Identification ot the scaramanga gene
implicates Neuregulin3 in mammary
gland specitication
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The mouse scaramanga (ska) mutation impairs mammary gland development such that both abrogation and
stimulation of gland formation occurs. We used positional cloning to narrow the interval containing
scaramanga (ska) to a 75.6-kb interval containing the distal part of the Neuregulin3 (Nrg3) gene. Within this
region the only sequence difference between ska and wild-type mice is in a microsatellite repeat within intron
7. This alteration correlates with variations in Nrg3 expression profiles both at the whole embryo level and
locally in the presumptive mammary region in ska mice. Localized expression of Nrg3 and its receptor, Erbb4,
in the presumptive mammary region around the future bud site prior to morphological appearance of buds and
the expression of bud epithelial markers further support an inductive role. Finally, Neuregulin3 (Nrg3)-soaked
beads can induce expression of the early bud marker Lef1 in mouse embryo explant cultures, and epithelial
bud formation can be observed histologically, suggesting that initiation of mammary bud development occurs.
Taken together, these results indicate that a Neuregulin signaling pathway is involved in specification of
mammary gland morphogenesis and support the long-held view that mesenchymal signal(s) are responsible for

mammary gland inductive/initiating events.
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The selectable and heritable nature of mammary gland
number in sheep was demonstrated by Alexander Gra-
ham Bell over 100 years ago (Bell 1898). Subsequent
analysis in mice supported the suggestion that a genetic
component was involved (Little and McDonald 1965).
Specification of the mammary epithelial phenotype is
thought to occur during embryogenesis when signals
from the mesenchyme pattern the overlying ectoderm
such that the epithelial cells aggregate locally to form
the mammary bud (Propper and Gomot 1967; Hogan
1999). Genetic studies have implicated Fgf10, Lef1, and
Tbx3 in the control of developmental processes such as
competency and determination during early mammary
gland morphogenesis (van Genderen et al. 1994; Mail-
leux et al. 2002; Davenport et al. 2003; Eblaghie et al.
2004). However, none of these genes have yet been di-
rectly implicated in mammary gland specification per se
and the precise genetic interactions and hierarchies in-
volved in the initial stages of mammary gland morpho-
genesis remain to be elucidated (Veltmaat et al. 2003).
Five pairs of mammary glands form at precise and in-
variant positions along the anterior—posterior, dorsal-
ventral axis in most strains of mice. However, variable
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positions and numbers of mammary glands are observed
in the A/J strain of mice, whereas the C57BL/6 (B6) strain
is wild type for mammary gland patterns. The locus in
A/] mice responsible for aberrant mammary gland phe-
notypes is called scaramanga (ska) (Howard and Guster-
son 2000a,b). In ska homozygotes, the number 3 mam-
mary bud is hypoplastic from embryonic day 11.75
(E11.75), leading to a reduced sized or absent bud, indi-
cating a defective inductive event (Howard and Guster-
son 2000a,b). In addition, supernumerary glands are
formed at a high frequency in ska mice, demonstrating
ectopic induction. The mammary phenotypes observed
in the A/J strain are all consistent with defective speci-
fication events occurring prior to the morphological ap-
pearance of the mammary bud. Here we provide evi-
dence that the gene affected in ska mice encodes the
Erbb4 ligand, Neuregulin3 (Nrg3) (Zhang et al. 1997; Hi-
jazi et al. 1998; Gizatullin et al. 2000). Taken together,
these results indicate that Nrg3 is a specification signal
for mammary buds.

Results

Aberrant mammary gland morphogenesis in ska
mutant embryos

The ska mutant phenotype is easily detected from
E11.75 (48-somite stage) onward using differences in the

2078 GENES & DEVELOPMENT 19:2078-2090 © 2005 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/05; www.genesdev.org



expression of the early mammary epithelial bud marker,
Lef1 (Fig. 1). Lef1 is expressed in the buds once they have
become morphologically distinct and appears to mark
the determined mammary bud epithelia from somite
stage 48 onward (Mailleux et al. 2002). However, LefI
expression is absent in A/] mice in the region where
mammary bud 3 would normally form (Fig. 1B). Lef1
expression is also frequently seen slightly dorsal to the
endogenous bud 4 at the site of ectopic mammary buds
in A/J mice (Fig. 1E). These ectopic sites of Lefl expres-
sion are often much smaller than the normal mammary
buds and appear connected to the endogenous bud 4 by a
line of Lefl-expressing cells at somite stage 54 (Fig. 1E)
and appear in the same location as ectopic mammary
glands that form in ska mutant mice (Howard and
Gusterson 2000a,b).

Physical mapping of the ska locus

We previously mapped ska to the proximal region of
mouse chromosome (Chr) 14 between microsatellite

Figure 1. Mammary bud 3 is absent and ectopic mammary
buds form in A/] mice. Lef1 expression marks the position of
mammary buds. Numbers denote the positions of the five mam-
mary gland anlage. (FL) Forelimb bud; (HL) hindlimb bud. (A,B)
Mammary buds are first observed in 48-somite embryos when
bud 2 has not yet formed. Mammary bud 3 has not formed in an
A/] embryo (A) shown by comparison with B6 (B). (C-E) Mam-
mary buds in E12.5 embryos. (C) A 53-somite A/] embryo with
absent bud 3. (D) A 55-somite B6 embryo. (E) A 54-somite A/J
embryo with a presumptive supernumerary mammary bud ad-
jacent to mammary bud 4. This is shown in magnified view in
the inset. The ectopic LefI-expressing cells are denoted by an
arrow and a line of Lef1-expressing cells connecting bud 4 to the
ectopic bud is marked by an arrowhead. At this stage, there is a
line of Lef1-expressing cells connecting bud 4 to bud 5 (denoted
by a black underline).

