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Abstract
Overexpression of the oncogene amplified in breast cancer 1 (AIB1)/steroid receptor coactivator-3
(SRC-3) induces mammary tumorigenesis in mice. In breast cancer, high levels of AIB1/SRC-3
and the growth factor receptor HER2/neu predict resistance to endocrine therapy and poor
outcome. However, a mechanistic relationship between AIB1/SRC-3 and HER2/neu in the
development of breast cancer has not been shown. Here, we show that deletion of one allele of
SRC-3 significantly delays Neu-induced mammary tumor development in mice. Homozygous
deletion of SRC-3 in mice completely prevents Neu-induced tumor formation. By ages 3 to 4
months, Neu/SRC-3+/− mice exhibit a noticeable reduction in lateral side-bud formation,
accompanied by reduced cellular levels of phosphorylated Neu compared with Neu/SRC-3wt mice.
In Neu-induced tumors, high levels of SRC-3, phosphorylated Neu, cyclin D1, cyclin E, and
proliferating cell nuclear antigen expression are observed, accompanied by activation of the AKT
and c-Jun NH2 kinase (JNK) signaling pathways. In comparison, phosphorylated Neu, cyclin D1,
and cyclin E are significantly decreased in Neu/SRC-3+/− tumors, proliferation is reduced, and
AKT and JNK activation is barely detectable. Our data indicate that AIB1/SRC-3 is required for
HER2/neu oncogenic activity and for the phosphorylation and activation of the HER2/neu
receptor. We predict that reducing AIB1/SRC-3 levels or activity in the mammary epithelium
could potentiate therapies aimed at inhibiting HER2/neu signaling in breast cancer. [Cancer Res
2008;68(10):3697–706]

Introduction
The nuclear receptor coactivator 3 [amplified in breast cancer 1 (AIB1)/steroid receptor
coactivator-3 (SRC-3)] is the only steroid receptor coactivator family member that is
amplified and overexpressed in several types of human epithelial tumors, such as breast and
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prostate cancer (1–3). The AIB1/SRC-3 gene is amplified on chromosome 20q in 5% to
10% of human breast cancers and is overexpressed at both mRNA and protein levels in
~30% of breast cancer cell lines and breast tumors (1, 2, 4). The overexpression of AIB1/
SRC-3 or AIB1-Δ3 (a potent isoform of AIB1; ref. 5) in transgenic mice increased
mammary epithelial cell proliferation, insulin-like growth factor I (IGF-I) signaling and
initiated the development of mammary hyperplasia and tumorigenesis (6, 7). SRC-3
knockout (SRC-3−/−) mice display decreased mammary gland development during
pregnancy, abnormal reproductive function, and mammary gland growth retardation (8, 9).
The loss of SRC-3 in mouse mammary tumor virus (MMTV)/v-Haras mice suppresses
mammary gland ductal hyperplasia, mammary gland tumorigenesis, and IGF-I signaling (8–
10). We have shown that loss of AIB1/SRC-3 in MCF-7 breast cancer cells decreases IGF-I
signaling, IGF-I receptor expression levels, and IGF-I–induced anchorage-independent
growth (11). Consistent with a central role for AIB1/SRC-3 in growth factor signaling, we
recently reported that AIB1/SRC-3 knockdown by small interfering RNA (siRNA)
decreases epidermal growth factor [EGF; EGF receptor (EGFR)/HER1] phosphorylation and
EGFR-dependent downstream mitogenic signaling (12). Taken together, the observations in
animal and in vitro models indicate that AIB1/SRC-3 plays a significant role in several
growth factor–induced pathways that are relevant to breast cancer cell survival and
proliferation.

One of the most important oncogenes in human breast cancer is the HER2/neu growth factor
receptor tyrosine kinase, which belongs to the EGFR/HER family. HER2/neu–positive
breast cancer responds to the monoclonal antibody trastuzumab; however, patients
frequently develop resistance to the therapy. HER2/neu is amplified and overexpressed in
30% of human breast cancers, and its expression is correlated with negative prognosis and
shortened disease-free survival (13). It has been reported that the overexpression of HER2/
neu is correlated with high AIB1/SRC-3 mRNA levels in primary breast tumors (14). The
overexpression of AIB1/SRC-3 was also found to be correlated with increased HER2/neu
expression and resistance to tamoxifen in ER-positive breast cancer patients (15–17). These
findings suggest that the biological roles of AIB1/SRC-3 and HER2/neu are linked in breast
cancer and that AIB1/SRC-3 may increase the sensitivity of breast cancer cells to HER2/
neu–driven tumorigenesis.

To assess the importance of the interplay between AIB1/SRC-3 and Neu in the development
and progression of mammary cancer, we generated MMTV-Neu/SRC-3+/− and MMTV-
Neu/SRC-3−/− mice. The MMTV-Neu mouse model overexpresses wild-type Neu in the
mammary glands, resulting in an activating transmembrane mutation in the Neu transgene
that promotes mammary tumorigenesis (18, 19). This model is ideal for studying the role of
AIB1/SRC-3 in Neu-driven mammary tumorigenesis because it closely mimics the
progression of human breast epithelial neoplasia, driven by the amplification and
overexpression of the human homologue of HER2/neu (ErbB2; ref. 13). Our studies
revealed that MMTV-Neu mice, with reduced SRC-3 levels, show a reduction in Neu
phosphorylation. This led to a significant decrease in Neu-dependent downstream signaling
and cell proliferation during the progression of mammary tumorigenesis. These data provide
evidence that AIB1/SRC-3 plays a major role in the oncogenic activity of HER2/neu in the
breast, thus making it an attractive therapeutic target in mammary tumors expressing HER2/
neu.

