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Abstract
Parathyroid hormone-related protein (PTHrP) acts on the mammary mesenchyme and is required
for proper embryonic mammary development. In order to understand PTHrP’s effects on
mesenchymal cells, we profiled gene expression in WT and PTHrP−/− mammary buds, and in WT
and K14-PTHrP ventral skin at E15.5. By cross-referencing the differences in gene expression
between these groups, we identified 35 genes potentially regulated by PTHrP in the mammary
mesenchyme, including 6 genes known to be involved in BMP signaling. One of these genes was
MMP2. We demonstrated that PTHrP and BMP4 regulate MMP2 gene expression and MMP2
activity in mesenchymal cells. Using mammary bud cultures, we demonstrated that MMP2 acts
downstream of PTHrP to stimulate ductal outgrowth. Future studies on the functional role of other
genes on this list should expand our knowledge of how PTHrP signaling triggers the onset of
ductal outgrowth from the embryonic mammary buds.
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Introduction
Mammary development in mice begins with the formation of bilateral mammary lines,
which are multilayered ridges of epidermal cells stretching between the fore and hind limb
buds (Hens and Wysolmerski, 2005; Robinson, 2007; Watson and Khaled, 2008). The
mammary lines first appear on embryonic day 10 (E10), and between E10.5 and E12.5, cells
from within the lines invaginate into the underlying mesenchyme to form mammary buds at
10 characteristic locations. Between E15 and E16, cells within the mammary buds
proliferate and give rise to a cord of epithelial cells that grows through the condensed
mammary mesenchyme and into the developing fat pad beneath the dermis. Once in the fat
pad, the nascent mammary duct begins to bifurcate and by birth gives rise to approximately
10–15 primary branches. This rudimentary duct system persists until changing hormone
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levels at puberty stimulate a second round of ductal branching morphogenesis, which
completes the formation of the typical virgin duct system (Hens and Wysolmerski, 2005;
Robinson, 2007; Watson and Khaled, 2008).

The development of the embryonic mammary gland depends on sequential and reciprocal
interactions between mammary epithelial cells and the surrounding mesenchymal cells
(Hens and Wysolmerski, 2005; Robinson, 2007; Watson and Khaled, 2008). Our
understanding of the interactions between these cells remains rudimentary, but recent work
has shed light on some of the pathways involved in the specification of the mammary line
and placodes, and the formation of the initial mammary buds. As in other organs, members
of the FGF, hedgehog, WNT, TNFα and EGF signaling pathways are critical for the
initiation of mammary placode and bud development (Mailleux et al., 2002; Chu et al.,
2004; Eblaghie et al., 2004; Mustonen et al., 2004; Howard et al., 2005; Hatsell and Cowin,
2006; Veltmaat et al., 2006; Panchal et al., 2007). We know much less about the signals that
initiate ductal development from the buds once they have formed. As discussed in the
following paragraphs, two molecules contributing to this process are parathyroid hormone-
related protein (PTHrP) and bone morphogenetic protein (BMP)-4.

PTHrP is a peptide growth factor named for its evolutionary and structural relationship to
parathyroid hormone (PTH) (Wysolmerski, 2008). The high degree of homology between
the amino-termini of PTHrP and PTH allows them both to bind and activate a common G-
protein coupled receptor known as the Type 1 PTH/PTHrP receptor (PTHR1)
(Wysolmerski, 2008). Both PTHrP and the PTHR1 are required for normal mammary gland
development. Disruption of either gene in mice and loss of PTHR1 function in humans
results in the absence of a mammary gland (Wysolmerski et al., 1998; Wysolmerski et al.,
2001). Mammary epithelial cells express PTHrP as early as the placode stage and the
PTHR1 is found on immature mesenchymal cells located beneath the embryonic epidermis.
During bud formation, PTHrP from the epithelium interacts with the surrounding
mesenchyme to contribute to the formation of the specialized dense mammary mesenchyme.
In response to PTHrP, these mesenchymal cells maintain the mammary fate of the epithelial
cells, trigger the overlying epidermis to form the nipple sheath and initiate ductal outgrowth
and morphogenesis (Dunbar et al., 1999; Foley et al., 2001). If PTHrP signaling is disrupted,
mammary epithelial cells differentiate into skin, no nipple is formed and morphogenesis is
interrupted. Conversely, overexpression of PTHrP in basal keratinocytes using the K14
promoter (K14-PTHrP mice) leads to the conversion of the ventral dermis into condensed
mammary mesenchyme, the suppression of hair follicle development and the acquisition of
nipple-like characteristics by the ventral epidermis (Dunbar et al., 1999; Foley et al., 2001).

BMPs constitute a large family of secreted growth factors that signal through a heteromeric
complex of type I and II receptor serine/threonine kinases (von Bubnoff and Cho, 2001;
Derynck and Zhang, 2003). We recently showed that PTHrP and BMP signaling interact
within the embryonic mammary mesenchyme and that this interaction appears to be
important for the initiation of ductal morphogenesis (Hens et al., 2007). During the
formation of the mammary buds, the subepidermal mesenchymal cells on the ventral surface
of the embryo express BMP4. PTHrP from the bud epithelial cells acts to upregulate the
expression of one of the receptors for BMP4, the BMPR1a, sensitizing the mesenchymal
cells around the bud to the effects of BMP4. In response, the mesenchymal cells inhibit the
formation of hair follicles around the primary mammary duct and also trigger the initiation
of ductal branching morphogenesis. These actions are consistent with the reported effects of
BMP4 on hair follicle formation (Botchkarev, 2003) and the regulation of branching
morphogenesis in lung, salivary glands, kidneys, prostate and ureter (Bellusci et al., 1996;
Miyazaki et al., 2000; Weaver et al., 2000; Lamm et al., 2001; Shi et al., 2001; Martinez et
al., 2002; Dean et al., 2004; Eblaghie et al., 2006). Therefore, PTHrP regulates ductal
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outgrowth from the mammary bud, at least in part, by facilitating autocrine/paracrine BMP4
signaling within the mammary mesenchyme.

