stages. Otherwise, the
expression of c-Met within the myoepithelial cells also did not appear to be
developmentally regulated. However, in all structures and during all developmental
stages it was found that the myoepithelial cells expressed c-Met at a higher level when
compared to luminal epithelial cells.

In Vitro Expression of c-Met Protein in Response to Culture Treatments

Expression of c-Met protein was examined in both luminal epithelial and
myoepithelial cells in cultured organoids in response to the treatments with 1) BM, 2)
HGF alone (50ng/ml), 3) R5020 (20nM), and 4) HGF + R5020 (50ng/ml + 20nM).
Epithelial organoids plated in collagen gel cultures for 24, 48, and 72 hrs were prepared
as sections. The sections were double labeled with c-Met and SMA. The DNA stain To-

Pro 3-iodide was then used to stain the nuclei of all cells. Images were captured using
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laser scanning confocal microscopy and analyzed by measuring the mean c-Met
fluorescence intensity per cell.

Shown in Figure 10A is the quantitation of expression of c-Met within luminal
epithelial cells expressed as fold increase over BM at the same time point. Fold increase
of fluorescence intensity over BM was used for comparisons because different time
points were obtained from separate experiments. No significant differences were
observed among the different treatment groups at any of the time points examined. The
expression of c-Met within the luminal epithelial cells did not appear to be altered by any
of the treatments.

Shown in figure 10B is the quantitation of expression of c-Met within
myoepithelial cells expressed as fold increase over BM at the same time point. No
differences were observed among the different treatment groups at any of the time points
examined. The expression of c-Met within the myoepithelial cells did not appear to be
altered by any of the treatments.

Figure 10C shows the average expression level of c-Met in luminal epithelial cells
versus the myoepithelial cells for all three time points. This figure shows that the
myoepithelial cells expressed c-Met at a higher level when compared to luminal epithelial
cells. Taken together the results obtained from the in vivo and in vitro studies showed
that c-Met expression did not appear to be hormonally regulated and was not a
mechanism by which R5020 is affecting organoid responses.

In Vitro Expression of Cyclin D1 Protein
Since cyclin D1 (D1) is required for alveologenesis in vivo (30), antibody labeling

experiments were performed to examine D1 expression in cultured organoids to
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determine if D1 expression was also important in the alveolar-like response to
HGF+R5020 treatment. The expression of D1 was examined in adult organoid cultures
treated with BM, HGF, R5020, and HGF+R5020.

Expression of D1 in the adult cultures was increased slightly over basal levels by
the addition of either HGF or R5020 alone. However, the intensity of staining was low
and expression was localized predominately in the cytoplasm (Figure 11A). The
combination of HGF+R5020 led to increased staining intensity and an increase in the
nuclear localization of D1. Cyclin D1 expression in the HGF+R5020-treated organoids
was predominately localized in the nucleus in nearly 40% of total cells (both D1 positive
and negative cells) (Figure 11B). However, recent review of the images of the organoids
showed very few myoepithelial cells present and that the organoids were rather small.
This indicates that the cultures used to generate the images were likely over-digested and
that these experiments should be repeated.

In Vitro PR Isoform Protein Expression

Recent work in our laboratory has shown that there is differential expression of
the PR A and B isoforms during mouse mammary gland development (23). Since the
expression of PR B appears to be important during alveologenesis, the expression of the
PR isoforms was examined in our culture system to determine their role in the alveolar-
like response of organoids to HGF+R5020 treatment.

PR A Protein Expression

Progesterone receptor A protein expression was examined at time 0, directly after
plating organoids into the collagen gels, and approximately 29.2% + 2.5% of the cells

were positive. Our lab has observed a similar percentage of PR A positive epithelial
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cells in vivo at 17-20 weeks of age. This was the same age as the mice used to obtain the
mammary organoids and indicated that the organoid isolation process did not appear to
alter PR A expression (23). Progesterone receptor A protein expression was examined in
three separate cultures at 48 hrs and 72 hrs: cc-1-20-04, cc1-26-04, cc1-18-05. As seen in
figure 12 there appeared to be little overall difference in the percent of PR A positive
cells among the different treatment groups at the 48hr time point (Figure 12A). The data
indicate a trend of PR A down-regulation by HGF+R5020 treatment at 72 hrs in the three
cultures tested to date (Figure12B). However, due to variability and a small sample size
statistical analysis was not performed.

PR B Protein Expression

At time 0 no expression of PR B was seen. This is in agreement with the
observations in vivo for the adult virgin (23). Progesterone receptor B expression was
examined at 48 hrs and 72 hrs in two cultures: cc1-20-04 and cc1-26-04. Figurel3 shows
the expression of PR B was highest in both the 48 hr and 72 hr time points in organoids
treated with HGF+R5020. These results indicate a trend of an increase of PR B positive
cells at 48 and 72 hrs in response to HGF+R5020 treatment (Figure 13A&B).

From the results of the PR A and PR B protein expression studies it is clear that
there is variability among the cultures. The variability may be due mainly to the lack of a
sufficient number of samples. Therefore, additional experiments with these cultures
should be done to obtain larger sample sizes to allow for statistical analysis.
c-Met Signaling Pathway Inhibitor Studies

In order to examine the roles of different signaling pathways in the response of

mammary organoids to the culture treatments, studies using inhibitors of specific
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signaling intermediates were used. Using this technique allowed for the targeting of
specific pathways that are believed to be important for the proliferative and morphologic
responses of mammary cells to HGF and R5020.
PI3K Pathway

Previous studies in normal mammary epithelial and breast cancer cell lines have
implicated the PI3K/AKT pathway in HGF-induced proliferation and tubulogenesis (51).
Therefore, the effect of the PI3K inhibitor, LY294002, on the responses of primary
culture organoids was examined. The PI3K inhibitor was initially tested at
concentrations of 5, 10, and 20 um. The 5 um concentration was chosen since it resulted
in the best viability of the organoids that was only slightly decreased vs. control-treated
cultures.