Materials and Methods
Mice

The MMTV-Neu transgenic line was purchased from the Jackson Laboratory and previously
described (19). Neu/SRC-3wt, Neu/SRC-3+/−, and Neu/SRC-3−/− mice were generated by
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crossing the SRC-3+/− mice with the MMTV-Neu mice and genotyped by PCR, as
previously described (9). Neu transgene was genotyped by quantitative real-time PCR under
the following conditions: 95°C for 3 min, followed by 40 cycles (95°C for 20 s, 55°C for 30
s, and 72°C for 40 s). The following primers and probes were used for Neu amplification:
forward primer, 5′-GCA TTG CTC CGC TGA GGC-3′; reverse primer, 5′-GCA GTG
TCA ATG AGT ACG CGC C-3′; Taqman probe, 5′-/56-FAM/CC ATC CAA AGC AGG
TCT CTG AGC TG/3BHQ-1/-3′.

Whole mount and histology
Mammary gland #4 was excised and used for morphologic analysis with whole mount
mammary gland staining as described previously (6). Histologic analyses were performed to
study changes in ductal epithelial cell morphology on the contralateral mammary gland #4
by fixing the gland in 10% formalin overnight, embedding in paraffin, mounting slices (5
μm) on glass slides, and staining with H&E.

Mammary gland and tumor primary epithelial cell culture
Epithelial cell cultures were generated as described previously (20). Briefly, mammary
glands #1 to #5 (ages, 3 mo) and a portion of the tumors were removed from the mice and
washed with PBS-50 μg/mL gentamicin (Invitrogen). Samples were minced, digested with 1
mg/mL of collagenase (Sigma-Aldrich), and incubated overnight at 37°C. The collagenase-
treated and minced epithelial cell mixture was pelleted by centrifugation and washed with
PBS. The pellet was resuspended and cultured for 4 h at 37°C in Ham’s F12 medium
(Invitrogen) supplemented with 10% fetal bovine serum, 4 μg/mL insulin (Invitrogen), 10
ng/mL EGF (Roche Applied Biosciences), 1 μg/mL hydrocortisone (Sigma-Aldrich), 50 μg/
mL gentamicin (Invitrogen), and 1.5% penicillin/streptomycin. Supernatant cells were
collected from the plates to avoid fibroblast contamination and replated for 5 d in the culture
medium.

Western blotting and immunoprecipitation
Western blots and immunoprecipitations were performed with whole cell extracts from the
primary mammary gland or mammary tumor cell cultures. Western blots were performed as
described (11). For HER2/neu immunoprecipitations, 50 μg of mammary gland or tumor
lysates were incubated with 5 μg of anti–ErbB-2/HER2 antibody and 40 μL of GammaBind
G Sepharose beads overnight at 4°C with constant rotation. Immunoprecipitated samples
were washed four times with lysis buffer and boiled at 95°C for 5 min. Western blot and
immunoprecipitation analyses used the following antibodies: phosphorylated tyrosine clone
4G10, HER2/neu, p-HER3 (Upstate Biotechnology), β-actin (Chemicon), SRC-3 (Bethyl
Laboratories), phosphorylated HER2/neu, phosphorylated AKT, phosphorylated p44/42
mitogen-activated protein kinase (MAPK; Thr202/Tyr204), MAPK, p54/p46 phosphorylated
c-Jun NH2 kinase (JNK; Thr183/Tyr185), JNK, cyclin E1 (Cell Signaling), and cyclin D1
(Neomarker). Protein band density was quantified by densitometry using Adobe Photoshop
7.0 software.

Immunohistochemistry
Immunohistochemical analyses were performed on mammary gland #4 and tumor sections,
as previously described (6). All of the primary antibodies (mentioned above) were incubated
overnight at 4°C and were diluted 1:100, except for the following: proliferating cell nuclear
antigen (PCNA) clone PC10 (1:10,000; Sigma-Aldrich) and SRC-3 (1:200; Santa Cruz).
Detection of both mouse and rabbit primary antibodies was performed using the DAKO
Envision Plus HRP kit (DAKO Cytomation). Bound antibody was visualized using DAB
substrate (Vector). The slides were counterstained with hematoxylin (Polysciences, Inc.).
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Statistical analysis
χ2 analysis was used to compare tumor multiplicity in the Neu/SRC-3wt and Neu/SRC-3+/−

mice. Kaplan-Meier analysis was used to evaluate tumor-free incidence. Statistical
differences between tumor-free incidence curves for the Neu/SRC-3wt, Neu/SRC-3+/−, and
Neu/SRC-3−/− mice were compared using the standard log-rank test. Statistical differences
between the number of blood vessels per field for the Neu/SRC-3wt and Neu/SRC-3+/− mice
were compared using the Student’s t test. A difference of P < 0.05 was considered to be
statistically significant.