Previous studies have shown that PTHrP signaling is necessary for the mammary
mesenchyme to initiate epithelial ductal development (Dunbar et al., 1999; Foley et al.,
2001; Hens et al., 2007). Therefore, further characterization of PTHrP’s effects on these
cells may identify additional pathways that participate in the epithelial-mesenchymal
interactions regulating the initiation of ductal morphogenesis. In pursuit of this goal, we
analyzed changes in gene expression in WT versus PTHrP−/− mammary buds and in K14-
PTHrP versus WT ventral skin in the hopes of identifying genes upregulated or
downregulated by PTHrP in the mammary mesenchyme. In this report, we detail the results
of our gene expression experiments, which identified 35 genes that appear to be regulated by
PTHrP in mammary mesenchyme cells. This list of genes lends further support to
interactions between PTHrP and BMP signaling in mesenchymal cells. In addition, we
demonstrate that one gene identified from this analysis, membrane metalloproteinase 2
(MMP2), is regulated by PTHrP and BMP4, and contributes to the outgrowth of embryonic
mammary buds.

Results
Analysis of Gene Expression

Our goal was to define genes up-regulated and down-regulated by PTHrP within the
mammary mesenchyme. WT buds contain these specially differentiated cells, while
PTHrP−/− buds lack them. Likewise, K14-PTHrP ventral skin contains ectopic mammary
mesenchyme, while normal ventral skin does not (Foley et al., 2001; Hens et al., 2007).
Therefore, we reasoned that a comparison of the genes overexpressed in WT mammary buds
vs. PTHrP−/− mammary buds with those overexpressed in K14-PTHrP ventral skin vs. WT
ventral skin might reveal genes that were induced by PTHrP’s actions in the mammary
mesenchyme. Similarly, genes both overexpressed in PTHrP−/− vs. WT mammary buds and
overexpressed in WT vs. K14-PTHrP ventral skin should be those downregulated as a result
of PTHrP signaling. We profiled mammary buds and ventral skin at E15.5, just before the
normal buds would be expected to initiate ductal outgrowth (which fails to occur in
PTHrP−/− buds) because we were particularly interested in defining pathways involved in
initiating ductal morphogenesis.

Using Affymetrix (Santa Clara, CA) oligonucleotide arrays, we defined 1,299 genes that
were overexpressed in WT mammary buds as compared to PTHrP−/− buds and 499 genes
that were overexpressed in PTHrP−/− buds as compared to WT mammary buds. We have
deposited these gene lists with the NCBI Gene Expression Omnibus (GEO) (GSE17654).
Functional annotation clustering of these large lists revealed significantly higher levels of
expression of groups of genes involved in glycolysis and energy metabolism, mitochondrial
function, protein biosynthesis and cytoskeletal and structural proteins in WT buds as
compared to PTHrP−/− buds. PTHrP−/− mammary buds were enriched for the expression of
genes associated with RNA processing/turnover and chromatin assembly/remodeling. While
WT buds are on the verge of entering a rapid growth phase at E15.5, PTHrP−/− buds fail to
grow out (Wysolmerski et al., 1998). Therefore, it is not surprising that PTHrP−/− buds
downregulate genes associated with biosynthesis and energy production.

In PTHrP−/− buds, mammary epithelial cells appear to be shunted towards an epidermal fate
and express some markers of superbasal keratinocytes (Foley et al., 2001). In order to
examine this shift in cell fate further, we examined differences in gene expression between
WT mammary buds and WT ventral skin and compared them to changes in gene expression
in WT vs. PTHrP−/− mammary buds. There were 196 genes overexpressed in WT mammary
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buds as compared to WT skin. These genes presumably contribute towards defining the
identity of the mammary gland as compared to the skin and hair follicles. Interestingly, 120
of the genes on this list were also overexpressed in WT buds as compared to PTHrP−/−

buds. Thus, disruption of PTHrP signaling results in a reduction in the expression of genes
involved in distinguishing buds from skin, supporting our previous conclusion that
mammary buds in the PTHrP−/− embryos take on an epidermal identity. Functional
annotation of these 196 genes identified three major groups. First, mammary buds appeared
to express a particular subset of keratin genes (4, 6a, 8, 13, 18, 19) that were not expressed
in the epidermis. Second, relative to skin, the mammary buds overexpressed a large number
of transcription factor genes including many homeodomain containing factors and two
genes, Tbx3 and GATA3, which have previously been shown to be expressed in embryonic
mammary epithelial cells (Jerome-Majewska et al., 2005; Cho et al., 2006; Kouros-Mehr et
al., 2006; Asselin-Labat et al., 2007). Finally, the mammary buds expressed higher levels of
a series of genes contained within specific growth factor signaling pathways. The full gene
lists can be accessed from the NCBI GEO site (GSE17654). Selected genes from the three
functional classes that are both overexpressed in WT buds as compared to skin and in WT
buds as compared to PTHrP−/− buds are listed in Table 1.