Mammary gland specification gene

markers D14Mit14 and D14Mit129 using the AXB/BXA
recombinant inbred (RI) mouse strains (Marshall et al.
1992; Howard and Gusterson 2000b). DNA sequence
from mouse genome databases (Celera Genomics and
Ensembl) indicated that these markers delimited a 13.32-
Mb portion of Chr 14 (Waterston et al. 2002). Analysis of
this genomic region resulted in the identification of
novel markers polymorphic between the two parental
strains, A/] and B6. These were mapped onto the RI
panel, narrowing the candidate interval to 75.6 kb (Fig. 2;
Supplementary Table 1; Supplementary Fig. 1). This
critical region contains the distal part of the Neuregulin3
(Nrg3) gene, which encodes a secreted growth factor of
the Neuregulin family. Nrg3 is a large gene spanning
over 1 Mb of Chr 14, but SNPs or polymorphic SSRs were
found at 100 kb and 8 kb upstream from the transcrip-
tion initiation site of Nrg3, within introns 1, 2, 3, and 4,
and 17.3 kb downstream of the 3'UTR and were used to
exclude these regions. Intron 4 and exons 5-10 of Nrg3
and 17.3 kb beyond the 3'UTR of the gene remained
within the candidate interval (Fig. 2). No DNA sequence
differences in any exons or in intron/exon junctions were
observed between the A/J] and B6 strains. Furthermore,
complete sequence analysis of the entire 75,614-bp re-
gion revealed that there is only a single sequence differ-
ence in a microsatellite within Nrg3 intron 7 between
A/] and B6 (Supplementary Fig. 1). This SSR was found to
completely cosegregate with the ska phenotype. There-
fore, the distal half of Nrg3 is coincident with the criti-
cal minimal genomic region containing ska. This same
microsatellite variant is also present in several other
closely related “Castle” inbred strains (Balb/c, C3H/He],
DBA/1, and DBA/2) that also display the ska mutant
phenotype, providing further support for ska as an al-
lele of Nrg3 (Supplementary Fig. 1; Witmer et al.
2003).

Nrg3 expression in the presumptive mammary region

We considered Nrg3 a strong candidate for ska since the
most well-known member of the Neuregulin family,
Neuregulinl /Heregulin, has been implicated in a variety
of cell fate and patterning processes, including lobular—
alveolar development of the post-natal mammary gland
(Yang et al. 1995; Jones et al. 1996; Burden and Yarden
1997; Troyer and Lee 2001; Li et al. 2002; Falls 2003;
Stern 2003). Therefore, we examined the pattern of ex-
pression of Nrg3 during embryogenesis to assess whether
it was consistent with a role in early morphogenesis of
the mammary gland. Nrg3 is expressed at many sites in
the mid-gestation embryo, including widespread neural
expression as previously reported (Zhang et al. 1997), but
also in the atria, branchial arches, olfactory placode, otic
vesicles, limb buds, and tail bud (data not shown). We
also examined Nrg3 expression using immunohisto-
chemical analysis.

Prior to the development of the mammary gland, Nrg3
expression is observed in the lateral plate mesoderm un-
derlying the future site of mammary bud 3, which is the
first of the five buds to form (Fig. 3A-G). Localized Nrg3
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Figure 2. Genetic and physical maps of the ska genomic region. Map of a 13.32-Mb genomic interval between markers D14Mit14 and
D14Mit129 on mouse Chr 14. Genetic markers from transcription units (in blue) and polymorphic sequences in intragenic regions (in
yellow) used to delimit the position of the ska mutation are highlighted. Primer sequences for these markers are tabulated in
Supplementary Table 1. The Neuregulin3 intron-exon structure is indicated in the lower exploded view. Asterisks indicate Nrg3
introns, which contain polymorphic genetic marker(s). A/J bacteriophage \ clones (AA, B, and C) are indicated. The location of three
A/]BAC clones (Chori27: 2G18, 2H17, and 8M5) and one B6 BAC clone (RP24-199A21) used to sequence the 75.6-kb candidate interval
are indicated. A 2.5-kb gap in the Ensembl Celera genomic assemblies was sequenced and this location is indicated. The genomic
contig spanning the ska critical region for both A/] and B6 strains will be deposited in GenBank. Haplotype data of informative
recombinant inbred mice are shown. Each column represents the type of chromosome identified in these mice. A black square

represents the B6 allele and an open square denotes the A/J allele.

expression in the presumptive mammary region is
observed from somite stage 38 (E10.75) when Nrg3
is expressed as a comet in the lateral plate mesoderm
spanning the level of somites 17-18 (Fig. 3A,B). From
somite stage 40, a comet of Nrg3-expressing cells is
also observed in the lateral plate mesoderm at the fu-
ture site of mammary bud 4, followed by the appearance
of Nrg3-expressing cells at the other sites of mammary
bud formation (Fig. 3B-D). At the 45-somite stage,
Nrg3 is expressed in the lateral plate mesoderm around
the anlage outlining a distinct bud shape (Fig. 3E-G].
Later, from somite stage 48 onward, when bud 3 is
morphologically distinct, expression is first detected
in the mammary bud epithelia (Fig. 3H). The other
four buds form slightly later (and asynchronously in
the order 4, 1, 2, and 5), and localized mesenchymal
expression is also detected in the lateral plate mesoderm
prior to the appearance of each bud, followed by epi-
thelial expression once the bud has formed (Fig. 3I).
By somite stage 54, when the bud proper has formed,
the epithelial cells of bud 3 express Nrg3 (data not
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shown). Since the buds form asynchronously, buds 3 and
4, which form first, express Nrg3 in the epithelia, while
bud 1, which forms slightly later, expresses Nrg3 in the
mesenchyme (Fig. 3]). By E13, all mammary buds express
Nrg3 in the epithelia (Fig. 3K). In A/J] mice (and also in
another ska mutant strain, Balb/c), Nrg3 is not expressed
in a localized fashion around the site of presumptive bud
3 at comparable embryo stages (data not shown). Expres-
sion prior to actual morphological formation of the
mammary buds is consistent with a role for Nrg3 in early
initiating events.

Nrg3 displays a complex transcriptional profile
and expression is locally decreased in the presumptive
mammary region