Effect of PI3K and AKT Inhibitors on Proliferation

In these experiments 17(3-estradiol (E) was added since a further increase in
proliferation was seen when E is added in addition to HGF+R5020 in our primary
mammary organoids (64) and E is also known to induce expression of PR in vivo (65).
DMSO-treated controls showed the same proliferative and morphologic responses as seen
in controls without DMSO. Hepatocyte growth factor induced a 4-fold increase in
proliferation over BM; HGF+R5020 yielded an 8-fold increase and HGF+E+R5020 a 13-
fold increase at 72 hrs (Figure 14A). Inhibition of PI3K decreased proliferation by 25%
in BM. Proliferation in HGF treated organoids was inhibited 57% in the presence of the
PI3K inhibitor. Proliferation in HGF+R5020- and HGF+E+R5020-treated organoids
were inhibited at 50% and 72% respectively, in the presence of the PI3K inhibitor (Figure

14B).
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It has been shown that PI3K in addition to activating AKT can act as an adaptor
protein at the c-Met receptor (41). In cultured rat oval cells, hepatic precursor cells, it
was seen that inhibition of PI3K led to decreased ERK 1/2 activity (66). In order to
investigate the possibility that the results obtained with the PI3K inhibitor were due to its
effect on other pathways, an AKT inhibitor was also used. If similar responses were
observed in organoids treated with an AKT inhibitor, it was likely that the effects of the
PI3K inhibitor were specific to the PI3K/AKT pathway. It was observed that organoids
treated with the AKT inhibitor showed a similar responses as the LY294002-treated
organoids (Figure 14C). Proliferation was decreased by 55% in HGF-treated organoids
and by 42% in HGF+R5020 treated organoids (Figure 14D). This suggests that the
effects of the PI3K inhibitor were specific to the PI3K/AKT pathway.

Effect of PI3K and AKT Inhibitors on Cell Type Specific Morphology of Mammary

Organoids

Visual inspection of LY294002-treated organoids showed minor decreases in
tubule length and number. Using the in situ collagen gel antibody staining protocol,
SMA staining was severely diminished in all treatment groups at 72 hrs in LY294002-
treated organoids (Figure 15). To investigate the possibility that the results of PI3K
inhibitor were due to its effect on other pathways, an AKT inhibitor was also used. It
was observed that organoids treated with the AKT inhibitor showed the same response as
the PI3K inhibitor treated organoids. Smooth muscle actin staining was severely
diminished in all treatment groups at 72 hrs (Figure 16).

In the absence of SMA expressing cells the luminal cells were still able to form

tubules. However, cellular extensions and chains of cells did not appear to be present. A
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time course experiment was then performed in order to examine when the loss of SMA
expression occurred. Hepatocyte growth factor-treated organoids were labeled at 24, 48,
and 72 hrs for actin and SMA in the presence of SuM LY. As seen in figure 17, SMA
expression was present at 24 hrs, diminished at 48 hrs, and severely diminished at 72 hrs.

From the PI3K time course experiment it was not possible to determine if the loss
of SMA expression was due to increased sensitivity of the myoepithelial cells to cytoxic
effects of the PI3K inhibitor. Experiments in which the PI3K inhibitor was washed out
after 24 hrs of treatment were performed to address this question. If the effects of the
PI3K inhibitor were the result of a permanent change in the organoids, L Y294002-treated
organoids should not express SMA at 72hr after the inhibitor was washed out. If the
effects were reversible and dependent on the continued presence of LY294002 in the
culture media, then LY294002-treated organoids should show expression of SMA at 72
hrs after the inhibitor was washed out. It was observed that the expression of SMA was
rescued by 72 hrs if the inhibitor was washed out of the media at 24 hrs (Figure 17). This
suggests that the loss of SMA expression was not due to increased cytotoxicity of the
inhibitor to the myoepithelial cells, but rather to inhibition of SMA protein expression.
ERK Pathway

Studies in mammary tissues have also implicated a role for the ERK1/2 pathway
in HGF-induced proliferation (51). The MEK 1/2 inhibitor, U0126, which inhibits both
MEK 1 and 2 equally, was used to determine the importance of the ERK 1/2 pathway in
the response of the culture organoids. The effects of U0126 were tested at a 10uM

concentration. This concentration was chosen based upon previous studies in other
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culture systems (46) and upon minimal effect on cell viability based on our own cell
viability results.

Effect of MEK 1/2 Inhibitor on Proliferation

Dimethyl sulfoxide-treated controls exhibited the same proliferative and
morphological responses as non-treated controls at 72 hrs (Figure 18A). Proliferation in
U0126-treated organoids in BM was decreased 45%. Cultures treated with HGF,
HGF+R5020, or HGF+E+R5020 all showed similar decreases in proliferation of about
55% (Figure 18B).

Effect of MEK 1/2 Inhibitor on Cell Type Specific Morphology of Mammary Organoids

While no quantitative data was obtained on the morphology (tubule number and
length) of the U0126 treated cultures, visual inspection showed minor decreases in tubule
length and number. As seen in figure 19, myoepithelial cells in organoids treated with
BM+U0126 exhibited normal morphology. This was also true of R5020-treated
organoids. In HGF- or HGF+R5020- treated organoids the myoepithelial cells were no
longer elongated but instead were rounded up and were present throughout the organoids.
Luminal cells did not appear to be altered morphologically under inhibitor treatment.
Luminal epithelial cells were present in the main body of the organoids and were able to
form cellular extensions and tubules; unlike the myoepithelial cells, the luminal cells did
not appear rounded. These results suggest that the ERK 1/2 pathway is important in both
the proliferative response of the luminal epithelial cells and the morphological response

of myoepithelial cells in response to treatment with HGF or HGF+R5020.
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Matrix Metalloproteinase Inhibition

Matrix metalloproteinases appear to have a role in the development of the
mammary gland in vivo (57), and in tubulogenesis in primary mouse mammary organoids
(60). Therefore, we investigated the role of MMPs in mammary organoids by treating
organoids with a MMP inhibitor and determining the effect on proliferation and
morphology. A broad spectrum MMP inhibitor, GM6001, was used at a 10uM
concentration. The concentration was chosen based upon its use in a organoid culture
system similar to ours (60).

Effect of MMP Inhibitor on Proliferation

Dimethyl sulfoxide treated organoids exhibited a typical response with a strong
HGF proliferative response similar to control cultures without DMSO. Hepatocyte
growth factor+R5020-induced proliferation was increased over that of HGF alone (Figure
20A). Proliferation in organoids treated with BM in the presence of GM6001 was
decreased 50%. Hepatocyte growth factor- and HGF+R5020-treated organoids showed a
decrease in proliferation of 74% when treated with GM6001 (Figure 20B).
Effect of MMP Inhibitor on Cell Type Specific Morphology of Mammary Organoids

In situ labeling of the organoids showed that inhibition of MMPs did not appear to
have an affect on the morphology of myoepithelial cells (Figure 21). However,
morphology of HGF- and HGF+R5020-treated organoids was altered in response
GM6001 treatment. In the control treated counterparts the tubulogenic morphology was
mostly comprised of cords and tubules of cells, while the organoids treated with GM6001
appeared to have only cellular extensions and chains of cells. These results suggest that

activity of MMPs were necessary for proliferation of luminal cells in the organoids and
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were also needed for the formation of cords and tubules in response to HGF or

