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Most mammary gland development occurs after birth under the
control of systemic hormones. Estrogens induce mammary epithe-
lial cell proliferation during puberty via epithelial estrogen recep-
tor � (ER�) by a paracrine mechanism. Epidermal growth factor
receptor (EGFR) signaling has long been implicated downstream of
ER� signaling, and several EGFR ligands have been described as
estrogen-target genes in tumor cell lines. Here, we show that
amphiregulin is the unique EGF family member to be transcrip-
tionally induced by estrogen in the mammary glands of puberal
mice at a time of exponential expansion of the ductal system. In
fact, we find that estrogens induce amphiregulin through the ER�
and require amphiregulin to induce proliferation of the mammary
epithelium. Like ER�, amphiregulin is required in the epithelium of
puberal mice for epithelial proliferation, terminal end buds forma-
tion, and ductal elongation. Subsequent stages, such as side-
branching and alveologenesis, are not affected. When amphiregu-
lin�/� mammary epithelial cells are in close vicinity to wild-type
cells, they proliferate and contribute to all cell compartments of the
ductal outgrowth. Thus, amphiregulin is an important paracrine
mediator of estrogen function specifically required for puberty-
induced ductal elongation, but not for any earlier or later devel-
opmental stages.

ductal morphogenesis � epithelial-stromal cross-talk � paracrine

The mammary gland is the only organ that undergoes most of its
development after birth, with the female reproductive hor-

mones estrogen, progesterone, and prolactin acting as master
regulators (1, 2). During embryogenesis, a rudimentary ductal
system develops that grows isometrically with the rest of the body
during the first weeks of life. At the onset of puberty, when the
ovaries start to secrete estrogens, the ducts extend from the nipple
area into a pad of fatty connective tissue that lies under the skin. The
tips of the ducts enlarge to form club-shaped structures called
terminal end buds (TEBs), which contain highly proliferative cells
(3). The ducts penetrate the fat pad by branching dichotomously.
Subsequently, the complexity of the milk duct system increases with
repeated estrous cycles through the growth of lateral branches.
Side-branching is controlled by progesterone and intensifies during
pregnancy (4). Subsequently, alveoli bud off the ducts and differ-
entiate to become sites of milk production, a process controlled by
prolactin receptor signaling (5).

The epidermal growth factor receptor (EGFR) signaling path-
way has long been implicated in mammary gland development and
human breast cancer (6). EGFR, a member of the ErbB receptor
tyrosine kinase family (7), is activated by members of the EGF-like
family of ligands, including EGF, transforming growth factor �
(TGF-�), amphiregulin, heparin binding-EGF (HB-EGF), beta-
cellulin (BTC), and epiregulin (EPR). These ligands are produced
as transmembrane precursors that are proteolytically cleaved and
shed from the cell surface (8).

A model was long held whereby estrogens acting on ER� in the
stroma induce EGF ligands, which in turn stimulate proliferation of
neighboring epithelial cells during puberty (9, 10). This model was
inspired by early observations that arrest of ductal outgrowth and

disappearance of TEBs seen in mice ovariectomized during puberty
were rescued when 17-�-estradiol was administered locally by
means of slow-release pellets (11, 12). Similarly, pellets releasing
EGF, TGF-�, or amphiregulin were able to induce cell prolifera-
tion, TEB formation, and ductal elongation (13–15). However,
tissue recombination experiments with EGFR-deficient mammary
glands revealed that EGFR is required in the mammary stroma for
ductal morphogenesis rather than in the epithelium (16–18). Fur-
thermore, we recently demonstrated that estrogens drive ductal
elongation via the epithelial estrogen receptor � (ER�) and that
they act by paracrine mechanism mediated by an unknown factor
(19). Here, we identify amphiregulin as the key mediator of ER�
signaling essential for the massive epithelial cell proliferation char-
acteristic of pubertal ductal elongation.

