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Introduction 

The receptor tyrosine kinase ErbB2/HER2/Neu 
(referred to here as ErbB2) is amplified and 
overexpressed in 15-40% of human breast cancers 
(reviewed in: Hynes and Stern 1994). In phase III 
clinical trials of a recombinant humanized anti- 
ErbB2 monoclonal antibody, targeting of breast 
cancer cells overexpressing ErbB2 results in growth 
inhibition and regression of tumors (reviewed in: 
Nass, Hahm et al. 1998). These results demonstrate 
that ErbB2 will be a valuable target for therapeutic 
treatment of breast cancer patients. Recently, we 
have published results demonstrating ErbB2's role in 
mammary differentiation and lactation. ErbB2 
signaling pathways coupled to mammary 
differentiation could be marshaled to antagonize the 
mitogenic effect of activated ErbB2 within an 
aggressively proliferating tumor. To this end, I will 
describe results suggesting that ErbB4 is also 
associated with mammary differentiation. These 
latter results support a model for breast cancer where 
ErbB4 may act as a tumor suppressor in ErbB2 
overexpressing tumors. 

Body 

In my previous annual report I described the 
generation and initial characterization of transgenic 
mice expressing a dominant negative mutant form of 
ErbB4 (ErbB4AIC) during mammary gland 
development. This strategy was used to inactivate 
normal ErbB4 signaling during development. 
Preliminary data demonstrated expression of 
ErbB4AIC throughout mammary development, 
however a mammary phenotype was not described. 
ErbB4AIC protein expression is associated with 
condensed lobuloalveoli during lactation To 
determine the effects of ErbB4AIC expression on 
female mammary gland development, wholemounts 
and histological sections were examined from virgin 
mice at 3, 5, 6, 8, 10, and 19 weeks of age; during 
early (12 days) mid (16 days) and late (19 days) 
pregnancy, after parturition at days 3, 6, 9, 12, 15, or 
18, and 2-4 days after weaning. At least three mice 
were analyzed at each time point. Despite the 
extensive time frame of transgene expression the 
only identifiable phenotypes were detected on day 
12 post-partum. The fat-pad of a non-transgenic 
mouse at 12 days post-partum is completely invested 
with engorged lobuloalveoli displacing stromal 
adipose cells. Secretory activity is demonstrated by 
lumens lined with protruding secretory epithelium 
(Fig. 1A, arrow). Engorged active secretory 
lobuloalveoli were  also  observed  in ErbB4AIC- 

expressing mice at 12 days post-partum (Fig. IB, 
arrow). In some transgenic mice (3 out of 5 
examined), however, a subpopulation of 
lobuloalveoli failed to expand and contained an 
unusually high level of lumenal secretory lipids (Fig. 
2B, asterisk). Adipose cells were still abundant in 
this region of the mammary gland fat-pad. The 
condensed lobuloalveoli resembled undifferentiated 
lobuloalveoli that normally predominant during late 
pregnancy. I next used anti-Flag 
immunohistochemistry to determine if the 
condensed lobuloalveoli expressed the Flag-tagged 
ErbB4AIC transgene. Intense cytoplasmic 
immunostaining of epithelium within condensed 
lobuloalveoli was observed (Fig. ID, asterisks). 
Anti-Flag immunostaining was not observed in 
distended lobuloalveoli in the same tissue sections 
(Fig. ID, arrow). 

Figure 1. Immunohistochemical detection of ErbB4AIC protein in the 
mammary gland at 12 days post-partum. Paraffin-embedded section 
from a 12 day post-partum non-transgenic sibling control stained with 
hematoxylin/eosin (A). Sequential sections from a 12 day post-partum 
mammary gland from an ErbB4AIC-expressing mouse were stained with 
hematoxylin/eosin (B), or stained by immunohistochemistry with rabbit 
IgG control antibody (C), or a rabbit anti-Flag antibody (D). Expanded 
secretory lobuloalveoli are indicated by arrows, and condensed atypical 
lobuloalveoli are indicated by asterisks. Bar in C = 100 um. 

Although the alveolar condensation associated 
with high ErbB4AIC expression might be caused by 
selective growth inhibition or apoptosis, neither 
BrdU incorporation experiments, nor TUNEL 
analysis revealed differences between the 
phenotypically normal and condensed lobuloalveolar 
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populations in ErbB4AIC animals (data not shown). 
These results suggest instead that ErbB4AIC- 
expression inhibits normal lobuloalveolar 
development and function at 12 days post-partum. 
ErbB4AIC expression inhibits milk-gene 
expression ErbB4AIC expression at 12 days post- 
partum impaired lobuloalveolar development, 
resulting in condensed alveolar structures with 
pronounced lipid secretory activity. These structures 
resembled normal undifferentiated lobuloalveoli 
observed at late pregnancy and parturition. To 
determine if the ErbB4AIC-expressing lobuloalveoli 
were lactationally active, I performed in situ 
hybridization using antisense riboprobes specific for 
the milk genes ß-casein, whey acidic protein (WAP), 
and a-lactalbumin. Serial paraffin sections 
containing both normal expanded lobuloalveolar 
structures and condensed lobuloalveoli were 
examined (Fig. 2A, arrow and asterisks, 
respectively). ErbB4AIC expression within 
condensed lobuloalveoli was confirmed by anti-Flag 
immunohistochemistry (Fig. 3B, asterisks). The 
sense probes for ß-casein, WAP, and a-lactalbumin 
yielded similar levels of background hybridization in 
both expanded and condensed lobuloalveoli (Fig. 
2C, E, and G, arrows and asterisks, respectively). 
With antisense probe, equivalent high levels of ß- 
casein RNA expression was observed in both the 
normal and ErbB4AIC-expressing lobuloalveoli 
(Fig. 2D, arrow and asterisks, respectively). 
However, the ErbB4AIC-expressing lobuloalveoli 
showed a moderate diminution in WAP expression 
(Fig. 2F). Strikingly, a-lactalbumin expression was 
reduced to sense probe background levels in 
condensed areas, but not in normal areas of the same 
section (Fig. 2H). The decrease in WAP and the 
absence of a-lactalbumin expression suggests that 
terminal differentiation in üH>54/4/C-expressing 
lobuloalveolar epithelium has been disrupted. 
Similar in situ hybridization analysis performed on 
mammary glands from female mice at 1 day post- 
partum yielded equivalent levels of expression of 
these genes in transgenic and non-transgenic sisters 
(data not shown). 
StatS localized to the nucleus of ErbB4AIC- 
expressing mammary epithelium is not 
phosphorylated at Y694 The condensed 
lobuloalveoli and pattern of impaired milk-gene 
expression observed in ErbB4AIC-expressing 
mammary tissue resembles mammary defects 
observed in mice with Stat5 gene disruptions (Liu, 
Robinson et al. 1996; Teglund, McKay et al. 1998). 
Stat5      expression     was determined     by 
immunohistochemistry   in   sections   of mammary 

glands at 12 days post-partum containing both 
normal (Fig. 3A) and ErbB4AIC-expressing 
lobuloalveoli (Fig. 3D). Strong immunostaining was 
detected in the nuclei of both 

Figure 2. In situ hybridization analysis of milk protein gene expression 
in ErbB4AIC-expressing mammary glands at 12 days post-partum. 
Sequential sections from a 12 day post-partum mammary gland from an 
ErbB4AIC-expressing mouse were stained with hematoxylin/eosin (A) 
or stained by immunohistochemistry with anti-Flag antibody (B). 
Additional sequential sections were analyzed by in situ hybridization 
with ß-casein sense or antisense riboprobes (C and D, respectively), 
WAP sense or antisense riboprobes (E and F, respectively), or a- 
lactalbumin sense or antisense riboprobes (G and H, respectively). 
Expanded secretory lobuloalveoli are indicated by arrows and condensed 
atypical lobuloalveoli are indicated by asterisks. Bar in G = 100 um. 

normal (compare Fig. 3B and C) and ErbB4AIC- 
expressing lobuloalveoli (compare Fig. 3E and F). 

Since functional Stat5 is phosphorylated at Y694 
(Reviewed in: (Groner and Gouilleux 1995), I used 
an antibody specific for Stat5 phosphorylated at 
Y694 to evaluate the phosphorylation state of Stat5 
(Fig. 4). Strong nuclear staining and moderate 
cytoplasmic staining of phosphorylated Stat5 was 
detected within normal lobuloalveolar epithelium at 
12 days post-partum (Fig. 4C). Immunoreactivity 
was blocked by preadsorption with the peptide 
immunogen (Fig. 4B) and was undetectable in 
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Figure 3. Immunohistochemical detection of Stat5 protein in 
ErbB4AIC-expressing mammary glands at 12 days post-partum. High 
magnification photomicrographs of expanded lobuloalveoli lacking 
detectable ErbB4AIC expression (A-C) or a different region of the same 
section containing condensed lobuloalveoli expressing high levels of 
ErbB4AIC protein (D-F). Sections were stained with hematoxylin/eosin 
(A and D), or stained by immunohistochemistry with rabbit serum 
negative control (B and E), or rabbit anti-Stat5 (C and F). Bar in D = 30 
Um. 

sections incubated with affinity purified rabbit IgG 
control primary antibody (data not shown). Immuno- 
reactive Stat5 and Phospho-Stat5 were detected in 
both normal mammary glands and phenotypically 
normal areas of transgenic mammary glands at 1, 3, 
6, 9, and 15 days post-partum, but not at day 18 
(data not shown). However, at day 12 post-partum, 
Stat5 was localized to the nucleus (see Fig. 3F), but 
not phosphorylated in areas expressing ErbB4AIC 
(Fig. 4F). The lack of Y694 phosphorylation of 
nuclear Stat5 in ErbB4AIC-expressing 
lobuloalveolar epithelium suggests that it is 
functionally inactive. 

•   V 

jf% *~ 

Figure 4. Immunohistochemical detection of Stat5 phosphorylated at 
Y694 in ErbB4AIC-expressing mammary glands at 12 days post- 
partum. High magnification representations of expanded lobuloalveoli 
lacking detectable ErbB4AIC expression (A-C) or a different region of 
the same section containing condensed lobuloalveoli expressing high 
levels of ErbB4AIC protein (D-F). Sections were stained with 
hematoxylin/eosin (A and D), or stained by immunohistochemistry with 
anti-phosphoStat5 antibody preadsorbed with peptide immunogen and 
counterstained with methyl green (B and E), or phosphoStat5 antibody 
without counterstain (C and F). Bar in D = 30 \un. 

ErbB4 and StatS interaction and ErbB4 mediated 
phosphorylation of Stat5 at Y694 requires a 
functional Stat5 SH2 domain Since expression of 
ErbB4AIC appears to inhibit phosphorylation of 
Stat5 at the regulatory site Y694, it is possible that 
ErbB4 normally regulates this effector protein 
during mammary development. To determine if 
ErbB4 can induce phosphorylation of Stat5a at this 
site, the proteins were ectopically expressed at high 
levels in human embryonic kidney 293 T cells (Fig. 
5). Despite high levels of Stat5a expression in 
transfected cell lysates (Fig. 5H, lanes 9 and 10, 
open circle), significant Stat5a tyrosine 
phosphorylation was only observed when Stat5a was 
co-expressed with ErbB4 (Fig. 5E, lane 10, open 
circle). This phosphorylation included Y694, since it 
was detected by the anti-Stat5 phospho-Y694 
antibody (Fig. 5G, lane 10). When Stat5a and ErbB4 
were co-expressed in 293 T cells, they could be 
cross-co-immunoprecipitated (Fig. 5D, lane 4; Fig. 
5E and 5F, lane 10). Stat5a co-immunoprecipitated 
with anti-ErbB4 (Fig. 5D, lane 4) was not 
phosphorylated at Y694 (Fig. 5C, lane 4), suggesting 
that phosphorylation of Stat5a results in rapid 
release of Stat5a from an ErbB4/Stat5a complex. 