We also identified genes that were more highly expressed in skin than in mammary buds and
compared this list to the set of genes overexpressed in PTHrP−/− as compared to WT
mammary buds. There were 289 genes more highly expressed in skin as compared to the
mammary buds. Functional annotation of these genes identified a cluster of 10 different
collagen genes as well as a series of extracellular matrix genes that were down-regulated in
mammary buds. As before, there were groups of skin-associated growth factor signaling
genes and transcription factor genes that appeared to be specifically down-regulated in
mammary buds. 106 of these 289 genes were also more highly expressed in PTHrP−/− buds.
The early formation of the mammary placodes occurs normally in the absence of PTHrP.
Therefore, it is interesting to note that none of the collagen genes, and few of the
extracellular matrix associated genes, upregulated in skin as compared to buds are also
upregulated in PTHrP−/− buds. Most of the genes in common to these two comparisons are
in the growth factor signaling and transcription factor clusters. Selected genes from this
comparison are shown in Table 2 and the entire gene sets are available from the NCBI GEO
(GSE17654). These data suggest that down-regulation of skin-associated basement
membrane and extracellular matrix genes occurs early in the process of mammary placode
formation, before the point at which PTHrP signaling contributes to mammary bud
development.

In order to discover candidate PTHrP-responsive genes expressed within the mammary
mesenchyme we identified those genes both overexpressed in WT buds vs. PTHrP−/− buds
and overexpressed in K14-PTHrP ventral skin vs. WT ventral skin. We also examined those
genes both overexpressed in PTHrP−/− buds vs. WT buds and overexpressed in WT ventral
skin vs. K14-PTHrP ventral skin, in order to identify candidate genes repressed by PTHrP
signaling within the mammary mesenchyme. This analysis revealed 30 genes potentially up-
regulated by PTHrP in the mammary mesenchyme and 5 genes that were potentially down-
regulated by PTHrP in the mesenchyme (see Table 3). The relative change in expression and
estimated false discovery rate for each of these genes from the microarray data for each of
the two comparisons are shown in Supplementary Table 1. Several of these genes (Rspo1,
tachykinin 1, Hoxd9) have previously been shown to be expressed within the mesenchyme
during embryonic mammary development (Weil et al., 1995;Chen and Capecchi, 1999;Nam
et al., 2007). Interestingly, 6 of the 35 genes have been shown either to be targets of, or
involved in, BMP signaling (Table 3) (Jaatinen et al., 2002;Laurikkala et al., 2003;Wang
and Hirschberg, 2003;Gu et al., 2004;Zhou et al., 2004a;Li et al., 2008;Ohta et al.,
2008;Shelton and Yutzey, 2008;Maeda et al., 2009). Finally, as noted in Table 3, 18 of these
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35 genes have been implicated as having functions during normal mammary development or
to have pathological importance in breast cancers (Shields et al., 2002;Zhou et al.,
2004b;Becker et al., 2005;Farias et al., 2005;Mylonas et al., 2005;Patel et al., 2005;Byun et
al., 2006;Shimo et al., 2006;Abad et al., 2007;Kwak et al., 2007;Makretsov et al.,
2007;Moraes et al., 2007;Cho et al., 2008;Laffin et al., 2008;Martin et al., 2008;Swarbrick et
al., 2008;Thuault et al., 2008;Vendrell et al., 2008).

Given our previous data showing interactions between PTHrP and BMP4 signaling in the
mammary mesenchyme, we first chose to validate the changes in gene expression of the 6
BMP-responsive genes in K14-PTHrP ventral skin versus WT ventral skin by quantitative
real-time RT-PCR (qPCR). As shown in Fig. 1, overexpression of PTHrP altered the
expression of these 6 genes in the same manner as predicted by the microarray.

PTHrP Regulates MMP2 Expression and Activity
Of the genes potentially regulated by PTHrP and listed in Table 3, one, MMP2, had
previously been shown to be regulated by PTHrP in dermal fibroblasts (Maioli et al., 2002).
Therefore, we chose to examine further the effects of PTHrP on MMP2 expression. As
shown in Fig. 1, MMP2 mRNA levels were 3.4-fold higher in K14-PTHrP ventral skin as
compared to WT ventral skin, validating the increase in expression suggested by the
microarray data. In order to determine if the increase in MMP2 mRNA was a direct result of
PTHrP signaling, we next examined the effects of PTHrP treatment on MMP2 expression in
C3H10T1/2 cells, a pluripotent mesenchymal cell line that we had previously shown to be
responsive to PTHrP (Hens et al., 2007). MMP2 gene expression has also been shown to be
responsive to BMP signaling (Wang and Hirschberg, 2003). Given that PTHrP signaling
interacts with BMP signaling in C3H10T1/2 cells and in the mammary mesenchyme in vivo,
we examined the effect of BMP4 alone and together with PTHrP. As shown in Fig. 2A, both
PTHrP and BMP treatment individually increased the expression of the MMP2 gene in these
cells at 24-hours. Although it appeared that PTHrP treatment was somewhat more effective
than BMP4 treatment, the effects of PTHrP were also more variable and there was no
statistical difference between these treatments. The combination of both PTHrP and BMP4
did not appear to be much more effective at increasing MMP2 expression than treatment
with PTHrP alone, but this combination did reach statistical significance as compared to
controls. We also assessed the activity of secreted MMP2 in the conditioned media of
C3H10T1/2 cells treated with PTHrP, BMP4 and the combination using gelatin
zymography. As shown in Figure 2B, treatment with PTHrP and BMP4 both led to an
increase in MMP2 activity. However, unlike the effects on mRNA levels, BMP4 appeared to
be more effective than PTHrP at inducing MMP2 activity, and the combination was better
than either treatment alone. In summary, both MMP2 gene expression and MMP2 activity
are increased by PTHrP, BMP4, and the combination of PTHrP and BMP4.

