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Candidate Regulators of Mammary Branching Morphogenesis
Identified by Genome-Wide Transcript Analysis
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Abstract

The mammary gland develops in a process known as branching morphogenesis, whereby a distal
epithelial bud extends and bifurcates to form an extensive ductal network. Compared with other
branched organs, such as the lung and kidney, little is known about the molecular basis of branching
in the mammary gland. Here we report a microarray profiling strategy to identify novel genes that
may regulate mammary branching. We microdissected terminal end bud (TEB) and mature duct
microenvironments from p-actin—green fluorescent protein reporter mice and compared their RNA
expression profiles with epithelium-free mammary stroma by means of microarray. We identified
1,074 genes enriched in the TEB microenvironment, 222 genes enriched in the mature duct
microenvironment, and 385 genes enriched in both TEB and mature duct microenvironments. The
microarray correctly predicted the expression of genes known to be enriched in the epithelium (Ets-5)
and stroma (MMP-14) of TEBs and in the mature duct microenvironment (MMP-3). The microarray
also correctly predicted the localization of previously uncharacterized genes, such as the TEB-
enriched SPRR-1a, the duct-enriched casein-y, and the general epithelial marker pleiotrophin.
Analysis of genes enriched in TEBs revealed several genes in the Wnt (Wnt-2, Wnt-5a, Wnt-7b,
Dsh-3, Frizzled-1, Frizzled-2), hedgehog (Dhh), ephrin (Ephrin-B1, Eph-AZ2), and transcription
factor (Twist-1, Twist-2, Snail) families. In situ hybridization verified that these genes were enriched
in the TEB epithelium (Wnt-5a, Wnt-7b, Dhh, Eph-A2) or TEB stroma (Wnt-2, Frizzled-1, Ephrin-
B1). We discuss the potential roles of these genes in mammary branching morphogenesis.
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Introduction

The branched ductal network is the most common structural motif in organisms and is found
in organs such as the lung, salivary gland, kidney, and mammary gland. The development of
the ductal network takes places through branching morphogenesis, a process by which a
rudimentary ductal structure initiates, extends, bifurcates, and differentiates to give rise to the
mature tubular organ (Affolter et al., 2003; Ghabrial et al., 2003). The iterative nature of ductal
morphogenesis allows a large epithelial surface area to be generated in limited space, which
is essential because these organs function in air/fluid exchange and secretion. The key structure
that drives branching morphogenesis is the distal epithelial bud, which simultaneously
accomplishes several cellular processes (Hinck and Silberstein, 2005). This motile structure
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extends into mesenchyme to elongate the ducts, interacts with the immediate mesenchyme to
initiate branch points that are optimally spaced, generates a hollow lumen for ductal transport,
produces and remodels the basement membrane to allow cellular adhesion to the extracellular
matrix, and terminally differentiates to give rise to mature ducts (Lin et al., 2003; Sternlicht,
2006). The complexity of the process suggests that cell movement, cell adhesion, cell division,
and cell death are coordinated in the distal end bud.

Branching morphogenesis in the embryonic lung end bud is mediated by interactions between
the epithelium of the bud and its surrounding mesenchymal cells involving members of the
fibroblast growth factor (FGF), sonic hedgehog (Shh), Wnt, and transforming growth factor-
beta (TGF-B) families (Warburton et al., 2005; Cardoso and Lu, 2006). FGF-10 expressed by
mesenchymal cells is a chemotactic and proliferation factor that activates FGFR-2B in the
epithelium. Feedback control of this epithelial-mesenchymal crosstalk serves to regulate the
size and shape of the end bud and the initiation of branch points (Lebeche et al., 1999; Hyatt
etal., 2004). A key regulatory factor is Shh, which is highly expressed in the end bud epithelium
(Bellusci et al., 1997). Shh is a paracrine factor that activates signaling pathways in immediate
mesenchyme by means of patched/smoothened receptors and their transcriptional effectors
Gli-1, Gli-2, and Gli-3 (Huangfu and Anderson, 2006). Shh signaling negatively regulates
FGF-10 expression in the mesenchyme, thereby restricting FGF signaling in the end bud
(Lebeche et al., 1999). This serves to control end bud size and shape by preventing widespread
FGF-10 expression in the mesenchyme and FGFR-2B overactivation in the epithelium. Mice
with targeted deletion of Shh or ectopic overexpression of Shh in the distal bud display severe
defects in lung development, indicating an essential role for Shh in the branching process
(Bellusci et al., 1997; Litingtung et al., 1998; Pepicelli et al., 1998).