To determine the specificity of ErbB4/Stat5a 
interaction and ErbB4 mediated phosphorylation of 
Stat5a on Y694, 293T cells were transfected with 
mutant STAT5& alleles, with inactivating mutations 
in the SH2 domain (R618 to V) or at Y694 (Y to F). 
The two Stat5a mutants were expressed at levels 
comparable to wild-type Stat5a (Fig. 5H, compare 
lanes 9 and 10 to 11 and 12), but the Stat5a mutants 
were not phosphorylated at Y694 when co-expressed 
with ErbB4 (Fig. 6G, lanes 11 and 12). Interestingly, 
the Stat5a Y694F mutant was tyrosine 
phosphorylated at sites other than Y694 when co- 
expressed with ErbB4 (Fig. 6E, lane 12). When 
expressed alone, the Stat5a mutants Y694F and SFJ2 
were not immunoprecipitated by ErbB4 specific 
antiserum (data not shown). In summary, ErbB4 and 
Stat5a were co-immunoprecipitated when co- 
expressed (Fig. 6D, lane 6 and Fig 6E, closed circle 
lane 12, and F, lane 12, respectively) and the Stat5a 
SH2 domain mutation prevented association of 
ErbB4 and Stat5a (Fig 6D lane 5, E and F lane 11). 
Hence the interaction between activated ErbB4 and 
Stat5a and subsequent tyrosine phosphorylation of 
Stat5a at Y694 requires a functional Stat5a SH2 
domain. 
Summary of results To elucidate the function of 
ErbB4 during mouse mammary gland development, 
I inactivated ErbB4 signaling in the developing 
mouse mammary gland through the directed 
expression of dominant negative ErbB4 as a 
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Figure 5. Co-expression of ErbB4 and Stat5a. 293T cells were 
transfected with various combinations of ErbB4 and Stat5 expression 
vectors and lysates of transfected cells were prepared 48 hrs post- 
transfection as described in Materials and Methods. 
Immunoprecipitations were performed using ErbB4 specific (A-D) or 
Stat5 specific (E-H) antibodies. Immunoprecipitates were resolved by 
SDS-PAGE and the 12% acrylamide resolving gel was transferred to 
nitrocellulose. Western blot analysis was performed using antibodies to 
detect tyrosine phosphorylated proteins (A and E), ErbB4 (B and F), 
phosphoStat5 (C and G), or Stat5 (D and H). Stat5 mutants were 
Stat5/R618V a point mutation which ablates SH2 function, and 
Stat5/Y694F which eliminates the regulatory Y694. Transfections were 
with empty vectors (lanes 1 and 7), ErbB4 alone (lanes 2 and 8), Stat5a 
alone (lanes 3 and 9), ErbB4 + Stat5a (lanes 4 and 10), ErbB4 + 
Stat5/R618V (lanes 5 and 11), ErbB4 + Stat5/Y694F (lanes 6 and 12). 
Closed circles in A and E indicate the position of ErbB4 at ca. 190 kDa. 
Open circles in D, E, and H indicate the position of Stat5a at ca. 95 kDa. 

transgene. Despite significant levels of transgene 
expression throughout mammary gland development 
an ErbB4AIC-specific phenotype was not observed 
until mid-lactation, at 12 days post-partum. 
Lobuloalveoli expressing ErbB4AIC at 12 days post- 
partum were condensed, with lumens predominantly 
filled with secretory lipids, a phenotype resembling 
normal tissue at late pregnancy. Furthermore, the 
ErbB4AIC-expressing lobuloalveoli failed to 
terminally differentiate, as evidenced by a lack of o> 
lactalbumin expression. ErbB4AIC also inhibited 
Stat5 phosphorylation at Y694, suggesting that Stat5 
is an important downstream mediator of ErbB4 
signaling during lactation. 

Corroborative evidence supporting a role for 
ErbB4 signaling during mid-lactation comes from 
the timing of ErbB4 activation during mouse 
mammary gland development, since ErbB4 tyrosine 
phosphorylation is dramatically enhanced at 14 days 
post-partum (Schroeder and Lee 1998). These results 
support the conclusion that ErbB4 signaling plays an 

important role in lobuloalveolar maintenance and 
lactation during mid-lactation. 

The ErbB4AIC-expressing mammary epithelium 
resembles the phenotype observed in mice with a 
disrupted Stat5a gene (Liu et al, 1996; Teglund et 
al., 1998). ErbB4 signaling during mid-lactation is 
required for Stat5 activation, since Stat5 expressed 
in ErbB4AIC-expressing lobuloalveoli was not 
phosphorylated on the regulatory Y694. 
Phosphorylation of this residue is essential for some 
Stat5 functions including dimerization and DNA 
binding (Groner and Gouilleux, 1995). To our 
knowledge, this is the first in vivo evidence that an 
EGFR-family member can mediate activation of 
Stat5. 

In transient transfection assays, ErbB4 induced 
phosphorylation of Stat5a on Y694, and the two 
proteins could be co-immunoprecipitated in a Stat5 
SH2-dependent manner. This suggests that Stat5 is a 
direct substrate for ErbB4, although I cannot rule out 
the possible recruitment of a second tyrosine kinase 
into the complex. Indeed, c-src is an important 
mediator of Stat5a activation by ErbB family 
members, and Janus kinases (JAKs) can associate 
stably with these receptors (Olayioye, Beuvink et al. 
1999). The Stat5 consensus docking site (YZXZ, 
where Z represents a hydrophobic residue) (May, 
Gerhartz et al. 1996), is present at three sites within 
the carboxyl-terminus of ErbB4, raising the 
possibility of a direct interaction between Stat5 and 
ErbB4. 

In contrast to expression of the other EGFR- 
family members, expression of ErbB4 in breast 
cancer is associated with favorable prognosis 
(Bacus, Zelnick et al. 1994; Bacus, Chin et al. 1996; 
Knowlden, Gee et al. 1998) and a differentiating 
tumor phenotype (Srinivasan, Poulsom et al. 1998). 
In this communication, I present in vivo evidence 
demonstrating a role for ErbB4 signaling in terminal 
differentiation of mammary epithelial cells. My 
results raise the intriguing possibility that ErbB4 
activity in breast cancer cells may activate 
differentiation pathways and thus antagonize the 
oncogenic properties of other co-expressed EGFR- 
family members, including ErbB2. This model is 
being tested in my laboratory. 

Concordance with Statement of Work 

The following is a descriptive summary of the 
work completed to date and its relation to the 
proposed Statement of Work. Explanations for aims 
or tasks not completed are provided where 
appropriate. 
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Technical Objective 1. Developmental expression 
of receptors and growth factors. 

Task 1. Quantitative RT-PCR of growth factors 
from normal and ErbB2 overexposing staged mouse 
mammary tissue. 
Status: This work has been completed by another 
laboratory and published (Schroeder and Lee 1998). 

Task 2. Perform quantitative RT-PCR analysis 
in hormonally manipulated mice. 
Status: This work will be pursued by Schroeder and 
Lee (Schroeder and Lee 1998). 

Task 3. In situ hybridization analysis of 
receptors and growth factors identified in mouse 
tissue during Task 1. 
Status: These experiments have been completed by 
Dr. David Lee at the University of North Carolina. 

Technical Objective 2. Response of mammary 
epithelium to growth factor implants. 

Task 4. NRGa and NRGß implants - complete 
work in progress. 
Status: Work completed. 

Task 5. Analysis of implants containing growth 
factors identified in Task 1 in normal mice. 
Status: These experiments require milligram 
amounts of growth factor. Unfortunately I could not 
find a source for the growth factors under study. 

Task 6. Analysis of growth factors in 
hormonally manipulated mice. 
Status: These experiments require milligram 
amounts of growth factor. Unfortunately I could not 
find a source for the growth factors under study. 

Task 7. Analysis of growth factors in ErbB2 
overexposing mice during tumor-free latency period. 
Status: These experiments require milligram 
amounts of growth factor. Unfortunately I could not 
find a source for the growth factors under study. 

Technical Objective 3. Alter expression of 
receptors and growth factors to determine role in 
regulation of ErbB2 signaling and breast cancer. 

Task 8. Place long-term implants (3-6 months) 
into ErbB2 overexposing mice. Pellets will contain 
possible ErbB2 regulating growth factors identified 
in Task 7. Analyze effects on ErbB2 signaling and 
tumor development. 
Status: These experiments require milligram 
amounts of growth factor. Unfortunately I could not 
find a source for the growth factors under study. 

Task 9. Construct and subclone dominant 
negative receptor mutants with MCMV IE promoter 
into retroviral vector. Receptor selection based upon 
results from Aim 1. 

Status: An alternative strategy has been developed. 
See status of Task 11. 

Task 10. Analysis of dominant negative mutants 
for activity in cell lines which express receptors. 
Status: An alternative strategy has been developed. 
See status of Task 11. 

Task 11. Express dominant negative mutants in 
mammary epithelium of ErbB2 overexposing mice 
and analyze effects on ErbB2 signaling and tumor 
development. 
Status: An alternative strategy has been used to 
identify the roles of ErbB2 and its signaling partners 
in normal and malignant mammary development. 
Transgenic mice expressing dominant negative 
ErbB2 has been published and mice expressing 
dominant negative ErbB4 are described in this 
report. A similar strategy has been used to analyze 
EGFR signaling (Xie, Paterson et al. 1997) and I 
will examine ErbB3 signaling using transgenic 
expression of dominant negative receptors. 
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Key Research Accomplishments 

• Identified the growth factor, heregulinl, as a 
differentiation factor in the mammary gland 
(Jones, Jerry et al. 1996). 

• Determined the normal function of ErbB2 
during breast development (Jones and Stern 
1999). 

• Determined the normal function of ErbB4 
during breast development. 

• Identified Stat5 as an important mediator of 
ErbB4 signaling during mammary 
differentiation. 
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Overexpression of the receptor tyrosine kinase ErbB2/ 
HER2/Neu (ErbB2) occurs in 15-40% of human breast 
cancers. To determine the function of ErbB2 signaling 
during normal mouse mammary gland development, we 
expressed a carboxyl-terminal truncated dominant 
negative allele of ErbB2 (ErbB2AIC) in the developing 
mouse mammary gland. Despite ErbB2AIC expression 
within mammary glands of pubescent virgin and pregnant 
mice, a phenotype was not observed until late in 
pregnancy. At 1 day post-partum, lactationally active, 
distended lobuloalveoli failed to form. This phenotype 
was exaggerated in multiparous females expressing 
ErbB2AIC. Immunohistochemical staining for ErbB2- 
AIC revealed a concordance between high levels of 
ErbB2AIC protein expression and the absence of 
lactational products within the lumens of ErbB2AIC 
stained lobuloalveoli. These results demonstrate that 
ErbB2 signaling is required for proper mammary 
development and lactation at parturition. 

Keywords: ErbB2; dominant negative receptor mutant; 
transgenic mice; mammary gland development 

Introduction 

Breast cancer is the most commonly diagnosed cancer 
and the second most frequent cause of cancer mortality 
in North American women (Parker et al, 1996). 
Normal and malignant mammary epithelial growth is 
regulated by the activities of circulating hormones 
including estrogen, progesterone, and prolactin (Top- 
per and Freeman, 1980; Vonderhaar, 1984) and locally 
produced growth factors (DiAugustine et al, 1997; 
Dickson and Lippman, 1995). Perturbation of signaling 
cascades regulated by these mammary growth modula- 
tors can lead to malignant transformation of the breast. 

One important mediator of growth factor signaling, 
the receptor tyrosine kinase ErbB2/HER2/Neu (re- 
ferred to here as ErbB2) is amplified and overexpressed 
in 15-40% of human breast carcinomas (Hynes and 
Stern, 1994). Overexpression of ErbB2 is associated 
with poor prognosis, especially in patients with lymph 
node involvement (Hynes and Stern, 1994; Revillion et 
al, 1998; Slamon et al, 1987). In phase III clinical 
trials of a recombinant humanized anti-ErbB2 mono- 
clonal antibody, targeting of breast cancer cells 
overexpressing ErbB2 results in growth inhibition and 
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regression of tumors (reviewed in: Nass et al, 1998). 
These results demonstrate that ErbB2 will be a 
valuable target for rational therapeutic treatment of 
breast cancer patients with tumors overexpressing 
ErbB2. Despite the clinical importance of ErbB2 in 
breast cancer, the exact function of ErbB2 signaling 
during normal mammary gland development has not 
been established. 