Results
Transcriptional Regulation of EGF Family Members by Estrogens in the
Peripuberal Mammary Gland. We have recently shown that estrogens
induce ductal elongation during puberty acting through the ER� in
the mammary epithelium by a paracrine mechanism. EGFR sig-
naling has been implicated downstream of estrogen signaling in the
mammary gland (6), and several EGF family members, such as
EGF, TGF�, and amphiregulin, are induced by estrogens in dif-
ferent breast cancer cell lines (20–22). To test whether EGF family
members are regulated by estrogen in vivo in the puberal mammary
gland at a time of exponential cell expansion, we mimicked the
beginning of puberty in a controlled fashion. Briefly, mice ovari-
ectomized at 21 days received a single injection of 17-�-estradiol
sufficient to induce TEB formation within 3–4 days (data not
shown). Eight hours after injection, mammary glands were har-
vested, and mRNA expression levels of different EGFR ligands
were measured. Strikingly, expression of EGF, TGF-�, HB-EGF,
BTC, or EPR was not significantly modulated by 17-�-estradiol
administration. Amphiregulin mRNA levels, however, were in-
duced �50-fold (Fig. 1A); they were up-regulated within 4 h of
injection, and expression peaked at 12 h and remained high until it
decreased at 24 h and thereafter (Fig. 1B).

To assess whether this specific regulation by 17-�-estradiol is
physiologically relevant, we compared mRNA expression of EGFR
ligands in mammary glands of 14-day-old prepuberal and 28-day-
old puberal mice; the latter have ovaries that are actively secreting
estrogens, whereas the former produce trace amounts of the
steroid. Again, amphiregulin mRNA is strongly induced, paralleling
increased ovarian estrogen production (Fig. 1C), whereas various
other family members are not induced (Fig. 1D).

To test whether 17-�-estradiol-induced expression of amphiregu-
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lin is mediated by ER�, we stimulated prepuberal ER��/� mice by
using the same protocol as above. At this stage, ER��/� and
wild-type (WT) glands are phenotypically undistinguishable (19).
In the absence of ER�, amphiregulin mRNA did not increase (Fig.
1E). Thus, amphiregulin expression is strongly regulated by 17-�-
estradiol in the puberal mammary gland by ER�-dependent tran-
scriptional activation.

Mammary Gland Development in Amphiregulin-Deficient Mice. Our
finding that estrogens specifically control expression of amphiregu-
lin and not of other EGF family members could provide an
explanation as to why deletion of amphiregulin, but not of TGF�
or EGF, impairs mammary gland development (23). To assess
whether the phenotype is specifically linked to estrogen action, we
analyzed mammary glands of amphiregulin�/� and their WT
littermates at critical developmental stages by whole-mount
microscopy.

At birth, mutant and WT mammary glands were indistinguish-
able (data not shown). Similarly, in both genotypes, the rudimen-
tary ductal systems grew isometrically until puberty (Fig. 2 A and
B) with comparable numbers of branching points (Fig. 2G). TEBs
developed in glands of 6-week-old WT females, whereas the ductal
tips did not enlarge in amphiregulin�/� glands (Fig. 2 C and D). At
3 months of age, the WT glands were fully arborized and side-
branching occurred, whereas amphiregulin�/� glands still displayed
a rudimental ductal tree (Fig. 2 E and F). These observations were
consistent with amphiregulin acting downstream of estrogen sig-
naling during puberal development. However, it was conceivable
that the inability to grow at puberty was secondary to a structural
defect acquired before this stage. To address this concern, we

analyzed prepuberal glands histologically and performed immu-
nostainings for smooth muscle actin � (SMA�), a marker of
myoepithelial cells. At 24 days, in both WT and amphiregulin�/�

mice, the luminal and myoepithelial layers were intact (Fig. 2 H and
I). Thus, at least histologically, hormone-independent mammary
development is normal. Histological analysis of mammary glands
from 26-day-old mice revealed that in amphiregulin�/� females,
ductal tips failed to enlarge, whereas TEBs formed in the WT
littermates (Fig. 2 J and K).