Transcript analysis was determined by direct sequencing
of RT-PCR products. This revealed that multiple iso-
forms of Nrg3 are expressed in mid-gestation mouse em-
bryos, providing further intricacy to this highly complex
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Figure 3. Expression of Neuregulin3 and Neuregulind in the presumptive mammary region of E10.75, E11.0, E11.75, and E12.5 (B6)
embryos. Whole-mount in situ hybridization of embryos with digoxigenin-labeled Nrg3 probes and immunohistochemical detection
of Nrg3. Numbers denote the positions of the mammary gland anlage. (FL) Forelimb bud; (HL) hindlimb bud. The presumptive site of
mammary bud 3 (at somite 18) is boxed and of bud 4 (at somite 24) is indicated by an arrow in embryos where mammary buds are not
yet morphologically distinct. When the buds are morphologically distinct, they are indicated by numbers. (A-L) Nrg3 transcript and
Nrg3 protein distribution in the presumptive mammary region. (A) E10.75: A 38-somite-stage embryo with a comet of Nrg3 expression
underlying the future site of number 3 mammary gland. The boxed area at the level of somite 18 is magnified in the inset. (B) E11.0:
A 41-somite-stage embryo with a dermal comet of Nrg3 expression surrounding the future site of the number 3 mammary gland. (C)
Higher magnification of B at the level of somite 18. (D) Higher magnification of B at the level of somite 24. (E) E11.5: A 45-somite-stage
embryo, with Nrg3 expression in the dermal mesenchyme underlying where buds 3 and 4 will subsequently form. (F) A vibratome
cross-section (40 pm) across the level of somite 18, where a number 3 mammary bud will form in the embryo shown in E, showing
Nrg3 expression in the mesenchyme underlying the nascent mammary anlage. (G) Higher magnification of E at the level of somite 18.
(H) E11.75: A vibratome cross-section (60 pm) across the level of somite 18 where mammary bud 3 has just formed in a 47-somite-stage
embryo showing Nrg3 expression in the epithelia of the nascent mammary anlage. Bud 3 is boxed and shown in magnification in insets.
(I) E11.75: A vibratome cross-section (60 pm) across the level of somite 24, where the number 4 mammary bud has just formed in the
same 47-somite-stage embryo in H, showing Nrg3 expression in the nascent mammary anlage 4 and 5. The region where buds 4 and
5 are forming is boxed and shown in magnification in the inset. Nrg3 is expressed in the epithelia of bud 4 and in the mesenchyme
underlying the future site of mammary bud 5. (J) E12.5: A sagittal-section of a 54-somite-stage embryo showing Nrg3 expression.
Widespread neural expression is observed as well as expression in mammary buds 1 and 4, which are boxed. Inset 1 shows higher
magnification of mammary gland anlage 1. Arrows denote Nrg3 expression in the mesenchyme adjacent to the mammary epithelia.
A few mammary epithelial cells express Nrg3 (shorter arrows). An arrowhead denotes nerve expressing Nrg3. Inset 4 shows higher
magnification of mammary gland bud 4. An arrow denotes the epithelial cells of the mammary bud that express Nrg3. The epithelia
adjacent to the mammary bud also express Nrg3 (smaller arrows). (K) E13.0: A section from a 60-somite-stage embryo showing Nrg3
expression in the mammary bud 4 and adjacent epithelia. (L) E13.0: A section stained with hematoxylin from a 60-somite-stage embryo
showing mammary bud 4 and adjacent epithelia.

where buds 2, 3, and 4 form in A/J] mice in 46-48-somite-
stage embryos (Fig. 5B) was noted.

signaling network. We found that multiple Nrg3 iso-
forms are locally expressed in the lateral plate mesoderm
of the presumptive mammary region prior to the appear-

ance of the mammary bud {Fig. 4; Supplementary Fig, 2). Erbb2 and Erbb4 are expressed in the presumptive

We observed altered levels of expression of Nrg3 in the
region where buds 2, 3, and 4 will subsequently form.
This was determined by quantitative RT-PCR (qRT-
PCR) of microdissected lateral plate mesoderm and its
overlying ectoderm from the presumptive mammary re-
gion (Fig. 5A) in stage-matched samples from A/J and B6
mice at stages prior to mammary bud formation. To vali-
date the microdissection, we performed semiquantita-
tive RT-PCR using Thx3 as a marker for lateral plate
mesoderm (Supplementary Fig. 3). We observed (on av-
erage) a 5.0-fold reduction in Nrg3 mRNA levels in the
region where buds 2, 3, and 4 will subsequently form in
A/] mice in 43-45-somite-stage embryos (Fig. 5B). In ad-
dition, a 1.7-fold reduction in Nrg3 levels in the region

mammary region

We examined the expression pattern of the gene for the
cognate receptor for Nrg3, Erbb4, in the presumptive
mammary region (Fig. 6). Like Nrg3, Erbb4 expression
also precedes the morphological appearance of the mam-
mary buds and mirrors the expression pattern of Nrg3
(Fig. 6A-E). Erbb4 is expressed in 40-46-somite-stage
embryos in the lateral plate mesoderm at the sites of
future mammary buds (Fig. 6E). From the 52-somite
stage (E12.5), Erbb4 is expressed in the outer layer of the
mammary bud epithelial (Fig. 6F,G). Erbb2, the preferred
heterodimerization partner for all Erbb receptors, is ex-
pressed in the nascent mammary anlage in both the epi-
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Figure 4. Nrg3 isoforms expressed in presumptive mammary region of B6 and A/] mice. To determine the isoform(s) relevant for
mammary gland morphogenesis, we isolated RNA from microdissected lateral plate mesoderm and overlying ectoderm at stages prior
to mammary bud formation. RT-PCR analysis revealed the subset of Nrg3 isoforms that are expressed in the presumptive mammary
region during embryogenesis. Numbers denote exons. The Egf domain and extracellular, transmembrane, and cytoplasmic domains are
indicated. A variant in exon 4 in which the first 3 bp are skipped is indicated by +/- CAG. Inclusion of intronic sequences between

exons 7 and 8 is indicated by +21 and +24.

thelia and adjacent mesenchyme (Fig. 6H). From the first
morphological appearance of the mammary bud, Erbb4 is
expressed in the bud epithelia (Fig. 61). By E13, all of the
mammary buds express Erbb4, as well as Erbb2 (Fig.
6],K). Therefore, the Nrg3 ligand and the receptors Erbb2
and Erbb4 are expressed at very early stages of mammary
gland organogenesis, consistent with functional early roles.