Inhibition of MMP Activity Blocks the Outgrowth of Mammary Buds in Culture
Freshly isolated mammary buds from E13 mouse embryos will initiate branching
morphogenesis when cultured with ventral dermal mesenchyme ex vivo (Hens et al., 2007).
Using this culture system, we have previously shown that PTHrP−/− mammary buds mimic
the mammary phenotype of PTHrP−/− embryos in vivo. Moreover, addition of PTHrP to the
media rescues the outgrowth of PTHrP−/− buds in culture. In order to examine the
physiological relevance of MMP2 in mammary bud development, we used this same system
to determine if MMP inhibitors could block the outgrowth of wild-type mammary buds in
culture and/or the ability of PTHrP to rescue outgrowth of PTHrP−/− buds. Mammary buds
dissected from WT or PTHrP−/− embryos were cultured in the presence or absence of MMP
inhibitors and/or PTHrP for 5 days and outgrowth for each bud was scored as present or
absent. As previously defined, buds were considered to have initiated ductal growth if the
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length of the initial sprout was more than the width of the bud itself and if at least one
branch point had formed (Hens et al., 2007). We used two different MMP inhibitors for
these experiments. As shown in Fig. 3, treatment of the bud cultures with GM6001, a broad-
spectrum MMP inhibitor (Simian et al., 2001), caused a reduction in the percentage of WT
mammary buds initiating outgrowth. We performed similar experiments using OA-Hy, a
more specific MMP2 antagonist (Berton et al., 2001). Treatment with OA-Hy inhibited
outgrowth of WT buds as well (Fig. 3). Once again, we demonstrated that PTHrP−/− buds
display impaired ductal outgrowth ex vivo that could be corrected by treatment with
exogenous PTHrP (Fig. 3). Importantly, when we treated PTHrP−/− buds with both PTHrP
and OA-Hy, the ability of exogenous PTHrP to rescue the outgrowth of PTHrP−/− buds was
impaired. The fact that MMP2 antagonists inhibited ductal outgrowth from WT mammary
buds in culture suggests that MMP2 activity contributes to the initiation of ductal outgrowth.
Furthermore, the ability of MMP2 inhibitors to antagonize the PTHrP-mediated rescue of
PTHrP−/− bud outgrowth suggests that MMP2 acts downstream of PTHrP during the
process of ductal outgrowth.

Discussion
Loss of PTHrP led to a significant downregulation in the expression of a large number
(1299) of genes. The most significantly affected genes clustered into functional groups
involved in the regulation of glycolysis and energy production, mitochondrial function,
protein biosynthesis and structural proteins. An additional 499 genes were expressed at
significantly higher levels in PTHrP−/− buds as compared to WT buds. Functional groups
within this list of genes included those involved in the regulation of RNA processing and
turnover, and chromatin assembly/remodeling. Loss of PTHrP signaling leads to the failure
of mammary bud outgrowth (Wysolmerski et al., 1998; Foley et al., 2001; Hens et al.,
2007). Thus, these differences in gene expression may reflect the different growth potentials
of the buds taken from the two genotypes. Given that WT buds are on the verge of initiating
a rapid phase of cell proliferation and morphogenesis, it is likely that they upregulate
biosynthetic pathways and the infrastructure involved in energy production. However,
PTHrP−/− buds, which will not grow out, fail to upregulate these pathways and cells may
instead turn over their RNA pool and condense their chromatin as they enter a quiescent/
senescent state. While it is likely that these changes are secondary to the changes in cell fate
brought about by the loss in PTHrP signaling, it has also been reported that PTHrP can exert
intracrine functions by entering the nucleus and binding to RNA (Wysolmerski, 2008).
Moreover, a recent study suggested that the loss of nuclear trafficking of PTHrP in vivo led
to widespread cellular senescence (Miao et al., 2008). Therefore, it is possible that some of
the changes in the expression of genes associated with protein biosynthesis, RNA processing
and/or chromatin remodeling may be direct effects of nuclear PTHrP.

Mammary buds are epidermal appendages and embryonic mammary epithelial cells are
recruited from the developing epidermis (Hens and Wysolmerski, 2005; Robinson, 2007;
Watson and Khaled, 2008). However, relatively little is known about the mechanisms
though which mammary epithelial cells and skin cells diverge from their common epidermal
ancestors. Therefore, we also defined genes that were differentially expressed between WT
mammary buds and the surrounding ventral skin in the hopes of highlighting pathways
involved in mammary epithelial fate determination. It should be noted that since hair
follicles are beginning to form in the ventral skin at E15, this comparison between mammary
bud and skin fate includes both potential differences between mammary buds and hair
follicles as well as between mammary buds and interfollicular epidermis. We identified 196
genes that were overexpressed in mammary buds as compared to skin and 289 genes that
were more highly expressed in skin as compared to buds. These data suggest that the
suppression of skin-like characteristics may be as important to establishing a mammary
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identity as the activation of mammary-specific pathways. Functional clustering suggested
that changes in transcription factors and growth factor pathways were associated with the
differences in cell fate. Interestingly, a specific cohort of keratin genes was upregulated in
buds as compared to skin and a large group of collagen and other extracellular matrix genes
were upregulated in skin as compared to buds. Further studies will be needed to understand
the importance of individual genes within the different functional groups but several have
already been implicated in the regulation of mammary bud formation. For example, keratins
8 and 18 had previously been noted to distinguish mammary epithelial from skin cells
(Stingl et al., 1998). We found both Tbx3 and GATA3 to be upregulated in mammary buds
and both have been shown to be necessary for mammary development (Eblaghie et al.,
2004; Jerome-Majewska et al., 2005; Cho et al., 2006; Kouros-Mehr et al., 2006; Asselin-
Labat et al., 2007). Lastly, we found Patched 1 to be upregulated in skin as compared to
mammary buds. Patched 1 participates in the hedgehog signaling pathway and is, itself, a
target of hedgehog signaling (Jiang and Hui, 2008). Two recent studies suggested that
suppression of hedgehog signaling is important for mammary bud formation and the
establishment or maintenance of mammary epithelial fate in embryos (Hatsell and Cowin,
2006; Gritli-Linde et al., 2007). The downregulation of patched 1 gene expression in buds as
compared to ventral skin is consistent with these data.

