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Insulin like growth factor-1 (IGF-1) stimulates increased proliferation and survival of mammary epithelial
cells and also promotes mammary tumorigenesis. To study the effects of IGF-1 on the mammary gland in
vivo, we used BKS5.IGF-1 transgenic (Tg) mice. In these mice, IGF-1 overexpression is controlled by the bovine
keratin 5 promoter and recapitulates the paracrine exposure of breast epithelium to stromal IGF-1 that is seen
in women. Studies have shown that BK5.IGF-1 Tg mice are more susceptible to mammary tumorigenesis than
wild-type littermates. Investigation of the mechanisms underlying increased mammary cancer risk, reported
here, revealed that IGF-1 preferentially activated the PI3K/Akt pathway in glands from prepubertal Tg mice,
resulting in increased cyclin D1 expression and hyperplasia. However, in glands from postpubertal Tg mice,
a pathway switch occurred and activation of the Ras/Raf/MAPK pathway predominated, without increased
cyclin D1 expression or proliferation. We further showed that in prepubertal Tg glands, signaling was medi-
ated by formation of an ER0./IRS-1 complex, which activated IRS-1 and directed signaling via the PI3K/Akt
pathway. Conversely, in postpubertal Tg glands, reduced ERo. expression failed to stimulate formation of the
ER0/IRS-1 complex, allowing signaling to proceed via the alternate Ras/Raf/MAPK pathway. These in vivo
data demonstrate that changes in ERa expression at different stages of development direct IGF-1 signaling and
the resulting tissue responses. As ERa levels are elevated during the prepubertal and postmenopausal stages,
these may represent windows of susceptibility during which increased IGF-1 exposure maximally enhances

breast cancer risk.

Introduction

IGF-1 is an important mediator of cellular proliferation and sur-
vival, with critical effects on the growth, development, and homeo-
stasis of responsive tissues. IGF-1 has also been implicated in a
variety of different types of cancers, particularly breast cancer, due
to its mitogenic and antiapoptotic effects on mammary epithelial
cells (1, 2). In vitro studies show that IGF-1 binds to its cognate
receptor (IGF-1R) and activates an extended signaling network
that regulates essential physiological functions and also contrib-
utes to transformation and promotion of cancer cell growth (3, 4).
Upon activation by ligand binding, the IGF-1R tyrosine kinase
recruits and phosphorylates several intracellular substrates, such
as IRS-1 and Src homology 2 domain-containing (Shc) (5). Both
IRS-1 and Shc bind to the adapter protein, growth factor receptor-
bound 2 (Grb2), and the associated guanine nucleotide exchange
protein, son of sevenless (SOS), leading to stimulation of the Ras/
Raf/MAPK pathway (6, 7).

IRS-1 also serves as a multisite docking protein for PI3K, whose
major downstream effector is the serine/threonine protein kinase
Akt. The PI3K/Akt pathway has been shown to play a pivotal role in
the genesis of cancer and contributes to cell cycle entry, cell growth,
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and cell survival, through activation of multiple downstream effec-
tors of proliferation and tumorigenesis (8-10). Recently, Creighton
et al. used microarray analysis to identify transcriptional targets
in MCF-7 breast cancer cells treated with IGF-1 (11). This group
found that IGF-1 treatment stimulates increased expression of
numerous cyclins and PI3K family members, but also noted dif-
ferences between the profiles resulting from acute compared with
chronic exposure. These studies identify an IGF-1 “activation sig-
nature” that correlates with poor prognosis and reduced survival in
human breast cancer samples. However, others using clinical sam-
ples have reported an inverse association between the expression
of IGF-1 and IGF binding protein 3 (IGFBP3) and human breast
tumor aggressiveness (12, 13), indicating the need for additional
studies to fully elucidate molecular mechanisms in vivo.
Collectively, reports have identified an extensive signal
transduction network responsible for the biological actions of
IGF-1. However, since most of the signaling work has been car-
ried out with transformed or immortal cells in vitro, the impact
of the physiological context and developmental stage has received
inadequate attention, particularly in young individuals. Some
fundamental questions remain unresolved, including the rela-
tive importance and/or unique functions of the two major signal
transduction pathways, PI3K/Akt and Ras/Raf/MAPK, that are
activated by the IGF-1/IGF-1R axis. Furthermore, the impact of
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tissue versus circulating levels of IGF-1 and role of the crosstalk
between the IGF-1 downstream signaling network and other path-
ways, particularly those involving the estrogen receptor o (ERa),
have not been elucidated in susceptible tissues in vivo.

To study the role of IGF-1 in mammary differentiation and
breast cancer development in vivo, our laboratory characterized
the BKS5.IGF-1 Tg model, in which overexpression of human IGF-1
is under the control of the bovine keratin 5 (BKS) promoter. In the
mammary gland, this promoter drives IGF-1 expression in myo-
epithelial cells, where it affects the adjacent ductal epithelium ina
paracrine manner (14). Compared with previous Tg IGF-1 models
using whey acidic protein (WAP) or mouse mammary tumor virus
(MMTV) promoters (15, 16), BKS drives constitutive transgene
expression in mammary glands, where it is detectable at birth and
persists throughout adulthood. An additional advantage is that
the paracrine/juxtacrine effects of IGF-1 recapitulate, more than in
other models, the exposure of breast epithelium to stromal IGF-1
observed in women. Thus, the BK5.IGF-1 Tg mouse provides a
unique model for investigating the tissue responses to local over-
expression of IGF-1 and allows assessment of the impact of the
endogenous hormonal milieu on these responses.

Our previously published results show that BKS.IGF-1 mice are
more susceptible to mammary tumorigenesis than WT littermates
(14). Thirty-one percent of the Tg mice develop spontaneous estro-
gen receptor-positive (ER*) adenocarcinomas, with an overall mean
tumor latency of 40.9 weeks, compared with 0% incidence in WT
mice (14). BKS.IGF-1 mice are also more susceptible to 7,12-dimethyl-
benz[a]anthracene-induced (DMBA-induced) carcinogenesis, with
74% developing mammary tumors, with an average latency of 19.9
weeks, while only 29% of the DMBA-treated WT mice develop mam-
mary tumors, with an average latency of 43.3 weeks (14).