Expression patterns of major regulators of
mammary gland organogenesis in the presumptive
mammary region

The precise genetic pathway for mammary gland organo-
genesis has not yet been elucidated, although several
genes (Fgf10, Lef1, Thx3) have been implicated in mam-
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mary gland morphogenesis (van Genderen et al. 1994,
Mailleux et al. 2002; Davenport et al. 2003). We deter-
mined the expression patterns of these genes in both
wild-type and ska mutant embryos. Fgf10 expression
precedes that of Nrg3 in the presumptive mammary re-
gion, with the first appearance of Fgf10 at the 30-somite
stage in the presumptive mammary region (Fig. 7A,B;
Supplementary Fig. 4A). From 30 to 45 somites, Fgf10
expression extends as a line from the forelimb bud to the
level of somite 18 (where bud 3 will subsequently form)
(Fig. 7E; Supplementary Fig. 4C) in the dermamyotome
(Mailleux et al. 2002). Tbx3 expression is also observed
as a line spanning the entire presumptive mammary re-
gion prior to mammary gland morphogenesis from 32- to
45-somite stages in the lateral plate mesoderm (Fig. 7G;
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Figure 5. Nrg3 isoforms expressed in presumptive mammary
region. (A) Tissues were microdissected from the presumptive
mammary region from E11 embryos between 43 and 45 somites
and 46 and 48 somites so that the region spanning where buds
2-4 will form (between somites 11 and 24 of the presumptive
mammary region) were isolated. (FL) Forelimb bud; (HL) hind-
limb bud. (B) Differential expression of Nrg3 was observed in
the lateral plate mesoderm and overlying ectoderm isolated
from the A/J strain compared with that isolated from B6. Quan-
titative real-time RT-PCR was used to determine the level of
Nrg3 expressed in the presumptive mammary region. The table
shows the relative number of transcripts encoding Nrg3 iso-
forms containing the Egf domain after normalization to Gapdh.
(C) Summary of Nrg3 transcription in the mammary region as
determined by qRT-PCR and WMISH. (+) Nrg3 transcript levels
at future bud sites; (-) no detectable Nrg3 transcripts at site (as
determined by WMISH); (X) hypoplastic bud. Numbers denote
buds that are morphologically distinct; these transcripts are
post-specification. The region of tissue used for analysis in A is
boxed.

Supplementary Fig. 4B). Fgf10 and Thx3 expression pat-
terns appear similar in ska mutants and wild-type em-
bryos at stages prior to mammary bud formation (Fig.
7C,FH). Lefl and Wnt10b expression is altered in ska
mutants, with decreased or absent expression at bud 3
and ectopic expression associated with supernumerary
buds (Figs. 1, 71]; Supplementary 4D).

Mammary gland specification gene

Ectopic mammary buds form when Nrg3-soaked beads
are placed adjacent to the dense mesenchyme along
the mouse ‘mammary line’

A functional developmental assay was used to investi-
gate whether Nrg3 could induce the expression of mam-

Figure 6. Erbb4 expression in the presumptive mammary re-
gion. (A-F) Expression of Erbb4 in the presumptive mammary
region of E11.0, E11.5, and E12.5 (B6) embryos. Whole mounts of
embryos were subjected to in situ hybridization with digoxi-
genin-labeled Erbb4 probes. Numbers denote the positions of
the mammary gland anlage. (FL) Forelimb bud; (HL) hindlimb
bud. The site of presumptive mammary bud 3 (at somite 18) is
boxed and of bud 4 (at somite 24) is indicated by an arrow in
embryos where mammary buds are not yet morphologically dis-
tinct. Mammary bud 3 is boxed and indicated by “3” in embryos
where this bud is morphologically distinct. (A-F) Erbb4 tran-
script distribution in the presumptive mammary region. (A)
E10.75: A 40-somite-stage embryo with a comet of Erbb4 ex-
pression underlying the future site of number 3 mammary
gland. (B) Higher magnification of A at the level of somite 18.
(C)E11.5: A 46-somite-stage embryo, showing Erbb4 expression
in the dermal mesenchyme underlying the area where buds 3
and 4 will subsequently form. (D) Higher magnification of C at
the level of somite 18. E. A vibratome sagittal section (60 pm) of
mammary bud 4 in the embryo shown in C showing Erbb4
expression in the mesenchyme underlying the future site of
mammary bud 4. (F) E12.5: A 53-somite-stage embryo showing
Erbb4 expression in mammary buds 2, 3, and 4. Magnified in-
sets are adjacent to the mammary buds. (G) Vibratome cross-
section (60 pm) of mammary bud 3 in the embryo shown in E
showing Erbb4 expression in the outer epithelial layer of the
mammary bud. (H-K) Expression of Erbb2 and Erbb4 in the
mammary region at E12.5-E13. (H) E12.5: A section from 54-
somite-stage embryo showing Erbb2 expression in the mam-
mary anlage 1 epithelia and underlying mesenchymal cells and
the adjacent epithelia. (I) E12.5: A section from a 54-somite-
stage embryo showing Erbb4 expression in the mammary anlage
1 and adjacent epithelia. (/) E13.0: A section from 60-somite-
stage embryo showing Erbb2 expression in the mammary bud 4
and adjacent epithelia. (K) E13.0: A section from 60-somite-
stage embryo showing Erbb4 expression in the mammary bud 4
and adjacent epithelia.
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Figure 7. Expression patterns of major regulators of mammary
gland organogenesis in A/J and B6 strains of mice as determined
by whole-mount in situ hybridization. Arrows indicate end of
mammary line expression at the edge of somite 18. Boxed areas
indicate mammary line expression between limb buds. (FL)
Forelimb bud; (HL) hindlimb bud. Fgf10 expression in the pre-
sumptive mammary region of a B6 33-somite-stage embryo (A),
the mammary line from B6 33-somite-stage embryo shown in A
(B), an A/J 32-somite-stage embryo (C), the mammary line from
A/] 32-somite-stage embryo shown in C (D), a B6 46-somite-
stage embryo (E), and an A/] 46-somite-stage embryo (F). Thx3
expression in the presumptive mammary region of a B6 42-
somite-stage embryo (G) and an A/J 40-somite-stage embryo (H).
Wnt10b expression in the presumptive mammary region of a
B6 50-somite-stage embryo (I) and an A/] 52-somite-stage em-
bryo (]).

mary epithelial bud markers. We purified recombinant
Nrg3 from an insect cell expression system and demon-
strated that it was able to stimulate phosphotyrosine for-
mation in MCEF7 cells (data not shown). Embryonic ex-
plant culture experiments of E10 and E11 B6 embryos
were carried out using agarose beads soaked in either
recombinant Nrg3 or EGF or Heregulin-1B; these were
placed along the ventral surface of E10 and E11 B6 em-
bryos. Remarkably, Nrg3, but not the related factors EGF
and Heregulin-1B, induced ectopic expression of the epi-
thelial mammary bud marker Lef1 as well as a morpho-
logical bud when placed below the surface of the ventral
ectoderm along the presumptive “mammary line” (Fig.
8; Supplementary Fig. 5). Ectopic mammary buds only
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form when Nrg3-soaked beads are placed adjacent to the
dense mesenchyme along the mouse “mammary line”,
an entity that has been identified in mouse by molecular