We are most interested in those genes both regulated by PTHrP and important to mammary
bud formation. Table 1 and Table 2 list selected genes from the overlap between those both
overexpressed in WT vs. PTHrP−/− buds and mammary buds vs. skin (Table 1), as well as
the overlap between the lists of genes overexpressed in WT skin and PTHrP−/− buds (Table
2). The majority of genes (61%) that were overexpressed in mammary buds as compared to
skin were also overexpressed in WT buds as compared to PTHrP−/− buds. Since loss of
PTHrP signaling involved the downregulation of many genes involved in defining mammary
epithelial cell fate, these findings are consistent with previous data suggesting that loss of
PTHrP signaling caused mammary epithelial cells to acquire an epidermal cell fate (Foley et
al., 2001). In contrast, only 37% of the genes overexpressed in skin vs. buds overlapped with
the genes overexpressed in PTHrP−/− buds vs. WT buds, suggesting that much of the
program involved in the suppression of epidermal identity plays out normally in the absence
of PTHrP signaling, perhaps during the initial formation of the mammary placode. It is
especially interesting that a large number of transcription factors were up- or down-
regulated in mammary buds as compared to skin and were also affected by alterations in
PTHrP signaling. Many of these genes (Sim2, Sox4, Id1, Id4, Hmga2, Tbx3, Btf3, Tcf4 and
Atf4) are expressed in normal mammary and/or breast cancer cells (Graham et al.,
1999;Beger et al., 2001;Bagheri-Yarmand et al., 2003;Davies et al., 2006;Laffin et al.,
2008;Ohta et al., 2008;Swarbrick et al., 2008;Thuault et al., 2008). Interestingly, Atf4 has
been reported to impair mammary epithelial differentiation in vivo, so its down-regulation in
mammary buds may be functionally important (Bagheri-Yarmand et al., 2003).

Our main interest in profiling PTHrP−/− buds was to identify genes regulated by PTHrP in
the mammary mesenchyme. Table 3 lists 35 such candidates. Several aspects of this list are
noteworthy. First, 3 of these genes, Rspondin 1, tachykinin 1, and Hoxd9, had previously
been shown to be expressed specifically within the mammary mesenchyme, suggesting that
this approach was able to identify mesenchymal genes (Weil et al., 1995;Chen and
Capecchi, 1999;Nam et al., 2007). Second, 6 of the 35 genes (Table 3) have been shown to
be modulators or targets of BMP signaling (Jaatinen et al., 2002;Laurikkala et al.,
2003;Wang and Hirschberg, 2003;Gu et al., 2004;Zhou et al., 2004a;Mylonas et al.,
2005;Shimo et al., 2006;Li et al., 2008;Ohta et al., 2008;Shelton and Yutzey, 2008;Maeda et
al., 2009). We had previously reported that PTHrP signaling sensitizes the mammary
mesenchyme to the autocrine/paracrine actions of BMP4 and the microarray data support the
notion that PTHrP modulates mesenchymal BMP signaling. It is interesting that the data
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suggest upregulation of Sostdc1, both a target of BMP signaling and a BMP antagonist.
Sostdc1 has been shown to regulate epidermal appendage patterning by mediating lateral
inhibition of hair follicle and tooth development around already developing structures
(Pummila et al., 2007;Narhi et al., 2008;Munne et al., 2009). Thus, it is possible that
induction of Sostdc1 helps to shape the lateral reach of the mammary mesenchyme. Finally,
a number of genes on this list are also potential modulators and/or targets of the Wnt
signaling pathway. Although we previously did not detect active canonical Wnt signaling in
mammary mesenchyme in vivo (Chu et al., 2004), a more recent report suggested that Wnt
signaling may indeed be active in the mesenchyme around developing buds (Boras-Granic et
al., 2006). Therefore, we are currently reassessing whether PTHrP signaling regulates
mesenchymal Wnt signaling in addition to BMP signaling.