HGF+R5020 treatment.
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Figure 6. Luminal epithelial and myoepithelial cell morpholigies in response
to culture treatments. Images are a projection images constructed from a z-series
captured on a confocal microscope. Organoids were treated with BM, HGF,
R5020, and HGF+R5020. Green images are stained with phalloidin conjugated
with Alexa-488 which stained actin, and labeled all cells. Red images are
stained for smooth muscle actin (SMA), which is a specific marker of
myoepithelial cells. Note the elongated myoepithelial cells in the HGF- and
HGF+R5020-treated organoids and the cyst of luminal cells surrounded by
myoepithelial cells in the R5020-treated organoid (mag. 200X).
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24hrs

48hrs

72hrs

Figure 7. Time course of luminal and myoepithelial cell morphology in HGF-
treated organoid: Images are projection images constructed from a z-series

d on a confocal pe. Red images are stained for smooth muscle actin
(SMA), which is a specific marker of myoepithelial cells. Overlay image is the
combination of SMA staining and the staining of organoids with phalloidi
conjugated with Alexa-488, which stained actin, and labeled all cel]s White arrows
indicate cellular extensions of luminal cells. Yellow arrows indicate myoepithelial
cells in extensions. Note that luminal epithelial cells and not myoepithelial cells
were at the leading edge of extensions. (mag. 200x).
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Figure 8. Cell type specific proliferation at 72hrs. A. Representative staining of HGF
and HGF+R5020 treated or ids. Blue staining rep cell nuclei. Green staining
represents BrdU positive cells. Red staining cells are positive for the myoepithelial
marker, smooth muscle actin (SMA). The merge image is a composite of the three other
images. White arrows indicate proliferating myoepithelial cells, which are only present
in HGF+R5020 treated organoids. Yellow arrows indicate proliferating luminal cells
and blue arrows indicate myoepithelial cells that are not proliferating. (mag. 400x) B.
Quantitation of average BrdU positive cells per organoid section. White bars indicate
the mean number of luminal epithelial cells proliferating per organoid section + SEM.
Black bars indicate the mean number of myoepithelial cells proliferating per organoid
section + SEM.
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c-Met Expression in Luminal vs. Myoepithelial Cells in vivo
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Figure 9. Analysis of expression of c-Met during the mammary gland
developmental stages of puberty (Swks), sexual maturity (10wks), pregnancy
(ducts and alveoli), and lactation (ducts and alveoli). Comparison of c-Met
expression in luminal epithelial vs. myoepithelial cells. Each bar= mean +
S.EM.
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C-Met Expression in Luminal Epithelial Cells in vitro
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Figure 10. Effect of culture treatments on c-Met protein expression in epithelial
organoids cultured in collagen gels. Mammary epithelial cells in collagen gels were
cultured alone (BM), in R5020 (10nM), in HGF (50ng/ml), or in HGF (50ng/ml) +
R5020 (10nM) (H+R). A. Expression of c-Met within luminal epithelial cells, B.
Expression of c-Met within myoepithelial cells. C. Expression of c-Met in luminal
epithelial cells vs. myoepithelial cells. Each bar= mean + S.E.M.
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Figure 11. Cyclin D1 expression in adult cultured or; ids A. Rep ive

images showing D1 expression in adult cultured organoids. Green images
represent D1 expression, red images represent myoepithelial cells, and blue
images represent the nuclei of all cells in the organoid. The merged image is an
overlay of the three separate images. (mag. 630x) B. Nuclear localization of
Cyclin D1. Percentage of cells expressing cyclin D1 localized in the nucleus
under treatments of BM, HGF, R5020 (R), and HGF+R5020 (H+R) Each bar=
mean + range (n=2).
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Figure 12. PRA expression in cultured organoids. The results presented are
averages of three different cultures (cc1-20-04, cc1-26-04, and cc1-18-05). A. PR A
expression at 48hrs. Percentage of total cells positive for PR A at time points of
48hrs. B. PR A expression at 72hrs. Percentage of total cells positive for PR A at
time points 72hrs. Organoids were treated with BM, HGF (H), R5020 (R),
HGF+R5020 (H+R), and estrogen (E). Each bar=mean + SEM. Number in bars
indicates the total number of organoids sampled from all cultures. Due to sample
size and variability no statistical analysis was performed.
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Figure 13. PRB expression in cultured organoids. The results presented are the
average of two separate cultures (cc1-20-04 and cc1-26-04). A. PR B expression at
48hrs. Percentage of total cells positive for PR A at time points of 48hrs. B. PR B
expression at 72hrs. Percentage of total cells positive for PR B at time points 72hrs.
Organoids were treated with BM, HGF (H), R5020 (R), HGF+R5020 (H+R), and
estrogen (E). Each bar=mean + standard deviation. Number in bars indicates the total
number of organoids sampled from all cultures. Due to sample size and variability no
statistical analysis was performed.
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Effect of PI3K inhibition at 72hrs
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Figure 14. Effects of PI3K and AKT inhibition on HGF- and R5020-dependent
proliferation at 72hrs. A. Effect of PI3K inhibition. Fold increase in proliferation
measured by 3H-thymidine incorporation was calculated versus BM of control
treatments under an inhibitor concentration of SuM LY294002 . B. Effect of PI3K
inhibition. 3H-tdr incorporation as a percentage of corresponding control treatment.
C. Effect of AKT inhibition. Fold increase in proliferation measured by 3H-tdr
incorporation was calculated versus BM of control treatments under an inhibitor
concentration of 200 nM AKT inhibitor [V. D. Effect of AKT inhibition. H-
thymidine incorporation as a percentage of corresponding control treatment. Each bar