Figure 8. Nrg3 can induce ectopic mammary gland bud forma-
tion and Lef1 expression in cultured mouse embryos. Numbers
denote the positions of the mammary gland anlage that have
formed during the culture period. (FL) Forelimb bud; (HL) hind-
limb bud. (A) Whole-mount in situ hybridization with a Lef1
anti-sense probe of a B6 embryo implanted (at the 41-somite
stage) with an Nrg3-soaked bead and cultured for 24 h. The bead
was implanted along the “mammary line” between the sites
where buds 3 and 4 will subsequently form. The boxed area
highlights the ectopic bud that has formed adjacent to the im-
planted bead and is indicated by the circled area in the magni-
fied inset. (B) Paraffin section through an Nrg3-soaked bead
shown in A shows that Lef1 expression is confined to the ecto-
pic bud. (C) Hematoxylin-stained section through an Nrg3-
soaked bead shown in A shows the location of the ectopic bud.
(D) Higher magnification of C. Black arrows indicate the dense
mesenchyme adjacent to the ectopic bud. (E) Sagittal hematoxy-
lin-stained section through a B6 embryo implanted (at the 42-
somite stage) with an Nrg3-soaked bead and cultured for 24 h.
The bead was implanted along the “mammary line” between
the sites where buds 2 and 3 will subsequently form. The aster-
isk indicates the location of the bead. An arrow indicates the
location of the ectopic bud. (F) Higher magnification of E. Ar-
rows indicate the dense mesenchyme observed in wild-type (B6)
mice along the putative mammary line.



marker (Fgf10, Tbx3, and Wnt10b) expression (Fig. 7A-F;
Supplementary Fig. 5A-F; Mailleux et al. 2002; Eblaghie
et al. 2004; Veltmaat et al. 2004). We observed condensed
mesenchyme that the nascent mammary buds abut,
similar to dense mesenchyme that has been previously
described by Balinsky (1949-1950) underlying the milk
line as it forms in the rabbit, in E11.0 B6 embryos in
histological sections (Fig. 9). We observe both endog-
enous and ectopic mammary buds forming adjacent to
this line of condensed mesenchyme after 24 h of culture
(Figs. 8-10; Supplementary Fig. 5). We have not observed
any difference in responses to Nrg3-soaked beads im-
planted at various positions along the anterior—posterior
axis of this line (Fig. 8; Supplementary Fig. 6). Nrg3-
soaked beads implanted in locations outside of the lat-
eral plate such as the head did not result in ectopic mam-
mary bud marker expression (data not shown). We have
also implanted Nrg3- and BSA-soaked beads into the
BAT-gal reporter mouse strain (which contain a lacZ
gene under the control of B-catenin/T cell factor [TCF]
responsive elements) (Maretto et al. 2003) and shown by
X-gal staining on whole-mounted embryos that TCF ac-
tivity is increased by implantation with Nrg3-soaked
beads when compared with BSA-soaked beads (Supple-
mentary Fig. 6). Consistent with a previous study of ca-
nonical Wnt signaling in the mammary region prior to
bud formation, we observed X-gal expression in both the
surface epithelium and underlying mesenchyme of BAT-
gal mice (Supplementary Fig. 6; Chu et al. 2004). Fur-
thermore, both epithelial and mesenchymal expression
of X-gal is increased along the mammary line adjacent to
implanted Nrg3-soaked beads (Supplementary Fig. 6).
These results indicate that Nrg3 is sufficient, in the
context of lateral plate mesoderm, for mammary gland
specification. Nrg3-soaked beads implanted into A/J em-
bryos can also induce ectopic mammary bud marker ex-
pression and a histological bud both adjacent to the site
of bud 3, and at other locations along the presumptive
“mammary line” (Fig. 10). This suggests that the ecto-
derm in ska mutant mice is competent to respond to the
signal provided by localized Nrg3 expression and the ska

Figure 9. Dense “mammary line” mesenchyme is observed in
wild-type (B6) mice at sites where mammary buds form. (HL)
Hindlimb bud. (A) Sagittal H&E-stained section of a 46-somite
B6 embryo. Numbers denote mammary buds 3 and 4. (B) Mag-
nification of A around bud 3. Arrows indicate the dense mes-
enchyme at the sites where mammary buds form. (C) Magnifi-
cation of A around bud 4. Arrows indicate the dense mesen-
chyme at the sites where mammary buds form.

Mammary gland specification gene

phenotype (absent or hypoplastic gland) is due to a re-
duction in Nrg3 expression in lateral plate mesoderm.

Discussion

Genetic analysis indicates Nrg3 maps to the ska locus

Genetic analysis delimited an interval within which
only a microsatellite sequence varies between wild-type
and ska mice. Although we have not yet determined the
mechanism by which the sequence change within intron
7 of Nrg3 alters gene expression, similar sequence alter-
ations have been suggested to cause aberrant expression
of other genes (Chiba-Falek et al. 1998; Gebhardt et al.
1999; Suzuki et al. 2003; Buerger et al. 2004). We have
correlated the presence of this microsatellite sequence
variant with the observation of the ska mutant pheno-
type in several other inbred strains of mice, further sup-
porting this genotype/phenotype association. Taken to-
gether, our genetic, gene expression, and functional data
strongly suggest that ska is an allele of Nrg3 that results
in altered expression of the gene.

Regionally reduced expression of Nrg3 occurs
in the presumptive mammary region of ska mice