Mammary glands from prepubertal BK5.IGF-1 Tg mice are hyper-
plastic and have significantly increased proliferation in the ductal
epithelium compared with age-matched WT mice, as measured by
BrdU incorporation. Surprisingly, mammary glands from postpu-
bertal Tg mice do not have increased BrdU incorporation compared
with those from age-matched WT littermates, even though expres-
sion of Tg IGF-1 is not reduced in these older animals (14). This
finding was unexpected, because the widely accepted mechanism
of IGF-1-induced tumor promotion involves enhanced prolifera-
tion following carcinogen treatment, as previously shown in skin
(17). The lack of a proliferative response to IGF-1 in the mammary
epithelium of glands from postpubertal animals suggests that
unique, tissue-specific, developmental mechanisms contribute to
IGF-1-mediated mammary tumorigenesis.

In order to better understand the molecular mechanisms medi-
ating the biological effects of IGF-1 in the mammary gland during
specific windows of susceptibility, we carried out the present study
on susceptible tissues from pre- and postpubertal mice. Results
presented here show that differences in the proliferative effects of
IGF-1 in mammary gland reflected differential activation of dis-
tinct signal transduction pathways downstream of IGF-1R. Before
puberty, IGF-1-induced signaling proceeded primarily through
the PI3K/Akt pathway, but at puberty a “switch” to the Ras/Raf/
MAPK pathway occurred. Our studies also revealed that ERa
expression levels, which varied depending on the hormonal milieu,
played a pivotal role in mediating this signaling change and the
subsequent proliferative effects in mammary tissue. Crossing the
BKS5.IGF-1 Tg mice with ERo knockout (ERKO) mice also demon-
strated the absolute requirement for ERa in mediating the prolif-
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erative effects of IGF-1 in mammary epithelium. These findings
offer insight into the reported age-dependent association between
obesity, IGF-1 levels, and breast cancer risk and suggest that devel-
opmental stages when estrogen (E,) is low and ERa. expression is
elevated are periods of increased susceptibility to the proliferative,
pro-tumorigenic effects of IGF-1.

Results
IGF-1 activates distinct pathways in pre- and postpubertal mammary
glands. To investigate the impact of paracrine exposure to Tg IGF-1
on mammary tumorigenesis in vivo, we evaluated the two main
IGF-1 signal transduction pathways in susceptible glands from
prepubertal (4-5 weeks old) and postpubertal (8-13 weeks old)
WT and Tg mice.

Western blots, using specific anti-p-Akt (Ser473), revealed that
Akt phosphorylation was significantly increased in prepubertal
Tg mammary glands, compared with those from age-matched WT
mice (Figure 1A). On the other hand, Erk1/2 activation, evalu-
ated with an antibody against phosphorylated residues Thr202/
Tyr204, was not elevated in glands from Tg mice of this age. This
activation of Akt was also associated with a modest, but signifi-
cant, increase in the phosphorylation of its downstream effector
mTOR at Ser2448 (Figure 1A).

Conversely, in postpubertal animals, Tg IGF-1 activated pre-
dominantly the Ras/Raf/MAPK pathway. As shown in Figure
1B, p-Akt levels were similar in mammary glands from WT and
Tg mice, while levels of p-Erk1/2 were significantly elevated in
Tg compared with age-matched WT mice. Interestingly, mTOR
phosphorylation was also elevated in glands from postpubertal
Tg mice, indicating that signal transduction via either pathway
resulted in activation of mTOR.

These results indicate that in prepubertal glands, Tg IGF-1 pref-
erentially stimulated signaling via the Akt pathway, while signaling
in postpubertal glands proceeded predominantly via the MAPK
pathway. In previously published studies with this model, we pre-
sented evidence demonstrating that the biological differences in
the response to paracrine IGF-1 stimulation in prepubertal and
postpubertal BKS.IGF-1 Tg mice are not the result of reduction in
the expression of the transgene IGF-1 over time (14).

The activation of Akt and/or MAPK signaling by Tg IGF-1 in
mammary glands was also analyzed by immunohistochemistry.
As shown in Figure 1C, Tg IGF-1 stimulated a strong increase in
the intensity of p-Akt staining in the ductal epithelium of prepu-
bertal but not postpubertal glands. Compared with age-matched
WT mice, mammary epithelial cells in Tg postpubertal, but not
prepubertal, mice had elevated p-Erk1/2 levels. These findings
demonstrate that the signaling “switch” identified in the Western
blots reflected changes in the mammary epithelium.

Cyclin D1 is a downstream target of IGF-1, ERa,, and other pro-
liferative pathways and is one of the key regulators of entry into
the cell cycle (18, 19). To assess the impact of Tg IGF-1 on cyclin
D1 expression, we performed Western blot analysis of protein
extracts from pre- and postpubertal mammary glands from WT
and Tg mice. As shown in Figure 1, D and E, cyclin D1 protein
expression was significantly higher in prepubertal Tg compared
with WT glands. However, cyclin D1 levels were not elevated in
glands from postpubertal Tg mice. These results are in agreement
with our previously reported findings that epithelial proliferation,
as measured by BrdU incorporation, is increased in Tg glands from
prepubertal but not postpubertal mice (14).
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One mechanism of cyclin D1 regulation is ubiquitin-depen-
dent degradation, which requires phosphorylation of a specific
threonine residue (Thr286) (20). Using a specific antibody, we
found that cyclin D1 phosphorylation at Thr286 was significantly
reduced in prepubertal Tg glands compared with WT glands, but
was similar in glands from postpubertal WT and Tg mice (Figure 1,
D and E). These results demonstrate that Tg IGF-1 increased cyclin
D1 expression in prepubertal glands by inhibiting degradation.
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Interestingly, cyclin D1 mRNA was not significantly elevated in Tg
glands at either age (data not shown), indicating that regulation
of cyclin D1 expression in this system occurs at the level of protein
stability rather than transcription.