During pregnancy, the rudimentary ductal system of the amphi-
regulin�/� mice, notwithstanding its limited expansion, still under-
went side-branching and alveologenesis to an extent comparable to
WT littermates (Fig. 2 L and M). Histological analysis revealed
distended alveoli containing lipid droplets as seen in WT glands at
this stage (Fig. 2 N and O). Strikingly, we never observed a
completely filled fat pad, even after 12 pregnancies (Fig. 2P). Thus,
amphiregulin is specifically required for estrogen-induced ductal
elongation during puberty, but not for the preceding or later stages
of mammary gland development, including side-branching, alve-
ologenesis, or milk production.

The Role of Amphiregulin in Mediating Estrogen-Induced Proliferation
and TEB Formation. The observation that puberal outgrowth is
completely blocked in the absence of amphiregulin, together with
the finding that this growth factor is transcriptionally regulated by
estrogen in the mammary gland, suggested that amphiregulin
mediates estrogen function during puberty. To test this directly, we
stimulated ovariectomized amphiregulin�/� and WT females with
17-�-estradiol and monitored proliferation and TEB formation
over 4 days. In WT glands, proliferation assessed by BrdU incor-
poration was detected 24 h after 17-�-estradiol stimulation (Table
1) and peaked at 48 h, with 31 � 6.7% of the epithelial cells
incorporating BrdU (Fig. 3B). Amphiregulin�/� glands analyzed at
48 h did not show any increase in BrdU incorporation more than
unstimulated glands (Fig. 3A, Table 1), but cells in the inguinal
lymph nodes showed BrdU incorporation (Fig. 3A Inset), validating
the BrdU administration. Similarly, 26-day-old amphiregulin�/�

mice did not display more proliferation than 14-day-old mice (Fig.
3C), whereas WT glands displayed 18.78 � 4.6% of BrdU-positive
cells (Fig. 3D). Four days after 17-�-estradiol injection, numerous
TEBs developed in the WT glands but not in amphiregulin�/�

glands (data not shown). Thus, amphiregulin is required for estro-
gen-induced epithelial proliferation in peripuberal mice, and in the
absence of amphiregulin estrogen-induced proliferation and TEB
formation are completely abolished.

To exclude the possibility that estrogen-dependent proliferation
is impaired in amphiregulin�/� glands because of altered ER�
expression and/or downstream signaling, we determined the recep-
tor status in the mutant glands by immunohistochemistry. Amphi-
regulin�/� and WT glands displayed comparable ER� expression
in 24-day-old mice (data not shown). Moreover, glands of both
genotypes showed similar inductions of the estrogen-target proges-
terone receptor in response to 17-�-estradiol stimulation (data not
shown), indicating that ER� signaling remains intact in amphiregu-
lin�/� mammary glands.

The Role of Amphiregulin in the Mammary Epithelium. To determine
to what extent the mammary phenotype of the amphiregulin�/�

mice is attributable to mammary epithelial amphiregulin, we per-
formed mammary gland recombination experiments by using tissue
from amphiregulin�/� and WT littermates. In 3-week-old mice, the
inguinal glands can be cleared of endogenous epithelium by surgi-
cally removing the nipple-near half that contains the rudimentary
ductal system. Mammary epithelial cells that are introduced into
the remaining ‘‘cleared’’ fat pad will give rise to a new ductal system.
They can grow out from a piece of breast tissue that is implanted
(24) or from single-cell suspensions injected into the fat pad (25).
A caveat of this experimental approach lies in the possibility that