The Wnt family of secreted proteins also plays essential roles in branching morphogenesis of
the lung. The Wnt family includes at least 19 different secreted ligands that interact with 10
known frizzled receptors to regulate cell proliferation, polarity, and differentiation (Logan and
Nusse, 2004). Whnt signaling takes place through a canonical pathway that involves the
stabilization of B-catenin and activation of the Tcf/Lef transcription factors or a noncanonical
pathway that is independent of B-catenin (Logan and Nusse, 2004). Disruption of the canonical
Whnt pathway, either by targeted deletion of B-catenin or overexpression of the Wnt inhibitor
dickkopf-1 (Dkk-1), leads to defects in distal epithelial differentiation and a deficiency in
branching morphogenesis (Mucenski et al., 2003; De Langhe et al., 2005). The canonical
pathway inhibits terminal differentiation of the distal epithelium and maintains a proliferative
progenitor state in which branching morphogenesis can take place (Okubo and Hogan, 2004).
The noncanonical Wnt pathway also plays an important role in branching morphogenesis. Mice
lacking Wnt-5a (a noncanonical Wnt normally expressed in the epithelium and mesenchyme
of the distal end bud) show overexpansion of the distal lung epithelium and increased Shh and
FGF-10 expression (Li et al., 2002). The noncanonical Wnt-5a pathway thus plays a negative
regulatory role in lung branching.

The mammary gland is unique among ductal epithelial organs in that its development occurs
postnatally (Wiseman and Werb, 2002). Before the onset of puberty, the mammary gland is a
rudimentary organ consisting of a primitive network of ductal epithelium. Shortly after the
onset of puberty, specialized structures known as terminal end buds (TEBS) develop at the
distal epithelial tips. The TEBs proliferate, bifurcate, and invade into a fatty stroma until 10—
12 weeks of age, at which point they regress (Sternlicht, 2006). Little is known about the
molecular basis of branching in the mammary gland. The hedgehog members Shh and Ihh are
not necessary for mammary branching as Shh—/— and Ihh—/— rescued mammary anlagen can
give rise to a normal mammary gland (Gallego et al., 2002; Michno et al., 2003). No members
of the Wnt signaling pathway have been shown to be specifically expressed in the TEBs or
necessary for TEB-induced (primary—secondary) branching, although Wnt-4 is necessary for
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side (tertiary) branching (Brisken et al., 2000). Wnt-signaling pathway components are
necessary for other steps in mammary development such as placode formation and lobulo-
alveolar development (Hatsell et al., 2003). Here we report an expression profiling strategy to
identify novel candidates that may carry out branching morphogenesis in the mammary gland.

Results and Discussion

Expression Profiling of Mammary Microenvironments

We devised a novel microarray strategy using p-actin—green fluorescent protein (GFP) reporter
mice, which display high GFP expression throughout the mammary epithelium (Hadjantonakis
et al., 1998). TEBs, mature ducts, and epithelium-free stromal compartments were surgically
microdissected from 5-week-old B-actin~-GFP mice, and RNA was immediately harvested for
analysis (Fig. 1A). The microdissection approach enabled us to determine gene expression in
both the epithelium and stroma of these distinct microenvironments. The RNA expression
profiles of the TEB (n = 6) and mature duct (n = 6) microenvironments were compared with
the epithelium-free stroma using long-oligonucleotide spotted microarrays with 19,500
features. We identified 1,074 genes that were uniquely enriched in the TEB microenvironment,
222 genes that were uniquely enriched in the mature duct microenvironment, and 385 genes
that were enriched in both TEB and mature duct microenvironments (Fig. 1B). Additionally,
we identified 507 genes that were enriched in the distal stroma.