Activation of the proximal IGF-1 signaling pathways in mammary glands.
To further investigate the apparent pathway switch, we analyzed
tyrosine phosphorylation of key signaling proteins in glandular
extracts from WT and Tg mice. Western blots showed an expected
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Figure 2

Different components of the proximal portion of the IGF-1 signaling pathway are activated in pre- and postpubertal Tg mammary glands.
(A) Western blot analyses show increased tyrosine phosphorylation of IGF-1R (f3-subunit), IRS-1, and Shc in mammary gland extracts from pre-
pubertal Tg mice compared with age-matched WT mice. (B) Western blots of mammary extracts, immunoprecipitated with either anti—-IGF-1R or
anti—-IRS-1, showing increased formation of the IGF-1R/IRS-1 complex in prepubertal Tg compared with WT glands. The total IGF-1R and IRS-1
loading controls for these lanes are shown in the corresponding lanes in A. (C) Western blot analyses reveal increased tyrosine phosphorylation
of IGF-1R and Shc, but not IRS-1, in glands from postpubertal Tg compared with WT mice. (D) IGF-1R/IRS-1 complex formation is not increased
in postpubertal Tg compared with WT glands. The total IGF-1R and IRS-1 loading controls are shown in the corresponding lanes in C. Each lane
represents pooled glands from 4-6 mice of the same age and genotype. Representative Western blots from 3 different pools per genotype/age
are shown. Graphs present mean + SD of densitometric analysis of blots from 5-6 different pools/lanes of each genotype and age. *P < 0.05
versus age-matched WT mice, as determined by Student’s ¢ test.
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increase in tyrosine phosphorylation of IGF-1R in Tg glands from
both pre- and postpubertal mice (Figure 2, A and C), indicating
activation of the proximal portion of the signal transduction
pathway in tissues from mice of both age groups. Activation of
IRS-1 and Shc was also increased in prepubertal Tg glands com-
pared with WT glands (Figure 2A). Analysis of mammary glands
from postpubertal animals, however, generated different results,
reflective of the signaling pathway switch. While activated Shc was
still elevated in postpubertal Tg compared with WT glands, IRS-1
phosphorylation was not increased (Figure 2C).

To further characterize the age dependence of IRS-1 activation
in response to Tg IGF-1, we examined formation of the IGF-1R/
IRS-1 complex in mammary gland extracts. As shown in Figure 2B,
significantly more IRS-1 co-precipitated with IGF-1R in extracts
from prepubertal Tg compared with WT glands. Similar results
were achieved when the reverse procedure was used: extracts were
first precipitated with an antibody to IRS-1, and blots were then
probed with anti-IGF-1R. In contrast, Western blot analysis from
postpubertal mammary glands showed no increase in formation
of IGF-1R/IRS-1 complexes in glandular extracts from Tg com-
pared with WT mice (Figure 2D). These results demonstrate that
Tg IGF-1 induced formation of IGF-1R/IRS-1 complexes in mam-
mary glands from prepubertal but not postpubertal animals.

Effects of IGF-1 and/or E; on ERa. expression in vivo and in vitro.
Results from these analyses indicated that a switch in the IGF-1
signal transduction pathway occurred coincidently with the
change in endocrine milieu. As in vitro studies have reported
crosstalk between the IGF-1 and E,/ERa signaling pathways
(21-23), we then evaluated the involvement of ERa in IGF-1 sig-
nal transduction in vivo and began by assessing ERa expression in
mammary glands. As shown in Figure 3A, the level of ERal expres-
sion was similar in the glands from prepubertal WT and Tg mice.
A comparison of glandular extracts from different age groups
196
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showed that ERa expression levels were significantly reduced
in postpubertal compared with prepubertal glands, which is in
agreement with reports that E; can downregulate expression of its
cognate receptor in mammary cells in vitro (24, 25). Interestingly,
results in Figure 3A also showed that ERa. levels were more than
2-fold lower in postpubertal Tg compared with age-matched WT
glands, indicating that the combination of elevated IGF-1 and E,
further downregulated receptor expression.

To explore further the synergistic action of IGF-1 and E; in the
mammary/breast epithelial milieu, we exposed serum-starved
MCPF-7 cells to IGF-1 with or without E; for 6 or 24 hours. As
shown in Figure 3, B and C, neither short- (6 hours) nor long-
term (24 hours) treatment with IGF-1 alone downregulated ERa
expression, but E; treatment caused an approximately 30% reduc-
tion in the expression of the cognate receptor at both time points
(P <0.001 and P < 0.001). After 6 hours of treatment, the effect of
IGF-1 plus E;, was the same as that of E; alone. However, 24 hours
of treatment with IGF-1 plus E, resulted in a significant down-
regulation of ERo compared with E; alone (P < 0.001). These in
vitro data reflect the in vivo results, showing that IGF-1 alone had
lictle effect on ERa expression, which reflects the situation in pre-
pubertal Tg glands. Conversely, prolonged, combined exposure to
IGF-1 plus E,, which corresponds to the milieu in postpubertal Tg
glands, resulted in significant reduction in ERa expression.

Addition of ERo.to NMuMG cells induces a pathway switch and increases
cyclin D1 expression in the presence of IGF-1. To determine whether
changes in ERa expression levels played a role in IGF-1 pathway
switch, we treated ERa-negative, untransformed murine mam-
mary epithelial (NMuMG) cells (26) with IGF-1 or vehicle, after
transfection with a functional ERa expression vector (pRSV-ERa)
oran “empty,” control vector (pGL2 basic). Treatment of NMuMG
cells with IGF-1 for 24 hours did not stimulate Akt phosphory-
lation, although a modest increase in Erk1/2 phosphorylation
Volume 122
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was detected (Figure 4A, lane 4). Following transfection of the
PRSV-ERa expression vector, treatment with IGF-1 for 24 hours
induced Akt phosphorylation, while Erk1/2 phosphorylation
was reduced (Figure 4A, lane 5). Examination of the downstream
targets revealed that IGF-1 increased phosphorylation of mTOR
in either the presence or absence of ERa (Figure 4A, lanes 4-6),
which agreed with our findings in mammary glands from pre-
and postpubertal Tg and WT mice.