Results
SRC-3 regulates MMTV-Neu driven lateral side-branching in the mammary gland

Overexpression of Neu in the mouse is associated with extensive lateral side-branching, an
abnormal mammary phenotype partly driven by increased growth factor signaling (21).
Thus, we compared the preneoplastic mammary gland ductal morphology in female Neu/
SRC-3wt, Neu/SRC-3+/−, and and Neu/SRC-3−/− mice at ages 3 to 4 months. Quantitative
comparisons of the mammary gland whole mounts revealed a ~2-fold (P < 0.001) and ~8-
fold (P < 0.001) decrease in lateral side-budding in the Neu/SRC-3+/− and Neu/SRC-3−/−

mice, respectively (Fig. 1A and C). H&E-stained sections also showed comparable
differences in lateral side-budding when SRC-3 levels were reduced in Neu mice (Fig. 1A,
bottom).

Whole mount analysis at later stages of preneoplasia (ages, 6–7 months) revealed a
considerable reduction (>60%, P < 0.001) of lateral side-budding in both the Neu/SRC-3+/−

and Neu/SRC-3−/− mice relative to the Neu/SRC-3wt mice (Fig. 1B and C). Consistent with
previous reports using the SRC-3−/− mouse model, Neu/SRC-3−/− mice displayed decreased
ductal branching (Fig. 1A and B, right), body weight, and mammary gland fat pad filling
(data not shown; refs. 8, 9). Interestingly, none of these effects was observed in the Neu/
SRC-3+/− mice. Of note is that the Neu/SRC3wt and Neu/SRC3+/− mice displayed no
observable differences in ductal branching from ages 3 to 7 months.

Reduced mammary gland hyperplasia and delayed tumorigenesis in Neu mice with lower
SRC-3 levels

Next, we investigated the relevance of SRC-3 in Neu-driven hyperplasia and tumor
formation. Relative to the Neu/SRC-3+/− mice, Neu/SRC-3wt mice (ages, 9–12 months)
displayed more extensive lateral side-budding and the formation of hyperplastic alveolar
nodules in the mammary glands adjacent to the mammary tumors (Fig. 2A). The Neu/
SRC-3−/− mice displayed no discernible preneoplastic changes (Fig. 2A).

The appearance of palpable mammary tumors is shown in a Kaplan-Meier plot of 25 Neu/
SRC-3wt, 23 Neu/SRC-3+/−, and 14 Neu/SRC-3−/− mice (Fig. 2B). Neu/SRC-3wt mice
(77%) developed mammary tumors from 7 to 15 months, with a median age of 9 months.
Neu/SRC-3+/− mice displayed a significant delay in tumor onset, with 70% of the mice
developing mammary tumors from 15 to 24 months with a median age of 16 months. Neu/
SRC-3−/− mice (100%) observed up to age of 24 months were protected from mammary
tumor formation (Fig. 2B). Despite the delayed tumorigeneis in the Neu/SRC3+/− mice,
there was no difference in the multiplicity of tumors per mouse (Fig. 2B, bottom). We also
noted that Neu/SRC-3+/− tumors had large areas of necrotic tissue in all of the tumors
examined (n = 3 mice; Fig. 2C). In contrast, all of the tumors from the Neu/SRC-3wt mice
displayed a noticeable increase in blood vessels when compared with the tumors from the
Neu/SRC-3+/− mice (n = 7 mice; Fig. 2C). Relative to the Neu/SRC-3wt mice, a ~25% (P <
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0.05) reduction was observed in the average number of blood vessels per field in the Neu/
SRC-3+/− mice (Fig. 2C, bottom).

Lower levels of SRC-3 reduce Neu phosphorylation in the preneoplastic mammary gland
To examine whether SRC-3 regulates the cellular levels or the activation of Neu, we
measured Neu and phosphorylated Neu protein levels in preneoplastic mammary gland
tissue samples. Neu and phosphorylated Neu levels were barely detectable in these samples
using immunohistochemistry in mammary glands from Neu/SRC-3wt, Neu/SRC-3+/−, or
Neu/SRC-3−/− mice (data not shown; Fig. 3A). These low levels of expression are consistent
with the previous findings of DiGiovanna et al., who found undetectable
immunohistochemical staining of phosphorylated Neu and Neu in normal mammary glands
from MMTV-Neu mice (22). Therefore, to measure Neu and phosphorylated Neu expression
levels in preneoplastic mammary glands, we generated primary mammary gland epithelial
cell (MEC) cultures from the Neu/SRC-3wt, Neu/SRC-3+/−, and Neu/SRC-3−/− mice.
Phosphorylated Neu levels in the preneoplastic MECs were significantly decreased in the
Neu/SRC-3+/− and Neu/SRC-3−/− mice when compared with Neu/SRC-3wt mice (Fig. 3B,
top). However, total Neu protein levels were unchanged in MECs from Neu/SRC-3wt, Neu/
SRC-3+/−, and Neu/SRC-3−/− mice (Fig. 3B, middle). Thus, the loss or lowering of SRC-3
levels does not affect the expressed levels of Neu in the mammary glands but does prevent
activation of the Neu receptor.