=mean + SEM
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Figure 15. PI3K inhibitor effects on organoid, luminal, and myoepithelial cell
morphologies. Images are a projection images constructed from a z-series captured
on a confocal microscope. Organoids were treated as indicated. Green images were
stained with phalloidin conjugated with Alexa-488, which stained actin, and labeled
all cells. Red images are stained for smooth muscle actin (SMA), which is a specific
marker of myoepithelial cells. Note the reduction of SMA expressing cells in
LY294002-treated cultures, especially in HGF and HGF+R5020 treatments. White
arrows indicate the reduction of SMA labeling (mag. 200x).
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Figure 16. AKT inhibitor effects on organoid, luminal and myoepithelial cell
morphologies. Images are a projection images constructed from a z-series captured
on a confocal microscope. Organoids were treated as indicated. Green images were
stained with phalloidin conjugated with Alexa-488, which stained actin, and labeled
all cells. Red images are stained for smooth muscle actin (SMA), which is a specific
marker of myoepithelial cells. Note the absence of SMA expressing cells in AKT
inhibitor IV-treated or; ids (mag. 200x).
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Figure 17. Time course of luminal and myoepithelial cell morphology in HGF-
treated organoids in the presence of SuM LY. Images are a projection images
constructed from a z-series captured on a confocal microscope. Red images are
stained for smooth muscle actin (SMA), which is a specific marker of myoepithelial
cells. Green image is the staining of organoids with phalloidi j d with Alexa-
488, which stained actin, and labeled all cells. Note that SMA expressing cells are
present at 24hrs of LY294002 treatment and are lost by 72hrs. Wash-out of PI3K
inhibitor at 24hrs resulted in the rescue of SMA expressing cells at 72hrs. (mag. 200x)
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Effect of MEK1/2 inhibition at 72hrs
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Figure 18. A. Ettect ot MEK 1/2 inhibition on proliteration at /zhrs. A. Fold
increase in proliferation determined by 3H-tdr incorporation was calculated versus
BM of control treatments. A concentration of 10uM U0126 was used. B. Effect
of MEK1/2 inhibition. Percentage of 3H-tdr incorporation as a percentage of
corresponding control treatment. Each bar = mean + SEM
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Figure 19. MEK 1/2 inhibitor effects on organoid, luminal and myoepithelial cell
morphologies. Images are a projection images constructed from a z-series captured on
a confocal scope. Organoids were treated as indicated. Green images are stained with
phalloidin conjugated with Alexa-488, which stained actin, and labeled all cells. Red
images are stained for SMA, which is a specific marker of myoepithelial cells. Note
the rounded morphology of the myoepithelial cells in U0126-treated organoids as
indicated by the white arrows. (mag. 200x).
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Effect of MMP inhibition at 72hrs
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Figure 20. Effect of MMP inhibition on proliferation at 72hrs. A. Fold increase in
proliferation determined by 3H-tdr incorporation was calculated versus BM of
control treatments. An inhibitor concentration of 10uM GM6001 was used. B.
Effect of MMP inhibition. 3H-tdr incorporation was expressed as a percentage of
corresponding control treatment. Each bar = mean + SEM
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Figure 21. MMP inhibitor effects on organoid, luminal ep cell, and myoep

cell morphologies. Images are a projection images constructed from a z-series captured
on a confocal microscope. Organoids were treated as indicated. Green images are
stained with phalloidin conjugated with Alexa-488, which stained actin, and labeled all
cells. Red images are stained for smooth muscle actin (SMA), which is a specific marker
of myoepithelial cells. Note the presence only of extensions and chains of cells; cords
and tubules are not present in GM6001-treated organoids. White arrows indicate chains
and extensions. (mag. 200x). 60




Discussion
The Roles of Luminal Epithelial and Myoepithelial Cells in Mammary Organoids
Morphology

Previous work in our mammary organoid system has resulted in interesting
observations of organoid responses to HGF and HGF+R5020. Hepatocyte growth factor
treatment of organoids leads to a tubulogenic morphology at 72 hrs, while organoids
treated with HGF+R5020 results in an alveolar-like morphology (64). The organoids
consist of both luminal epithelial and myoepithelial cells. This is important because our
model system more closely resembles the gland architecture in vivo, and therefore we can
gain a better understanding of how both types of mammary epithelial cells respond to
defined stimuli. Previously what role the two epithelial subtypes play in the organoid
responses to the various culture treatments has not been defined.

To address this question we adapted an in situ antibody labeling technique used in
MDCK cells in order to examine both the location and morphology of luminal epithelial
and myoepithelial cells in the organoids. Organoids treated with BM showed both
luminal and myoepithelial cells organized as a group with the myoepithelial cells external
to the luminal cells. In response to HGF treatment at 72 hrs the myoepithelial cells were
elongated and were present mainly in tubules branching off the organoids. Luminal cells
were present both in tubules and in the main body of organoids. R5020 treatment
resulted in the myoepithelial cells localized external to and surrounding luminal cells that
had formed cyst-like structures. Hepatocyte growth factor+R5020 treatment resulted in
elongated myoepithelial cells in the tubules, and more myoepithelial cells were present in

the main body of the organoids. The luminal cells were present both in the tubules and in
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the main organoid body. These results demonstrate that morphology change in our
organoids is due to changes occurring in both luminal epithelial and myoepithelial cells.

Observations of HGF- and HGF+R5020-treated organoids suggest that the
myoepithelial cells play an important role in the formation of the tubules, since most
tubules contained elongated myoepithelial cells by 72 hrs, the time of maximal tubule
formation. While the role of myoepithelial cells in tubule formation is not known, results
from the time course study suggest that myoepithelial cells were not responsible for
initiating thé extensions that form tubules. Smooth muscle actin labeling at 24 and 48 hrs
showed that while the myoepithelial cells were present in the chains of cells, the leading
edge of most extensions were not SMA expressing cells but were most likely luminal
epithelial cells. This would suggest that luminal cells lead the extension stage in tubule
formation and myoepithelial cells migrate in behind to continue the tubule formation that
creates the tubulogenic morphology in our culture system. The observation that the
luminal cells formed the initial cellular extensions conflicts earlier published work on
separated human luminal epithelial and myoepithelial cells. It was previously seen that
purified luminal cells do not respond morphologically to HGF (39). In our system this
was not true. However, it is possible that the ability of luminal epithelial cells to respond
morphologically to HGF requires the presence of myoepithelial cells.

Two models of tubulogenesis in response to HGF have been generated in MDCK
cells. The first model suggests that tubules form from cellular extensions, which progress
into chains of cells, followed by the formation of cords, and finally tubules. Tubules
formed in this model do not have a continuous lumen throughout the formation of the

tubule, but rather have a discontinuous lumen which is connected to the main lumen by
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the migration of cells once cords are formed (45). The second model suggests that a
continuous lumen is always present and that tubules are the result of basal protrusions of
two or more cells together, with a lumen present between them (47). However, both of
these models were generated in a MDCK cell line system. The MDCK cell line is a
homogeneous epithelial cell line. This is quite different from our organoid system which
has a heterogeneous cell population containing both luminal epithelial and myoepithelial
cells. This latter organization more closely resembles the mammary gland in vivo. It
appears from images captured from the in situ labeling assay that tubulogenesis in our
system is similar to the four-step model of tubule formation. Both cellular extension and
chains of cells were present in our in situ labeling which would seem to rule out
continuous lumen model. To our knowledge, our study is the first to examine the roles of
both mammary luminal epithelial and myoepithelial cells together in the formation of
tubules and alveolar-like structures.