To further explore the involvement of ERa in mediating the bio-
logical effects of IGF-1, we also evaluated cyclin D1 expression. As
shown in Figure 4B, when NMuMG cells were transfected with
the pRSV-ERa expression vector, IGF-1 increased expression of
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cyclin D1 in a time-dependent manner, with a peak at 12 hours
and return to baseline at 18 hours. Transfection of the empty vec-
tor (pGL2) in combination with IGF-1 treatment did not result
in increased expression of cyclin D1 (Figure 4B). The decline in
cyclin D1 levels after 12 hours may be a consequence of cell cycle
progression, as reported by others (27, 28). Addition of IGF-1 in
the presence of ERa also induced Akt phosphorylation within the
same time frame, starting at 6 hours (Figure 4B) and extending
through 18 hours (Figure 4, A and B).

These in vitro results reflect our in vivo findings in mammary
glands from pre- and postpubertal Tg mice and demonstrate a
causal relationship between the level of ERa expression and the
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Figure 5

ERo expression levels determine the IGF-1 signal transduction pathway in the mammary gland. (A)
Western blots of extracts from prepubertal mammary glands reveal increased formation of the ERa/
IRS-1 complex, which can be immunoprecipitated with antibodies to either IRS-1 (left panel) or ERa
(right panel). (B) Conversely, in extracts from postpubertal mammary glands, comparatively little ERo is
co-precipitated with IRS-1 antibodies, indicating that complex formation is greatly reduced. (C) Side-by
side comparison of anti—IRS-1 immunoprecipitates, showing that ERa/IRS-1 complexes are detected
in glandular extracts from prepubertal Tg mice. In order to ultimately load equivalent amounts of total
IRS-1, 250 ug of glandular extracts from prepubertal mice and 500 ug of extracts from postpubertal
mice were incubated with anti—-IRS-1. Western blot analysis of total and phosphorylated c-Raf (Ser259)
in extracts of (D) prepubertal and (E) postpubertal Tg and WT mammary glands. Each lane represents
pooled glands from 4—6 mice of the same age and genotype. Representative Western blots from 2—-3
different pools per genotype and age are shown in A, B, D, and E. A representative Western blot of 3
independent experiments is shown in C. Bar graphs in D and E represent mean + SD of densitometric
analysis of blots from 5-6 different pools/lanes of each genotype and age. Statistical analysis per-
formed using Student’s t test; *P < 0.05, p—c-Raf/c-Raf ratio versus WT.

Results in Figure 5, A and C, show
that substantially more ERo/IRS-1
complex was detected in mammary
gland extracts from Tg prepubertal
mice compared with age-matched
WT mice. Conversely, little ERa. was
detected in IRS-1 immune complex-
es from postpubertal glands from
WT or Tg mice (Figure 5, B and C).
These data demonstrate that in the
prepubertal period, when E, levels
were low and ERa levels were ele-
vated in a compensatory manner,
Tg IGF-1 induced formation of an
ERa/IRS-1 complex. Following the
onset of ovarian hormone produc-
tion at puberty, ERa expression was
downregulated, causing a reduction
in ERo/IRS-1 complex formation
and loss of Akt activation.

c-Raf phosphorylation in pre- and post-
pubertal mammary glands. A remain-
ing question is why signaling via the
Ras/Raf/MAPK pathway was inhib-
ited in prepubertal glands, despite
activation of Shc. Previous reports
have indicated that activated Akt
phosphorylates Ser259 of c-Raf,
resulting in inhibition of signal
transduction via this pathway (30,
31). We reasoned that c-Raf phos-
phorylation might contribute to the
loss of MAPK activation observed in
Tg prepubertal glands. To test this
hypothesis, we examined phosphor-
ylation of c-Raf at Ser259 in glands
from mice in both age groups, using
a site-specific antibody. As shown in
Figure 5D, p-c-Raf levels increased
in glands from prepubertal Tg
mice compared with age-matched
WT mice. Conversely, in mam-
mary glands from Tg postpubertal
animals, levels of p-c-Raf were not

capacity of IGF-1 to activate signaling via the Akt pathway and to
increase cyclin D1 and epithelial proliferation. As mTOR phos-
phorylation increased in glands from Tg mice at both ages, regard-
less of the level of ERa expression, it is unlikely that it is the critical
mediator of the effects of the pathway switch on cyclin D1 expres-
sion and epithelial proliferation.

Increased ER0/IRS-1 complex formation in prepubertal, but not postpuber-
tal, Tg mammary glands. The results shown in Figure 2 suggest that age-
associated signaling changes were mediated, at least in part, by the
proximal portion of the IGF-1 signaling pathway. Previously, Morelli
etal. showed that ERa interacts with cytoplasmic IRS-1, thereby sta-
bilizing it and amplifying IGF-1 signaling through the IRS-1/Akt
pathway (29). Based on these in vitro findings, we hypothesized that
the developmental variation in mammary ERa. expression affected
formation of the ERa./IRS-1 complex, which, in turn, directed signal
transduction and determined the ultimate tissue response.
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increased (Figure SE). These results indicate that in mammary
glands from prepubertal mice, Tg IGF-1 stimulated phosphoryla-
tion of Akt, which in turn induced phosphorylation of c-Raf, result-
ing in inhibition of signal transduction via the Raf/MAPK pathway
and predominance of the PI3K/Akt pathway. In postpubertal tis-
sues, c-Raf activation was not inhibited by Ser259 phosphorylation,
thus permitting transduction via the MAPK pathway.