Our analysis suggested that PTHrP signaling might regulate MMP2. We confirmed that
MMP2 mRNA levels were higher in K14-PTHrP ventral skin as compared to WT ventral
skin by qRT-PCR. We had previously shown that PTHrP and BMP4 cooperate to regulate
Msx2 gene expression in the pluripotent mesenchymal cell line, C3H10T1/2 cells (Hens et
al., 2007), and, therefore, we examined the interaction between PTHrP and BMP4 in
regulating MMP2 gene expression and activity in these cells. As shown in Fig. 2, MMP2
expression and activity are regulated by BMP4 in these cells, and PTHrP and BMP4
cooperate to regulate MMP2 expression and activity. In order to determine if MMP2 might
mediate some of the effects of PTHrP on ductal development, we examined the effects of
two different MMP inhibitors on ductal outgrowth from embryonic mammary buds cultured
ex vivo. Both GM6001, a broad-spectrum MMP inhibitor, and OA-Hy, a more specific
MMP2 antagonist (Berton et al., 2001; Simian et al., 2001), inhibited ductal outgrowth.
Inhibition of MMP2 activity with OA-Hy was also able to prevent exogenous PTHrP from
rescuing ductal outgrowth in cultures of PTHrP−/− mammary buds, suggesting that MMP2
participates in the induction of ductal outgrowth in response to PTHrP signaling. MMP
activity has previously been shown to regulate branching morphogenesis at several sites and
the addition of MMP inhibitors to cultures of embryonic submandibular glands, lung and
ureteric buds ex vivo has been reported to inhibit branching morphogenesis (Lelongt et al.,
1997; Kheradmand et al., 2002; Steinberg et al., 2005). Inhibition of MMP activity with
GM6001 has also been shown to inhibit the formation of branching in three-dimensional
cultures of mammary epithelial cells (Simian et al., 2001). MMP2 has specifically been
shown to promote ductal extension but suppress ductal side-branching in the mammary
gland during puberty in intact mice (Wiseman et al., 2003). Stromally derived MMP2 has
also been thought to contribute to breast cancer cell invasion and the establishment of
metastases (Jezierska and Motyl, 2009). Therefore, it would appear reasonable that MMP2
contributes to the initiation of ductal morphogenesis from the embryonic mammary bud.
However, disruption of the MMP2 gene in mice does not prevent the outgrowth of the initial
mammary duct system in vivo (Wiseman et al., 2003). The explanation for this discrepancy
is not evident from our experiments, but it may be that other MMPs can compensate for the
developmental loss of MMP2 in vivo. Therefore, while our experiments suggest that MMP2
participates in bud outgrowth, it does not appear to be absolutely required for this response.

In summary, we identified a large number of genes that are either downregulated or
upregulated in mammary buds in response to the loss of PTHrP. Many of these changes are
likely related to alterations in cellular metabolism brought about by the impending growth
failure of PTHrP−/− mammary buds. By comparing these large lists against differences in
gene expression in WT mammary buds as compared to WT ventral skin, and against
differences between K14-PTHrP and WT skin, we have also identified much smaller lists of
genes enriched for growth factor pathways and transcription factors. These changes in gene
expression, which are likely more directly related to PTHrP signaling support prior work
demonstrating that PTHrP modulates mesenchymal BMP signaling and suggest that PTHrP
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may contribute to ductal outgrowth, at least in part, by modulating MMP2. Further studies
into the functions of these pathways should enhance our understanding of embryonic
mammary gland development.

Experimental Procedures
Animals

Animal experiments were approved by the Yale University IACUC. CD-1 wild-type mice
were acquired from Charles River. K14-PTHrP, PTHrP−/− and PTH1R−/− mice were
generated from established breeding colonies and identified as described previously (Dunbar
et al., 1999; Foley et al., 2001).

Microarray Analysis
Embryonic mammary buds and ventral skin were dissected from WT, PTHrP−/− and K14-
PTHrP transgenic embryos harvested on E15. Dissections were performed on an icepack and
tissue samples stored in RNA Later (Ambion, Austin, TX) at −20°C. After genotyping the
embryos, like samples were pooled and RNA was isolated using the RNeasy Mini Protocol
with a Qiashredder column (Qiagen, Valencia, CA). Mechanical disruption of tissue was
performed with a Kontes Pellet Pestle and a cordless motor (Thermo Fisher Scientific,
Waltham, MA) prior to homogenizing with the Qiashredder. MessageClean (GenHunter
Corporation, Nashville, TN) was used to remove contaminating DNA. On average, 120
mammary buds were required to produce approximately 20 ug total RNA. Biotinylated
cRNA was generated from total RNA and hybridized to Affymetrix MOE430A
oligonucleotide arrays (Affymetrix, Santa Clara, CA). Each experimental condition was
hybridized in triplicate. Sample preparation and raw data collection were performed as
described (Master et al., 2002). Data were normalized using GC-RMA (Zhijin et al., 2004)
in R. Genes were filtered by retaining only probe sets with at least one MAS5 present call
and more than 1.2 fold dynamic range across all samples. Differential expression of genes
was assessed by Cyber-T (Baldi and Long, 2001). No specific cutoff threshold was used, but
instead gene lists were generated at false discovery rate (FDR) of 10% for comparisons
among the ventral skin sample groups, and at FDR of 5% for all other comparisons. The
false discovery rates were estimated as part of the Cyber-T algorithm, by modeling t-test p-
values as a mixture of beta (differentially expressed genes) and uniform (other genes)
distributions. A p-value cutoff was chosen for each individual comparison such that the
estimated proportion of non-changing genes fell below the desired percentage. Functional
annotation clustering was performed using the DAVID bioinformatics database and resource
of the National Institute of Allergy and Infectious Diseases (NIAID, NIH, Bethesda, MD).