Further analysis of these genes revealed that that the most highly enriched genes families in

mature ducts were milk proteins, such as casein-o, Apod, and lactalbumin, and myoepithelial-
specific genes, such as Myh11, Cnnl, and Mylk (Table 1). This finding is consistent with the
differentiated status of the mature ducts relative to TEBs. In contrast, the most highly enriched
gene families in TEBs were cell cycle genes, such as Cdc20, Cyclin B1, and Mcm3, and actin
remodeling genes, such as Myh9, Fscnl, and Capg (Table 1). These data are consistent with

the highly proliferative and motile nature of TEBs compared with the quiescent mature ducts.

Proof-of-Concept Analysis

We determined how well the microarray predicted the expression of genes known to be
enriched in the TEBs or mature ducts. The matrix metalloproteinases MMP-14 (MT1-MMP)
and MMP-3 (stromelysin-1) are enriched in the stroma of the TEBs and mature ducts,
respectively (Wiseman et al., 2003). The transcription factor Ets-5 is enriched in the TEB
epithelium, whereas cytokeratins 8 and 18 are expressed throughout the epithelium of TEBs
and the luminal epithelium of mature ducts (Chotteau-Lelievre et al., 2003). The microarray
data correctly recapitulated the expression localization of these genes (Fig. 2A; Supplementary
Material Table S1, which can be viewed at
http://www.interscience.wiley.com/jpages/1058-8388/suppmat). MMP-14 and Ets-5 were
enriched in the TEB microenvironment, while MMP-3 was enriched in the mature duct
microenvironment. Cytokeratins 8 and 18 were highly enriched in both the TEBs and mature
duct microenvironments. The housekeeping genes HPGRT and GAPDH were not enriched in
any compartment. Thus the microarray strategy correctly predicted the expression of known
genes and was also capable of detecting genes expressed in either the stroma or epithelium of
the TEBs and mature ducts.

We then used in situ hybridization to determined how well the microarray predicted the
expression of genes that had not been previously characterized in the mammary gland. The
small proline-rich protein SPRR-1a (TEB ratio, 7.4-fold change) and casein-y (duct ratio, 15.6-
fold change) were predicted to be localized to the TEBs and mature ducts, respectively. The
growth factor pleiotrophin was predicted to be highly expressed in both TEBs (M(TEB), 4.5-
fold change) and mature ducts (M(duct), 5.9-fold change). In situ hybridization of 5-week
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mammary tissue verified these expression profiles (Fig. 2B). SPRR-1a was highly expressed
in the TEB epithelium and not in mature ducts, casein-y was highly expressed in mature ducts
and not in TEBs, and pleiotrophin was highly expressed throughout the TEB and mature duct
epithelium (Fig. 2B). These data provided a proof-of-concept that our microarray strategy could
correctly predict gene expression in the developing mammary gland. We then analyzed the
genes that were exclusively enriched in the TEBs to identify candidate regulators of mammary
branching morphogenesis.

Wnt Expression

Several Wnt family components showed restricted localization to the TEBs. Analysis of 18
Whnt ligands revealed that six Wnt ligands were enriched in the mammary epithelium. Three
Whnt genes (Wnt-2, Wnt-5a, Wnt-7b) were exclusively enriched in the TEB microenvironment
(Fig. 3B; Supplementary Table S1). Three other Wnt genes (Wnt-4, Wnt-5b, Wnt-6) were
enriched in both the TEBs and mature duct microenvironments relative to distal stroma. In situ
hybridization verified the spatial expression patterns for these Wnt ligands. Wnt-5a and Wnt-7b
signal were detected in the epithelium of TEBs while Wnt-2 was detected in the stroma
surrounding the TEBs (Fig. 4). We did not detect the expression of Wnt-2, Wnt-5a, or Wnt-7b
in the mature ducts (Fig. 4). Wnt-5b was detected in the epithelium of both TEBs and mature
ducts (Fig. 4). Other Wnt pathway components that showed restricted localization to the TEBs
were Frizzled-1, Frizzled-2, and Dsh-3 (Fig. 3A). Of interest, in situ hybridization showed that
Frizzled-1 was localized to the stroma surrounding TEBS, a pattern that mirrored Wnt-2
expression (Fig. 4). These data implicate specific members of the Wnt pathway (Wnt-2,
Whnt-5a, Wnt-7b, Frizzled-1, Frizzled-2, Dsh-3) as potential regulators of mammary branching
development.