ErbB2 is a member of the epidermal growth factor 
receptor (EGFR) family of receptor tyrosine kinases 
(Coussens et al, 1985). Additional members of this 
family are the EGFR itself, ErbB3 (Kraus et al, 1989) 
and ErbB4 (Plowman et al, 1993). There are at least 
nine different genes that encode growth factors 
belonging to the epidermal growth factor (EGF)- 
family. Each of these factors has a different intrinsic 
ability to bind to and activate ErbB-family receptors 
(reviewed in: Riese II and Stern, 1998; Salomon et al, 
1995). A ligand that binds to and activates ErbB2 has 
not been identified. ErbB2 signaling can be activated, 
however, through heterodimer formation with other 
ligand-bound ErbB-family members. For example, the 
EGFR ligand, EGF does not bind to ErbB2 but does 
activate ErbB2 when ErbB2 is coexpressed with EGFR 
(Stern et al, 1986; Stern and Kamps, 1988). This is 
mediated by induction of EGFR/ErbB2 heterodimers 
(Spivak-Kroizman et al, 1992; Wada et al, 1990). 
Although each ligand-activated EGFR-family member 
can form a signaling dimer with most other members 
of this receptor family, ErbB2 is the preferred 
heterodimer partner (Graus-Porta et al, 1997; Tzahar 
et al, 1996). Moreover, ligand stimulated receptors 
compete for dimer formation with ErbB2 (Chen et al, 
1996; Karunagaran et al, 1996). The distinct signaling 
activities of each receptor/ligand combination results in 
diverse cellular responses mediated through hetero- 
dimer formation with ErbB2 (DiFiore et al, 1990; 
Kokai et al, 1989; Riese II et al, 1998). Collectively, 
these results support a signaling paradigm in which 
ErbB2 fulfills a role as central mediator of EGFR 
family signal transduction. 

Expression of ErbB2, its receptor signaling partners, 
and several ErbB2 agonists has been detected within 
the developing rodent mammary gland. ErbB2 is 
expressed within stromal and epithelial cells of virgin 
mouse mammary glands and lobuloalveolar epithelium 
from pregnant and lactating mice (DiAugustine et al, 
1997; Sebastian et al, 1998; Schroeder and Lee, 1998). 
Similar cellular and temporal expression patterns have 
been documented for EGFR (DiAugustine et al, 1997; 
Ederly et al, 1985; Sebastian et al, 1998; Schroeder 
and Lee, 1998), ErbB3 (Sebastian et al, 1998; 
Schroeder and Lee, 1998; Yang et al, 1995), and 
ErbB4  (Sebastian et al,   1998;  Yang et al,   1995), 
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although the expression of ErbB4 is highest during 
pregnancy (Schroeder and Lee, 1998). Likewise, the 
EGFR agonists, EGF (Schroeder and Lee, 1998; 
Snedeker et al, 1991), TGFa (Schroeder and Lee, 
1998; Snedeker et al, 1991), and AR (Kenney et al, 
1995; Schroeder and Lee, 1998) are expressed in both 
virgin and pregnant mammary tissue. In contrast to 
these ligands, significant expression levels of the ErbB3 
and ErbB4 ligand, NRG1, are only detected during 
pregnancy (Yang et al, 1995). The variable expression 
of individual EGFR family members and ligands 
suggests that this receptor family has multiple 
functions during mammary gland development. 

Substantial evidence supports a role for the EGFR 
and its ligands in mammary ductal proliferation and 
morphogenesis at puberty. Mammary implants contain- 
ing EGF (Coleman et al, 1988; Snedeker et al, 1991), 
TGFa (Snedeker et al, 1991), or AR (Kenney et al, 
1996) induce ductal morphogenesis and proliferating 
terminal end bud (TEB) formation in ovariectomized 
mice. Consistent with the proliferative effects of EGFR 
ligands on mammary development, inhibition of EGFR 
signaling with a dominant negative EGFR results in 
decreased ductal proliferation and impaired morphogen- 
esis in the virgin mammary gland (Xie et al, 1997). 

In contrast to ligands for the EGFR, signaling 
induced by the ErbB3 and ErbB4 ligand, NRG1, is 
associated with mammary differentiation. In the 
AU565 human breast cancer cell line, NRG1 induces 
a differentiation phenotype (Bacus et al, 1992; Peles et 
al, 1992) which requires ErbB2 expression (Yoo and 
Hamburger, 1998). Moreover, activated ErbB2 is 
capable of forming alveolar-like structures in mam- 
mary epithelial cells identical to those observed 
following NRG1 treatment (Niemann et al, 1998). In 
vivo, lobuloalveoli induced by mammary implants 
containing NRG1, but not TGFa, produce secretory 
products including the milk-protein /?-casein (Jones et 
al, 1996). Taken together with the weak expression of 
NRG1 in nulliparous mice, these results suggest that 
NRG1 induces distinct biological responses from 
TGFa and that expression of NRG1 during pregnancy 
is coupled to ErbB2 signaling during mammary 
epithelial differentiation. 

The ability of ErbB2 to be activated through 
dimerization with all other EGFR-family members 
suggests that ErbB2 plays a central role in both the 
proliferative phase of mammary development at 
puberty, and mammary differentiation during preg- 
nancy and lactation. To elucidate the mechanisms that 
govern ErbB2 mediated breast development, we 
inactivated signaling by endogenous ErbB2 during 
mouse mammary gland development through trans- 
genic expression of a mutant ErbB2 with dominant 
negative activity. The results demonstrate that ErbB2 
signaling is required for the terminal stages of 
lobuloalveolar development and lactation at parturition. 

Results 

Expression and dominant negative activity of a truncated 
ErbB2 

Overexpression of truncated ErbB2 lacking the entire 
kinase domain and C-terminal tyrosine phosphorylation 

sites inhibits normal ErbB2 signaling in vitro (Qian et 
al, 1994) and can severely compromise ErbB2-mediated 
tumor formation in the nude mouse (Qian et al, 1996). 
We constructed a similar dominant negative mutant by 
replacing sequences encoding the rat ErbB2 endodo- 
main, downstream of A694, with sequences encoding an 
influenza virus hemagglutinin (HA) epitope-tag. These 
coding sequences were placed under control of the 
mouse mammary tumor virus (MMTV) promoter to 
direct transgene expression within mouse mammary 
epithelial cells (Figure  la).  The resulting construct, 
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Figure 1 (a) Schematic representation of ErbB2 and the 
transgene MMTV-ErbB2AIC. Locations of cysteine-rich domains 
(Cysl and Cys2), transmembrane region (TM), tyrosine kinase 
domain (Kinase), and carboxyl-terminal phosphotyrosines (P) are 
indicated. The ErbB2AIC transgene is downstream of the mouse 
mammary tumor virus (MMTV) LTR and 5' leader sequence 
from c-H-ras. ErbB2AIC encodes the entire ErbB2 extracellular 
domain, the transmembrane domain, followed by the juxtamem- 
brane region to residue 694, HA epitope-tag (HA Tag), followed 
by polyadenylation and splice signals from SV40 (SV40 Poly A), 
(b) Expression of endogenous ErbB2 and ErbB2AIC. FR3T3 cell 
clones transfected with empty vector (lane 1) or MMTV- 
ErbB2AIC (lane 2) were metabolically labeled with 35S- 
methionine/cysteine and grown in the presence of 1 pM 
dexamethasone to activate the MMTV promoter. Immunopreci- 
pitations were performed using an antibody directed against the 
ectodomain of rat ErbB2. Molecular weight markers are indicated 
to the left and the positions of endogenous ErbB2 and ErbB2AIC 
are indicated, (c) Dominant negative activity of MMTV- 
ErbB2AIC. FR3T3 cell clones transfected with empty vector 
(lanes 1 and 3) or MMTV-ErbB2AIC (lanes 2 and 4) were 
cultured with 1 im dexamethasone for 24 h and then mock 
stimulated (lanes 1 and 2) or stimulated with EGF (lanes 3 and 4) 
for 10 min at room temperature. ErbB2 was immunoprecitated 
from cell lysates and probed for phosphotyrosine by Western blot 
analysis (upper panel). The blot was then stripped and reprobed 
for ErbB2 (lower panel). The positions of phosphorylated 
endogenous ErbB2 (P-tyr) and total endogenous ErbB2 (ErbB2) 
are indicated 
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designated MMTV-ErbB2AIC, encodes a protein of 704 
residues with a predicted molecular mass of 105 KDa. 
The ErbB2AIC protein was expressed in FR3T3 rat 
embryonic fibroblast cells transfected with MMTV- 
ErbB2AIC (Figure lb, lane 2) but not cells transfected 
with an empty vector (Figure lb, lane 1). ErbB2 is 
phosphorylated in response to EGF when coexpressed 
with EGFR (Stern et al, 1986; Stern and Kamps, 1988). 
To determine the effects of ErbB2AIC expression on the 
transphosphorylation of ErbB2 in response to EGF, 
FR3T3 cell lines expressing ErbB2AIC or the MMTV 
vector alone were mock treated or treated with EGF. 
Endogenous ErbB2 was immunoprecipitated from 
treated cells and the levels of receptor tyrosine 
phosphorylation was determined by anti-phosphotyr- 
osine Western blot analysis. ErbB2 tyrosine phosphor- 
ylation was not observed in mock treated cell lines 
(Figure lc, lanes 1 and 2). In contrast, EGF treatment 
resulted in high levels of ErbB2 tyrosine phosphoryla- 
tion in a cell line containing the empty vector (Figure 
lc, lane 3). Tyrosine phosphorylation of ErbB2 was 
inhibited, however, by expression of ErbB2AIC (Figure 
lc, lane 4). Immunoprecipitation of ErbB2 from each 
cell treatment was confirmed by stripping and reprobing 
the blot for ErbB2 (Figure lc, bottom panel). These 
results demonstrate that the ErbB2 truncation mutant, 
ErbB2AIC, has dominant negative activity when 
coexpressed with wild-type ErbB2. 

Transgenic mice derived from MMTV-ErbB2AIC 

To determine the effect of dominant negative ErbB2 
activity within the developing mammary gland, 
transgenic  mice  were  derived  by  injecting  MMTV- 

ErbB2AIC DNA into the pronuclei of fertilized one- 
cell zygotes from B6SJL/F2 mice. Four founders with 
transgene integration (determined by polymerase chain 
reaction; PCR) were crossed into a FVB strain and 
transgene expression by the F2 female offspring was 
determined by Northern blot analysis using an 
ErbB2AIC-specific probe. Transgene expression was 
detected in mid-pregnant mammary glands from 
offspring of the two founder transgene lines designated 
5286 and 5289 (data not shown). Phenotypic analysis 
of mammary glands from mice expressing ErbB2AIC 
was performed on F3 females derived by crossing 
founder line 5289 F2 mice with FVB strain mice. The 
phenotype of line 5289 was confirmed by analysis of a 
second founder line, 5286. 

