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Insulin-like growth factor-1 (IGF-1) stimulates pro-
liferation, regulates tissue development , protects
against apoptosis, and promotes the malignant phe-
notype in the breast and other organs. Some epide-
miological studies have linked high circulating levels
of IGF-1 with an increased risk of breast cancer. To
study the role of IGF-1 in mammary tumorigenesis in
vivo , we used transgenic mice in which overexpres-
sion of IGF-1 is under the control of the bovine kera-
tin 5 (BK5) promoter and is directed to either the
myoepithelial or basal cells in a variety of organs,
including the mammary gland. This model closely
recapitulates the paracrine exposure of breast epithe-
lium to stromal IGF-1 seen in women. Histologically,
mammary glands from transgenic mice were hyper-
plastic and highly vascularized. Mammary glands
from prepubertal transgenic mice had significantly
increased ductal proliferation compared with wild-
type tissues, although this difference was not main-
tained after puberty. Transgenic mice also had in-
creased susceptibility to mammary carcinogenesis,
and 74% of the BK5.IGF-1 mice treated with 7,12-
dimethylbenz[a]anthracene (20 �g/day) developed
mammary tumors compared with 29% of the wild-
type mice. Interestingly, 31% of the vehicle-treated
BK5.IGF-1 animals, but none of the wild-type ani-
mals, spontaneously developed mammary cancer.
The mammary tumors were moderately differenti-
ated adenocarcinomas that expressed functional ,
nuclear estrogen receptor at both the protein and
mRNA levels. These data support the hypothesis
that tissue overexpression of IGF-1 stimulates mam-
mary tumorigenesis. (Am J Pathol 2008, 173:824–834;

DOI: 10.2353/ajpath.2008.071005)

Insulin-like growth factor-1 (IGF-1) is a single-chain 7-kd
polypeptide that plays a critical role in development and
stimulates growth and organogenesis via mitogenic,
antiapoptotic, and chemotactic activity.1–3 IGF-1 is a pri-
mary mediator of the actions of growth hormone on post-
natal growth and regulates fetal development of many
tissues, including bone and reproductive organs.4–6 In
the mammary gland, IGF-1 stimulates terminal end bud
formation and ductal elongation.7,8

High serum levels of IGF-1 are associated with an
increased risk of breast, prostate, and colon cancer.9–12

Circulating IGF-1 and most of the IGF binding proteins
are produced in the liver, through stimulation by growth
hormone.13 Circulating IGF-1 levels vary throughout life,
increasing from birth to a pubertal peak and decreasing
steadily after age 30.14 High circulating IGF-1 levels have
been found in a number of epidemiological studies to be
associated with increased risk of premenopausal breast
cancer,15 while other studies have found an association
with breast cancer risk only in older women16 or no associ-
ation at all.17 These discrepancies may be due to differ-
ences in study designs, assays used to determine IGF-1
levels, and the large variations in “normal” IGF-1 serum
levels.15 The expression of high levels of the IGF-1 receptor
(IGF-1R) in breast cancers is strongly associated with
breast cancer recurrence and decreased survival.18

In addition to circulating levels of IGF-1, local expres-
sion of IGF-1, which is associated with increased angio-
genesis in colorectal cancers,19 may also be important in
breast cancer development. In the breast, IGF-1 has
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been shown by in situ hybridization to be produced pre-
dominantly by stromal cells and very rarely by normal or
malignant breast epithelia.8,20,21 On the other hand,
IGF-1R is expressed by normal and malignant mammary
epithelium, indicating that the effects of IGF-1 are
achieved through a paracrine mechanism.20,21 Growth
hormone, through interaction with its receptor on mam-
mary stromal cells, induces IGF-1 production, which in
turn activates IGF-1R, expressed by the ductal epithelium.20

IGF-1 mRNA has also been shown to be expressed in the
epithelium of terminal end buds, but only in nonprolifer-
ating cells, during pubertal ductal development.20 Thus,
whether expressed in the stroma or the terminal end
buds, IGF-1 functions as a paracrine growth stimulator of
adjacent mammary epithelial cells.20

Transgenic and knockout mouse models have become
valuable experimental systems to study the role of IGF-1
in the regulation of mammary gland development, lacta-
tion, and tumorigenesis. A number of transgenic models
use the whey acidic protein and the mouse mammary
tumor virus (MMTV) promoters. Both of these promoters
are hormonally regulated and generate increased trans-
gene expression during pregnancy and lactation.22

Transgenic overexpression of human IGF-1 or des(1-
3)IGF-1 (a potent IGF-1 analog with reduced affinity for
IGF binding proteins) in the mammary glands, under the
control of the whey acidic protein promoter, produces
high levels of circulating growth factor.23,24 In these mod-
els, high levels of transgenic IGF-1 inhibit postlactation
involution of the mammary gland predominantly through
an antiapoptotic mechanism. In addition, whey acidic
protein-des(1–3)IGF-1 overexpression leads to sponta-
neous mammary tumor formation in 53% of transgenic
females by 23 months of age.24 In a model using the
MMTV promoter, overexpression of ovine prepro-IGF-1
stimulates inappropriate alveolar bud development in
peripubertal, virgin mice.25 Conversely, in female mice
deficient in IGF-1, mammary development is grossly im-
paired.7 Treatment of deficient mice with IGF-1 plus es-
tradiol (E2) restores pubertal mammary development,
while treatment with growth hormone plus E2 does not,
indicating that IGF-1 is necessary for the normal embry-
onic and postnatal development of the mammary gland.7