Total SRC-3 levels were measured in MECs derived from the Neu/SRC-3wt, Neu/SRC-3+/−,
and Neu/SRC-3−/− mice by immunohistochemistry and Western blot analysis. As expected,
the SRC-3 levels were decreased by ~60% in the Neu/SRC-3+/− mice relative to Neu/
SRC-3wt mice (Fig. 3C and D) and SRC-3 expression was undetectable in the Neu/SRC-3−/−

mice (Fig. 3C and D).

Decreased SRC-3 levels reduce Neu activation in mammary tumors
Because the overall levels of Neu remain unchanged in the preneoplastic MECs from the
Neu mice (Fig. 3A, middle), we investigated the expression and phosphorylation of Neu in
Neu/SRC-3wt and Neu/SRC-3+/− mammary tumors (Fig. 4A). Consistent with previous
reports, the Neu/SRC-3wt tumors displayed high phosphorylated Neu expression (Fig. 4A;
refs. 19, 22). In contrast, immunohistochemical analysis of Neu/SRC-3+/− tumors revealed a
significant reduction (>60%, P < 0.001) in phosphorylated Neu levels (Fig. 4A, bar graph).
To confirm these observations, we examined phosphorylated Neu levels in tumor epithelial
cells cultured from Neu/SRC-3wt and Neu/SRC-3+/− mice. Neu/SRC-3+/− mice displayed a
~80% reduction in phosphorylated Neu when compared with the Neu/SRC-3wt tumor cells,
despite comparable levels of total Neu in cells from both tumor types (Fig. 4B). Thus, the
effect of SRC-3 reduction is primarily on the phosphorylation and not on the expression of
Neu in mammary tumors.

We also determined the SRC-3 protein and mRNA expression levels in the Neu/SRC-3wt

and Neu/SRC-3+/− tumors. Immunohistochemical analyses of tumor sections from Neu/
SRC-3+/− mice revealed a ~6-fold (P < 0.001) decrease in SRC-3 levels relative to the
noticeably high levels of SRC-3 observed in the Neu/SRC3wt tumors (Fig. 4C). Western blot
analysis of tumor cell cultures from the Neu/SRC-3+/− mice showed a comparable 70%
decrease of SRC-3 protein expression relative to the Neu/SRC3wt cultures (Fig. 4D). SRC-3
mRNA expression was also assessed by in situ hybridization of tumor sections from both
genotypes (Supplementary Fig. S1). SRC-3 mRNA levels were significantly decreased in
the Neu/SRC-3+/− tumors relative to the Neu/SRC-3wt tumors and absent in the
nontumorigenic Neu/SRC-3−/− mice, thus correlating with the immunohistochemistry and
Western blot results.
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Decreased SRC-3 levels reduce epithelial cell proliferation
It has been well established that SRC-3 plays a significant role in growth factor–induced cell
proliferation (7, 8, 10–12). Therefore, we asked whether the observed reduction of
preneoplasia and tumorigenesis in Neu mice with reduced SRC-3 levels correlated with an
overall decrease in cell proliferation. Cell proliferation in the mammary gland was measured
through immunohistochemistry for nuclear expression of the mitosis marker, PCNA. The
Neu/SRC-3+/− and Neu/SRC-3−/− mice displayed a significant decrease in PCNA expression
relative to the Neu/SRC-3wt mice (Fig. 5A and C). Neu/SRC-3+/− revealed a ~2-fold (P <
0.001) decrease in PCNA-positive cells relative to the Neu/SRC-3wt tumors (Fig. 5A and C).
In breast cancer, overexpression of the cell cycle regulatory genes, cyclin D1 and cyclin E,
contribute significantly to cell cycle progression, mammary gland development, and tumor
progression (24, 25). Neu/cyclin D1−/− mice display resistance to Neu-induced mammary
tumorigenesis (25–27). Therefore, we analyzed cyclin D1 (Fig. 5B and C) and cyclin E (Fig.
5D) expression levels in our mouse model by immunohistochemistry and Western blot.
MECs from Neu/SRC-3+/− mice at age of 3 months displayed a ~40% decrease in cyclin D1
and ~80% decrease in cyclin E levels relative to the Neu/SRC-3wt mice (Fig. 5D).
Consistent with these results, mammary glands at age of 6 months, as well as mammary
tumors from Neu mice with reduced SRC-3 levels, displayed a ~4 fold (P < 0.001) decrease
in cyclin D1 (Fig. 5B–D) and cyclin E levels (Fig. 5D and data not shown) relative to Neu/
SRC-3wt mice. Overall, these findings indicate that reduced SRC-3 levels in Neu mice delay
tumor incidence by decreasing cell proliferation through the regulation of cell cycle proteins.