Expression of the ErbB2AIC transgene in the mammary 
gland 

To determine the temporal expression pattern of 
ErbB2AIC, RNA was isolated from the number 4 
inguinal mammary gland of developmentally staged 
female mice and subjected to analysis by ribonuclease 
protection assay (RNPA). The 320 bp ErbB2AIC 
riboprobe hybridizes to the extreme 3' end of the 
ErbB2AIC transgene, including unique sequences 
corresponding to the HA-tag, resulting in a protected 
fragment of 240 bp (Figure 2, lanes 1 and 4, 
respectively). A similar protected fragment was never 
detected in mammary glands from developmentally 
staged non-transgenic siblings (e.g. Figure 2, lane 5, 1 
day post-partum). A protected fragment of 204 bp 
representing endogenous ErbB2 RNA was detected in 
empty   vector-transfected   cells   (lane   3).   Transgene 
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Figure 2 Expression analysis of ErbB2AIC RNA in developmentally staged mammary glands. RNA (20 /ig) isolated from the number 4 
inguinal mammary gland was hybridized with 32P-labeled anti-sense riboprobe corresponding to the carboxyl-terminal 236 bp of ErbB2AIC 
and subjected to RNase protection analysis. Protected fragments corresponding to ErbB2AIC and /?-actin are indicated. Negative controls 
included 20 \i% each of tRNA, a FR3T3 cell clone transfected with empty vector (Vector), RNA from a non-transgenic sibling at 1 day post- 
partum (Control). RNA (20 ,ug) from a FR3T3 cell clone transfected with MMTV-ErbB2AIC was a positive control. /?-actin served as an 
internal control for RNA loading 
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expression was first detected in virgin females as they 
entered puberty at 5 weeks, and expression levels 
increased slightly with age with maximal expression in 
the mature nulliparous mammary gland at 14 weeks 
(Figure 2, lanes 6-9). Expression levels throughout 
pregnancy were several-fold greater than observed 
within the mature virgin mammary gland (Figure 2, 
lanes 10 and 11). (In other experiments, the transgene 
was expressed at similarly high levels beginning at day 
11 post-coitus, the earliest time point assayed.) The 
highest level of expression, however, was observed at 1 
day post-partum (Figure 2, lane 12). The window of 
high level post-partum transgene expression was 
restricted, with a decrease in expression observed at 
both 3 and 12 days post-partum (Figure 2, lanes 13 and 
14). Mammary gland involution, following 3 days of 
weaning, resulted in a return of ErbB2AIC expression 
to pre-pregnancy levels (Figure 2, lane 15). 

Mammary gland expression of ErbB2AIC inhibits 
lobuloalveolar development at parturition 

Mammary gland development can be broadly divided 
into two hormonally regulated phases: (1) ductal 
proliferation and branching morphogenesis in the 
pubescent virgin and (2) lobuloalveolar development 
with epithelial terminal differentiation during preg- 
nancy and lactation. To determine the effects of 
ErbB2AIC expression on mouse mammary gland 
development, whole mounts and histologically-stained 
paraffin-embedded sections of mammary glands from 
ErbB2AIC expressing virgin mice were examined at 3, 
5, 7, 10 and 14 weeks of age. Despite the expression of 
ErbB2AIC within the virgin mammary gland after 5 
weeks (Figure 2), we did not detect effects on terminal 
end-bud formation, ductal branching, ductal growth, 
or cellular morphology within the nulliparous mam- 
mary gland (data not shown). 

With the onset of pregnancy, proliferation of lateral 
and terminal ductal epithelial buds initiates ductal side- 
branching and the accumulation of alveolar units. At 
19 days post-coitus, some lobuloalveoli were expanded 
in non-transgenic mice (open arrow, Figure 3 a) and the 
ducts become slightly distended (arrowhead, Figure 
3a). High levels of ErbB2AIC expression during 
pregnancy had no effect on ductal side-branching or 
alveolar development up to and including 17 days post- 
coitus (data not shown). Evidence for inhibition of 
alveolar growth in ErbB2AIC-expressing mice was first 
observed at 19 days post-coitus. Although distended 
ducts were observed in wholemounts of ErbB2AIC 
expressing mice at this stage (arrowhead, Figure 3b), 
the lobuloalveoli of these mice remained condensed 
(filled arrow, Figure 3b). 

At 1 day post-partum, lobuloalveoli of control mice 
expand as the alveolar lumens become engorged with 
lactation products (arrow, Figure 3c). In control mice, 
the ducts are obscured by the extensive expansion of 
lobuloalveoli. Likewise, the lobuloalveoli of multi- 
parous control mice at 1 day post-partum were 
distended (arrow, Figure 3e), but to a much greater 
extent than those of uniparous control mice (compare 
Figure 3e to Figure 3c). A dramatic phenotype was 
observed in ErbB2AIC-expressing mice at 1 day post- 
partum. Alveoli from both uniparous and multiparous 
transgenic  mice  remained  condensed  (filled  arrows, 

Figure 3d and f). Furthermore, distended ducts were 
clearly visible in wholemounts from the ErbB2AIC 
transgenic mice at 1 day post-partum (arrowheads, 
Figure 3d and f), suggesting that lobuloalveolar but 
not ductal epithelial cells are adversely effected by 
ErbB2AIC expression. The ErbB2AIC phenotype 
observed at 1 day post-partum was accentuated in 
multiparous females (>6 pregnancies; compare Figure 
3d and 3f), presumably because multiparity results in 
both higher levels and more uniform transgene 
expression driven by the MMTV LTR. At 3 days 
post-partum, epithelial proliferation results in further 
accumulation and expansion of lobuloalveoli in control 
mice (Figure 3g). Although distended lobuloalveoli 
were prominent within transgenic mice at 3 days post- 
partum, the lobuloalveoli were still much smaller when 
compared to control mice (Figure 3h). The recovery of 
lobuloalveolar development in the ErbB2AIC trans- 
genic mice at this stage may be related to the dramatic 
decrease in transgene expression observed during 
lactation (Figure 2). The ErbB2AIC expressing 
mammary gland was indistinguishable from non- 
transgenic controls at 12 days post-partum (data not 
shown), a stage with maximal lactation and low 
transgene expression. 

Histological analysis of mammary glands from 
control mice at 19 days post-coitus revealed expanded 
lobuloalveoli with the accumulation of cellular and 
lumenal secretory lipids (arrow, Figure 4a). In some 
alveoli, lumenal proteinacious material representing the 
early stages of terminal differentiation and lactation 
was detected (open arrowhead, Figure 4a). Although 
secretory lipids were detected within lobuloalveoli of 
ErbB2AIC expressing mice at 19 days post-coitus 
(arrow, Figure 4b), the lobuloalveoli were much 
smaller than those of control mice. Reduced amounts 
of proteinacious material were detected in the lumens 
of lobuloalveoli from ErbB2AIC-expressing mice (open 
arrowhead, Figure 4b). 

At 1 day post-partum, secretory epithelium lining the 
lobuloalveoli of control mice is no longer cuboidal, but 
has a flattened appearance, indicating that the cells 
have undergone secretory differentiation (Figure 4c). In 
addition, the lumens of control mice are filled with 
granular proteinacious material (open arrowhead, 
Figure 4c) and a small amount of lipid indicating 
that normal milk production is in progress (Figure 4c). 
In multiparous control animals, the lobuloalveoli are 
much larger than uniparous controls and the lumens 
are empty, presumably due to the efficient secretory 
process of these glands (Figure 4e). A majority of 
alveoli from ErbB2AIC expressing mice at 1 day post- 
partum retained the cuboidal secretory structure 
observed at 19 days post-coitus (Figure 4b and d and 
data not shown). Lumenal products present in 
lobuloalveoli from ErbB2AIC expressing mice resem- 
ble secretory lipids typically observed during late 
pregnancy (compare arrows in Figure 4d and f with 
Figure 4a and b). Multiparity dramatically exaggerated 
the inhibitory effect of ErbB2AIC expression on 
lobuloalveolar development. Condensed lobuloalveoli 
with cuboidal epithelium predominated in mammary 
glands from multiparous tfansgenic females at 1 day 
post-partum (Figure 4f). At 3 days post-partum the 
alveolar epithelia of both transgenic and control mice 
are rounded as they enter the first phase of post-partum 
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proliferation (Traurig, 1967a) (Figure 4g and h). 
Despite the apparent recovery of epithelial cell 
function, lobuloalveoli of ErbB2AIC expressing mice 
at 3 days post-partum remained much smaller than 
those of non-transgenic controls. 

ErbB2AIC expression is associated with non-secreting 
lobuloalveoli 

In contrast to the uniform structure of lactating 
mammary glands from non-transgenic siblings, mam- 

mary glands from ErbB2AIC-expressing mice displayed 
a high degree of intragland heterogeneity (Figure 5a). 
A subset of alveolar clusters with cuboidal epithelial 
cells always lacked lumenal secretory products 
(arrows). In contrast, other alveolar clusters with 
slightly flattened epithelium contained secretory lipids 
typically observed late in pregnancy (arrowheads; 
compare to Figure 4a). To determine if this hetero- 
geneity is related to ErbB2AIC expression levels, 
transgene expression was determined by immunohis- 
tochemistry (IHC) (Figure 5b). 

3485 

Figure 3 Wholemount analysis of developmentally staged mammary glands from non-transgenic control (a, c, e and g) and 
ErbB2AIC transgenic mice (b, d, fand h). The entire number 4 inguinal mammary gland at 19 days post-coitus (a and b), 1 day post- 
partum (c and d), multiparous mice at 1 day post-partum (e and f), or 3 days post-partum (g and h) was prepared as wholemount and 
stained with carmine. Distended ducts are indicated by arrowheads. Expanded and condensed lobuloalveoli are indicated by open 
and filled arrows, respectively 
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Figure 4 Histological analysis of developmentally staged mammary glands from non-transgenic control (a, c, e and g) and ErbB2AIC 
transgenic mice (b, d, f, and h). A portion of the number 4 inguinal mammary gland at 19 days post-coitus (a and b), 1 day post-partum 
(c and d), multiparous mice at 1 day post-partum (e and f), or 3 days post-partum (g and h) was fixed in paraformaldehyde, embedded in 
paraffin and stained with hematoxylin/eosin. Proteinacious and lipid lumenal secretory products are indicated by open arrowheads and open 
arrows, respectively 

Anti-HA, which recognizes the HA epitope-tagged 
ErbB2AIC, yielded specific staining of epithelium from 
condensed lobuloalveolar clusters (arrows, Figure 5b). 
At higher magnifications membrane staining of the 
same cells was observed (data not shown). The lumens 
of ErbB2AIC-staining lobuloalveolar clusters lacked 
secretory products (compare areas marked with arrows 
in Figure 5a and b). ErbB2AIC was never detected in 
epithelium of lobuloalveolar clusters which contained 

secretory products (arrowheads, Figure 5a and b) or 
non-transgenic controls (data not shown). These results 
demonstrate a direct concordance between detectable 
levels of ErbB2AIC expression and the inhibition of 
lobuloalveolar epithelial differentiation and secretory 
activity at 1 day post-partum. 

Despite the dramatic inhibition of lobuloalveolar 
development and secretory processes observed within 
mammary  glands  of ErbB2AIC  expressing mice  at 
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''^ST**^     • ~~~~'   •''' '      . '-*'   i-f£ expressing mice failed to form distended lactationally 
"      "   *"" ' " ' '"    " v'1'-*-''- active lobuloalveoli. Furthermore, there was a direct 

concordance between high levels of ErbB2AIC protein 
expression and the lack of lobuloalveolar secretory 
products. 

ErbB2 is the preferred heterodimer partner of 
activated EGFR family members (Graus-Porta et al, 
1997; Tzahar et al, 1996), and, when mutated, can 
inactivate other ErbB-family receptors (Qian et al, 
1994). Therefore, we cannot rule out the possibility 
that in addition to inhibiting ErbB2 signaling, 
ErbB2AIC inactivates signaling by other members of 
the EGFR-family. Nevertheless, our results suggest 

W~~i    -'     -    "'""       ' T>- that proper ErbB2 signaling is required for both the 
^ "':       <'    v/?;. terminal  stages  of lobuloalveolar  development  and 

,•*'"*'% lactation at parturition. 
„.f jj~ X       ' • •   ' A similar MMTV-driven dominant negative strategy 

,.Jgr   fy.^f^'C}     ^\ nas been used to inactivate EGFR signaling in the 
SD* A*K   C'\    "^      \^ developing mouse mammary gland (Xie et al, 1997). 