Fig. 1. Regulation of EGFR ligands’ expression by estrogens. Quantitative
RT-PCR analysis of mammary gland mRNA for amphiregulin and other EGFR
ligands normalized to keratin 18. (A and B) Mice ovariectomized before
puberty were injected with either vehicle (open bars) or 17-�-estradiol (filled
bars) and analyzed either for EGFR ligand expression 8 h later (A) or for
amphiregulin over 48 h (B). (C and D) Mammary glands of 14- to 28-day-old
mice were analyzed for amphiregulin expression (C) or for EGFR ligand
expression (14- and 21-day-old females, open and filled bars, respectively) (D).
Bars report the mean values obtained from three different mice. Error bars
indicate standard deviation. Relative increase refers to control treated (A and
B) or to the 14-day-old mice (C and D). (E) RT-PCR analysis of amphiregulin and
keratin 18 expression in glands from ovariectomized WT and ER��/� mice 6 h
after administration of 17-�-estradiol (�) or vehicle (�).
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endogenous epithelium can be inadvertently left behind and com-
pete with the grafted epithelium for fat pad reconstitution. To
circumvent this problem, we crossed the mutant amphiregulin allele
into a transgenic strain that ubiquitously expresses GFP. By grafting
GFP-positive donor tissue into GFP-negative hosts, we can readily
distinguish the grafted from endogenous epithelium. Furthermore,
this approach ensured that we engrafted comparable amounts of
epithelium on both sides; we prepared pieces of donor tissue under
UV illumination before implanting. The engrafted glands were
analyzed 2–4 months later by whole-mount microscopy. Amphi-
regulin�/� epithelial grafts exhibited no outgrowth (Fig. 4A),
whereas the WT counterpart filled the fat pad (Fig. 4B). Impor-

tantly, in contrast to ER��/� epithelial grafts that remained rudi-
mentary during pregnancy, amphiregulin�/� epithelia underwent
side-branching and alveologenesis (data not shown), resulting in
increased fat pad filling (Table 2). Thus, amphiregulin, like ER�, is
required for ductal outgrowth during puberty in the mammary
epithelium. However, amphiregulin�/� epithelial cells can still
proliferate and differentiate in response to progesterone and
prolactin.

Generation of Amphiregulin�/� and WT Chimeric Epithelia. To assess
whether amphiregulin mediates estrogen-induced proliferation in
an autocrine/cell autonomous or paracrine fashion, we created
mosaic mammary epithelia containing both WT and amphiregu-

Fig. 2. Developmental analysis of amphiregulin�/� mammary glands. (A–F) Whole-mount micrographs of inguinal glands from amphiregulin�/� (A, C, and E)
and WT (B, D, and F) females were analyzed at the following developmental stages: day 24 (A and B), 6 weeks (C and D), 3 months (E and F). (Scale bars: A–F,
5 mm; A�–F�, 1 mm.) Micrographs are representative of glands from 12 mice analyzed per time point. (G) Number of branching points in inguinal mammary glands
of 24-day-old amphiregulin�/� (filled bar, n � 6) and WT (open bar, n � 7) females. (H and I) Histological sections of mammary glands from 24-day-old
amphiregulin�/� and WT mice stained by immunohistochemistry with an anti-SMA� antibody to highlight the myoepithelial cells (brown) counterstained with
hematoxylin. H&E (J and K) staining of paraffin sections from 6-week-old amphiregulin�/� (J) and WT (K) glands. (Scale bar: 50 �m.) (L and M) Whole-mount
micrographs of amphiregulin�/� (L) and WT (M) glands at 16.5 days of pregnancy. (N and O) Histological sections of amphiregulin�/� (N) and WT (O) mammary
glands at 18.5 days of pregnancy. (P) Whole-mount micrograph of gland from an amphiregulin�/� female after 12 pregnancies.

Table 1. Epithelial cell proliferation in amphiregulin�/� mammary glands

Control, %

E

14 d, % 26 d, %24 h, % 48 h, %

Amphiregulin�/� 0.4 � 0.12 / 0.2 � 0.14 0.2 � 0.15 0.4 � 0.13
WT 0.36 � 0.17 3.5 � 1.7 31 � 6.7 0.3 � 0.12 18.78 � 4.60