Regulation of phosphorylated extracellular signal-regulated kinase 1/2, p-JNK, p-AKT, and
p-HER3 in Neu/SRC-3 mice

These data indicate that SRC-3 plays a rate-limiting role in the progression of Neu-induced
preneoplasia and mammary tumorigenesis. We therefore determined which Neu-dependent
mitogenic kinase pathways are down-regulated during mammary tumorigenesis in Neu
overexpressing mice with reduced SRC-3 levels. We and other groups have linked SRC-3–
driven cancer progression with changes in extracellular signal-regulated kinase 1/2
(ERK1/2), JNK, and AKT signaling (7, 11, 12, 23). Activation of the ERK1/2 pathway upon
growth factor or hormone stimulation leads to the subsequent transactivation of SRC-3 in
MCF-7 breast cancer cells (23). Shou et al. observed in MCF-7/HER2-18 cells that the
HER2 pathway phosphorylates ERK1/2, which subsequently activates SRC-3 (16). Thus, we
examined how ERK1/2 signaling was affected in mice with reduced SRC-3 levels during
Neu-induced tumorigenesis. Immunohistochemical analysis of Neu/SRC-3+/− and Neu/
SRC-3−/− mice at the age of 6 months displayed >2-fold (P < 0.001) reduction in p-ERK1/2
levels relative to the Neu/SRC-3wt mice (Fig. 6A and C). Western blot analysis of p-ERK1/2
in Neu/SRC-3+/− mice at age of 3 months displayed a ~60% reduction in p-ERK1/2 levels
relative to Neu/SRC-3wt mice (Fig. 6D). Interestingly, immunohistochemistry and Western
blot analysis of tumors overexpressing Neu showed low p-ERK1/2 and total ERK levels
relative to those seen at earlier time points (Fig. 6A, C, and D).

We measured levels of p-JNK, another MAPK family member, in mammary tumorigenesis.
Mammary gland tissue sections from Neu mice with deficient SRC-3 levels (ages, 3 and 6
months) displayed a significant decrease in p-JNK levels (Fig. 6A, C, and D). Neu/SRC-3+/−

tumor samples showed a drastic 70% reduction in the activation of JNK relative to Neu/
SRC-3wt tumors (Fig. 6D).

It is widely accepted that SRC-3 plays a critical role in phosphatidylinositol 3-kinase
(PI3K)/AKT signaling in mammary tumorigenesis (7, 11). Interestingly, we observed almost
undetectable levels of AKT activation in the preneoplastic mammary glands at ages of 3 and
6 months (data not shown; Fig. 6D). Consistent with these results, we were also unable to
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detect p-AKT levels in early preneoplasia by immunohistochemical analysis (data not
shown). However, p-AKT levels were noticeably increased in Neu tumors with wild-type
SRC-3 expression, but down-regulated in tumors with reduced SRC-3 levels (Fig. 6D).
MECs from Neu/SRC-3+/− tumors displayed a ~90% decrease in p-AKT levels relative to
Neu/SRC-3wt tumors. Total AKT levels were comparable between preneoplastic and
neoplastic cells from Neu/SRC-3wt and Neu/SRC-3+/− mice. We also observed an overall
increase in total AKT expression in the neoplastic lesions. Taken together, this implies that
AKT protein expression is unaffected by SRC-3 levels, but AKT activation is regulated by
SRC-3. We also observed a reduction in p-HER3 levels in the Neu/SRC-3+/− mice relative
to the Neu/SRC-3wt mice in the primary tumor epithelial cell extracts (Fig. 6D). Similar to
the p-AKT levels before tumor formation, the phosphorylation of HER3 was undetectable in
preneoplastic primary epithelial cell extracts (ages, 3 months; Fig. 6D). Thus, the activation
of AKT is most likely through the activation of HER2/neu and cross-talk with p-HER3.

Discussion
In this study, we show a pivotal role for SRC-3 in HER2/Neu-induced mammary
tumorigenesis. At all stages of preneoplasia and neoplasia, we determined that loss of one
allele of SRC-3 in mice delayed tumorigenesis and reduced Neu-induced subcellular
signaling in the mammary epithelium (summarized in Supplementary Fig. S2). SRC-3 has
variable roles in oncogenesis; it has been shown that the loss of SRC-3 in mice drives the
development of malignant B-cell lymphomas (28). In contrast, loss of SRC-3 in the TRAMP
prostate cancer mouse model predominantly affected only late-stage neoplasia (29). These
results suggest that the loss of SRC-3 expression can have varied effects on the carcinogenic
process depending on the tissue site and the oncogene driving tumorigenesis. Of major
relevance for breast cancer, HER2/neu–driven mammary carcinogenesis is dependent on
endogenous SRC-3. This gives mechanistic relevance to earlier correlative observations
between high levels of SRC-3 and HER2/neu expression and the development of
antiestrogen resistance in human breast cancers (15, 16, 30). Our data argues that, in vivo,
SRC-3 is downstream of the activated HER2/neu receptor and is required to maintain the
full tumorigenic potential of the HER2/neu oncogene.

An unexpected observation was the increased expression of SRC-3 in Neu-induced
mammary tumors relative to the normal adjacent mammary tissue. This suggests a positive
feedback loop, whereby activated Neu drives the expression and activation of SRC-3,
subsequently potentiating greater Neu signaling. Consistent with this feedback model, high
levels of phosphorylated Neu were observed in the Neu-induced tumors. Also consistent
with this model, reduced levels of SRC-3 in the Neu/SRC-3+/− mice decreased the activation
of phosphorylated Neu. Likewise, activation of HER3 is down-regulated in the Neu/
SRC-3+/− tumors, without changing the total HER3 protein levels. These latter results are
reminiscent of an effect we observed previously, wherein the reduction of SRC-3 in vitro
reduced EGF-induced phosphorylation of EGFR (HER1), partially through changes in
cellular phosphatase activity (12). We speculate that the chronic reduction of SRC-3 in the
Neu/SRC-3+/− and Neu/SRC-3−/− mice regulates the activation of the HER family of
receptors possibly through influencing HER receptor dimerization, through receptor
internalization, or through an enzyme that controls receptor phosphorylation. Whatever the
mechanism of reduced HER receptor activation, the net result of lowering SRC3 levels in
the mammary epithelium is a profound loss of HER2/neu signaling in the tumors.