LJI$\ }"C..M^::'-   jk   ^*J ,-; Dominant negative EGFR expression inhibited mam- ■yk     ^^p   ,-• uominani negative EVJJTIV cApicsaiun umiuuw mam- 

/•   ---'    ^^     ^* mary ductal morphogenesis in the pubescent virgin 
-;v /"';..        T'-^Jf mouse.  Since  ErbB2 is expressed within the virgin 

„/>• mammary  gland  and  is  the  preferred  heterodimer 
.v*' partner  of ligand  activated  EGFR,  we  expected  a 

        ,',-.-      ' similar phenotype in mammary glands of pubescent 
JA 'H^'-^T-'-"-:      "-- •  '^ mice expressing ErbB2AIC. One possible explanation 

...  ,    .  ,,",.   '.      frvBiAirinthP for the lack of an ErbB2AIC phenotype in virgin mice Figure 5   Immunohistochemical localization of ErbB2AIC in the ,                                                   T/-i               •                u   u„i„„, 
mfmmary gland at 1 day post-partum. Sequential sections from a IS that the level of ErbB2AIC expression may be below 
l day post-partum mammary gland of an ErbB2AlC expressing the  threshold  level necessary  to  dominantly inhibit 
mouse were stained with hematoxylin/eosin (a) or analysed by endogenous ErbB2. In addition, the mosaic transgene 
immunohistochemistry using a HA specific primary antibody (b) expression observed in our experiments resulted in high 
(see Materials and methods). ErbB2AIC expressing lobuloalveoli J-             VvUnOMC pvnrp^inn  in  onlv a  minoritv of 
are indicated by arrows, and lobuloalveoli lacking significant levels of ErbB2AlC expression in only a minority or 
ErbB2Alc expression are indicated by arrowheads mammary  epithelial  cells.   Growth   inhibition   ot   a 

subpopulation of mammary epithelial cells expressing 
high levels of ErbB2AIC could go undetected due to 
immigration and overgrowth by normal ducts, 

parturition,   milk   was   clearly   visible   within   the Despite  high   levels   of  transgene  expression,   an 
stomachs of pups throughout lactation, and there was ErbB2AIC phenotype was also absent during early or 
no apparent consequence of ErbB2AIC expression on mid-pregnancy.  This  lack  of phenotype  during the 
nursing   pups   (data   not   shown).   The   incomplete second   and   most  pronounced   stage   of  mammary 
inhibition   of   terminal   differentiation,   resulting   in epithelial proliferation (Traurig,  1967b) suggests that 
functionally lactating ErbB2AIC-expressing mammary ErbB2 signaling is also dispensable during this period 
glands, may be a result of the variegated transgene of mammary epithelial proliferation. The finding that 
expression observed at 1 day post-partum (Figure 5b). EGF injected i.p. into pregnant mice stimulates low 

levels of mammary gland ErbB2 tyrosine phosphoryla- 
tion, relative to EGFR, further suggests a minimal role 

Discussion for  ErbB2   at  mid-pregnancy  (Schroeder  and   Lee, 
1998). 

Locally synthesized EGF family hormones and their The predominant phenotype associated with expres- 
receptors play important roles in normal and sion of ErbB2AIC was a failure of lobuloalveolar 
neoplastic mammary development (DiAugustine et maturation at parturition. All four EGFR family 
al, 1997; Dickson and Lippman, 1995). Indeed, a members are highly phosphorylated at this develop- 
large body of evidence indicates that the EGFR family mental stage (Schroeder and Lee, 1998) and therefore 
member ErbB2 is a key determinant in the ontogenesis may play a role in mammary gland development at 
and progression of human breast cancer (reviewed in: parturition. One possibility is that ErbB2 signaling is 
Hynes and Stern, 1994). In order to inactivate normal coupled to multiple receptors at parturition, and 
ErbB2 signaling during mammary development, we ErbB2AIC abrogates signaling by all four receptors at 
directed expression of a dominant negative ErbB2 allele this developmental stage. Alternatively, ErbB2 signal- 
(ErbB2AIC) to the developing mouse mammary gland. ing may be preferentially coupled to NRG 1-activated 
Although levels of ErbB2AIC expression were greater ErbB3 or ErbB4 or both at parturition. Unlike most 
than endogenous ErbB2 throughout mouse mammary EGFR ligands, NRG1 is expressed exclusively during 
gland development (data not shown), the first pregnancy and at peak levels around parturition (Yang 
ErbB2AIC-specific phenotype, a slight defect in et al, 1995). When NRG1 is injected into mice at 
lobuloalveolar expansion, was observed at late gesta- parturition, a dramatic increase in ErbB2 and ErbB3 
tion (19 days post-coitus). At parturition, however, the phosphorylation is observed (Schroeder and Lee, 
majority   of   the   condensed   alveoli   of   ErbB2AIC 1998), suggesting that these two receptors are coupled 
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at this developmental stage. Consistent with these 
results, we have previously reported that NRG1 
implanted within mammary glands of virgin female 
mice, induced the formation of alveoli with an 
accumulation of the lactation product jS-casein (Jones 
et al, 1996). In addition, ectopic expression and 
activation of ErbB2 signaling, in the absence of 
activated coreceptors, induced alveolar-like structures 
in cultured mammary epithelial cells identical to those 
induced by NRG1 treatment (Niemann et al, 1998). 
Collectively, these results suggest that NRG1 plays a 
role in lobuloalveolar maturation and lactation by 
activating ErbB2 signaling at parturition. 

The phenotype at parturition observed in ErbB2AIC 
expressing mice closely resembles defects in mice with 
gene disruptions in Stat5a or leukocyte common- 
antigen-related phosphatase (LAR). Independent la- 
boratories reported that Stat5a (Liu et al, 1996; 
Teglund et al, 1998) and LAR (Schaapveld et al, 
1997) are required for normal lobuloalveolar matura- 
tion and lactation at parturition. The possible coupling 
of ErbB2 signaling with the signaling pathways of 
Stat5a and LAR or both, deserves further investiga- 
tion. 

Substantial evidence supports the mitogenic effect of 
deregulated ErbB2 activity in the development and 
progression of human breast cancer (reviewed in: 
Hynes and Stern, 1994). Results presented here, 
however, demonstrate that normal ErbB2 signaling 
within the mouse mammary gland contributes to 
epithelial differentiation and lactation at parturition. 
These functionally distinct responses of mammary 
tissue to ErbB2 activation may be due to differential 
activation and coupling of ErbB2 signaling with other 
EGFR-family members. For example, receptors linked 
to mitogenic signaling pathways within mammary 
tissue, including amplified and overexpressed ErbB2 
alone or in combination with EGFR, would result in 
an aggressive mammary carcinoma associated with 
poor prognosis, whereas coupling of ErbB2 signaling 
with a receptor associated with favorable prognostic 
indicators, such as ErbB4 (Bacus et al, 1996), may 
indicate a less aggressive mammary tumor. Consistent 
with this hypothesis, our unpublished results demon- 
strate that ErbB4 signaling is required for mammary 
epithelial differentiation, and is coupled to ErbB2 
signaling at parturition. Characterization of ErbB4 
signaling and other gene products associated with 
ErbB2 activation during mammary epithelial differ- 
entiation may lead to the identification of favorable 
prognostic indicators associated with ErbB2 mediated 
mammary carcinogenesis. Furthermore, ErbB2 signal- 
ing pathways coupled to mammary differentiation 
could be marshaled to antagonize the mitogenic effect 
of activated ErbB2 within an aggressively proliferating 
tumor. 

Materials and methods 

Plasmids 

The plasmid pMMTV-ErbB2AIC containing the rat ErbB2 
cDNA with a carboxyl-terminal truncation at residue 694 and 
an HA epitope-tag (Kolodziej and Young, 1991) fused with 
the mouse mammary tumor virus (MMTV) LTR (Figure 1) 
was constructed in two steps. First, the intermediate plasmid, 

pN-DID-HA, was generated by trimolecular ligation of 
EcoKl digested pcDL-SR«296 (Takebe et al, 1988), the 
2.4 kb EcoRI-Ndel fragment from the rat ErbB2 cDNA 
(Bargmann et al, 1986), and the 236 bp Ndel-EcoRl 
digested PCR product generated from the rat ErbB2 cDNA 
using a forward oligonucleotide primer upstream of the 
unique Ndel site and the reverse primer 5' GAATGAAT 
TCAGGCGTAATCAGGCACATCGTATGGGTACAGCC- 
TACGCATCGTATAC. The modified rat ErbB2 cDNA was 
then subcloned, to generate the plasmid pMMTV-ErbB2AIC, 
via a trimolecular ligation involving Hindlll-EcoRl digested 
pMMTV-Sv40-Bssk (pMMTV-GAL4/236-SV40 minus the 
GAL4/236 gene) (Ornitz et al, 1991) generously provided 
by Philip Leder, the 530 bp Hindlll-Aatll digested PCR 
product generated from pN-DID-HA using the forward 
primer with a 5' Hindlll linker 5'-CTAAGCTTCAATGAT- 
CATCATGGAGCT-3' and the reverse primer 5-GGGGCA- 
CAAGGTGGACAGGC-3', and the 3' ca. 1.6 kb Aatll- 
EcoRl fragment from pN-DID-HA. 

The plasmid pBI-ErbB2AIC, which served as a riboprobe 
template was generated as follows. The 236 bp 3' Ndel (site 
filled with T4 DNA pol)-£coRI fragment from pMMTV- 
ErbB2AIC was ligated to Smal-EcoRl digested pBluescript I 
S/K (Stratagene) destroying the Ndel and Smal sites in the 
process. 

Immunoprecipitation and Western blot analysis 

FR3T3 cell lines stably expressing ErbB2AIC, were produced 
by calcium phosphate transfection of 5 ßg of pMMTV- 
ErbB2AIC together with 0.5 ßg of pLXSN (Miller and 
Rosman, 1989), which carries a neomycin resistance gene. 
Transfected cells were selected in 1 mg/ml of G418 and 
maintained in 200 ,ug/ml. Stable cell clones in 60 mm dishes 
were metabolically labeled, in the presence of 1 ßM 
dexamethasone, by incubating for 16 h with 100 /iCi of 35S- 
methionine/cysteine in vitro cell labeling mix (Amersham). 
Labeled cells were lysed on ice in RIPA buffer (10 mM Tris, 
pH7.4, 150 mM NaCl, 1% deoxycholate, 1% NP-40, 0.1% 
sodium dodecyl sulfate, with 1 mM phenylmethylsulfonyl 
fluoride, and 1% aprotinin) and immunoprecipitations were 
performed by adding 1 ßg of anti-c-neu Ab-4 (Oncogene 
Science) and 50 ßl of preswollen protein A sepharose 
(Pharmacia) (Stern et al, 1986). Precipitated proteins were 
resolved by SDS-PAGE on a 12% acrylamide gel and the 
resolving gel was processed in Optifluor (National Diagnos- 
tics) according to the manufacturer's instructions. 

For phosphotyrosine and ErbB2 Western blot analysis 
FR3T3 cell lines expressing ErbB2AIC or containing empty 
vector in 100 mm dishes were incubated in growth media 
containing 0.2% calf serum for 12 h. The cells were washed 
once with phosphate buffered saline (PBS; 15 mM Na2HP04, 
1.5 mM KH2P04, 137 mM NaCl, 3 mM KC1, pH 7.2) and 
mock or EGF treated for 10 min at room temperature by 
adding 2.0 ml of PBS or 2.0 ml of PBS containing 250 ng of 
human recombinant EGF (Collaborative Biomedical), 
respectively. Treated cells were lysed on ice in RIPA buffer 
containing 1 mM pervanadate. ErbB2 was immunoprecipi- 
tated from lysate containing 300 ßg of protein and analysed 
by SDS-PAGE as described above. Phosphotyrosine Western 
blot was performed using mouse monoclonal antibody 4G10 
(Upstate Biotechnology) diluted to 1 ^g/ml using procedures 
described previously (Stern et al, 1986). The blot was 
stripped of primary antibody as described by the manufac- 
turer (Pierce) and was reprobed for ErbB2 with Neu antibody 
C-18 (Santa Cruz) diluted to 0.2 ^g/ml. 