There is decreased expression of Nrg3 in the presumptive
mammary region where buds 2, 3, and 4 will subse-
quently form in ska mice, as determined by quantitative
RT-PCR of microdissected lateral plate mesoderm and
overlying ectoderm from the presumptive mammary re-
gion (Fig. 5B). We propose that a decreased expression of
spatially specific Nrg3 isoforms is the cause of mammary
gland abnormalities in ska mice. The decreased expres-
sion of Nrg3 is more pronounced at developmental stages
(43-45 somites) slightly prior to when the mammary
buds 3 and 4 become morphologically distinct (Fig.
5B,C). Mammary bud 3, which forms first, is the most
severely affected bud. At slightly later developmental
stages (46-48 somites) when the first pairs of buds (3 and
4) are morphologically distinct, Nrg3 levels are also de-
creased but to a lesser extent such that bud formation
proceeds relatively normally in the later-forming buds
(Fig. 5B,C). The reduced levels of localized Nrg3 expres-
sion in the lateral plate mesoderm and the resulting fail-
ure to form mammary bud 3 in ska mice suggests that
Nrg3 is a specification signal for bud formation. We sug-
gest that the failure of normal specification of the future
mammary cells is due to insufficient levels of Nrg3 in
the presumptive bud 3 region. Local expression of Nrg3
around the other future bud sites is presumably not suf-
ficiently altered to prevent overt changes to their speci-
fication in ska mutants. However, we have observed
subtle phenotypic alterations (variable size and position)
associated with the other mammary buds in ska mutant
mice, suggesting involvement of Nrg3 signaling in their
specification. The mis-specification of cells in the region
near bud 4 causing misplaced and ectopic gland forma-
tion may be a consequence of the failure of bud 3 forma-
tion and/or altered Nrg3 expression surrounding the fu-
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Figure 10. Nrg3 can induce ectopic mammary gland
bud formation and Lefl expression in cultured A/J
mouse embryos. Numbers denote the positions of the
mammary gland anlage, which have formed during the
culture period. (FL) Forelimb bud; (HL) hindlimb bud. (A)
Whole-mount in situ hybridization with a Lefl anti-
sense probe of an A/] embryo implanted (at the 40-so-
mite stage) with two Nrg3-soaked beads and cultured for
24 h. The beads were implanted along the “mammary
line” between the sites where buds 3 and 4 will subse-
quently form. The boxed area highlights the ectopic bud
that has formed adjacent to the implanted beads and is
indicated by arrowheads in the magnified inset. (B) Sag-
ittal hematoxylin-stained section through the A/J] em-
bryo shown in A. The asterisks indicate the locations of
the beads. An arrow indicates the location of the ectopic
bud. This bud spans the anterior—posterior axis that the
two beads span and is either larger than a normal bud or
the result of the fusion of two nascent buds. (C) Higher
magnification of B. Arrows indicate the dense mesen-
chyme along the putative mammary line, but in ska (A/])
mice this has a more disorganized appearance. (D)
Whole-mount in situ hybridization with a Lefl anti-
sense probe of a 41-somite-stage A/] embryo implanted

at the level of somite 20 with an Nrg3-soaked bead and cultured for 24 h. (E) A sagittal hematoxylin-stained section through the A/J
embryo shown in D. The asterisk indicates the location of the bead. An arrow indicates the location of the ectopic bud. (F) Higher
magnification of E. Arrows indicate dense “mammary line” mesenchyme.

ture bud 4 site. It is possible that the specification of the
mammary line is itself defective in ska mutant mice.
The dense mammary mesenchyme appears less orga-
nized in ska strains when compared with B6 mice (Figs.
8-10). However, expression of Fgf10 and Thx3, mesoder-
mal mammary line markers, appears normal in ska mu-
tants (Fig. 7A-H). It is also possible that Nrg3 is acting to
transmit signals from Fgf10 and/or Tbx3 to the precursor
mammary epithelial cells (which appear to express
Wnt10b) (Chu et al. 2004; Veltmaat et al. 2004) and that
aberrant Nrg3 signals result in abnormalities in placode
formation off the mammary line.

Genetic pathways that regulate early mammary
gland morphogenesis

The EGF-receptor superfamily member Erbb4, which is
the receptor for Nrg3, is also expressed in the presump-
tive mammary region (Fig. 6; Zhang et al. 1997). There-
fore, the expression patterns of both the ligand Nrg3 and
its cognate receptor Erbb4 are consistent with a func-
tional role in mammary gland organogenesis. These two
genes are the earliest yet described that are locally ex-
pressed in the mesenchyme underlying the future site of
mammary buds. Mouse models have established that
Erbb4 signaling via Erbb4 homodimers is essential for
normal terminal differentiation in the post-natal mam-
mary gland (Long et al. 2003; Tidcombe et al. 2003). As
mice lacking Erbb4 do form mammary buds, it is likely
that Nrg3 can signal in the absence of Erbb4 homodimers
through other Erbbs to specify the embryonic mammary
buds. It is of note that Erbb2 is also expressed during
early stages of mammary gland morphogenesis (Fig. 6H).
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This complex and interrelated network may normally
elicit mammary specification through the Nrg3/Erbb4
axis, but the inherent redundancy of its signaling capaci-
ties is likely to provide alternate means of signaling
(Riese et al. 1995; Falls 2003). It is not yet clear if the
variety of Nrg3 isoforms contribute to signaling diversity
by eliciting distinct biological responses but this is an
intriguing possibility.

Knockout studies show that both Fgf10 and Thx3 are
required for bud formation (Mailleux et al. 2002; Daven-
port et al. 2003). The genetic hierarchy of Fgf10 and Thx3
remains to be elucidated, but the severity of the pheno-
type when either is absent indicates that they are both
upstream of Nrg3, which is expressed later and in a spa-
tially restricted manner in the presumptive mammary
region (Fig. 3; Supplementary Fig. 4C). Both Fgf10 and
Tbx3 expression is normal in ska mutants (in stages
prior to mammary bud formation as assessed by WMISH)
(Fig. 7A-H). The exact role of Fgf10 and Thx3 in mam-
mary gland morphogenesis remains to be clarified (van
Genderen et al. 1994; Davenport et al. 2003). In contrast
to Fgf10, Thx3 is also expressed in the bud proper once
the mammary buds have initially formed (Davenport et
al. 2003). Lef1-deficient mice can form mammary buds
and as both Lef1 and Wnt10b expression is altered in ska
mutants, (Figs. 1, 71,]; Supplementary Fig. 4D), it is likely
that Nrg3 is upstream of both of these genes. BAT-gal
reporter gene expression is increased in the epithelia and
mesenchyme adjacent to implanted Nrg3-soaked beads
in cultured explanted embryos, indicating that Wnt sig-
naling can be induced by Nrg3 (Supplementary Fig. 6).
Although canonical Wnt signaling is required for mam-
mary gland inductive events, it is not yet known which



Wnts are involved and whether the epithelial or mesen-
chymal Wnts are required for mammary gland initiation
(Andl et al. 2002; Chu et al. 2004).

The five pairs of mammary glands have inherent dis-
tinctive genetic differences in mouse. Mammary bud 4 is
genetically distinct, as both Fgf10 and Fgfr2b null mice
fail to form all buds (buds 1, 2, 3, and 5) except for bud 4
(Mailleux et al. 2002). Buds 3 and 5 (which form first and
last, respectively) are reported to be absent in GIi3~/~
mice (Mailleux et al. 2002). Buds 4 and 5 are initially
connected and it would appear that LefI and Wnt10b-
expressing cells migrate as a line from bud 4 to bud 5
(Figs. 1C-E, 7L]). It remains to be determined whether
the five pairs of mammary buds develop independently
of one another or if any type of developmental cascade
exists. Our observations suggest that lack of bud 3 for-
mation does not preclude formation of subsequent
glands. However, as we often observe unusual placement
of the other (later-forming) buds, it is possible that these
aberrations are a direct consequence of the abnormal
specification of mammary bud 3.