The percentage of cells staining positive for BrdU in mammary glands from amphiregulin�/� and WT mice that
were ovariectomized at puberty and treated with 17-�-estradiol (E) or vehicle (control) for 24 or 48 h, and intact
mice analyzed when they were 14 or 26 days old. More than 1,000 cells were counted on at least one section from
three different mice. /, not analyzed.
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lin�/� cells. The cells of the two distinct genotypes were derived
from mice carrying additionally either a GFP or LacZ transgene,
allowing us to discriminate between mutant and WT cells. Of 68
successfully engrafted glands with a 1:1 mixture, 31 were composed
of both cell populations (Fig. 5 A and B), whereas 37 were
composed of WT cells only. As expected, no outgrowth was found
to contain only amphiregulin�/� cells. Histological analysis of
glands engrafted with amphiregulin�/� LacZ� and WT cells re-
vealed that amphiregulin�/� cells, identified by X-gal staining, are
present among both cap and body cells of the TEBs (Fig. 5 C and
D, arrows). Immunostainings for GFP on glands reconstituted with
amphiregulin�/� GFP� and WT cells showed that amphiregulin�/�

cells, visualized by immunohistochemistry with an antibody against
GFP, are found in both luminal and myoepithelial compartments in
the mature ducts (Fig. 5 E and F, arrows).

The extensive contribution of amphiregulin�/� cells to the re-
constitution suggested to us that the mutant cells actively prolifer-
ate. To assess whether this is indeed the case, we performed double
immunofluorescence for GFP, thereby labeling amphiregulin�/�

cells and BrdU to mark the proliferating cells. GFP-positive cells
were found to incorporate BrdU (Fig. 5G Right, arrows), indicating
that, indeed, amphiregulin�/� mammary epithelial cells proliferate
actively. Interestingly, when chimeric epithelia are generated from
differentially marked WT cells, two distinct types of chimerism are
observed. Either entire ductal segments are constituted by one type
of cell or the ducts show a patchy distribution of the two groups of
cells (L.C. and C.B., unpublished observations). Glands containing
amphiregulin�/� cells showed only the latter type of chimerism (Fig.
5 E and F), indicating that close proximity to nearby WT cells is
required to receive, directly or indirectly, the proliferative signal.
We conclude that amphiregulin is an important paracrine mediator
of estrogen-induced proliferation during ductal morphogenesis.

Discussion
Most mammary gland development occurs after birth under the
control of female reproductive hormones. The advent of gene-
targeting combined with powerful tissue recombination techniques
allows dissecting the mechanisms by which systemic hormones elicit
proliferation and morphogenesis. Immunohistochemical studies on
human breast tissue (26) and rodent mammary glands (27, 28)
revealed that in normal tissue steroid receptor expression and
proliferation are dissociated. We recently provided genetic evi-
dence that ERa�/� mammary epithelial cells completely fail to
proliferate in vivo (19). However, when the mutant cells were
grafted together with WT cells, they proliferated and contributed
to all aspects of ductal morphogenesis, indicating that estrogens act
by a paracrine mechanism in vivo (19). The nature of the down-
stream signals that ER�-positive cells send to ERa�/� cells in
response to estrogens remained elusive. Here, we identify amphi-
regulin as a key mediator of paracrine estrogen action required for
the massive mammary epithelial cell proliferation that results in
ductal outgrowth during puberty.

Our findings support a model in which hormones acting on the
mammary epithelium recruit a series of local factors that act by
paracrine mechanisms to trigger proliferation of nearby cells (29,
30). More specifically, amphiregulin emerges as a central mediator
of estrogen function, while we have previously shown that Wnt-4 is
an important mediator of paracrine progesterone-induced side-
branching (31), and that prolactin requires IGF-2 to induce alveolar
proliferation (32). These indirect signaling mechanisms ensure that
the systemic stimulus is amplified within the target organ over
several cell diameters and over time, and that the behavior of
different cells and cell types participating in the morphogenic event
are coordinated and fine-tuned with local requirements.