The PI3K/AKT pathway is known to have prognostic value in human breast cancers and is a
common downstream target of HER2/neu and SRC-3–driven mammary neoplasia (7, 27,
31). Clinical data has delineated a critical role for the PI3K/AKT pathway in causing
resistance to trastuzumab in breast cancer patients (32, 33). Overexpression of SRC-3 in
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mice increases p-AKT levels in tissues that develop preneoplastic changes and tumors (7).
HER2/neu also signals through the PI3K/AKT pathway mediating cell proliferation through
cyclin D1 in mammary cancer (31, 34, 35). It has been reported that in early preneoplastic
mammary gland lesions, low levels of ErbB2 are correlated with low levels of p-AKT (35)
and, as neoplasia progresses, increased ErbB2 expression results in the subsequent increase
in p-AKT levels (35). Similarly, in our studies, we found low levels of p-AKT during the
preneoplastic stages (3–6 months) of tumorigenesis. AKT protein levels were increased in
the Neu/SRC3wt tumors, but the phosphorylation of AKT was nevertheless reduced in the
Neu/SRC-3+/− mice. There is growing evidence that the coexpression of HER2/neu and
HER3 plays a critical role in the activation of the PI3K/AKT pathway in human and mouse
neoplasia (36, 37). In this regard, we also observed an increase in p-HER3 in Neu/SRC-3wt

tumors, whereas it was significantly decreased in the Neu/SRC-3+/− tumors. Taken together,
lower levels of activated Neu in conjunction with reduced levels of p-HER3 may play a
major role in reducing tumorigenesis in the Neu/SRC3+/− mice via reduced AKT signaling.

In addition to the PI3K/AKT pathway, we also found that JNK signaling was significantly
reduced in the Neu/SRC3+/− mammary tumors. Increased JNK signaling has been correlated
with proliferation and oncogenesis in various transformed cell lines. For instance, recent
studies by our group found that the SRC-3 siRNA decreased EGF-driven JNK
phosphorylation and cell proliferation in several transformed epithelial cell lines (12). In
human breast cancer cells, the inhibition of JNK activity reduced NeuT-induced cyclin D1
promotor activity (27). In contrast to AKT and JNK, our results suggest that the MAPK
pathway is activated early in preneoplasia and then the activation mechanism through Neu is
lost in the later stages of tumorigenesis. This pattern of MAPK activation differs from
previous reports that have indicated that MAPK is activated at high levels in HER2/neu–
positive tumors (38). However, our findings in the MEC cultures reflect only what is
happening in the epithelial compartment of the mammary gland, whereas most previous
signaling data have been derived from homogenized tumor lysates that are from epithelial
and stromal compartments of the tumor. Importantly, for all the Neu-induced signaling
pathways examined in this study, we found that the level of activation of the signaling
molecules is decreased by reducing the levels of SRC-3 in the Neu/SRC3+/− mice. This
suggests that some unifying upstream event is turned off for all the pathways, thus
attenuating the amplitude of most of the Neu-dependent kinase signaling pathways.
Although the phosphorylation of HER2/neu, HER1/EGFR, or HER3 is likely to be the rate-
limiting points of control for SRC-3, it is also possible that other upstream signaling
molecules are controlled by the levels of SRC-3 in the mammary epithelial cells.

SRC-3 has been shown to be rate-limiting for ER and PR signaling in breast cancer cells (1,
39). However, these receptors are unlikely to be mediating the effect of SRC-3 in the current
studies because the MMTV-Neu model is considered to be ER negative, similar to human
breast cancer (40), and cDNA array analysis of gene expression in these tumors found no
evidence of estrogen-induced gene expression patterns (41). We cannot entirely rule out an
effect through the low levels of ER present in these tumors at some stage of tumorigenesis.
Loss of ER in MMTV-Neu mice does increase the time to tumor formation; however, Neu/
ER−/− mice, with total loss of ER, still developed mammary tumors (42). In contrast, Neu/
SRC-3−/− mice did not develop any tumors during the 24 months of this study, indicating
that these models are not equivalent, and SRC-3 has effects in addition to its role in ER
signaling. Indeed, the profound loss of ductal development and lateral branching in SRC3−/−