Ectopic mammary buds form adjacent to Nrg3-soaked
beads when placed along the ‘mammary line’
mesenchyme

Mammary epithelial buds often form adjacent to Nrg3-
soaked beads (Figs. 8, 10; Supplementary Fig. 6). Ectopic
mammary buds only form when Nrg3-soaked beads are
placed adjacent to the dense mesenchyme along the
mouse “mammary line”. Previously both light and scan-
ning electron microscopy have failed to detect a morpho-
logical mammary line in the mouse, although a histo-
logical ridge has recently been described (Veltmaat et al.
2004). In E11.0 B6 embryos, we have observed condensed
mesenchyme that the nascent mammary buds abut,
similar to the dense mesenchyme that has been previ-
ously observed histologically by Balinsky (1949-1950)
underlying the milk line as it forms in the rabbit (Fig. 9).
Both endogenous and ectopic mammary buds form adja-
cent to this line of condensed mesenchyme after 24 h of
culture (Figs. 8-10; Supplementary Fig. 6). In addition,
we have demonstrated an increase in TCF activity in
explanted embryos implanted along the presumptive
mammary line with Nrg3-soaked beads (Supplementary
Fig. 6). This suggests that Nrg3 increases Wnt signaling
in both mesenchymal and epithelial cells in the pre-
sumptive mammary region. Although it has been dem-
onstrated that mammary induction requires Wnt signal-
ing, it is not yet clear which particular Wnt(s) are re-
quired or how localized canonical Wnt signaling is
achieved (Chu et al. 2004). It is possible that Nrg3 is
acting to induce localized Wnt signaling along the mam-
mary line or to prime cells in the presumptive mammary
region to respond to Wnt signals. Mammary buds are
thought to form from the localized migration of epithe-
lial cells (Propper 1978); it is not yet clear where these
epithelial cells come from or how this rapid response is
achieved. Fgf, Tbx, Wnt, and Nrg3/Erbb4 signals are ex-
pressed in the presumptive mammary region at the time
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when inductive processes should occur. Erbb4 signaling
can regulate neural progenitor migration and placement
in the adult forebrain (Anton et al. 2004) and it is pos-
sible that Nrg3 signaling may act by influencing the mi-
gration of the precursors to mammary epithelial cells.

It has been suggested that the initiating signal for
mammary gland formation is mesenchymal (Propper and
Gomot 1967; Cunha et al. 1995; Cunha and Hom 1996)
and the properties of Nrg3 suggest it as a strong candi-
date for mediating this signal. Both hypoplastic and ec-
topic glands should be the result of aberrations during
the initial mesenchymal-epithelial signal exchanges.
Variable mammary gland phenotypes, with both absent
and ectopic glands, may reflect the sensitivity of mam-
mary morphogenesis to local levels of growth factors, as
have been described in the human ulnar mammary syn-
drome (UMS) (Bamshad et al. 1997). The presumptive
mammary region in the mouse appears extremely sensi-
tive to variation in local levels of Nrg3, in a manner
similar to that observed with respect to the effects of
TBX3 haploinsufficiency within UMS families.

The expression pattern of Nrg3 as the gland develops
(both embryonically and post-natally) also suggests that
this factor might provide a means of signaling that is
maintained beyond very early gland development. Nrg3
has the ability to direct precursor epithelial cells to be-
come mammary epithelial cells presumably by defining
or specifying a mammary stem cell population. Nrg3 can
regulate cell fate decisions, which may have implica-
tions for the growth of mammary stem cells in vitro or in
tissue engineering. In addition, Bell’s approach (Bell
1898) to increase mammary gland number by classical
genetic selection methods may now be possible using
transgenic Nrg3 expression. Supernumerary nipples in
humans are common and it has been estimated that
these may be present in as many as one in 18 people
(Schmidt 1998). Misregulation of Neuregulin signaling
may be responsible, in part, for this phenomenon. Fi-
nally, components of the Neuregulin signaling network,
such as ERBB2 (the preferred heterodimerization partner
for ERBB4) (Graus-Porta et al. 1997) and EGFR, have im-
portant clinical relevance in breast cancer (Salomon et
al. 1995; Bieche et al. 2003; Lynch et al. 2004; Paez et al.
2004). NRG3 is expressed in some breast cancers (Dunn
et al. 2004) and its role in tumorigenesis needs to be
explored further.

Materials and methods

Genetic and physical mapping

ska has been previously described and characterized (Howard
and Gusterson 2000a,b). Genomic DNAs from the AXB/BXA
recombinant inbred mice were purchased from the Jackson
Laboratories. PCR genotyping was done by standard protocols
(Sambrook et al. 1989). B6 genomic sequence was obtained from
the Mouse Genome Sequencing Consortium, Mouse Assembly
3 February 2002, freeze (Waterston et al. 2002) and by directly
sequencing BAC clone RP24-199A21, which spans the ska criti-
cal region. To obtain DNA sequence from the A/J strain, a bac-
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teriophage \ library from A/] genomic DNA was prepared and
screened by hybridization with probes corresponding to nucleo-
tides 1242-1850 and 1923-2538 of GenBank accession no.
NM_008734 (Nrg3). Three A/J \ clones (A, B, C on Fig. 2) were
directly sequenced. An A/] BAC library CHORI-27 gridded on
filters (BACPAC Resource Center) was screened with an Nrg3
probe corresponding to exon 10, and three BAC clones (2G18,
2H17, and 8M5) spanning the ska critical region were se-
quenced. Additional A/] DNA sequences were obtained from
the Celera mouse genome database.

cDNA sequencing

Reverse transcription with oligo(dT) was performed with Ther-
moscript (Invitrogen) on total RNA isolated from whole em-
bryos or from microdissected tissue. Gene-specific primers were
used to amplify cDNA using PCR. PCR products were directly
sequenced or subcloned into pTOPO4 (Invitrogen) and se-
quenced.