The downstream events of amphiregulin action remain to be
explored. The only known receptor for amphiregulin, EGFR, is
expressed in both stromal and epithelial compartments (23, 33), but
is required for ductal elongation in the stroma and not in the
epithelium (16–18). Although this does not rule out that EGFR
signaling also has a role in the epithelium, the prime targets of
amphiregulin are stromal cells. In the simplest scenario, the stromal
fibroblasts stimulated by amphiregulin could send back a mitogenic
signal to the neighboring epithelial cells. Several growth factors,
such as HGF, IGF1, and FGF10, are good candidates because they
are expressed in the mammary stroma at the time of ductal

Fig. 3. Estrogen-induced proliferation in amphiregulin�/� and WT mam-
mary glands. Immunohistochemistry was performed on sections of amphi-
regulin�/� (A and C) or WT (B and D) glands either from 3-week-old ovariec-
tomized females 48 h after 17-�-estradiol stimulation (A and B) or 26-day-old
mice (C and D) with an anti-BrdU antibody. Positively stained lymph nodes
from the same glands are shown as positive control for BrdU incorporation (A
and C Insets). (Scale bars: 50 �m.)

Fig. 4. Amphiregulin�/� epithelial transplants. Representative outgrowth of
amphiregulin�/� (A) or WT (B) GFP� mammary epithelium transplanted into
WT cleared fat pads. The glands were derived from virgin recipients and
observed directly under the fluorescence stereomicroscope (B). (Scale bar:
5 mm.)

Table 2. Development of amphiregulin�/� mammary epithelium

Mice
No. with no
outgrowth

No. with �20%
outgrowth

No. with 20–50%
outgrowth

Total no.
of mice

Virgin 11 2 0 13
Pregnant and postpartum 3 2 4 9

Results of mammary gland reconstitution experiments with amphiregulin�/� mammary epithelium. Contralat-
eral control grafts showed complete outgrowth. Different extent of outgrowth was observed depending on the
developmental stage of the host.
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elongation, whereas the respective receptors are found in the
epithelium (34). Alternatively, down-modulation of inhibitory path-
ways, such as TGF� signaling, may be involved (35). Yet more
complex interactions might be required; thus, macrophages and
eosinophils present in the mammary stroma have a role in ductal
elongation (36) and could be attracted and activated by signals
downstream of EGFR activation.

It is also unclear how amphiregulin, secreted by epithelial cells
most likely of the ER�-positive luminal subtype, can reach the
stromal target cells through a layer of myoepithelial cells and the
basal lamina. Deletion of the disintegrin and metalloproteinase
(ADAM) 17 in the mammary epithelium blocks ductal outgrowth
similarly to amphiregulin (18). Analysis of tissue recombinants
showed that ADAM17 is also required for EGFR activation,
although to what extent this normally occurs in the stroma versus

the epithelium is unclear (18). Whether the cleavage suffices to
activate amphiregulin or whether the protein needs to be further
modified and/or actively transported to the stromal target cells
remains to be addressed. ADAM17 may also be required more
indirectly for processing extracellular matrix and/or the basal lamina
to enable amphiregulin to reach the stroma.

We found that the deletion of amphiregulin strictly and specif-
ically affects ductal elongation, not preceding or subsequent devel-
opmental stages. At variance with our results, previous reports
suggested that some TEBs can develop and ductal outgrowth can
occur in the absence of amphiregulin (18, 23), whereas alveologen-
esis was impaired (23). The discrepancies may be because of the
mixed genetic background used in previous studies, as opposed to
the pure C57BL/6 used here. Moreover, some of the conclusions
were reached based on recombinant glands grafted under the
kidney capsule, an environment that is less physiological than the
mammary fat pad (18).

Our finding that the ductal outgrowth defect in amphiregulin�/�

mice is not overcome by multiple pregnancies is surprising given
that other EGFR ligands, in particular EGF, are highly expressed
in the glands during pregnancy (37). This suggests that either
amphiregulin activates a unique signaling response downstream of
EGFR or that EGF and/or other ligands are not expressed in the
right cell types and/or not processed in the same ways as amphi-
regulin. We further speculate that the ability to bind heparin (38)
that distinguishes amphiregulin from other family members may
bestow this protein with unique functions in the reciprocal inter-
actions with extracellular matrix and/or stromal components.