mice suggest that a progenitor cell for tumorigenesis may well be lost in these mice. In
contrast, the reduction of SRC-3 levels in the Neu/SRC3+/− mammary epithelial cells does
not reduce the total number of ducts suggesting that ductal progenitor cells still develop.
Therefore, the reduced lateral side-budding branching in Neu/SRC3+/− mice is most likely
through reduced activation of Neu and its subsequent downstream growth factor signaling.
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In mice with reduced SRC-3 expression, there is a significant decrease in epithelial
proliferation that is most likely caused by the reductions in cyclin D1 and cyclin E protein
expression that we observed. Neu-induced mammary adenocarcinoma proliferation requires
the expression of cyclin D1 and its cross-talk with cyclin E. Neu/cyclin D1−/− mice display
resistance to mammary gland tumorigenesis (25–27); although of note is that 35% of Neu/
cyclin D1−/− mice can develop mammary tumors due to a compensatory increase in cyclin E
levels (43). Furthermore, trastuzumab, a monoclonal antibody that targets ErbB2/HER2 in
human breast cancer therapy, can cause decreased cyclin E kinase activity (44). Relevant to
the current study are reports that cyclin D1 also plays a significant role in SRC-3–driven
tumorigenesis, (45, 46), suggesting that Neu regulation of SRC-3 and cyclin D1 may be
connected. Collectively, these results provide evidence that the reduction of SRC-3 in mice
overexpressing Neu delays tumor incidence by impinging on the activity of cell cycle
proteins and decreasing cell proliferation.

The histologic differences in the mammary tumors that develop in the Neu/SRC3+/− versus
Neu/SRC3wt mice are of potential significance. The Neu/SRC3+/− tumors displayed areas
that were highly necrotic, whereas the MMTV-Neu tumors were highly vascularized.
Increased angiogenesis drives breast cancer tumorigenesis and is directly correlated to the
severity of tumorigenesis. Vascular endothelial growth factor, a signaling protein involved
in angiogenesis, is known to accelerate the incidence of mammary tumors in Neu-driven
tumorigenesis (47). Fibroblast growth factor binding protein, another angiogenic factor, is
regulated by SRC-3 (12, 48). Our data suggest that SRC-3 may play a role in tumor
maintenance by regulating angiogenesis and the rate of necrosis in Neu-induced tumors, and
this may contribute to the tumor latency in the Neu/SRC3+/− mice.

Finally, it should be noted that the overexpression of AIB1/SRC-3 alone can produce tumors
in the mouse mammary gland and is correlated with the potentiation of IGF-I signaling (7).
At lower levels of SRC-3 expression, hyperplasia and preneoplasia are observed and also
correlated with potentiation of the IGF-I signaling pathway (6, 49). Interestingly, none of
these previous studies examined the role of the HER family of oncogenic receptors. We now
describe a positive feedback loop between SRC-3 and HER2/neu that could provide an
additional route to oncogenesis in these animals.

In conclusion, we have shown that SRC-3 plays a major role in Neu-induced preneoplastic
phenotypic changes and signaling, such as AKT and JNK activation and tumorigenesis in
the mammary gland of mice. Only a 50% reduction in SRC-3 levels in the mammary
epithelium can delay HER2/neu–driven tumorigenesis and reduce the total number of
tumors that develop. In addition, the reduction in SRC-3 may reduce the angiogenesis in the
tumors. Our results emphasize that targeting endogenous SRC-3 could provide greater
efficacy to the current therapies used to treat tumors overexpressing HER2/Neu.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Decreased mammary gland lateral side-budding in female MMTV-Neu mice with reduced
levels of SRC-3. A and B, representative mammary gland (MG) whole mount (WM;
magnification, 4×; top) and H&E (magnification, 20×; bottom) stained tissue sections from
mice at ages of 3 to 4 mo (A) and 6 to 7 mo (B). The data are representative of mammary
glands taken from four mice from each genotype. Black arrows, lateral side-budding in
whole mount and H&E-stained sections. C, quantification of lateral side-budding along the
mammary gland ducts. The number of lateral side buds was counted from 10 fields per
whole mount from each mouse (magnification, 10×). Columns, mean; bars, SD (n = 4 mice
from each genotype). *, P < 0.05 and **, P < 0.001, one-way ANOVA.
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Figure 2.
Reduced SRC-3 levels in MMTV-Neu mice increase the latency of Neu-driven mammary
tumorigenesis. A, representative mammary gland whole mounts (magnification, 10×; top)
and H&E (magnification, 20×; bottom) stained tissue sections from mammary glands
adjacent to tumors from Neu/SRC-3wt, Neu/SRC-3+/−, and Neu/SRC-3−/− mice. The data is
representative of four mice examined from each genotype. Black arrows, lateral side-
budding; white arrow, presence of a typical hyperplastic alveolar nodule (top). B, top,
Kaplan-Meier analysis of tumor-free incidence comparing Neu/SRC-3wt with the Neu/
SRC-3+/− and Neu/SRC-3−/− mice. Bottom, quantification of the number of tumors per
mouse from Neu/SRC-3+/− (n = 8) and Neu/SRC-3−/− mice (n = 13) was analyzed using χ2