The pattern of Wnt expression in the mammary gland closely mirrored expression in the lung,
suggesting that these genes may have overlapping functions in both systems. In the developing
lung, Wnt-7b and Wnt-2 are localized to the epithelium and mesenchyme, respectively, of the
distal bud (Mucenski et al., 2003). Wnt-5a is expressed in both the epithelium and mesenchyme
of the distal lung bud (Li et al., 2002). Targeted deletion analyses have shown that Wnt-7b and
Wht-5a regulate branching morphogenesis of the lung. Wnt-7b participates in epithelial-
mesenchymal crosstalk to regulate mesenchymal proliferation in the distal end bud, which may
in turn affect epithelial differentiation. As a result, Wnt7b—/— mice exhibit severe defects in
lung development due to deficiencies in mesenchymal proliferation, epithelial maturation, and
vascular development (Shu et al., 2002). Wnt-5a also regulates lung branching, as described
earlier. Of interest, Wnt-5a is localized to the distal compartments in several developmental
systems that extend from the primary body axis, including the limb, genitals, face, and outer
ear. Mice lacking Wnt-5a show defects in these caudal structures, including loss of tail and
digits as well as shortening of the body axis, mandible, head, and tongue (Yamaguchi et al.,
1999). The defects are attributed to the conserved role of Wnt-5a in maintaining the
proliferative state of progenitor cells, which suggests that Wnt-5a may have a similar role in
mammary TEBs. Taken together, these data further implicate Wnt-5a, Wnt-7b, and Wnt-2 as
putative regulators of branching morphogenesis in the mammary gland.

Hedgehog Expression

Analysis of the hedgehog family members revealed that desert hedgehog (Dhh) was enriched
in the TEB microenvironment, whereas Ihh and Shh did not show enrichment in either the
TEBs or mature ducts (Fig. 3C; Supplementary Table S1). In situ hybridization verified that
Dhh was highly expressed in the epithelium of TEBS, although we did detect low expression
in side branches of mature ducts (Fig. 4). This pattern of Dhh expression suggests that it may
regulate mammary branching. Previous work showed that hedgehog effector molecules Gli-2
and Patched-1 function in the stroma to regulate mammary development (Lewis et al., 1999,
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2001). However, hedgehog ligands Shh and Ihh do not regulate mammary development, as
described earlier (Gallego et al., 2002;Michno et al., 2003). Our data suggest that it may be
epithelial-derived Dhh that activates stromal hedgehog effector molecules to regulate
mammary branching morphogenesis. Further work will be necessary to analyze this potential
role for Dhh in the mammary gland.

Ephrin Expression

The ephrin (Eph) receptors represent the largest family of receptor tyrosine kinases, with nine
Eph-A type receptors and six Eph-B receptors identified to date. These cell-surface receptors
interact with six GPl-anchored ephrin-A ligands and three transmembrane ephrin-B ligands.
Direct cell-to-cell contact between ephrins and their receptors leads to intracellular signaling
events in both the receptor-expressing (forward signaling) and ligand-expressing (reverse
signaling) cells, a process known as bidirectional signaling (Pasquale, 2005). Ephrin signaling
is necessary for a broad range of developmental processes, including vascular development,
axon guidance, and tissue-border formation (Zhang and Hughes, 2006). The roles of ephrins
in cell adhesion, cell migration, and tissue-border maintenance makes them prime candidates
for mammary branching morphogenesis.

Analysis of ephrin expression in the mammary gland revealed that a single ephrin ligand,
ephrin-B1, is enriched in the TEB microenvironment relative to mature ducts (Fig. 3C;
Supplementary Table S1). In situ hybridization verified that ephrin-B1 is highly expressed in
the TEB stroma, although a low-level of expression was detected in the TEB epithelium (Fig.
4). Low-level ephrin-B1 was also detected in mature ducts, particularly in sites of lateral
budding (Fig. 4). It was shown previously that ephrin-B1—/— mice are perinatally lethal and
that ephrin-B1 normally controls neural crest cell migration to target tissues (Davy et al.,
2004). Given its expression pattern and its developmental functions, it is possible that ephrin-
B1inmammary gland may regulate TEB motility and/or establish the TEB border at the stromal
interface.