How does estrogen-induced ductal elongation relate to human
breast cancer? When human breast tissue transplanted in mice was
stimulated with estradiol under conditions that induce proliferation
(39), amphiregulin was among the most highly induced genes (40),
strongly suggesting that amphiregulin may similarly be involved in
mediating estrogen-induced proliferation in the human breast
epithelium. Estrogens and ER� signaling have an important role in
the pathogenesis of breast cancer, with �60% of carcinomas
expressing ER� and relying on estrogens for growth (41). In normal
breast tissue, both human and rodent, steroid receptor expression
and proliferation are mostly dissociated (26–28), whereas in tumor
samples, most proliferative cells express ER� (26). Our experi-
ments do not address whether amphiregulin can act in an autocrine
and/or paracrine fashion on ER�-positive cells. Interestingly,
TGF-� actively represses proliferation of ER�-positive cells (42),
which are probably exposed to the same growth factors as their
ER�-negative neighbors. This suggests that ER�-positive cells
might escape the inhibitory influence of TGF-� during tumorigen-
esis and thereby become responsive to the auto/paracrine effects of
amphiregulin resulting in proliferation. To what extent direct versus
indirect stimuli account for the growth of ER�-positive breast
carcinomas remains to be addressed.

Intriguingly, expression profiles of mammary glands from virgin
and parous mice as well as distantly related rat strains revealed that
amphiregulin is one of the genes most strongly down-modulated
after the first pregnancy (43, 44). This down-modulation correlates
with a decrease in susceptibility to tumorigenesis, suggesting this
factor is linked to breast carcinogenesis.

Methods
Mice. ROSA26 mice (45) were purchased from The Jackson
Laboratory (Bar Harbor, ME). GFP transgenic, amphiregulin, and
ER�-deficient mice were described (see refs. 23, 46, and 47).
ROSA26 mice were bred in 129SV/C57BL/6, and ER�, amphi-
regulin, and GFP mice were bred in C57BL/6 genetic background.
The presence of the �-galactosidase transgene was assessed by
subjecting a piece of tail to the X-Gal staining procedure described
below.

Fig. 5. Amphiregulin�/� and WT chimeric mammary epithelia. Whole-mount
preparations of a cleared fat pad showing representative mammary reconstitu-
tion on injection with a mixture of amphiregulin�/� GFP� (green), and WT
ROSA26� (blue) epithelial cells in a 1:1 ratio. (A and B) GFP was visualized directly
under the fluorescence stereomicroscope (A); �-galactosidase activity revealed
after X-Gal staining (B). (C and D) Histological sections of glands reconstituted
with amphiregulin�/� LacZ� and WT cells. Amphiregulin�/� LacZ� cells (blue)
were found both among the body (C, arrow) and the cap cells (D, arrow). (E and
F) Glands reconstituted with amphiregulin�/� GFP� and WT cells were sectioned
and stained with anti-GFP antibody. Both luminal (F, arrow) and myoepithelial
cells (E, arrow) show GFP staining (brown). (G) Glands reconstituted with amphi-
regulin�/� GFP�andWTcellsweresectionedandcostainedwithanti-BrdU(Left),
and anti-GFP antibodies (Center) merge (Right) reveals double-positive cells.
(Scale bars: A and B, 500 �m; C–G, 50 �m.)
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Transplantation of Mammary Epithelium. The fat pads of 3-week-old
C57BL/6 or 129SV/C57BL/6 females were cleared. Pieces of
mammary tissue of 1 mm in diameter were removed from the
nipple region (24). Alternatively, the cleared fat pads were
injected with mixtures of primary mammary epithelial cells as
described (see ref. 25).

Hormone Treatment. 17-�-Estradiol (Sigma–Aldrich, St. Louis,
MO) 5 mg/ml 100% ethanol stock was diluted in PBS. Three-week-
old female mice were ovariectomized and 10 days later were
injected s.c. with 17-�-estradiol (5 ng/g of body weight) or vehicle.