Real-time PCR
Ventral skin was harvested from E15.5 embryos and stored in RNA later at –20°C until
embryos were genotyped. Samples from like embryos were then pooled and total RNA was
isolated using the Qiagen RNeasy kit with QiaShredder column (Qiagen Corp., Valencia,
CA). RNA was further purified by Dnase 1 digestion using the MessageClean kit
(GenHunter Corp., Nashville, TN). Total RNA was prepared from C3H10T1/2 cells using
Trizol reagent (Invitrogen, Carlsbad, CA) followed by DNAse digestion as above.
Quantitative RT-PCR (qRT-PCR) was performed with the Opticon II DNA engine (JM
Research, Waltham, MA) using standard methods (Hens et al., 2007). The following primer
sets were used: MMP2, forward 5’-CAAAAACAAGAAGACATACATCTT-3’ and reverse
5’-GCTTCCAAACTTCACGCTC-3’; INHBB, forward 5'-
TCAGCTTTGCAGAGACATGG-3' and reverse 5'-ACCTTGACCCGTACCTTCCT-3';
IGFBP4, forward 5'-CGTCCTGTGCCCCAGGGTTCCT-3' and reverse 5'-
GAAGCTTCACCCCTGTCTTCCG-3'; SOSTDC1, forward 5'-
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GAGGCAGGCATTTCAGTAGC-3' and reverse 5'-ATAGCCTCCTCCGATCCAGT-3';
TGFBI, forward 5'-GACTGCTGACCCTCGCTCT-3' and reverse 5'-
GTTGGTGCCAATGACCTTCT-3'; and CTGF, forward 5'-
CAAAGCAGCTGCAAATACCA-3' and reverse 5'-GGCCAAATGTGTCTTCCAGT-3'.
SYBR-Green-based qRT-PCR was performed with Brilliant SYBR-Green qRT-PCR master
mix (Stratagene, Agilent Technololgies, Santa Clara, CA). Samples were normalized for
relative quantification of expression by the 2−ΔΔCT method using GAPDH as an internal
control (relative quantification of gene expression: ABI Prism 7700 sequence detection
system, user bulletin 2, revision B). Samples were run in triplicate. cDNA was prepared
using the ABI PRISM as per the manufacturer’s instructions.

Cell Culture and Zymography
C3H10T1/2 cells (a gift from Dr. Mark Horowitz, New Haven, CT) were cultured on 100
mm Falcon dishes (Thermo Fisher Scientific, Waltham, MA) in DMEM supplemented with
10% fetal bovine serum (FBS), and 0.2 mM L-glutamine. Culture media was changed to
0.1% FBS 24-hours before treatment with either 50 ng/ml recombinant BMP4 (R&D
Systems, Minneapolis, MN), 10−7 M PTHrP(1–34) (Sigma-Aldrich, St. Louis, MO), or
both. Cells were harvested for RNA expression analysis after 24 hrs whereas MMP activity
was assessed in conditioned media harvested after 4 days of treatment. Gelatin zymography
was performed using 10% Biorad-Ready gelatin gels following the manufacturer’s protocol
(Biorad Laboratories, Hercules, CA). Gels were counterstained in Coomassie Brilliant blue
R-250 staining solution for 1 hr, and de-stained in 10% acetic acid/50% methanol/40% de-
ionized water until the clear bands of protease activity were apparent. Gels were then
photographed and densitometry was performed to quantify protease activity using a Kodak
Digital Science Image Station 440 CF (Kodak Corp., Rochester, NY).

Mammary bud culture
All dissections were performed in DMEM at 4°C. Mammary buds and ventral mesenchyme
were microdissected from E13 wild-type and PTHrP−/− embryos. Individual mammary buds
were placed on tufts of ventral mesenchyme on Whatman 13 mm nuclepore Track-etched
membranes (8 µm pore size; Thomas Scientific, Swedesboro, NJ). The filters were cultured
on EC587-40 mesh screen grills (Thomas Scientific, Swedesboro, NJ) in six-well plates
containing 10% FBS in DMEM/F12 media with antibiotics. Cultures were treated with 10−7

M PTHrP (1–34) (Sigma-Aldrich, St. Louis, MO), 27 nM GM6001 or 2.55 µM cis-9-
Octadecenoyl-N-hydroxylamide (OaHy) (Calbiochem, San Diego, CA). Media was changed
every other day and after 5 days of culture, bud outgrowths were fixed in acid alcohol and
stained in carmine alum. Stained tissue was then dehydrated and mounted in Permount
(Thermo Fisher Scientific, Waltham, MA) for viewing.

Statistical Analysis
GraphPad Prism, Version 4.0 for MacIntosh was used for statistical analysis (GraphPad
Software, San Diego, CA). Comparisons of three or more groups used one-way analysis of
variance with the Newman-Keuls multiple comparison test. Comparisons of 2 groups used a
one-sample Student’s t test when one of the groups was arbitrarily set equal to one (fold-
stimulation calculations) and a paired Student’s t test when both groups varied freely.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of candidate BMP- and PTHrP-regulated genes in WT and K14-PTHrP
ventral skin
Ventral skins were harvested from WT and K14-PTHrP embryos at E15.5. mRNA levels
were measured by quantitative, real-time RT-PCR (qPCR). Each bar represents the average
of 3 PCR reactions using pooled RNA from 3–5 WT and K14-PTHrP embryos.