Microarray analysis of the ephrin family also revealed that Eph-A2 was the only ephrin receptor
to be enriched in TEBs relative to ducts (Fig. 3C; Supplementary Table S1). In situ
hybridization showed restricted Eph-A2 expression in the TEB epithelium (Fig. 4). Although
itisclassically believed that EphA and EphB receptors interact solely with ephrin-A and ephrin-
B ligands, respectively, recent work has demonstrated crosstalk between these ephrin
subfamilies (Himanen et al., 2004). Future work will be necessary to determine the roles of
ephrin-B1 and Eph-A2 in mammary development and to evaluate potential crosstalk between
these cell-surface proteins.

Transcription Factors

Several transcription factors were enriched in the TEB microenvironments, including Fox-P4,
Snail-1, Twist-1, Twist-2, Runx-2, Hox-B1, DIx-3, and DIx-4 (Fig. 3; Supplementary Table
S1). Of interest, the Snail and Twist transcription factors have been characterized for their roles
in epithelial-mesenchymal transition (EMT), a developmental process by which a polarized
epithelium converts to a matile fibroblastoid or mesenchymal tissue. EMT occurs in several
developmental process that require epithelial remodeling and multilayering, such as
gastrulation in vertebrates (Thiery, 2002;Huber et al., 2005). Snail and Twist function as
transcriptional repressors to inhibit expression of epithelial genes, such as E-cadherin. The
restricted expression of these transcription factors in TEBs suggests that they may potentially
repress epithelial differentiation in TEBs and activate a motile phenotype. Further work will
be necessary to characterize the potential roles of these transcription factors and EMT in
branching morphogenesis.
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In conclusion, our microarray data have implicated several genes as potential players in
mammary ductal morphogenesis. These genes include members of the Wnt (Wnt-2, Wnt-5a,
Whnt-7b, Dsh-3, Frizzled-1 Frizzled-2), hedgehog (Dhh), ephrin (ephrin-B1, Eph-A2), and
transcription factor families. These genes play essential roles in other developmental systems,
making it challenging for study in a postpubertal developing organ such as the mammary gland.
However, the mammary gland offers several experimental strategies for study of these genes.
First, targeted inducible deletion of these genes, such as with the Cre/lox recombination system,
can be used to specifically inhibit gene expression in the mammary gland (Utomo et al.,
1999). Second, primary mammary glands can be cultured, infected with lentiviral or retroviral
expression vectors, and transplanted back into wild-type mammary glands (Welm et al.,
2005). Lastly, primary mammary organoids cultured in Matrigel can develop into highly
branched structures in the presence of growth factors (Sternlicht et al., 2005). The organoids
can be cultured with specific inhibitors or viral vectors for analysis of mammary branching.
These experimental procedures offer a rapid and reproducible method for analyzing the
function of these genes in mammary development and for dissecting their precise cellular
functions in the branching process.

Experimental Procedures

Expression Profiling

All animal experiments were performed with protocols approved by the UCSF IACUC. TEB
microenvironments (n = 6), mature duct microenvironments (n = 6), and distal stroma regions
(n = 12) of mammary glands 2-5 were microdissected from anesthetized 5-week-old B-actin—
GFP reporter mice (FVB/n, Jackson laboratory) using a Leica MZFLIII fluorescence
microscope (Hadjantonakis et al., 1998). RNA was extracted with Trizol Reagent (Tel-Test),
reverse transcribed in the presence of aminoallyl-dUTP, and coupled to CyScribe dyes
(Amersham). Unamplified Cy5-labeled TEB or mature duct cDNAs and Cy3-labeled stromal
cDNAs were hybridized onto 70-mer oligonucleotide microarrays with 19,500 features
(Operon, mouse version 2.0), as described elsewhere (Barczak et al., 2003). Lowess print-tip
normalization of microarray data was performed using the Acuity software program. For each
gene, we calculated M = log,(Cy5/Cy3) where Cy5 labeled TEB or mature duct RNA and Cy3
labeled distal stroma RNA. Genes with M > 0.6 (1.5-fold change) and adjusted P value < 0.05
(Benjamini—Hochberg correction) were considered differentially expressed in TEB or mature
ducts relative to distal stroma (Benjamini, 1995). TEB ratio = M(TEB) — M(duct), converted
to fold change. Duct ratio = M(duct) — M(TEB), converted to fold change.