Generation of MMTV-ErbB2AIC transgenic mice 

For microinjection, pMMTV-ErbB2AIC was digested at 
unique Sall-Spel sites and the circa 6.3 kb fragment 
containing   the   MMTV   LTR,   a   600 bp   5'   untranslated 



region of c-Ha-ray, the truncated rat ErbB2 cDNA with 
carboxyl-terminal HA epitope-tag, and SV40 3' mRNA 
processing signals, was separated from vector sequences by 
agarose gel electrophoresis followed by purification with a gel 
extraction kit (Qiagen). The DNA fragment was micro- 
injected into the pronuclei of B6SJL/F2 fertilized one-cell 
zygotes at a concentration of 12 /xg/ml in 10 DIM Tris, 
pH 7.5, 0.1 mM EDTA by Carole Pelletier, under the 
direction of Dr David Brownstein, at the Transgenic Mouse 
Shared Resource of the Yale University School of Medicine. 
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urea gel and, without additional processing, the gel was 
exposed to XAR-5 (Kodak) x-ray film at -70°C for 24- 
48 h. 

Whole-mount staining of mouse mammary glands 

The entire number 4 inguinal mammary gland was spread 
onto a glass microscope slide, fixed in acidic ethanol and 
stained in carmine solution exactly as described previously 
(Jones et ai, 1996). 
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Identification of transgenic mice by polymerase chain reaction 
(PCR) 

Transgenic progeny were identified by PCR analysis of DNA 
isolated from tail biopsies. Briefly, tail segments biopsied 
from 3-week-old weaned mice were incubated overnight at 
55°C in 50 mM Tris, pH 8.0, 100 mM EDTA, 100 mM NaCl, 
1 % SDS, and 500 jug/ml proteinase K and extracted with 
phenol/chloroform before ethanol (EtOH) precipitation. PCR 
analysis using 32 cycles at 94°C for 1 min 15 s, 56°C for 
2 min 15 s, and 72°C for 3 min 15 s in a PTC-100 
programmable thermal cycler (M J Research, Inc.) was 
performed with 2 ßg of tail DNA in a final volume of 100 p\ 
containing 10 mM Tris, pH 9.0, 50 mM KC1, 2.5 mM MgCl2, 
200 ßM of each deoxynucleotide, 0.15 ^M of each primer, and 
2.5 U Taq polymerase (Boehringer Mannheim). Primers for 
the amplification of a 763 bp MMTV-ErbB2AIC fragment 
were 5' GGCCTGGGGATCCACTCGCTGGGG, corre- 
sponding to nucleotides 1364 to 1388 of the rat ErbB2 
ORF (Bargmann et ai, 1986) and 5' GGCGTAATCAGG- 
CACATCGTATGG which hybridizes to the 3' terminal HA 
12CA5 epitope of MMTV-ErbB2AIC. Primers for the 
amplification of a ca. 500 bp mouse jS-casein exon 7 
fragment served as a PCR internal control (Li et al., 1997). 

Riboprobe synthesis and purification 

Where possible, buffers used for riboprobe synthesis and 
transcript purification were pretreated with diethyl pyrocar- 
bonate (DEPC) using standard procedures. For RNase 
protection assay (RNPA) the DNA template was linearized 
and contaminating ribonucleases were inactivated by protease 
treatment at 37°C for 1 h in 10 mM Tris, pH 8.0, 50 mM 
NaCl, 5 mM EDTA, 0.6% SDS, and 150 /xg/ml protease K. 
In vitro transcription and subsequent DNase treatment were 
performed using a MAXIscript in vitro transcription kit 
(Ambion) with 1 ßg of template DNA exactly as described by 
the manufacturer. Full-length transcripts fractionated on a 
6% polyacrylamide, 8 M urea gel, were excised, and eluted 
into 700 ß\ of 500 mM NH„OAc, 1 mM EDTA, and 0.1% 
SDS at 37°C for 3 h. 

Tissue preparation for histological analysis 

For hematoxylin/eosin staining and immunohistochemistry 
(IHC) a portion of the number 4 inguinal mammary gland 
was spread onto a glass microscope slide and fixed in freshly 
prepared 4% paraformaldehyde in PBS (15 mM Na2HP04, 
1.5 mM KH2PO„, 137 mM NaCl, 3 mM KC1, pH 7.2) over- 
night at 4°C. The fixed tissue was rinsed in ddH20 and 
partially dehydrated through an ascending EtOH series to 
70%. The samples were embedded in paraffin and 6 pm 
sections were dried onto gelatin-coated slides using standard 
procedures. 

Immunohistochemistry 

For immunohistochemical detection of HA-tagged dominant 
negative ErbB2, paraffin embedded mammary glands were 
dewaxed in xylene, hydrated through a descending EtOH 
series, and washed in PBS. Endogenous peroxidase activity 
was inactivated by incubating the sections in 0.5% H202 in 
PBS for 15 min at room temperature followed by two washes 
in PBS for 5 min per wash. Non-specific binding sites were 
blocked for 30 min at room temperature with 10% rabbit 
serum in PBS. Sections were sequentially incubated first with 
50 ß\ of 10% rabbit serum in PBS containing 1 ßg of anti- 
HA high affinity rat monoclonal antibody (Boehringer 
Mannheim) overnight at 4°C, then 50 ß\ of 10% rabbit 
serum in PBS containing 1 ßg of biotinylated goat anti-rabbit 
lgG (Vector) for 1 h. at room temperature, and finally 50 ß\ 
biotin-avidin-peroxidase complex generated in PBS using a 
Vectastain Elite ABC kit (Vector) for 30 min at room 
temperature. Between each reagent, the sections were washed 
three times in PBS for 15 min per wash. Peroxidase activity 
was detected by incubating the sections for 7 min with 200 ß\ 
of DAB substrate (Vector). Negative controls included 
similarly processed mammary gland paraffin sections from a 
non-transgenic sibling at 1 day post-partum and sections from 
ErbB2AIC-expressing mammary glands processed without 
anti-HA primary antibody. Sections were lightly counter- 
stained in hematoxylin (Polysciences), dehydrated through an 
ascending EtOH series, cleared in xylene, and coverslipped 
with permount (Fisher). 

RNA isolation and RNase protection assay 

For isolation of mammary gland RNA, 0.2 g of tissue from 
the number 4 inguinal mammary gland was snap frozen in 
liquid N2 and stored at — 70°C until use. RNA was isolated 
from frozen tissue by homogenization in 4.0 ml of TRIzol 
(Gibco-BRL) with a glass homogenizer using a type B pestle 
(Janke and Kunkel KIKA-Labortechnik) using the exact 
procedure as described by the manufacturer. Isolated RNA 
was resuspended into DEPC (Sigma) treated ddH20 and 
stored at — 70°C until use. 

For RNPA analysis, 20 ßg of total RNA was precipitated 
with 5 x 105 c.p.m. of riboprobe. The same amount of t-RNA 
(Gibco-BRL) precipitated with riboprobe served as a negative 
control. Riboprobe hybridization, RNA digestion, and 
isolation of RNA/probe hybrids, were performed using the 
RPA II ribonuclease protection assay kit (Ambion) exactly as 
described by the manufacturer. Probe protected RNA 
fragments  were  separated  on  a  6%  polyacrylamide  8 M 
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Abstract 
Mammary gland development and differentiation is 
mediated through the combined activities of systemic 
hormones and locally synthesized growth factors. To 
determine the in vivo response of mammary epithelium 
to heregulin (HRG), we implanted Elvax pellets 
containing HRGa or HRG/3 within the mammary glands 
of prepubescent female mice in the presence or 
absence of exogenous estradiol and progesterone (E/ 
P). Mice treated in the same way with transforming 
growth factor a (TGF-a) were included as a positive 
control. Each growth factor treatment induced 
epithelial ductal branching in the presence or absence 
of E/P. In the absence of E/P, HRG/3 did not affect 
terminal end bud formation, mammary epithelium 
branching, or ductal migration. In contrast, TGF-a and 
HRGa induced ductal branching and HRGa induced 
ductal migration in the absence of E/P. The overall 
mammary response to growth factors was potentiated 
by the concomitant presence of E/P. In every case, the 
in vivo mammary epithelial responses to HRGa were 
more robust than TGF-a. Limited lobuloalveolar 
development was also observed in growth factor- 
treated mammary glands when E/P was present. 
Histological examination of growth factor-induced 
lobuloalveoli revealed secretory products within the 
lumen of HRGa and HRG/3 lobuloalveoli. TGF-a- 
induced lobuloalveoli lacked similar secretory 
products. 

Introduction 
Mammary gland development is unusual in that the vast 
majority of growth and differentiation occurs postnatally. In 
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the prepubescent mouse, mammary ductal structures ema- 
nating from the nipple terminate in large bulbous structures 
referred to as TEBs.3 With the onset of puberty, steroid 
hormones function as potent mitogens of TEB. This rapidly 
dividing cell population is responsible for ductal growth and 
branching during expansion of the mammary gland. During 
pregnancy, an additional pronounced growth cycle results in 
increased ductal branching and lobuloalveolar development. 
The lobuloalveoli terminally differentiate into milk-producing 
structures, and the extensive lobuloalveoli completely fill the 
interductal spaces during lactation (1,2). These developmen- 
tal processes are regulated through a complex series of 
events requiring the activities of both intraglandular and sys- 
temic hormones/growth factors (3-5). The steroid hormones 
estrogen and progesterone are major players in these devel- 
opmental processes. However, the exact mechanisms un- 
derlying steroid hormone growth effects are not known and 
may involve a combination of direct effects and/or stimula- 
tion of growth factors which in turn mediate mammary gland 
development in a juxtacrine or autocrine fashion. Indeed, 
estradiol stimulates mammary epithelial expression and/or 
secretion of several EGF family members (6-10), and these 
growth factors have several important functional roles during 
mammary gland development (4, 5, 11). 

Normal breast tissue expresses several EGF family mem- 
bers including EGF (12), TGF-a (12-16), amphiregulin (16- 
18), cripto-1 (16-18), and HRG (19). In addition, mammary 
gland expression of all four EGFR family members identified 
to date (e.g., EGFR, erbB-2/HER-2/neu, erbB-3, and erbB-4) 
has been reported (19-22). A substantial body of evidence 
suggests that the EGF family of growth factors and their 
cellular receptors play an important role in both normal and 
malignant mammary gland development (4, 5, 11, 23-27). 
Most recently, the function of HRG in mammary gland de- 
velopment has been investigated. In mammary tumor cells, 
HRGs appear to have a mitogenic effect (28-31) or induce 
differentiation of mammary epithelium with the synthesis of 
milk proteins (30, 32-34). Yang ef al. (19) examined the 
affects of HRG on mammary gland morphogenesis. In 
whole-organ culture, HRG stimulates lobuloalveolar devel- 
opment and the production of milk proteins. A putative role 
for HRG in lobuloalveolar development and milk production 
is further supported by the following observations; HRGa is 
expressed within the mammary mesenchyme adjacent to 
lobuloalveolar structures, and HRGa expression is regulated 
during mammary gland development and is only expressed 
during pregnancy (19). Therefore, HRG appears to be a po- 

3 The abbreviations used are: TEB, terminal end bud; EGF, epidermal 
growth factor; EGFR, EGF receptor; HRG, heregulin; TGF-a, transforming 
growth factor a; E/P, estradiol and progesterone; RP-HPLC, reverse 
phase high pressure liquid chromatography. 
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Fig. 1. Effect of growth factor 
treatment on mammary gland 
morphology in the absence of 
estradiol and progesterone. 
Control Elvax pellets and pellets 
containing growth factor were 
implanted within the surgically 
exposed number 4 inguinal 
mammary fat pad of 30-day-old 
female BALB/c mice. Implants 
were positioned (*) immediately 
anterior to the central lymph 
node (LN). Mice were sacrificed 
3 days following implant inser- 
tion, and excised mammary 
glands were processed using the 
whole-mount procedure and 
stained with carmine (see "Mate- 
rials and Methods"). Terminal 
end buds are indicated by ar- 
rows, and regions of growth fac- 
tor-induced ductal branching 
(DS) are indicated. Implants con- 
tained 10 ju,g of TGF-a (S), 5 fig 
of HRGa (D), and 10 ^g of HRG/3 
(F). Contralateral control for each 
sample is represented (A, C, 
andE). 

tent and developmental^ important mammary epithelial 
growth factor. 