Hens et al. Page 16

Dev Dyn. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. MMP2 gene expression and activity is elevated in response to PTHrP and BMP
treatment
A) qPCR results for C3H10T1/2 cells treated with PTHrP, BMP4 or the combination of
PTHrP and BMP4. Bars represent the average and SEM of three independent experiments. *
denotes statistical significance as compared to no treatment (NT) by ANOVA (P < 0.05). #
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denotes that treatment with BMP4 was significantly different than NT when a direct
comparison was made using a one-sample t test (P = 0.013). B) MMP activity in conditioned
media from C3H10T1/2 cells treated with PTHrP, BMP4 or the combination of PTHrP and
BMP4. MMP2 activity was measured by densitometric evaluation of gelatin zymography.
Each bar represents the average and SEM of 8–10 individual experiments. Statistical
significance was assessed by ANOVA employing the Newman-Keuls multiple comparison
test. * denotes statistical significance as compared to NT (P < 0.001). # denotes statistical
significance as compared to PTHrP (P < 0.001). § denotes statistical significance as
compared to BMP4 (P < 0.05).
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Figure 3. Inhibition of MMP2 activity blocks WT bud outgrowth and the ability of PTHrP to
rescue outgrowth of PTHrP−/− mammary buds
Mammary buds were cultured and treated with the general MMP inhibitor, GM6001, or a
specific MMP2 inhibitor, OA-Hy, for 5 days. Bars represent the percentage of buds (average
± SEM) demonstrating ductal outgrowth under the culture conditions noted on the graph.
Each experiment was performed at least 3 times; the total numbers of buds were as follows:
WT = 56 buds, GM6001 = 26 buds, OA-Hy = 22 buds, KO = 15 buds, KO + PTHrP = 15
buds, KO + PTHrP + OA-Hy = 14 buds. Statistical significance was determined by ANOVA
employing the Newman-Keuls multiple comparison test. * denotes a significant difference
compared to WT. # denotes a significant difference compared to KO + PTHrP. The
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differences between KO + PTHrP and KO were not statistically significantly by ANOVA,
but in a two-way comparison, they reached statistical significance (T-test p value = 0.016).
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Table 1

Selected genes from the overlap between those overexpressed in WT as compared to PTHrP−/− mammary
buds and those overexpressed in WT mammary buds as compared to WT ventral skin.

Keratins Transcription Factors Growth Factor
Signaling

Keratin 4 Single-minded 2
(Sim2)

Myeloblastosis
oncogene (Myb)

Tachykinin 1

Keratin 6a Sry-box containing
gene 4 (Sox4)

Meis homeobox
2 (Meis2)

pleiotrophin

Keratin 8 Inhibitor of DNA
binding 1 (Id1)

Iroquois related
homeobox 5
(Irx5)

Sclerostin domain
containing 1
(Sostdc1)

Keratin 13 Inhibitor of DNA
binding 4 (Id4)

Iroquois related
homeobox 6 (Irx6)

Rspondin homolog
(Rspo1)

Keratin 18 High mobility group
AT-hook 2 (Hmga2)

T-box 3, (Tbx3) Macrophage
migration inhibitory
factor (Mif)

Keratin 19 OVO homolog-like 1
(Ovol1)

Activating
transcription
factor 7
interacting
protein (Atf7ip)
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Table 2

Selected genes from the overlap between those overexpressed in PTHrP−/− as compared to WT mammary
buds and those overexpressed in WT ventral skin as compared to WT mammary buds.

Extracellular Matrix Transcription Factors Growth Factor Signaling

Collagen, Type IX, alpha 1
(Col9a1)

Basic transcription factor 3
(Btf3)

Neuropilin (Nrp)

EGF-like-domain, multiple
6 (Egfl6)

Enhancer of yellow 2
homolog (Eny2)

Wnt inhibitory factor 1
(Wif1)

Matrilin 2 (Matn2) Down-regulator of
transcription 1 (Dr1)

WNT1 inducible signaling
pathway protein 1 (Wisp1)

Reversion-inducing-
cyteine-rich protein with
kazal motifs (Reck)

Activating transcription
factor 4 (Atf4)

Nephroblastoma
overexpressed gene (Nov,
CCN3)

Nidogen 1 (Nid1) Transcription factor 4
(Tcf4)

Kit oncogene (c-Kit)

BSpondin 1 (Spon1) Nuclear DNA binding
protein (C1d)

Platelet derived growth
factor receptor-beta
(Pdgfrb)

Thrombospondin 1 (Thbs1) Friend leukemia integration
1 (Fli1)

Patched homolog 1 (Ptch1)

Epidermal growth factor-
containing fibulin-like
extracellular matrix protein
1 (Efemp1)

Minichromosome
maintenance deficient 6
(Mcm6)

Asporin (Aspn)

Dev Dyn. Author manuscript; available in PMC 2010 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hens et al. Page 23

Table 3

Genes predicted to be regulated by PTHrP in the embryonic mammary mesenchyme. 30 genes were predicted
to be up-regulated and 5 were predicted to be down-regulated. Six genes are regulated by or involved in BMP
signaling. 18 genes were previously reported to be involved in mammary physiology or breast cancer.

Gene
Symbol

BMP
Signaling

Mammary/
Breast
Cancer

Up-regulated by PTHrP

Myl9

Sim2 +

CD99 +

Tac1 +

Pcbp4

Nnat +

Hmga2 +

Abcf1

Igfbp4 + +

Si

Palld

Mmp2 + +

Mrg1

6330403K07Rik

Serpine 2 +

Sgta

Tgfbi +

Sostdc1 +

Hoxd9 +

Rspo1

Inhbb + +

Fxyd6

Rbp1 +

Thy1 +

Numa1 +

Bcam

Timp2 +

Gna12

Tagln +

Orai1

Down-regulated by PTHrP

Ctgf + +

Egfl6
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Gene
Symbol

BMP
Signaling

Mammary/
Breast
Cancer

Vcam1

Ptch1 +

Mme +
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