In Situ Hybridization

Number 4 (inguinal) mammary glands of 5-week-old female mice (FVVB/n) were fixed in 4%
paraformaldehye—phosphate buffered saline (PBS) overnight at 4°C and paraffin embedded.
Five-micrometer sections were cut for hybridization with 3°S-labeled RNA probes. First-strand
cDNA from 5-week-old mammary glands were used as templates for PCR with the following
primers: SPRR-1a (F-CATGAGTTCCCACCAGCAG, R-
GGATAGACAGCAGCCTCAGC), casein-y (F-CCAATGTTGCACACCTCTTC, R-
TGCAGTTAATACGGCTCCAC), pleiotrophin (F-GTGAAGGCAGGATCAGGTTC, R-
TTCAAGGCGGTATTGAGGTC), Dhh (F-AGATGCCCAATTGACAGGAG, R-
ACCGCCAGTGAGTTATCAGC), Wnt-5a (F-CTGGCAGGACTTTCTCAAGG, R-
TGGGGTCGATGTAGACCAG), Wnt-5b (F-TGGAGACAACGTGGAGTACG, R-
CTCTTGAAGCGGTCATAGCC), Wnt-2 (F-AATTCCACTGGTGCTGTGC, R-
TTGGTGTCAGCTCATTCTGC), Wnt-7b (F-CCCACATGACAGATGGACAG, R-
GAGGCTTGGAACATCCTGAC), ephrin-B1 (FFACCCTCATGAGACAATGCTG, R-
ACAAAAATCCCTTCCGACTG), Eph-A2 (F-GAGGACCCACTGTCCATGTC, R-
GTATCCGGAGCAAGGTCATC), Frizzled-1 (F-AACAAGTTCGGCTTCCAGTG, R-
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CAAACTTGTCGTTGCACACC). Primers included T7 (reverse primers) and SP6 (forward
primers) promoter sites. The PCR products were used as templates for in vitro transcription
(Maxiscript) to generate 3°S-labeled antisense probes, which were purified on G-50 spin
columns (Roche). Hybridization of probes onto mammary sections was performed as described
(Diaz et al., 2003).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Expression profiling strategy. A: Number 4 mammary gland of 5-week-old B-actin-green
fluorescent protein (GFP) mouse was microdissected into terminal end bud (TEB), mature
duct, and epithelium-free distal stroma components for microarray analysis. Boxes represent
the TEB, duct, and stromal microenvironments isolated for microarray analysis. B: Number of
genes enriched in TEB and mature duct microenvironments (fold change > 1.5, adjusted P <
0.05). Scale bar =1 mm.
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Fig. 2.

Proof-of-concept analysis. A: Clustered image map of microarray data comparing Cy5-labeled
terminal end buds (TEBs; red, left) or mature ducts (red, right) and Cy3-labeled distal stroma
(green). Color intensity represents M = log,(Cy5 fluorescence/Cy3 fluorescence). B: In situ
hybridization of TEBs, mature ducts, and distal stroma in 5-week-old mammary gland. 4',6-
diamidine-2-phenylidole-dihydrochloride (DAPI; blue) and darkfield signal (white) were
merged in the images. Scale bar = 50 um.
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Fig. 3.

Genes enriched in terminal end buds. A: Clustered image maps of genes in the Wnt, hedgehog,
notch, ephrin, and transcription factor families. Red denotes Cy5 signal in TEBs (left) and
mature ducts (right), while green denotes Cy3 signal in distal stroma. Color intensity represents
M = logo(Cy5 fluorescence/Cy3 fluorescence). B,C: Expression analysis of 18 Wnt ligands
(B) and 3 hedgehog ligands (C).
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Fig. 4.

In situ hybridization of TEB-enriched genes. Darkfield views (right) and merged 4’,6-
diamidine-2-phenylidole-dihydrochloride (DAPI)/darkfield views (left) of TEBs and mature
ducts in a 5-week-old mammary gland. Probes used include Wnt-5a, Wnt-7b, Wnt-2, Wnt-5b,
Frizzled-1, Dhh, ephrin-B1, Eph-A2, and sense control. Scale bar = 50 um.
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