Despite these recent observations, the role of HRG in 
mammary gland morphogenesis in vivo has not been in- 
vestigated. To address this issue, we have used a mouse 
model system to examine the direct effects of HRG on 
mammary epithelium under conditions similar to those 
where this growth factor normally functions. The mam- 
mary glands of prepubescent female mice were surgically 
implanted with Elvax pellets containing recombinant 
HRGa, HRGß, or TGF-a: in the presence or absence of 
steroid hormones. All three growth factors possessed dif- 
fering levels of epithelial mitogenic activity in vivo. In ad- 
dition, in the presence of steroid hormones, each growth 
factor induced epithelial differentiation into lobuloalveolar 
structures. However, only the HRG-treated lobuloalveoli 
underwent terminal differentiation, resulting in the lumenal 
accumulation of secretory products. Taken together, 
these experiments offer the first in vivo evidence for a role 
of HRG in mammary epithelial development and terminal 
differentiation into milk protein-secreting lobuloalveolar 
structures. 

Results 
HRG Induces Ductal Branching in Situ. HRG induces 
pleiotropic responses in cultured mammary epithelial cells 
(19, 28, 29, 31, 33-35); however, the in vivo response of 
mammary epithelium to this family of growth factors has not 
been investigated. As a first step toward identifying a bio- 
logical role for HRG in mammary ductal morphogenesis, we 
surgically implanted slow-release pellets containing varying 
amounts of HRGa or HRGß within the developing mammary 
fat pad of virgin female mice. HRGa and HRGß are splice 
variants that possess differing EGF domains (36). Pellets 
lacking growth factor were inserted into the contralateral fat 
pad as a negative control. Previously, TGF-a has been 
shown to induce ductal branching and lobuloalveolar devel- 
opment in a similar experimental system (37) and was, there- 
fore, included as a positive control in our experiments. The 
mice were sacrificed 3 days after implant insertion, and 
whole mounts of the mammary glands were examined for 
ductal morphogenesis and lobuloalveolar development. 

When compared to contralateral controls, each growth 
factor induced ductal branching within the treated mammary 
gland (Figs. 1 and 2). Responses to growth factors in the 
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Fig. 2. Effect of growth factor 
treatment on mammary gland 
morphology in the presence of 
estradiol and progesterone. 
Control Elvax pellets containing 
10 /xg of 17 j3-estradiol and 1 mg 
of progesterone (E/P) and pellets 
containing growth factor with 
E/P were implanted within the 
surgically exposed number 4 in- 
guinal mammary fat pad of 30- 
day-old female BALB/c mice. 
Implants were positioned (*) im- 
mediately anterior to the central 
lymph node (LW). Mice were sac- 
rificed 3 days following implant 
insertion, and excised mammary 
glands were processed using the 
whole-mount procedure and 
stained with carmine (see "Mate- 
rials and Methods"). Terminal 
end buds are indicated by ar- 
rows, and regions of growth fac- 
tor-induced ductal branching 
(DEL) are indicated. Implants con- 
tained 10 jig of TGF-a (B), 5 /xg 
of HRGa (D), and 10 /xg of HRGß 
(F). Paired contralateral control 
for each sample is represented 
Ifi, C, and E). 

A  Control B   TGFa 

C  Control D  HRGa 

ftv'^jukst 

E   Control F   HRGß 

**m 

presence or absence of E/P were maximal with pellets con- 
taining 10 /mg of TGF-a or HRGß or 5 jug of HRGa (data not 
shown). These growth factor concentrations were used in all 
subsequent experiments. In the absence of E/P, each growth 
factor induced ductal branching in the region posterior to the 
central lymph node (Fig. 1, compare panels A to S, C to D, 
and E to F). However, differences between each growth 
factor could be identified. For example, the ductal branching 
observed in HRGß-treated glands (Fig. IF) was less exten- 
sive than glands treated with either TGF-a (Fig. 1B) or HRGa 
(Fig. 1D). In addition, where TGF-a and HRG/3 treatment 
appeared to inhibit TEB formation (Fig. 1, 6 and F, respec- 
tively), HRGa not only induced TEB proliferation but also 
increased ductal migration anterior to the central lymph node 
(Fig. 1D). 

Treatment of control mammary glands with E/P alone re- 
sulted in a slight increase in ductal diameter (compare Fig. 
~\A to Fig. 2A). Moreover, the mammary response to growth 
factors was potentiated by the presence of E/P because 
ductal branching induced by each growth factor was more 
pronounced in the presence of E/P (compare Fig. 1, S, D, 
and F, to Fig. 2, B, D, and F, respectively). The mammary 
epithelial responses to implants containing TGF-a (Fig. 2ß) 

and HRGß (Fig. 2F) were similar because both growth factors 
inhibited TEB formation. In contrast, HRGa induced TEB 
formation, and the overall epithelial response to HRGa was 
more robust (Fig. 2D) than either TGF-a (Fig. 2S) or HRGß 
(Fig. 2F). 

The extent of ductal branching, ductal growth, and TEB 
formation induced by each growth factor in the presence and 
absence of E/P was quantitated. Data from 10 mice, for each 
experimental condition, was subjected to statistical analysis. 
Due to high variability among mice, each quantitated param- 
eter was normalized to the contralateral control within an 
individual animal. Although each growth factor induced duc- 
tal branching (Figs. 1 and 2), branching induced by HRGß 
was statistically significant only in the presence of E/P (Fig. 
3). In general, HRGa appeared to induce a more robust and 
pleiotropic response within treated mammary glands than 
either TGF-a or HRGß. Indeed, ductal branching was more 
extensive in HRGa-treated glands whether in the presence or 
absence of E/P (Fig. 3). Moreover, whereas TGF-a and HRGß 
appeared to slightly inhibit or had no affect on TEB formation, 
HRGa induced TEB proliferation in the presence of E/P (Fig. 
3). Moreover, HRGa was the only growth factor to signifi- 
cantly increase ductal length within treated mammary glands 
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Fig. 3. Effects of growth factors on mammary epithelium. Ten 30-day- 
old female BALB/c mice were implanted with growth factor pellets at the 
growth factor's concentration of maximal response in the absence (-) or 
presence (+) of 10 /j,g of estradiol and 1 mg of progesterone. Mice were 
sacrificed 3 days following implant insertion, and excised mammary 
glands were processed using the whole-mount procedure and stained 
with carmine (see "Materials and Methods"). The number of TEBs, the 
ductal length of the longest duct per fat pad, and the number of ductal 
branches was determined for each treated and contralateral control gland. 
Treated glands were normalized to their contralateral controls, and the 
means plus 1 SD (bars) are represented above. Growth factor-induced 
phenotypes significantly different from contralateral controls (paired stu- 
dent f test; P < 0.01) are indicated (*). Implants contained 10 ng of TGF-a, 
5 /*g of HRGa, and 10 (i.g of HRG/3. 

(Fig. 3). With the exception of increased ductal length in- 
duced by HRGa in the absence of E/P, the concomitant 
presence of E/P appeared to potentiate the mammary epi- 
thelial response to each growth factor tested (Fig. 3). 

HRG Induces Mammary Lobuloalveolar Development 
and the Accumulation of Lumenal Secretory Products in 
Vivo. Whole mounts prepared from growth factor-treated 
mammary glands revealed extensive epithelial ductal 
branching. We next examined the terminal ducts within 
treated and control mammary glands for evidence of lobu- 
loalveolar structures. As expected, untreated glands or 
glands treated with E/P alone did not develop lobuloalveolar 
structures. In contrast, a limited extent of lobuloalveolar de- 
velopment was observed in a majority of mammary glands 
treated with growth factor (Fig. 4, A-C). Growth factor-in- 
duced lobuloalveoli required the concomitant presence of 
E/P because similar structures were not observed in glands 
treated with growth factors alone. Consistent with previous 
results, the effect of HRGa was more robust than either 
TGF-a or HRGß. HRGa induced lobuloalveolar development 
in 77% of treated mammary glands, whereas TGF-a and 
HRGß induced lobuloalveoli in 39 and 46% of treated glands, 
respectively (13 glands were examined for each treatment). 
Histological examination of growth factor-induced lobuloal- 

veoli revealed numerous epithelial buds typical of these 
structures (Fig. 4, D-F, arrows). In addition, HRGa- and 
HRGß-induced lobuloalveoli exhibited accumulation of lu- 
menal secretory products (Fig. 4, E and F), which stained 
positive for ß-casein by immunohistochemistry (data not 
shown). Similar accumulations were not observed in TGF-a- 
induced lobuloalveoli (Fig. 4D). 

Discussion 
Mammary gland development involves a complex and highly 
regulated sequence of postnatal events. Recently, expres- 
sion of an EGF-related subfamily of growth factors termed 
the neu differentiation factors or HRGs was detected in vivo 
within connective tissue juxtaposed to fully differentiated, 
milk-secreting lobuloalveoli (19). To determine if HRG plays a 
role in mammary epithelial growth and/or differentiation in 
vivo, we inserted slow-release pellets containing HRG within 
mammary glands of prepubescent mice and analyzed the in 
vivo response of mammary epithelium to these growth fac- 
tors. We found that HRGa and HRGß induced epithelial 
branching and differentiation into lobuloalveolar structures, 
as does a related growth factor, TGF-a. However, histolog- 
ical examination of TGF-a- and HRG-induced lobuloalveoli 
revealed a striking difference; HRGa and HRGß stimulated 
the accumulation of lumenal secretory products, including 
the milk protein ß-casein, within treated lobuloalveoli. TGF- 
a-induced lobuloalveoli lacked similar lumenal accumula- 
tions. These results suggest that HRG can induce terminal 
differentiation of mammary epithelium in vivo into milk pro- 
tein-secreting lobuloalveolar structures. 

The epithelial response to growth factor implants was po- 
tentiated by the concomitant presence of estradiol and pro- 
gesterone. Indeed, lobuloalveoli were only observed in the 
presence of these steroid hormones. A similar requirement of 
estradiol and progesterone for EGF- and HRG-induced lobu- 
loalveoli in mammary organ culture has been reported (4,19, 
38). Some evidence suggests that the requirement of exog- 
enous steroid hormones may also reflect strain differences. 
For example, TGF-a implants induce lobuloalveoli develop- 
ment in CH3/HeN mice in the absence of exogenous estra- 
diol and progesterone (37). In contrast, our results indicate 
that induction of lobuloalveoli by TGF-a or HRG in BALB/c 
mice requires the concomitant presence of exogenous es- 
tradiol and progesterone. Although we did not perform ex- 
periments to determine if estradiol or progesterone alone 
could augment mammary responses to growth factors, sub- 
stantial evidence indicates that both estradiol and proges- 
terone have independent proliferative effects on mammary 
epithelium. Furthermore, co-administration of these hor- 
mones enhances independent proliferative effects (3). Using 
mice carrying a null mutation in the progesterone receptor, 
Lydon ef al. (39) demonstrated the in vivo requirement of 
progesterone in ductal epithelium proliferation and lobuloal- 
veoli differentiation. Thus, it seems probable that progester- 
one contributes to the growth factor-induced lobuloalveolar 
development observed in our experiments. Although estra- 
diol is considered to be the steroid hormone most directly 
involved in mammary epithelial proliferation (3), the exact role 
of estradiol in mammary development is poorly defined. The 
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TGFcc HRGoc HRGß 

Fig 4. Growth factor-induced lobuloalveolar development in prepubescent female mice. Elvax pellets containing growth factor with 10 /j.g of 17 ß-estradiol 
and 1 mg of progesterone were implanted within the surgically exposed number 4 inguinal mammary fat pad of 30-day-old female BALB/c mice. Mice were 
sacrificed 3 days following implant insertion, and excised mammary glands were processed using the whole-mount procedure and stained with hematoxylin 
(see "Materials and Methods"). Photomicrographs of paraffin sections revealed lobuloalveolar structures in growth factor-treated glands (A-C). Arrows 
indicate epithelial buds typical of these structures. Histological examination of paraffin-embedded lobuloalveoli stained with H&E (D and £) revealed 
secretory products (SP) within the ductal lumens {DL) of HRGa- and HRGj3-treated mammary glands (E and F, respectively). Implants contained 10 tig of 
TGF-a Ifi and D), 5 /xg of HRGa (B and £), and 10 tig of HRGJ3 (C and F). 

reason for this lack of clarity lies in the fact that in addition to 
independent proliferative effects, estradiol also induces 
mammary expression of several growth factors, including the 
EGF family members EGF (7), TGF-a (6, 7, 40), and amphi- 
regulin (9, 41). Mammary gland expression of these EGF 
family members may directly affect mammary development 
and thereby augment the epithelial response to growth factor 
implants observed in our experiments. 