Since myoepithelial cells do not express either isoform of PR (10) the
myoepithelial staining pattern in R5020-treated organoids, myoepithelial cells
surrounding a cyst of luminal cells, suggests that R5020 acted on the luminal cells
through PR to produce a paracrine factor that in turn acted on the myoepithelial cells.
This was apparent in both R5020- and HGF+R5020-treated organoids. Myoepithelial
cells in both treatments had altered morphology when compared to either BM- or HGF-
treated organoids. The identity of this factor is not known, but studies performed by
others offer a potential candidate. Wnt-4 is a secreted protein that is synthesized in
luminal epithelial cells which express PR and has been shown to be up-regulated by P

(29). Wnt-4 is also important in vivo for the side-branching that takes place during early-

63



mid pregnancy (29). These findings support the idea that Wnt-4 could be acting on
myoepithelial cells in our system to alter organoid morphology in response to R5020 and
to increase the numbers of myoepithelial cells in HGF+R5020-treated organoids.
Cell Type Specific Proliferation

While proliferation assays, such as incorporation of tritiated-thymidine (*H-tdr)
assays, can provide important insights to proliferation of cells in different systems, they
have a major drawback. In systems with heterogeneous cell populations, such as our
mammary organoid culture system, the *H-tdr assay can only address overall changes in
proliferation among treatments. It cannot examine changes in proliferation in specific
cell types when they are grown together. Since our culture organoids are composed of
both luminal and myoepithelial cells, we felt it was important to examine the proliferative
responses to treatments in both cell types. This was accomplished using
immunohistochemical staining of organoids with BrdU, a thymidine base analog,
combined with staining for the myoepithelial cell marker SMA. This allowed for
quantitation of proliferating luminal vs. myoepithelial cells. While the majority of the
proliferation occurred in the luminal cells under both HGF and HGF+R 5020 treatment, it
was only under HGF+R5020 treatment that proliferation also occurred in the
myoepithelial cells. This indicates that a least a portion of the synergistic increase in
proliferation seen in response to HGF+R5020 treatment could be attributed to increased
myoepithelial cell proliferation and that both HGF+R5020 are required.

However, since myoepithelial cells do not express PR, the mechanism by which
the myoepithelial cells are stimulated to proliferate is most likely through a paracrine

mechanism. Wnt-4 is again a likely target. Recent work in our lab addressed a similar
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question in vivo. Ovariectomized adult mice were injected with saline (control), E, or
E+P. The E+P response in the mammary gland in vivo is similar to our HGF+R5020
response in vitro in that both result in increased proliferation and an aiveolar-like
morphology. It was also observed that only in mice treated with E+P that proliferation
was strongly stimulated in myoepithelial cells (personal communication with Mr.
Aupperlee). Overall, it appears that cell type specific proliferation of mammary
myoepithelial cells may play an important role in preparing the mammary gland for
pregnancy since their proliferation is only stimulated under alveologenic stimuli, such as
E+P treatment.
c-Met Protein Expression

Since HGF is required for the proliferative and morphological responses to
R5020, this directed us to analyze how R5020 may affect c-Met activated signaling
pathways that mediate proliferation and tubulogenesis. One logical target to investigate
was c-Met itself. Since progestins act through the PR, the possibility existed that R5020,
through the PR, could act to alter c-Met protein levels through transcriptional regulation.
In order to address this question c-Met protein levels were examined in the organoid
culture system.

In Vivo Studies

Results from our developmental study of c-Met protein expression showed that
expression levels of c-Met were not significantly different at puberty, sexual maturity,
pregnancy or lactation. Our results also showed higher c-Met expression in

myoepithelial cells compared to luminal epithelial cells. To our knowledge this is the
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first study that has examined c-Met protein expression within the specific epithelial
subtypes of the mammary gland.

In Vitro Studies

Our experiments also examined the protein expression levels of c-Met in our in
vitro culture system in organoids treated with BM, HGF, R5020, and HGF+R5020. c-
Met expression was not significantly different among the treatment groups at any of the
time points tested in either luminal or myoepithelial cells. Again, higher levels of c-Met
expression were seen in myoepithelial cells when compared to luminal epithelial cells.

Overall from the in vivo and in vitro studies a number of conclusions were
reached. First, the protein expression of c-Met does not appear to be developmentally or
hormonally regulated as evidenced by the similarity of expression levels among
developmental stages in vivo and hormone treatment groups in vitro. Second, the protein
expression of c-Met is higher in the myoepithelial cells than in the luminal epithelial
cells. This difference is observed both in vivo and in vitro. Third, the protein expression
levels of c-Met as measured by fluorescence intensity within the different cell types were
similar in vivo and in vitro. This finding indicates that with respect to c-Met protein
expression our culture model system reflects the behavior of these two cell types in vivo.
Finally, since no differences in c-Met expression were observed under treatment with and
without R5020, it is unlikely that the alveolar-like response seen in HGF+R5020-treated
organoids is due to changes in c-Met expression.

Previous studies that examined development expression of c-Met mRNA in vivo
have left some confusion due to their conflicting nature. One study using a Northern blot

assay shows that c-Met mRNA expression is first seen during puberty at around 5 weeks
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of age in the mouse. Maximal expression then occurs at 12 weeks of age, which was the
oldest age of nulliparous mice tested. Expression of c-Met is then lost in late pregnancy
and lactation (39). In this same study the mRNA levels of separated primary human
luminal and myoepithelial cells exhibited higher c-Met mRNA expression in the luminal
cells vs. the myoepithelial cells (39). A second study using an RNase protection assay in
mouse mammary glands shows c-Met mRNA expression increasing through puberty and
no down-regulation of c-Met during late pregnancy or lactation (40). All these previous
c-Met expression studies were done using mRNA from homogenized glandular tissue and
did not address developmental regulation of c-Met protein expression. Therefore, little is
known about the relative developmental expression of the c-Met protein in the luminal
vs. myoepithelial cells of the mammary gland. Our results are in agreement with the
study which observed no down-regulation of the c-Met message during pregnancy or
lactation in the mouse mammary gland (40). When viewed in the light of both our in
vitro results and our in vivo results the lack of regulation during development seems
logical. If the c-Met mRNA was down-regulated during pregnancy it would seem to
indicate that c-Met would be regulated by progestins, which we did not observe in vitro.
Our results on the expression of the c-Met receptor protein in luminal epithelial vs.
myoepithelial cells conflict with the study that examined c-Met mRNA expression in
these two cell types. Our experiments cannot answer this discrepancy; however, since
the previous study, which was carried out in human cells, examined only mRNA
expression, it is possible that the mechanism of regulation may be different in human
cells or may not be at the transcriptional level, but instead may be translational regulation

or differential turnover of c-Met.
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Cyclin D1

Cyclin D1 has many important actions that it performs in the nucleus, such as
phosphorylation of the retinoblastoma protein and the titration of p27 ! (67). Cyclin
D1 is expressed throughout the cell cycle but is located in the nucleus during the G,
phase of the cell cycle, and is then redistributed to the cytoplasm during S phase (67). In
our system we observed that HGF, R5020, and HGF+R5020 treatment of organoids
increased the expression of cyclin D1 protein when compared to BM. However, it was
only in HGF+R5020-treated organoids that 45% of the total cells showed nuclear
localization of cyclin D1. Nuclear localization of the cyclin D1 protein is important in
allowing cells to pass through the G1-S checkpoint of the cell cycle (67). Since nuclear
localization was correlated with increased proliferation in our system, these results seem
to indicate that the increased nuclear localization of cyclin D1 was needed for the
synergistic increase in proliferation seen in response to HGF+R5020 treatment.