Analysis of mammary glands from mice that overexpress IGF-1 but
lack ERa. To further assess the role of ERa in IGF-1-medi-
ated mammary development, proliferation, and signaling, we
crossed BKS.IGF-1 Tg mice with ERKO mice (32) and evaluated
the impact of transgenic IGF-1 overexpression in the absence
and presence of ERa in vivo. These crosses generated mice of
4 genotypes: (a) IGF-1 WT/ERa WT (WT/WT), (b) IGF-1 WT/
ERKO (WT/KO), (c) BKS.IGF-1 Tg/ERa WT (Tg/WT), and (d)
BKS5.IGF-1 Tg/ERKO (Tg/KO). Mammary glands from 4- to
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5-week-old female mice were harvested, and Tg IGF-1 and ERa
expression was analyzed by quantitative PCR (QPCR) and West-
ern blots, respectively. As shown in Figure 6A, there was no
detectable human IGFI mRNA in WT/WT or WT/KO mammary
glands; however, IGFI message was strongly expressed in Tg/WT
and Tg/KO mammary glands, demonstrating that crossing the
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Figure 6
Analysis of mammary glands from
4- to 5-week-old bitransgenic
BK5.IGF-1 x ERKO mice, which
overexpress IGF-1 but lack ERa.
Crossing the two models generat-
ed mice of 4 genotypes, designat-
ed as follows: IGF-1 WT/ERa WT
(WT/WT), IGF-1 WT/ERKO (WT/
KO), BK5.IGF-1 Tg/ERa WT (Tg/
WT), and BK5.IGF-1 Tg/ERKO
(Tg/KO) mice. (A) Evaluation of
transgene expression by qPCR
(left panel) showing that human
IGF1 is expressed exclusively
in BK5.IGF-1 Tg mice. Western
blot analysis of ERa expression
shows that the receptor is not
expressed in glands from ERKO
mice (right panel). The bar graphs
represent the mean + SD of sepa-
rate experiments, as indicated by
n in the figure. Statistical analysis
performed using Student’s t test;
*P < 0.05 versus WT/WT glands.
(B) Representative whole mounts
of mammary glands (original mag-
nification, x1), showing that Tg
IGF-1 does not rescue the ERKO
phenotype. (C) Ki67 and cyclin
D1 immunostaining in mammary
glands from mice with each of the
4 bitransgenic genotypes (origi-
32, nal magpnification, x20 and x40,
respectively), showing increased
proliferation and cyclin D1 expres-
sion in the mammary epithelium of
Tg/WT, but not Tg/KO, mice. (D)
Immunohistochemical localization
of p—IRS-1, p-Akt, and p-Erk1/2in
paraffin-embedded sections of
mammary glands from mice with
the 4 genotypes (original magnifi-
cation, x20). nd, not detectable.

ERKO mice with the BK5.IGF-1 mice did not reduce expression
of the transgene. As anticipated, ERa expression in WT/KO and
Tg/KO mammary glands was absent (Figure 6A). Thus, differ-
ences in mammary gland development, proliferation, and sig-
naling could be attributed to the critical role of ERa and not to
changes in IGF-1 transgene expression.
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Whole mounts of mammary glands revealed that IGF-1 overex-
pression resulted in mammary gland hyperplasia in Tg/WT mice,
with increased ductal proliferation, cross-branching, alveolar end
bud formation, and dilated ducts (Figure 6B), which is consistent
with our previous report (14). Ductal development was substan-
tially inhibited in ERKO mice (33). Glands from WT/KO and
Tg/KO mice showed a similar phenotype, with only rudimentary
ductal development and few lobular alveoli, indicating that overex-
pression of IGF-1 did not rescue the ERKO mammary phenotype.
These results suggest that ERa was required for both normal and
IGF-1-induced ductal and alveolar morphogenesis.

To investigate cell proliferation in mammary glands from
prepubertal mice of the 4 different genotypes, we performed
immunohistochemical analysis of Ki67 incorporation. Mammary
glands from Tg/WT mice showed increased Ki67 immunoreactiv-
ity in epithelial cells compared with WT/WT glands (Figure 6C).
In contrast, Ki67 immunostaining was similar in glands from
Tg/KO mice and WT/KO mice, both of which had much lower
levels of Ki67 expression than the glands from Tg/WT mice. The
results indicate that DNA synthesis was not induced by IGF-1 in
the absence of ERa.. Immunohistochemical analysis also showed
that IGF-1-induced cyclin D1 expression was absent in Tg/KO
mice (Figure 6C), demonstrating that the proliferative response in
mammary epithelium was ERa dependent.

Analysis of IRS-1, Akt, and Erk1/2 phosphorylation in mammary
glands from mice of all 4 genotypes demonstrated the expected
changes in signal transduction. In mammary glands from Tg/WT
mice, Tg IGF-1 increased the levels of p-IRS-1 and p-Akt in mamma-
ry epithelial cells, whereas the proportion of epithelial cells positive
for p-Erk1/2 was comparable in glands from Tg/WT and WT/WT
mice (Figure 6D). Conversely, p-Erk1/2 immunostaining was more
intense in Tg/KO compared with WT/WT glands, but there was no
difference in intensity of p-IRS-1 and p-Akt staining (Figure 6D).

Taken together, the results from the crosses between the BKS.
IGF-1 Tg and ERKO mice provide additional in vivo evidence
that IGF-1-stimulated signaling and proliferation were deter-
mined by ERa expression levels. In the presence of ERa, Tg IGF-1
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Figure 7

Schematic diagram of IGF-1 signal transduction in mammary glands
in vivo. In prepubertal glands, when E; levels are low and ERa levels are
relatively high, IGF-1 stimulates the formation of ERa/IRS-1 complexes
and activation of IRS-1, which directs signaling via the PI3K/Akt path-
way. Activation of the PIBK/Akt pathway induces cyclin D1 expression
and mammary epithelial proliferation. Cyclin D1 levels are regulated at
the level of protein stability, through inhibition of Thr286 phosphoryla-
tion and ubiquitin-mediated degradation. Activation of the Akt pathway
also induces phosphorylation of c-Raf, which inhibits transduction via
the MAPK pathway. In postpubertal glands, ERa expression is down-
regulated in response to elevated E». In postpubertal Tg glands, the
combination of IGF-1 and E; further reduces ERa levels. Due to this
downregulation, ERa/IRS-1 complexes do not form, and the IRS-1/
PI3K/Akt pathway is not activated. However, Shc activation is main-
tained, allowing signal transduction via the MAPK pathway, which does
not result in increased cyclin D1 expression or epithelial proliferation.

preferentially stimulated signaling via the IRS-1/PI3K/Akt path-
way, resulting in increased cyclin D1 expression and epithelial
proliferation. Conversely, when ERa. levels were low or absent,
IGF-1 signal transduction proceeded mainly through the MAPK
pathway, which did not result in increased cyclin D1 expression
or epithelial proliferation.