The qualitative and quantitative differences in mammary 
epithelial responses to TGF-a and HRG can be explained 
through functional differences of the two growth factors. 
Histochemical analysis of mouse mammary glands reported 
elsewhere revealed dramatic differences in the cellular local- 
ization and expression of these growth factors. Mammary 
gland expression of TGF-a was detected during each epi- 
thelial developmental stage with the exception of lactation, 
and immunostaining within the cap cell layer of the TEB and 
epithelial cells of subtending ducts was observed (12). In 
contrast, expression of HRG is induced during pregnancy 
within the connective tissue adjacent to ductal and lobuloal- 
veolar structures (19). Differing mammary epithelial re- 
sponses to TGF-a and HRG may also reflect the activation of 
different signaling tyrosine receptor kinases within these cel- 
lular populations. TGF-a binds directly to the EGFR (26) and 
can activate erbB-2 (42), erbB-3, and erbB-4,4 presumably 
through  a  ligand-driven  receptor  cross-phosphorylation 

4D. J. Riese II, E. Kim, G. Allison, S. Buckley, M. Klagsbrun, G. D. 
Plowman, and D. F. Stern. J. Biol. Chem., in press. 

mechanism (43, 44) also referred to as "transmodulation" 
(24, 45). Similarly, HRG binds directly to erbB-3 (46, 47) and 
erbB-4 (47) and can drive the activation of EGFR and erbB-2 
(46-48). Evidence from in vitro experiments indicates that 
cellular responses to signaling by this family of receptors can 
be radically different, depending upon both the transmodu- 
lation partner and the activating growth factor (48-51). 
Therefore, one prediction follows that signaling by EGFR 
family members in vivo would also induce a diversity of 
cellular responses that are dependent upon the activating 
growth factor. Cellular responses to HRG in vivo appear to be 
regulated primarily but not exclusively through erbB-2 sig- 
naling. Disruption of HRG or erbB-2 in transgenic mice re- 
sults in a similar embryonic lethal phenotype characterized 
by nearly identical heart malformations and neural crest de- 
velopment defects (52, 53). Moreover, expression patterns 
within the developing rhombencephalon suggest that a HRG: 
erbB-2 autocrine or paracrine signaling relationship has been 
disrupted in these mice (52, 53). These observations further 
support a direct relationship between HRG and erbB-2 sig- 
naling. A similar relationship may mediate HRG activity in 
mammary epithelium, and we are presently designing exper- 
iments to examine this possibility. 

In our experiments, the in vivo response of mammary 
epithelium to HRGa was more robust than HRGß. This result 
was surprising because in vitro experiments consistently 
identify HRGß as the more potent growth factor (28, 30, 31, 
33). However, we used chemically synthesized and bacterial 
recombinant peptides in our experiments, which may not 
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represent the complete activities of full-length HRG protein. 
Alternatively, the enhanced mammary response to HRGa 
may reflect a physiological role for HRGa and not HRGß in 
mammary gland development. Indeed, only HRGa isoforms 
are expressed in the mammary gland, and this expression is 
induced during pregnancy (19). Thus, the HRGa expression 
pattern strongly correlates with the in vivo function identified 
in this communication. Our experiments provide the first 
demonstration of an important in vivo role for HRG in mam- 
mary epithelium proliferation and differentiation into secre- 
tory lobuloalveoli. In conclusion, we propose that HRGa is 
the physiologically relevant HRG isoform expressed within 
the developing mammary gland, and HRGa plays an impor- 
tant role in the differentiation of mammary epithelium into 
milk-secreting lobuloalveoli. 

Materials and Methods 
Plasmid Construction. The human HRG 81 cDNA fragment corre- 
sponding to residues 177-244 (54) was subcloned into the pNB261 bac- 
terial expression vector as follows. Poly(A) mRNA was isolated from 
cultured human MDAMB231 cells (American Type Culture Collection) by 
use of the Fast Track mRNA isolation kit (InVitrogen), according to the 
manufacturer's instructions. The HRG 81 cDNA fragment corresponding 
to residues 177-244 was amplified by a 30-cycle reverse transcription- 
PCR procedure using the RNA Gene Amp kit (Perkin-Elmer Corp.) and the 
primers incorporating 5' EcoRI (sense 5'-CGCGAATTCTATGAGCCATCT- 
TGTAAAATGTGC) and H/ndlll (anti-sense 5'-CGCGAAGCTTAGTA- 
CAGCTCCTCCGCCTCCAT) linkers. The 204-bp amplified fragment was 
digested with EcoRI/H/ndlll and inserted into the same sites of the Blue- 
script vector pCRII (Stratagene). The nucleotide sequence of the 204-bp 
insert was confirmed by use of an Applied Biosystems Automated Se- 
quencer using standard methods. The sequenced 204-bp insert was 
excised from pCRII by digestion with EcoRI/H/ndlll and subcloned down- 
stream of the trp-inducible promoter using the same restriction sites of the 
pNB261 expression vector (construct pHerßIST). The sequence of the 
204-bp human HRG J31 insert was confirmed as described above. 

Expression and Purification of Human Recombinant HRG 01 (177- 
244). For large scale fermentation and expression of HRG ß1 (177-244), 
pHERßIST was transformed into the Escherichia coli strain GE81. Bac- 
terial cells from a 10-liter fermentation in modified M9 medium (55) were 
harvested by centrifugation, and expression was induced by resuspend- 
ing the bacteria pellet into fresh modified M9 medium lacking tryptophan. 
After an induction period of 4 h, a total of 69 g of cell paste was recovered 
by centrifugation. Expression of the predicted 7000-Da product peaked at 
3 h postinduction. A 25-g bacterial pellet was resuspended into 50 ml of 
lysis buffer [20 mM Tris (pH 8.0), 40 mwi NaCI, 0.25 mwi EDTA, and 1 rriM 
phenylmethylsulfonyl fluoride] and passed through a French press twice. 
The lysate was centrifuged for 45 min at 12,000 rpm, and the pellet was 
resuspended into 20 ml of lysis buffer. Fifteen mg of hen egg white 
lysozyme (Sigma Chemical Co.) was added, and the mixture was incu- 
bated at room temperature for 20 min. Three hundred ju.l of 1 mg/ml DNase 
and 800 ß\ of 100 mM MgCI2 were added, and the mixture was incubated 
at room temperature for an additional 15 min. The suspension was cen- 
trifuged for 15 min at 12,000 rpm, and the final inclusion body pellet was 
washed twice with 1.0% NP40 and once with ddH20 and lyophilized to 
dryness to yield 500 mg of dried inclusion bodies. A suspension of 10 mg 
of inclusion bodies in 2.0 ml of 50 mM Tris (pH 6.0), 6 M guanidinium 
hydrochloride, and 200 mM DTT was heated at 37°C for 2 h and filtered 
through a Costar 3.5-/xm spin-filter; then the filtrate was diluted into 100 
ml of folding buffer [50 mM Tris (pH 8.6), 1 M urea, 1.5 mM glutathione, 0.75 
mM glutathiol, and 10 mM methionine] and stirred for 5 days at 4°C. The 
folded, oxidized protein was isolated by RP-HPLC on a VYDAC C-4 
reverse phase column using an acetonitriie/ddH2O/0.1 % trifluoroacetic 
acid gradient. The isolated protein was homogeneous by RP-HPLC and 
capillary electrophoresis, and was composed of 206 ^g by amino acid 
analysis. The protein exhibited a mass of 7877.8 Da by electrospray mass 
spectrometry [theoretical mass for oxidized HRG 01 (177-244) is 7878.1 
Da]. 

Growth Factors. HRGa 177-228 (HRGa 52) was synthesized on an 
Applied Biosystems 430A peptide synthesizer using standard tert-bu- 
tyloxycarbonyl chemistry protocols provided by the manufacturer (version 
1.40; W-methylpyrolidone/hydroxybenzotriazole). Peptide was purified by 
RP-HPLC, characterized by electrospray mass spectroscopy, and ana- 
lyzed for disulfide bonding as described previously (56). Peptide quantities 
were determined by amino acid analysis. Human recombinant TGF-a was 
purchased from Collaborative Biomedical Products. 

Implant Preparation. Growth factor peptides and steroid hormones 
were encapsulated within Elvax pellets essentially as described elsewhere 
(57). Briefly, a lyophilized mixture containing growth factor peptide and, 
where indicated, the steroid hormones 17-ß-estradiol (10 ^g; Sigma) and 
progesterone (1 mg; Sigma) was suspended in 25 ji,l of Elvax (generously 
donated by Elf Atochem, Philadelphia, PA) dissolved previously in dichlo- 
romethane (15% w/v). The entire suspension was transferred to an Ep- 
pendorf tube, snap-frozen in liquid nitrogen, and dried under vacuum. The 
dried Elvax pellet was compressed between tweezers such that the final 
pellet was ~1 mm in diameter and weighed 2-3 mg. 

Surgical Implantation. Thirty-day-old virgin female BALB/c mice 
(Charles River) were used in all experiments. Mice were anethesized with 
an i.p. injection of 250-350 *xl of avertin [20 mg/ml 2,2,2-tribromoethanol 
(Aldrich) in saline]. The number 4 inguinal mammary fat pad was surgically 
exposed, and a 2-mm incision was made through the mammary fat pad 
outer membrane immediately anterior to the central lymph node. The 
Elvax pellet was placed within the incision and immobilized under the 
mammary fat pad outer membrane. Control pellets lacking growth factor 
were inserted into the contralateral number 4 inguinal mammary fat pad. 
The wounds were closed using surgical staples, and the mice were 
allowed to recover under a heat lamp. 

To determine the response range and saturation point for each growth 
factor, mice were implanted with Elvax pellets containing 0.5,1.0,2.0,5.0, 
10, or 20 ng of growth factor. In another series of experiments, pellets 
contained 10 /xg of 17 ß-estradiol and 1 mg of progesterone (E/P) in 
addition to growth factor. 

Whole-Mount Preparation of Mammary Gland. Mice were sacri- 
ficed 3 days following placement of implants. The entire number 4 inguinal 
mammary fat pad was removed at the nipple and spread onto a pre- 
cleaned glass slide. The fat pad was air-dried for 10 min and fixed in acidic 
ethanol (75% ethanol and 25% acetic acid) for 1 h at room temperature. 
The tissue was incubated in 70% ethanol for 15 min and ddH20 for 5 min. 
Ductal structures were stained in carmine solution [0.2% carmine and 
0.5% aluminum potassium sulfate (both from Sigma)] for 12-16 h at room 
temperature. The stained tissue was dehydrated through graded ethanol, 
defatted in acetone, and cleared in toluene for 12-16 h. The stained and 
cleared mammary fat pad was mounted under coverslip with Permount 
(Fisher) and photographed with a slide duplicator. 

Histological Examination. For histological examination of mammary 
gland ductal structures, fat pads were fixed in 4% paraformaldehyde, 
stained in hematoxylin or carmine solution, dehydrated through graded 
ethanol into xylene, and cleared in methyl salicylate (Sigma). Ductal struc- 
tures identified under a dissecting microscope were excised, blocked in 
paraffin, sectioned at 4 jj,m, and stained with H&E using standard proce- 
dures. 
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