The increase seen in cyclin D1 expression in HGF and R5020-treated organoids is
in agreement with other studies that showed that both HGF and P can lead to increased
cyclin D1 expression. Hepatocyte growth factor has been shown to increase transcription
of cyclin D1 mRNA by microarray analysis in human glioblastoma cells (68). In vivo, P
has been shown to increase both transcriptional and protein expression of cyclin D1 in
the mouse mammary gland (69). To our knowledge this study is the first to examine the
effects of combined HGF+R5020 treatment on cyclin D1 expression. Our results indicate
that increased expression of cyclin D1 and its localization to the nucleus may be
important factors in mediating the HGF+RS5020 response seen in the mammary organoids

cultures. It appears that the expression of D1 at high levels in the nucleus may be
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important for increased proliferation to occur in response to HGF+R5020 treatment in
this system. However, re-analysis of the cultures used for the cyclin D1 protein
expression studies showed a relative absence of myoepithelial cells by SMA labeling.
Loss of SMA staining in the sectioned organoids likely indicates that the cultures used in
these experiments were over-digested. Since it is not possible to determine if over-
digestion could have altered the staining pattern of cyclin D1, further studies on other
cultures will be needed to confirm what has been observed in the present studies.
PR Isoform Protein Expression

Progesterone is a potent mitogen in the mammary gland. It has an especially
important role in the development of the mammary gland during pregnancy. The spatio-
temporal expression pattern of the PR A and B isoforms observed in vivo has increased
our understanding of when and where the two isoforms may be acting in the mouse
mammary gland (23). Progesterone receptor A protein expression is present in the virgin
mammary gland as early as 3 weeks of age in luminal epithelial cells. The number of PR
A positive cells, nearly 50%, does not change much through puberty and is at similar
levels in the sexually mature mouse. As the nulliparous mice age further, the number of
PR A positive cells decreases to near 30% in mouse mammary glands at 17-20 weeks of
age. The number of PR A positive cells then decreases dramatically during pregnancy;
only 10% of luminal epithelial cells express PR A at 14 days of pregnancy. Progesterone
receptor B is expressed only during pregnancy with almost half of all luminal cells
positive for PR B at 14 days of pregnancy, suggesting that expression of PR B is

important in alveologenesis.
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We believe that the mouse mammary organoid responses, increased proliferation
and alveolar-like morphology, represent an in vitro model of events seen in early
pregnancy. To further characterize the culture system, we examined the protein
expression of the PR A and PR B isoforms. The results showed that PR A expression
decreased in HGF+R5020-treated organoids while PR B expression increased in the same
organoids. This suggests that PR protein expression in our model system also reflects PR
protein expression in vivo under alveologenic conditions.

Previously, our lab has shown that that HGF expression can be upregulated in
vitro by E treatment of mammary fibroblasts (70). The in vivo studies on PR isoform
expression suggest that PR isoform expression is at least partially mediated by steroid
hormones. It is possible that in vivo, HGF protein expression could be induced by the
high levels of E present at pregnancy and could then interact with P in the mammary
epithelial cells to bring about the changes seen during pregnancy. Only E is present at
high levels in the pubertal and adult mouse and it is only during pregnancy that both E
and P are present at high levels. It would therefore seem possible that the E+P response
seen in vivo may additionally be caused by the interaction of HGF and P.

The results showing a decrease in PR A and an increase in PR B in response to
HGF+R5020 treatment suggest that the increased proliferation and alveolar-like
morphology are most likely mediated through PR B. In vivo studies in the PR B K/O
mouse as well as PR B over-expressing transgenic mice in vivo support this hypothesis.
Mammary glands in the PRB K/O mice are unable to form alveoli in response to
pregnancy (26). Over-expression of PR B results in the precocious formation of alveoli

in the mammary glands of virgin mice (71).
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While this study gives some insight into the role of the PR isoforms in the
response seen to HGF+R5020, many other directions could be followed in order to
further investigate the roles of the PR isoforms in our organoids culture system. The
phosphorylation status of the PR isoforms in response to HGF+R5020 treatment could be
examined, since phosphorylation of PR by pathways induced by growth factors is
believed to be important in synergistically increasing expression of PR regulated genes
(72). This could be accomplished by either western blot or by immunohistochemical
staining of organoids for the phosphorylated form of PR. The mechanism of PR isoform
regulation could also be examined in the culture system as well. From the present
studies, PR isoform expression is altered to a lesser extent compared to what is observed
in vivo. In vivo it is only during alveologenesis at pregnancy that PR B is expressed.
However, we observed that in the organoids treated only with BM that PR B expression
was seen as early as 24 hrs. Since no PR B expression is observed in organoids at time 0,
this indicates that some type of regulation, possibly suppressing PR B protein expression
present in vivo is lost when the organoids are placed into collagen culture.

Again, from the results of both the PR A and PR B protein expression studies it is
clear that there is variability among the cultures. Therefore, additional experiments
should be done to obtain larger sample sizes in order to confirm the trends that were
observed.

Inhibitor Treatment of Cultures

The c-Met receptor has multi-substrate docking sites in its intracellular portion, to

which adaptor and other signaling molecules that interact with the receptor must bind

(41). Due to this, mutants at these docking sites affect a large number of signaling
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cascades, which makes it difficult to determine what functions different signaling
cascades perform in response to HGF (41). One way to determine the roles of different
signaling pathways is through the use of chemical inhibitors to downstream signaling
intermediates. While some inhibitors may affect multiple signaling molecules, most of
the inhibitors available today are quite specific if used at the proper concentration.
Therefore, in order to determine the roles of different signaling cascades in mediating the
response of mammary organoids to the culture treatments we used inhibitors targeted to
downstream signaling intermediates of pathways that are activated in response to HGF.

PI3K/AKT

Previous studies in normal human mammary epithelial cell lines as well as in other
cell types such as rat oval cells (66) have implicated the PI3K/AKT pathway in HGF-
induced proliferation and tubulogenesis (51). Therefore, inhibitors of this pathway were
used in order to examine the roles of PI3K and AKT in our organoid culture system. In
PI3K- and AKT inhibitor-treated cultures the proliferation and morphology of the
organoids was altered at 72 hrs of culture. The inhibitors reduced both HGF- and
HGF+R5020-dependent proliferation. A similar decrease in proliferation was seen in

HGF-treated rat oval cells in the presence of the PI3K inhibitor (66).