Discussion
Our previous work with the BKS.IGF-1 model revealed that over-
expression of IGF-1 in the mammary gland induces hyperplasia
of the mammary epithelium and increases susceptibility to spon-
taneous and DMBA-induced tumorigenesis (14). Surprisingly,
our previous studies also showed that proliferative markers are
elevated only in glands from prepubertal animals (14). Since this
finding may have profound implications for understanding the
role of IGF-1 in mammary tumorigenesis and identifying critical
windows of enhanced susceptibility, we investigated the molecular
bases of these unexpected results.

The signal transduction pathways downstream of IGF-1R are
complex and have been studied extensively in cultured cells (34,
35). The overall consensus of these studies is that IGF-1R signals
primarily through two major canonical pathways: IRS-1/PI3K/
Akt and Shc/Ras/MAPK. However, since the majority of previ-
ous studies were carried out in vitro, the relative importance of
the Akt and MAPK pathways in mediating IGF-1 activity in tis-
sues and the possible contributions of the endogenous endocrine
milieu remain unresolved. In addition, while PI3K/Akt signaling
has been widely implicated in IGF-1-induced mitogenesis (36, 37),
our understanding of the role of MAPK in the induction of pro-
liferative effects is still incomplete. Some studies demonstrate the
importance of the MAPK pathway in inducing cyclin D1 expres-
sion (38). However, in MCF-7 cells, IGF-1-stimulated increases in
cyclin D1 expression and cell cycle progression are inhibited by
PI3K but not MEK1 (MAPK-activating kinase) inhibitors (39).

The importance of ERa in IGF-1-induced Akt pathway activa-
tion and proliferative responses has also been described in cell
culture models, including some studies showing that IGF-1 and
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E; have additive or synergistic effects on cellular proliferation (18,
40). These effects are usually attributed to functional crosstalk
between E;/ERa and IGF-1 systems, which includes potentiation
of IGF-1 responses by E; (23), stimulation of ERa activity by IGF-1
(22, 41), and additive activation of common signaling pathways
(21, 42). While both IGF-1 and E; reportedly stimulate expression
of cyclin D1 and induce cell cycle progression, results in some
systems indicate that the combined activities of IGF-1 and E; are
required to achieve maximal expression (18, 43). However, con-
flicting results have also been reported. In lactotrophs in primary
culture, simultaneous treatment with E; markedly inhibits IGF-1-
induced proliferation (44), suggesting a level of tissue specificity in
these responses. Recently, Cascio et al. showed that in MCF-7 cells,
IGF-1-stimulated cyclin D1 mRNA expression is reduced in the
presence of E; (45), which is reflective of our in vivo results.

Results presented here demonstrate that the activation of spe-
cific IGF-1 signaling pathways in mammary glands was depen-
dent on the stage of development and the endogenous hormonal
milieu. In prepubertal mice, IGF-1 overexpression stimulated sig-
naling primarily via the PI3K/Akt pathway, leading to increased
cyclin D1 expression in and elevated proliferation of mammary
epithelium. At puberty, an apparent “switch” occurred, favoring
activation of the MAPK pathway, which did not similarly stimulate
increased cyclin D1 expression or proliferation.

The present findings also indicate that the increased cyclin D1
expression in tissues from prepubertal Tg animals was due to
reduced degradation. The fact that mTOR, which plays an impor-
tant role in the translation of cyclin D1 mRNA (46, 47), was acti-
vated by Tg IGF-1 in both pre- and postpubertal mice, while cyclin
D1 levels were only increased in prepubertal Tg glands, indicates
that the regulation of cyclin D1 expression in this system was at
the level of protein stability rather than synthesis. Further studies
will be required to elucidate how signaling at different ages affects
cyclin D1 protein turnover.

We speculated that the switch in the downstream IGF-1 signal-
ing might be related to changes in ERo expression caused by the
hormonal milieu, specifically by changes in the level of circulating
reproductive hormones. Our in vivo experiments showed that ERa
levels were relatively high in the mammary glands of the WT pre-
pubertal mice and that paracrine overexpression of IGF-1 in the
mammary gland did not reduce receptor expression. In postpuber-
tal Tg glands, the combination of Tg IGF-1 and increased circulat-
ing levels of E, resulted in significantly reduced ERo expression. To
test our hypothesis that ERat levels determined the IGF-1 signaling
pathway, we carried out an in vitro study with ERa-null NMuMG
cells and an in vivo study utilizing bigenic BK5.IGF-1 x ERKO mice.
Both studies demonstrated a causal relationship among ERa levels,
IGF-1-induced Akt activation, and epithelial proliferation.

To explore the underlying molecular mechanisms, we investi-
gated ERa/IRS-1 complex formation. Our results showed that Tg
IGF-1 stimulated formation of ERa,/IRS-1 complex only in the
glands from prepubertal mice and that the complex was almost
undetectable in postpubertal Tg glands. Formation of the ERa/
IRS-1 complex has been reported to amplify the IGF-1 response
through the IRS-1/PI3K/Akt pathway (19, 29), and our results show
that ERa/IRS-1 complex formation controls both Akt activation
and proliferation in the mammary gland. We also looked in vivo for
an explanation for the lack of MAPK activation in the glands from
prepubertal IGF-1 Tg mice, because Shc phosphorylation, known
to initiate signaling via the MAPK pathway (48, 49), was elevated in
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these glands. Results showed that activation of the Akt pathway in
prepubertal Tg glands resulted in an increase in c-Raf phosphory-
lation at Ser259, inhibiting transduction via the Ras/Raf/MAPK
pathway. Conversely, in postpubertal Tg glands, activation of
MAPK was maintained. Thus, the level of ERo. expression in mam-
mary glands indirectly regulates signaling via the MAPK pathway.
A model based on these findings is presented in Figure 7.

These results identify critical, nongenomic actions of ERa, previ-
ously unrecognized in vivo, that determine not only the predomi-
nant IGF-1 signal transduction pathway, but also the magnitude
of the proliferative response to IGF-1 in the mammary gland. The
lack of a proliferative response in glands from adult mice also has
important ramifications for our understanding of the contribu-
tions of IGF-1 to mammary tumorigenesis. Previous results in the
BKS.IGF-1 mouse and other models have shown that IGF-1 acts
as a classical tumor promoter in the epidermis, where it stimulates
increased proliferation following DMBA treatment (17, 50). How-
ever, in established mammary tumorigenesis protocols, DMBA
treatment begins postpubertally, at 7-9 weeks of age (14). At this
time, cyclin D1 and BrdU incorporation are no longer elevated in
the mammary epithelium of Tg mice. Thus, increased susceptibil-
ity to mammary carcinogenesis in the BKS.IGF-1 model does not
proceed through a classical tumor promotion mechanism.