Mammary Gland Whole Mounts. Mammary glands were dissected,
spread onto a glass slide, fixed in a 1:3 mixture of glacial acetic
acid/100% ethanol, hydrated, stained overnight in 0.2% carmine
(Sigma) and 0.5% AlK(SO4)2, dehydrated in graded solutions of
ethanol, and cleared in 1:2 benzyl alcohol/benzyl benzoate (Sigma)
as described (see ref. 48). Digital pictures were taken on a Leica
(Wetzlar, Germany) MZFLIII stereoscope or Leica DM2000 mi-
croscope with Leica DC300F and Pixelink (Ottawa, ON, Canada)
PL-A622C, respectively.

X-Gal Staining. The transplanted mammary glands were dissected,
fixed for 1 h in 1.5% formaldehyde in PBS, washed three times over
3 h with rinse buffer (2 mM MgCl2/0.1% sodium deoxycholate/0.2%
Nonidet P-40 in PBS) and rotated in X-Gal staining solution (1
mg/ml X-Gal, 5 mM potassium ferricyanide, and 5 mM potassium
ferrocyanide in rinse buffer) at 37°C for 18 h, washed in PBS, and
processed for whole mounting as described above.

Histological Examination and Immunohistochemistry. For histological
examination, whole-mounted mammary glands were washed in
100% ethanol before paraffin embeddment or freshly isolated
glands were fixed with 4% paraformaldehyde. Sections were cut at
4 �m. Mice were injected with BrdU (Sigma) 2 h before death. The
following antibodies were used: rat monoclonal anti-BrdU (1:300;
OBT0030; Oxford Biotechnology, Oxfordshire, U.K.), mouse
monoclonal anti-�-SMA (1:400; Ab-1; NeoMarkers, Fremont,
CA), rabbit polyclonal anti-GFP (1:5,000; A6455; Molecular
Probes, Eugene, OR), rabbit monoclonal anti-PR (1:500; SP2;

NeoMarkers), and rabbit polyclonal anti-ER� (1:10,000; sc-542;
Santa Cruz Biotechnology, Santa Cruz, CA). The antibodies were
applied overnight at 4°C after antigen retrieval in citrate buffer.
Biotinylated secondary antibodies were detected with Vectastain
Elite kit (Vector Laboratories, Burlingame, CA). For immunoflu-
orescence, the anti-rat Alexa Fluor 568- and anti-rabbit Alexa Fluor
488-conjugated secondary antibodies were used. Pictures were
acquired with a Leica DM2000 microscope and Pixelink PL-A622C
camera and Zeiss Axioplan 2-imaging fluorescence microscope
with Axiocam MRm camera (Zeiss, Thornwood, NY).

Quantitative Real-Time PCR (QRT-PCR). Glands were homogenized in
TRIzol (Invitrogen, Carlsbad, CA), and RNA was extracted with
chloroform and processed with the RNeasy Kit (Qiagen, Valencia,
CA). Total RNA was reverse transcribed by using reverse tran-
scriptase (GIBCO BRL/ Invitrogen) and random hexamers (Roche
Diagnostics, Indianapolis, IN). The resulting cDNAs were used for
QRT-PCR analysis by using the iCycler apparatus (Bio-Rad, Her-
cules, CA) and SYBR Green PCR Core Reagents system (Qiagen).
Results were evaluated with iCycler iQ real-time detection system
software (Bio-Rad). The following forward and reverse primers
were used: amphiregulin, GCCATTATGCAGCTGCTTTG-
GAGC and TGTTTTTCTTGGGCTTAATCACCT; EGF,
GCAACTCCGTCCGGGCGAGGA and GAAGATGACTGT-
GGTCCCGGG; TGF-�, GTGGCTGCAGCACCCTGCGCT
and GATCAGCACACAGGTGATAATGAGG; HB-EGF,
CTCCCACTGGATCCACAAAC and GGCATGGGTCT-
CTCTTCTTC; EPR, CACCGAGAAAGAAGGATGGA and
GGGATCGTCTTCCATCTGAA; BTC, CCCCAAGCAGTA-
CAAGCATT and TGAACACCACCATGACCACT; and ker-
atin 18 (36).
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