The PI3K and AKT inhibitors also led to the loss of SMA expression in the
organoids, which could have been due to the loss of myoepithelial cells. There are a
number of hypotheses that may explain the decrease in proliferation and/or the loss of
SMA staining. First, PI3K inhibition may be more cytotoxic to myoepithelial cells than
luminal cells at the SuM concentration used; this would explain the loss of SMA

expression and the subsequent death of the myoepithelial cells may have contributed to
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the proliferation decrease seen in the HGF+R5020 treatment. A study involving washout
of the inhibitor at 24 hrs was done to address this question. If the inhibitor was truly
cytotoxic to the myoepithelial cells, then treatment with the inhibitor would likely kill
many of the myoepithelial cells by 24 hrs. If expression of SMA was able to return after
washing out the inhibitor, it would suggest that the inhibitor was having an effect on the
expression of the SMA protein. It was observed that the expression of SMA returned to
control levels by 72 hrs if the inhibitor was washed out of the media at 24 hrs. This
indicated that the loss of SMA expression was not due to increased cytotoxicity of the
inhibitor to the myoepithelial cells. Viability staining of the organoids also suggests that
increased cytotoxicity is not the case since all inhibitors were seen to cause cell death, at

levels only slightly higher than the control organoids.

Second, the inhibition of PI3K may block differentiation of precursor cells present in
the organoids. This hypothesis could explain the loss of SMA expression in our
organoids but not the loss of proliferation. A time course study was done using the in situ
antibody labeling to help provide an answer. If fewer myoepithelial cells were observed
at time zero or at time points earlier than 72 hrs it would suggest that precursor cells may
be differentiating to form the organoids observed at 72 hrs; if similar numbers are
observed at time 0 and 72 hrs it would suggest that the myoepithelial cells are more
sensitive to the PI3K inhibitor. While quantitation was not done, general inspection of
the organoids showed that similar numbers of SMA expressing cells were present at 24
through 72 hrs in the control treated organoids. This would indicate that the loss of SMA
expressing cells was not due to the inhibitor causing failure of precursor cells to

differentiate into myoepithelial cells.
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Finally, inhibition of PI3K signaling may block the expression of the SMA protein.
While this can explain the loss of SMA staining it does not explain the decrease in
luminal epithelial cell proliferation caused by the inhibitor. The time course and inhibitor
washout studies suggest that inhibition of SMA protein expression is the most likely
explanation for the loss of SMA expression in organoids treated with inhibitors of PI3K

or AKT.

In the absence of SMA expressing cells the luminal epithelial cells were still able to
form tubules in response to HGF and HGF+R5020. The major effect seen on the luminal
cells under inhibition of either pathway was a decrease in proliferation. Both PI3K and
AKT inhibition led to decreases in proliferation. We speculate that the decrease in
proliferation could be due to the loss of inhibition on glycogen synthase kinase-3 (GSK-
3B), whose activity is down-regulated by active AKT (67). Glycogen synthase kinase-3[3
has been shown to be a negative regulator of cyclin D1 expression in NIH-3T3 cells (67).
Inhibition of AKT in our system may have increased the activity of GSK-3p which in
turn may have down-regulated cyclin D1 expression levels, and led to a decrease in
proliferation. Although the specific mechanism remains to be identified, it appears that
the PI3K/AKT pathway is necessary for HGF and HGF+R5020 induced proliferation in

luminal cells.

Overall, the PI3K or AKT inhibitors appeared to have the same effects on both
proliferation and morphology, which suggests that the effects are specific to the
PI3K/AKT péthway. Also both inhibitors appeared to have their greatest effect on
myoepithelial cells. Both inhibitors blocked the expression of SMA. Organoids treated

with either inhibitor exhibited fewer tubules that were also decreased in length. A study
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in MDCK cells has shown that PI3K is activated in response to HGF and is upstream of
the Rho family kinases, which are involved in actin polymerization and therefore are
important in motility and morphological responses (73). The presence of PI3K activity
has also been shown to be required for the down-regulation of E-cadherin in response to
HGF which will also promote cell motility and morphology responses such as cellular
extensions (74). Therefore, it is likely that the PI3K/AKT pathway is important in the
morphology changes seen in the myoepithelial cells and to a lesser extent the luminal

epithelial cells in response to the various treatments

Additional studies could be carried out in order to further elucidate the role of
PI3K and AKT in the responses of our culture organoids. The expression of the cyclin
D1 protein could be examined in the PI3K or AKT inhibitor-treated organoids to
determine what role PI3K and AKT are playing in the induction of cyclin D1 expression
in our system.

ERK 1/2

Studies in normal human mammary cell lines have also implicated a role for the
ERK1/2 pathway in HGF-induced proliferation (51). Recent studies in MDCK cells also
suggests that the ERK 1/2 activity is needed for the first steps of HGF-induced tubule
formation (46). Therefore, an inhibitor of this pathway (U0126) was used in order to
examine ERK 1/2's role in our organoid culture system. Proliferation in U0126 treated
organoids was decreased in the treatments of BM, HGF, HGF+R5020, and

HGF+E+R5020, which all showed similar decreases in proliferation of about 50%.

Organoids also exhibited fewer tubules that were shorter under U0126 treatment.

This did not appear to be the result of changes in SMA expression, as it was not affected.
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However, the overall morphology of SMA expressing cells was affected. The cells were
not elongated as seen in the controls under HGF or HGF+R5020 treatments, but were
instead rounded up. The rounded shape may explain loss of the ability of myoepithelial
cells to form extensions and chains when ERK 1/2 signaling is blocked (46). Luminal

cells appeared to have a normal morphology.

Activity of ERK 1/2 in MDCK cells has been shown to be important in the
formation of cellular extensions (37, 46). High level of protein expression of activated
ERK 1/2 has been shown to be sufficient to induce cellular extension in the absence of
any growth factors but must be down-regulated in order for tubules to form (75). It was
also shown in MDCK cells that when ERK 1/2 signaling is blocked in response to
U0126, cysts of MDCK cell are unable to make cellular extensions and chains of cells in
response to HGF treatment (46). In our system the myoepithelial cells may play a role in
chain formation because elongated myoepithelial cells are found in most chains and
tubules, and this ability may be partially blocked by U0126 treatment. It is possible that
inhibition of ERK 1/2 in our system is not allowing the cells to alter their shape.
However, luminal epithelial cells in our system appear to maintain their ability to form
extensions and chains of cell in the presence of U0126. Therefore it appears that the
myoepithelial cells are more sensitive to ERK 1/2 inhibition than luminal epithelial cells

or that different pathways are activated in the two epithelial cell types.