test. C, photographs showing representative primary mammary tumors harvested from Neu/
SRC-3wt (9 mo of age) and Neu/SRC-3+/− (19 mo of age) mice (top). Representative
paraffin-embedded H&E-stained mammary tumors [magnification, 4× (middle) and 10×
(bottom)] from Neu/SRC-3wt (n = 7 mice analyzed) and Neu/SRC-3+/− mice (n = 3 mice
analyzed). Representative blood vessels (BV; left). Representative areas of necrosis (N;
right). The bar chart represents the quantification of the number of blood vessels per field in
tumors from the Neu/SRC-3wt (n = 8) and Neu/SRC-3+/− (n = 3) mice. Ten fields were
counted per mouse (magnification, 40×). Columns, mean; bars, SD. *, P < 0.05, Student’s t
test.
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Figure 3.
Relative expression levels of Neu, phosphorylated Neu (p-Neu), and SRC-3 in primary
mammary epithelial cells and tissue sections. A, representative immunohistochemical (IHC)
analyses of phosphorylated Neu levels in mammary gland #4 of Neu/SRC-3wt, Neu/
SRC-3+/−, and Neu/SRC-3−/− mice 6 mo of age (magnification, 60×). The black arrows and
magnified region is representative of epithelial cell staining for phosphorylated Neu. B, total
levels of Neu and phosphorylated Neu were immunoprecipitated and Western blotted from
primary MEC lysates from mice at 3 mo of age. C, representative immunohistochemical
analysis of SRC-3 expression in preneoplastic mammary gland tissue sections taken from
mice at 6 mo of age. Arrows, mammary ductal epithelial cells staining positive for SRC-3
expression (magnification, 40×). D, mammary glands were harvested and cultured from
mice 3 mo of age. Western blot analysis was performed on whole cell extracts from MEC
cultures to determine the relative SRC-3 expression levels from the indicated genotypes.
Data are representative of at least two independent experiments using the mammary glands
of two to three mice from each genotype. Densitometry values represent phosphorylated
Neu, Neu, and SRC-3 band intensities normalized to total actin.
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Figure 4.
SRC-3 levels determine the phosphorylation of Neu in mammary tumors. A, tumors from
Neu/SRC-3wt and Neu/SRC-3+/− mice were excised and paraffin-embedded.
Immunohistochemistry was used to assess phosphorylated Neu levels in both Neu/SRC-3wt

and Neu/SRC-3+/− tumors (magnification, 60×). The bar charts represent the quantification
of phosphorylated Neu staining; 100 cells were counted per field, and 10 fields were counted
per mouse (magnification, 60×). Columns, mean of three independent experiments; bars, SD
(n = 3 mice from each indicated genotype). **, P < 0.001, one-way ANOVA. B, primary
tumor cells were cultured from Neu/SRC-3wt and Neu/SRC-3+/− mice with mammary
tumors. Immunoprecipitation for Neu was performed on whole cell extracts. Western blot
analysis for phosphorylated Neu, and total Neu was performed on the immunoprecipitated
products. C, paraffin-embedded tumor sections were used for the immunohistochemical
detection of SRC-3 (magnification, 40×). Arrows, tumor cells that stained positive for
SRC-3. The bar charts represent the quantification of SRC-3 staining; 100 cells were
counted per field, and 10 fields were counted per genotype (magnification, 40×). Columns,
mean of four independent experiments; bars, SD (n = 4 mice from each indicated genotype).
**, P < 0.001, one-way ANOVA. D, representative SRC-3 Western blot analysis of whole
cell protein extracts from primary tumor cell cultures. Densitometry values (B and D)
represent phosphorylated Neu or SRC-3 levels normalized to total actin.
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Figure 5.
Lowering SRC-3 levels in MMTV-Neu mice reduces epithelial cell proliferation and the
expression of cyclins D1 and E. A and B, representative immunohistochemistries of (A)
PCNA and (B) cyclin D1 expression in mammary gland tissue sections (6 mo of age) and
representative mammary tumors from Neu/SRC-3wt and Neu/SRC-3+/− mice. Arrows,
positive staining in mammary ductal epithelial cells (magnification, 40×). C, bar charts
represent the quantification of PCNA and cyclin D1 immunohistochemical staining; 100
cells were counted per field, and 10 fields were counted per mouse (magnification, 40×).
Columns, mean of three independent experiments; bars, SD (n = 3 mice from each indicated
genotype). **, P < 0.001, one-way ANOVA. D, representative Western blot analysis from
whole cell extracts prepared from cultured nontumorigenic mammary epithelial cells (3 mo
of age) or mammary tumor cells, for cyclin D1 and cyclin E expression. Densitometry
values represent cyclin D1 and cyclin E levels normalized to total actin. Western blot results
represent data from at least two mice from each genotype.
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Figure 6.
Lower SRC-3 levels alter Neu-mediated signaling in Neu-induced mammary gland
preneoplasia and tumorigenesis. Representative immunohistochemical staining of p-ERK1/2
(A) and p-JNK (B) in mammary gland tissue sections (6 mo of age) and representative Neu-
induced mammary tumor sections. Arrows and insets indicate positive staining in mammary
epithelial cells (magnification, 40×). C, bar charts represent the quantification of p-ERK1/2
and p-JNK immunohistochemical staining; 100 cells were counted per field, and 10 fields
were counted per mouse (magnification, 40×). Columns, mean of three independent
experiments (n = 3 mice from each indicated genotype). **, P < 0.001, one-way ANOVA.
D, representative Western blot analysis of p-ERK1/2, p-JNK, p-AKT, and p-HER3 and their
respective total protein expression levels from whole cell extracts of cultured
nontumorigenic mammary epithelial cells and tumor cells. Densitometry values represent p-

Fereshteh et al. Page 18

Cancer Res. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ERK1/2, p-JNK, p-AKT, and p-HER3 levels normalized to total actin. Western blot results
represent data from at least two mice from each genotype.
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