Quantitative real-time RT-PCR

Tissues from the presumptive mammary region of E11-E11.5
embryos were microdissected spanning the level of somites 11—
24. Five micrograms of total RNA was reverse-transcribed using
Thermoscript (Invitrogen). One microliter of the cDNA ob-
tained was subjected to quantitative real-time amplification on
the ABI 7700 Sequence Detector using the TagMan universal
PCR Master Mix (ABI). Primer sequences used were Nrg3F, TT
GTGATTGAGACCCTGACAGG; Nrg3R, GGCTACCAAGG
AGTCCGTTG.

Amplification cycles consisted of an initial 2 min at 50°C,
and then 10 min at 95°C, followed by 40 cycles of 15 sec at 95°C
and 1 min at 60°C. Analysis was performed using ABI Prism
Sequence Detector System (version 1.7) software. Reactions
lacking reverse transcriptase were performed to control for ge-
nomic DNA amplification. Relative standard curves for both
genes were obtained by performing twofold dilutions of a cDNA
pool. The relative concentrations were normalized to the Ro-
dent glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (ABI)
levels. Fold changes were obtained of A/J relative to B6 samples.
Each experiment was repeated using two independent sources of
RNA, and within each experimental repeat, amplifications were
performed in triplicate. Relative expression of the gene was cal-
culated. The average fold-change ratio and the standard error of
the mean were determined.

Tbx3 levels were also determined by semiquantitative RT-
PCR as a dissection control to assess microdissection of lateral
plate mesoderm and overlying ectoderm. cDNAs used in qRT-
PCR experiments were analyzed for Thx3 mRNA. A 0.5-uL por-
tion of each cDNA was used as a template in PCR containing
0.3 uM of each primer, 2.25 mM MgCl,, 0.5 mM of each ANTP,
and 2.5 U of Expand long template enzyme mix (Roche). The
amplification conditions were 92°C for 2 min, followed by 25
cycles of 10 sec at 92°C, 30 sec at 65°C, 3 min at 68°C, and a
final step of 7 min at 68°C. The following primers were used to
amplify part of the Thx3 coding region: Tbx3F, AAGCGAT
CACGCAACGTGGCA; Tbx3R, TGCCATTGCCAGTGTCTC
GAA. As a control, Gapdh was amplified in parallel.

Whole-mount in situ hybridization

Mouse embryos were from timed B6 or A/] matings. In situ
hybridization protocols were as described (Wilkinson and Nieto
1993). Digoxigenin-labeled sense and anti-sense RNA was syn-
thesized following standard protocols (Roche). Probes were gen-
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erated from plasmids containing mouse Lef (nucleotide posi-
tions 1777-2385 of GenBank accession no. NM_010703), Fgf10
(nucleotide positions 266-926 of GenBank accession no.
NM_008002), Thx3 (nucleotide positions 3390-4230 of Gen-
Bank accession no. NM_011535), and Wnt10b (nucleotide posi-
tions 263-2030 of GenBank accession no. NM_011718). Five
Nrg3 probes (corresponding to nucleotides 1-680, 1242-1850,
1923-2538, 827-1321 for exons 2-3, and 1435-1922 of GenBank
accession no. NM_008734) were generated. All Nrg3 anti-sense
probes gave similar results and sense probes gave no specific
signal (data not shown). An Erbb4 anti-sense probe correspond-
ing to nucleotides 558-1527 of GenBank accession no.
XM_136682 was generated. A sense probe gave no specific sig-
nal (data not shown).

Immunohistochemistry

Sections from Carnoy’s-fixed time-mated B6 mouse embryos
were incubated with primary antibodies overnight at room tem-
perature. Rabbit polyclonals Erbb2 (C-18, Santa Cruz), Erbb4
(C-18, Santa Cruz), Nrg3 (Orbigen), and Nrg3 (Abgent) and goat
polyclonal Nrg3 (R&D Systems) were used. Antibody dilutions
were Erbb2, 1:300; Erbb4, 1:400; Nrg3 (Abgent), 1:50; Nrg3 (Or-
bigen), 1:350; and Nrg3 (R&D Systems), 1:50. Peroxidase-la-
beled polymer (Envision rabbit, DAKO) was used for detection
of primary antibodies raised in rabbits. Biotin-labeled donkey
anti-goat IgG antibody (Molecular Probes) was used for detec-
tion of the goat antibody using Vector ABC kit (Vector Labs).
3,3' diaminobenzidine was used as chromagen and sections
were counterstained with hematoxylin.

Embryo explant cultures

Recombinant Nrg3 was prepared as described by Hobbs (Hobbs
et al. 2002). The coding region of Nrg3 spanning the two EGF
repeats (Ser284-GIn360) was amplified and subcloned into
pMT-BiP-V5HisB (Invitrogen). S2 Schneider cells were cotrans-
fected with this construct and with pCoHygro. Transfected S2
cells were selected with Hygromycin and were pooled to select
stable cell lines. Cell lines were expanded and grown in serum-
free insect cell media supplemented with 1 mM CuSO, to in-
duce recombinant Nrg3 expression. Nrg3 was purified and con-
centrated by ultrafiltration, dialysis, and chromatography using
Ni? beads.

Affigel blue agarose beads (Bio-Rad) were washed in PBS and
incubated with either BSA (1 mg/mL), Nrg3 (1 mg/mL), EGF (1
mg/mL), or Heregulin-1B (37 pg/mL) solution for 2 h at room
temperature and then overnight at 4°C in siliconized microfuge
tubes. Mouse EGF was obtained from Roche and HRG-1B was
obtained from Upstate. Explant cultures were prepared from A/J
or C57BL/6, or BAT-gal embryos (Maretto et al. 2003) harvested
between E10.5 and E11.5. Beads soaked in protein (EGF, NRG3,
HRG-1B, or BSA) were implanted in the flank of the embryo
along the line where the mammary buds should form. Organo-
typic culture (in FI2/DMEM 1:1 media supplemented with
streptomycin, penicillin, glutamine, and 0.4% BSA [ICN, True
Cohn]) of the embryos proceeded in Falcon 353037 organ cul-
ture dishes for 24 h in a 5% CO, chamber. The embryos were
fixed in 4% paraformaldehyde and processed for whole-mount
in situ hybridization and probed with Lef1 anti-sense and sense
probes. No specific signal was observed surrounding BSA-,
EGF-, or Heregulin-1B-soaked beads when hybridized with ei-
ther Lef1 anti-sense or sense probes. BAT-gal and (B6 x BAT-gal)
explanted embryos were fixed and stained with X-gal (5-bromo-
4-chloro-3-indolyl-D-galactoside) (Hogan et al. 1994). Sections



from BAT-gal embryos were counterstained with nuclear fast
red.
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