Several alternate mechanisms can be speculated from these results.
The most likely basis for increased tumor susceptibility is that the
activation of the PI3K/Akt pathway in prepubertal glands induces
increased ductal proliferation and accelerated mammary develop-
ment, which also results in expansion of the number of carcinogen
targets, possibly stem and/or progenitor cells (51). However, it can-
not be ruled out that initiated or premalignant mammary epithelial
cells responded to the proliferative effects of IGF-1 postpubertally
but, due to their small numbers, were below the level of detection.

An alternate possibility is that signaling through the MAPK
pathway in postpubertal glands is associated with other phe-
notypic alterations that contribute to mammary tumor devel-
opment and progression, such as inflammation, enhanced vas-
cularization, and/or other stromal changes (52). Interestingly,
immunostaining of p-Erk1/2 increased in both the stromal and
epithelial compartments of glands from bitransgenic BKS.IGF-1
Tg/ERKO mice, supporting the contention that stromal activa-
tion also contributes to mammary tumorigenesis in this model.
Further investigations into these hypothetical contributors to
mammary carcinogenesis are ongoing.

Our results also provide insight into the contributions of IGF-1
to breast tumorigenesis over a lifetime. Although still somewhat
controversial, epidemiological evidence indicates that exposure to
high levels of IGF-1 may be a risk factor for breast, prostate, and
colon cancer (2, 53). However, while it is well accepted that IGF-1
is a major contributor to breast cancer susceptibility (2), results
from studies assessing serum IGF-1 levels in adult breast cancer
patients have been conflicting (54, 55). These results may provide
an explanation for the apparently discordant data regarding the
role of IGF-1 in breast cancer and cancer risk. Most clinical and
epidemiological studies measure circulating IGF-1 levels at the
time of diagnosis, which, according to our results, is not the stage
at which IGF-1 has the greatest pro-tumorigenic effects.

In addition, some studies have shown that African American
women, who are significantly more likely to develop aggressive
forms of breast cancer at an earlier age (56, 57), have serum IGF-1
levels comparable to or even lower than those in women of European
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descent (58, 59). Interestingly, studies consistently show that young
African American girls have significantly higher circulating levels of
IGF-1 in the pre- and perimenarchal periods, compared with age-
matched girls of European descent (60, 61). Results presented here
indicate that elevated IGF-1 levels during early developmental peri-
ods, when ERa levels are relatively high, may be particularly impor-
tant in determining breast cancer risk. Although speculative at this
point, it is possible that eatly exposures to elevated levels of IGF-1
may contribute to the increased likelihood that African American
women will develop aggressive, early-onset breast cancer.

These in vivo results also provide insight into the mechanisms
underlying the generally accepted epidemiological findings that
obesity, with the associated increases in free IGF-1, increases breast
cancer risk in postmenopausal women (62-66). It is well estab-
lished that after menopause, levels of ERa are again elevated in
breast epithelium (67, 68). Our current results indicate that the
combination of increased ERa expression and elevated IGF-1
induced a highly proliferative mammary epithelium, which sub-
stantially increased risk.

In summary, these studies demonstrate the value of combining
in vitro and in vivo models in elucidating the mechanisms of
IGF-1-stimulated mammary tumorigenesis. The results show
that ERa expression levels are a major determinant of the activa-
tion of IGF-1-dependent signaling pathways and pro-tumorigen-
ic proliferation in the mammary gland. Our investigations also
identified an important contribution of nongenomic actions of
ERa on tumor promotion and demonstrated that early exposures
to elevated IGF-1 contributed to lifetime risk. These findings are
critical for elucidating the factors that contribute to breast cancer
susceptibility. Results also indicate that potential preventive strat-
egies involving modulation of diet and energy balance may need
to be focused not only on post-menopausal women, but also on
young and adolescents girls.

Methods

Mice. BKS.IGF-1 Tg and ERKO mice and their characterization were previ-
ously described (14, 17, 32). BK5.IGF-1 Tg mice were maintained on an
ICR background and were hemizygous for the transgene. Homozygous
ERKO mice were on a C57BL/6] background. Mice were genotyped by
genomic PCR using the following primers: forward primer for detection
of WT ERa gene, 5'-CGGTCTACGGCCAGTCGGGCATC-3'; forward
primer for determination of Neo disruption of ERa gene, 5'-GCTGACC-
GCTTCCTCGTGCTTTAC-3'; reverse primer for both, 5'-CAGGCCTTA-
CACAGCGGCCACCC-3". Only female mice were used. All controls were
age-matched mice of the same generation and background. All mice were
fed standard chow ad libitum with free access to water and housed in our
Association for Assessment and Accreditation of Laboratory Animal Care-
certified (AAALAC-certified), temperature- and humidity-controlled facili-
ties, with a 12-hour light/12-hour dark cycle. All procedures were in strict
accordance with protocols approved by the IACUC of the M.D. Anderson
Cancer Center. Mice were sacrificed by CO; asphyxiation. In ICR mice,
mammary glands were collected from WT and Tg mice at 4-5 weeks (pre-
pubertal) or 8-13 weeks of age (postpubertal). In crossbred strains, glands
were collected at 4-5 weeks of age (prepubertal).

Cell culture. MCF-7 and NMuMG cells were obtained from ATCC and
maintained in phenol red-free DMEM (HyClone) supplemented with
10% FBS, 10 mM sodium pyruvate, and 3.7 g/l sodium bicarbonate. The
expression plasmid for wild-type ERa (pPRSV-ERa.) was provided by Mark
Bedford (University of Texas M.D. Anderson Cancer Center; ref. 69). For
IGF-1 and E, treatments, MCF-7 cells were serum starved and maintained
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in serum- and phenol red—free medium (SFM) overnight and then treated
with IGF-1 (40 ng/ml; Sigma-Aldrich), E; (10 nmol/l; Sigma-Aldrich), or
IGF-1 plus E; for 6 or 24 hours. For transient transfection, NMuMG cells
were plated in 6-well plates until 80% confluent. The cells were then trans-
fected with 6 g of ERa plasmid using Lipofectamine 2000 (Invitrogen) in
SFM according to the manufacturer’s instructions. The pGL2 basic vector
(E1611) was used as negative control (Promega). Twenty-four hours after
the start of transfection, cell culture medium was replaced with fresh SFM,
and 40 ng/ml IGF-1 or control vehicle was added to the medium. The cells
were harvested at 24 hours to detect Akt, Erk1/2, and mTOR phosphoryla-
tion or between 0 and 18 hours to examine cyclin D1 expression and Akt
activation, as indicated in figure legends.