The inhibition of proliferation seen in the presence of the ERK pathway inhibitor
would seem to indicate that the ERK 1/2 pathway has a role in mediating HGF-induced
proliferation, and due to the increased loss of proliferation in the BM-treated organoids it

would also seem that some ERK activity is needed to maintain the basal levels of
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proliferation in the organoids. Studies in human lens epithelial cells have shown that
HGF-induced proliferation and induction of cyclin D1 are dependent on the activity of
ERK 1/2 (76). Since changes were present in both the myoepithelial cell morphology
and in proliferation in our study, ERK1/2 signaling was an important mediator of both
luminal and myoepithelial responses to HGF and HGF+R5020.

Additional studies could be carried out in order to further elucidate the role of
ERK1/2 in the responses of our culture organoids. A time course study using the in situ
labeling method could be used to examine when the myoepithelial cells become rounded.
Expression of the cyclin D1 protein could also be examined in the U0126-treated
organoids to determine what role ERK 1/2 is playing in the induction of cyclin D1
expression in each cell type. Since the ERK 1/2 pathway is known to phosphorylate PR
and increase its transcriptional activity (77), the phosphorylation status of both PR
isoforms could be examined in the presence or absence of the MEK1/2 inhibitor to
determine if the phosphorylation of the PR by the ERK 1/2 pathway is important in the
organoid system responses.

Matrix Metalloproteinases

The broad spectrum MMP inhibitor used in our experiments caused the greatest
decrease in HGF and HGF+R5020-dependent proliferation and had the least effect on the
morphology of the myoepithelial cells within organoids. This indicates that the MMP
inhibitor likely had the greatest effect on the luminal epithelial cells. One possible
hypothesis is MMPs may be needed in order for the luminal cells to alter the surrounding
matrix to allow for proliferation and movement of luminal epithelial cells into the

collagen matrix. Without MMPs present, the luminal cells may be unable to spread out
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and proliferation may be blocked due to contact inhibition. It may also be that MMPs are
needed to clip certain membrane proteins such as E-cadherin which contribute to the
activation of proliferation signaling pathways (59). A model had been proposed in which

MMP 3 cleaves the E-cadherin complex and releases free $-catenin into the cytoplasm

where it then translocates to the nucleus. Once in the nucleus, B-catenin can act as a
transcription factor and induce increased expression of a number of proliferation inducing
proteins, such as cyclin D1(59).

While our results do provide some insight about the role of MMPs in our culture
system, they also provide many avenues for future research. It would be of interest to
learn which cells are producing the MMPs in our system and if MMPs are being
regulated differently under the various treatments. Previous studies in primary rat
mammary epithelial organoids suggest that both the luminal and myoepithelial cells are
capable of producing MMPs. The rat mammary epithelial organoids were seen to
produce both MMP-2 and MMP-9, and both MMP-2 and MMP-9 expression were up-
regulated by treatment with P (61). Treatment of mouse mammary epithelial organoids
with HGF has also been shown to increase expression of MMP-2 and MMP-3 (60).

Since the MMP inhibitor had such a profound effect on HGF- and HGF+R5020-induced
proliferation it is likely that HGF and HGF+R5020 are capable of inducing MMP
expression in our system. The regulation of MMP expression could be examined through
microarray or real time polymerase chain reaction analysis of the different treatment
groups. Treatment of the cultures with inhibitors specific for MMP2 or MMP3 could
also be used in order to determine what roles they may have in our system in relation to

their different roles in the development of the mammary gland in vivo (57). The
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expression of the cyclin D1 protein could also be examined in the GM6001-treated
organoids to determine if MMPs are altering expression of cyclin D1 in the organoids.

The use of signaling intermediate inhibitors to examine pathways in response to
HGF and HGF+R5020 has allowed us to examine the roles of the PI3K/AKT, ERK 1/2,
and MMPs. The PI3K/AKT and ERK1/2 pathways were chose because both are major
HGF signaling intermediates in most systems that show a response to HGF. Matrix
metalloproteinases have been shown to be secreted in response to P in rat mammary
epithelial cells and in response to HGF in mouse primary mammary epithelial cells (60,
61) and have major roles in normal mammary gland development (57). However, these
pathways are not the only possible targets that our organoid system may be using to
achieve the responses seen.

Additional signaling intermediates could be examined to further elucidate what
pathways our organoids system uses in both proliferation and in morphology change.
The SH2-domain-containing inositol 5-phosphatase (SHIP) proteins 1 and 2 have been
shown to be involved in tubulogenic responses of MDCK cells to HGF as shown by both
overexpression and mutant studies (53). Both SHIP 1 and 2 are capable of binding
directly to c-Met and when over-expressed lead to increased formation of lamellipodium
(53).

B-catenin is known to be involved in both the wnt signaling pathways as well as
downstream of c-Met (78). B-catenin is likely important for the morphologic and
proliferative responses of our organoids. B-catenin is part of adhesion complexes along
with E-cadherin and a-catenin. Hepatocyte growth factor can cause the dissociation of -

catenin from these complexes and allow it to translocate to the nucleus where it can
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function as a transcription factor (78). One of the genes that is up-regulated in response
to B-catenin is D1 (78). Thus it is possible that B-catenin may also have an important role
in the organoid responses seen in our system.

Src has been shown to interact directly with the c-Met protein and to be important
in proliferation and motility of the mouse mammary cancer cell line, SP1 (79). Many of
these other pathways are likely important in the organoid responses in our system and
could be studied.

Summary

In conclusion, our organoid system has allowed us to generate a number of
interesting results that show the importance of studying both epithelial subtypes of the
mammary gland together. Only in HGF+R5020-treated organoids was a proliferative
response seen in myoepithelial cells. In situ antibody labeling together with investigation
of cell type specific proliferation indicate that a paracrine factor was likely released from
PR positive luminal cells in response to R5020 that can alter both proliferation and
morphology of PR negative myoepithelial cells. c-Met protein expression was examined
in luminal epithelial and myoepithelial cells both in vivo and in vitro and it was found
that changes in c-Met protein expression was not a mechanism by which R5020 affected
the HGF-induced increase in proliferation or altered morphology. Nuclear expression of
cyclin D1 and PR B in luminal cells was correlated with increased proliferation and
alveolar-like morphology in the organoids.

Studies of inhibitors oft PI3K/AKT, ERK1/2, and MMPs showed different effects
on luminal epithelial and myoepithelial cells. Activity of PI3K and AKT were found to

be important in maintaining expression of SMA in myoepithelial cells, and inhibition of

80



either intermediate led to decreased proliferation in the luminal epithelial cells.
Inhibition of the ERK 1/2 pathway affected myoepithelial cell morphology causing them
to round up; also proliferation was decreased in luminal cells. Matrix metalloproteinase
inhibition greatly decreased proliferation of luminal epithelial cells, while it seemed to
have very little effect on myoepithelial cells. Overall, these results provide the basis for
further studies to determine the mechanism by which P acts alone and with HGF within
the mammary gland to bring about proliferation and morphology change. These studies
show the importance of using in vitro model systems that closely mirror cellular

organizations present in vivo.
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