Western blot analysis. Frozen abdominal/inguinal mammary glands from
4-6 mice were pooled and homogenized in extraction buffer (10 mM HEPES
[pH 7.9], 0.4 M NaCl, 0.1 mM EDTA, 5% glycerol, 0.02 mM NazVO,, and
protease inhibitors), and cells were lysed with RIPA buffer (50 mM Tris-
HCI [pH 7.4], 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM
EDTA, 1 mM PMSF, 1 mM NazVO,, and 1 mM NaF) as described previously
(14, 70). Protein concentrations were determined using the BCA protein
assay kit (Pierce). Equal amounts of protein (40 ug) were resolved by SDS-
PAGE and transferred to PVDF membranes (Pierce). The membranes were
then immunoblotted with specific antibodies. Rabbit polyclonal antibodies
against IGF-1Rp, IRS-1, phosphorylated Akt (Ser473), Akt, phosphorylated
Erk1/2 (Thr202/Tyr204), Erk1/2, phosphorylated mTOR (Ser2448), mTOR,
phosphorylated cyclin D1 (Thr286), phosphorylated c-Raf (Ser259), c-Raf,
rabbit monoclonal antibody to GAPDH, and mouse monoclonal antibody to
cyclin D1 were purchased from Cell Signaling Technology. Rabbit polyclonal
antibody to ERa was purchased from Zymed Laboratories (Invitrogen).
Mouse monoclonal antibodies against phosphorylated Shc (Tyr239/240)
and Shc were obtained from Santa Cruz Biotechnology Inc. The blot was
then incubated with appropriate HRP-conjugated secondary antibody, and
bands were detected using the ECL Plus kit (Amersham, GE Healthcare).
The intensities of the bands were scanned with Typhoon (Typhoon 9410, GE
Healthcare) and quantified by densitometry using ImageQuant TL software
(Amersham Biosciences), and the ratio between phosphorylated and total
proteins, or target and housekeeping proteins, was calculated.

Immunoprecipitation. Protein lysates (500 ug) (unless specifically indicated)
from glands were incubated overnight at 4°C with antibodies to IGF-1Rf3
(1:100), IRS-1 (1:50), ERat (1:25), or nonimmune rabbit IgG (1:50) and then
incubated with 40 wl protein A/G agarose (Pierce) for 2 hours at room tem-
perature. The resulting immune complexes were resolved by SDS-PAGE
and immunoblotted with antibodies to phosphotyrosine (PY20; Santa
Cruz Biotechnology Inc.), IGF-1Rf3, IRS-1, or ERat as indicated.

Whole mounts. Cervical glands were harvested, pressed between glass
slides, and fixed in Carnoy’s fixative (100% ethanol, chloroform, and gla-
cial acetic acid at a 6:3:1 ratio) for 2-4 hours. After being hydrated in 70%
ethanol and distilled water, slides were stained overnight in carmine alum
(0.2% carmine, 0.5% aluminum potassium sulfate). The tissues were then
dehydrated in graded ethanols and xylene substitute, washed, and stored
in fresh PBS until photographs were taken.

Immunobistochemistry. Paraffin-embedded sections of thoracic glands
were pretreated with 10 mmol/I citrate buffer (pH 6.0) for 10 minutes for
detection of Ki67, cyclin D1, p-IRS-1, and p-Akt in mammary glands, or
with 1x Tris-EDTA buffer (pH 9.0) for 20 minutes to determine p-Erk1/2
expression. Slides were then incubated with antibodies to Ki67 (1:100;
Santa Cruz Biotechnology Inc.), p-IRS-1 (Tyr632; 1:100; Santa Cruz Bio-
technology Inc.), p-Akt (Ser473; 1:250; Santa Cruz Biotechnology Inc.),
and p-Erk1/2 (Thr202/Tyr204; 1:200; Cell Signaling Technology) at 4°C
overnight followed by HRP-linked anti-rabbit IgG (Dako), or with an anti-
body to cyclin D1 (1:1,000; Cell Signaling Technology) for 1 hour at room
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temperature followed by HRP-linked anti-mouse IgG (Dako). Color was
developed with 3,3'-diaminobenzidene (Dako).

RNA extraction and real-time gPCR. Total RNA from homogenized abdominal/
inguinal glands was extracted with an Absolutely RNA Miniprep Kit (Agilent
Technologies) and reverse transcribed as previously described (14). Real-time
qPCR was performed using the ABI Prism 7900 HT sequence detection system
(Applied Biosystems). Primers and probe for human IGF-1 were obtained from
Applied Biosystems TagMan gene expression assays. The TATA box binding
protein (TBP) primers and probe used were as follows: forward primer, 5'-GGT-
GGCAGCATGAAGTGACA-3'; reverse primer, 5S'-GCACAGAGCAAGCAACT-
CACA-3'; TagMan probe, 5'-FAM-CCTCTGCACTGAAATCACCTGCAGCA-
TAMRA-3'. Target gene expression of each sample was normalized to its
corresponding TBP gene value. A relative standard curve was generated for
each assay using the whole mammary gland from a young, untreated WT
mouse. The Ct (threshold cycle) of each sample was plotted against the log of
nanograms of cDNA added to the wells of the standard curve, and the reverse
log of that number was normalized to its corresponding TBP value.

Statistics. Numerical results are shown as mean + SD. Two-tailed Student’s
t test was used to compare results from 2 experimental groups. ANOVA was
used when data from multiple groups were studied. P < 0.05 was consid-

ered to indicate a significant different between comparison groups.
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