To clarify the role of tissue overexpression of IGF-1 in
mammary development and tumorigenesis, we used a
transgenic animal in which IGF-1 is under the control of
the bovine keratin 5 (BK5) promoter.26,27 The BK5 pro-
moter has been well characterized in multiple transgenic
models and has been shown to direct constitutive trans-
gene expression to the basal layer of stratified epithelia,
where endogenous K5 is normally expressed.27–29 In the
mammary gland, BK5-driven transgenes are expressed in
the K5-positive myoepithelial cells,30 which are specialized
cells adjacent to the ductal epithelium. Expression of IGF-1
by the myoepithelial cells in this model exposes the mam-
mary epithelium in a paracrine/juxtacrine manner that reca-
pitulates, to a greater extent than previous models, the
contribution of stromal IGF-1 to breast development and
tumorigenesis in a hormonally relevant in vivo milieu.

Materials and Methods

Animals and Treatments

The BK5.IGF-1 transgenic mice26,27 were maintained on
an outbred ICR background, and all transgenics were
hemizygous for the transgene. Age-matched, nontrans-
genic littermates were used as wild-type controls for all
experiments. Animals were fed ad libitum with AIN-76A, a
defined high sugar, fat, and protein food formula.31 At 6
weeks of age, virgin BK5.IGF-1 and wild-type female
control mice were segregated into three dosing groups
(initially starting with �50 mice per group): 1) 20 �g/
mouse/day 7,12-dimethylbenz[a]anthracene (DMBA)
(the lowest known efficacious dose),32 2) 10 �g/mouse/
day DMBA (subefficacious dose) and 3) vehicle alone
(corn oil). Starting at 7 to 9 weeks of age, mice were
treated with DMBA or vehicle via oral gavage, 5 days per
week, for 6 weeks.32 Animals were checked daily for
general health condition and palpated for tumors three
times per week. Following detection by palpation, mam-
mary tumors were measured and harvested for later anal-
ysis. Mice were sacrificed by CO2 asphyxiation when
they reached 14 months of age or when tumor size
reached 1.5 cm as specified in institutional animal care
and use committee-approved protocols.

Whole Mounts

Mammary glands were harvested and pressed between
glass plates and fixed in 10% neutral buffered formalin for
at least 1 week. Then, glands were dehydrated using a
series of ethanol solutions (70%, 95%, and 100%) for 1
hour each and cleared in xylene for 2 hours. Following
rehydration, tissue was immersed in fresh toluidine blue
(1% aqueous) and stored in fresh phosphate-buffered
saline (PBS) until photographs were taken.

Histological Analysis

For histological analysis, whole mammary glands and
tumors were fixed in 10% neutral buffered formalin and
embedded in paraffin before sectioning. Sections of 5
�m were cut, deparaffinized, rehydrated, and stained
with hematoxylin and eosin. The Cardiff/Annapolis clas-
sification system was used to guide evaluation of histo-
logical phenotypes.33 To evaluate proliferation, selected
mice received an intraperitoneal injection of 5-bromo-2�-
deoxyuridine (BrdU) in PBS (100 mg/kg body weight) 2
hours before sacrifice. BrdU was immunolocalized in par-
affin embedded sections, as described previously.34 For
determination of apoptosis, neutral buffered formalin-
fixed, paraffin-embedded sections were stained with the
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling assay (ApoTag, Intergen, Purchase,
NY) according to the manufacturer’s protocol. The num-
ber of BrdU-positive or terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling-positive cells,
as well as the total number of cells, were counted in 5
high-power fields of each slide of two different mammary
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glands (inguinal and thoracic)/mouse in groups of three
or four mice of each genotype and age. To identify mast
cells within the mammary tissue, sections were stained
with 0.1% toluidine blue for 10 minutes, rinsed in water,
and dehydrated.

Immunohistochemistry

Keratin 5 (K5) and keratin 8 (K8) expression were exam-
ined in mammary buds from perinatal mice and tumors.
Frozen sections (5 �m) of ventral skin were fixed in 4%
paraformaldehyde for 20 minutes and then rinsed in PBS.
All incubations were performed at room temperature.
Sections were blocked for 30 minutes in 15% donkey
serum and then incubated for 30 minutes with antibodies
to either K5 (1:500; 2 �g/ml; Berkeley Antibody Com-
pany, Richmond, CA) or K8 (1:10; TROMA-1, Develop-
mental Studies Hybridoma Bank, National Institute of
Child Health and Human Development, Bethesda, MD).
Following washing, the slides were then incubated with
either fluorescein isothiocyanate-labeled donkey anti-
rabbit IgG (K5) or Cy5-labeled donkey anti-rat IgG (K8)
(1:200; 2.5 �g/ml; Jackson Immunoresearch Laboratories,
West Grove, PA), for 30 minutes, while being shielded from
light. The slides were mounted with VECTASHIELD (Vector
Laboratories, Burlingame, CA) medium, coverslipped,
and viewed by confocal microscopy (Olympus Flowview
confocal microscope).

To assess expression of K5 and K8 in formalin-fixed
mammary glands and tumors, slides were deparaffinized
and rehydrated, and endogenous peroxidase was blocked
with 3% H2O2 for 10 minutes. For antigen retrieval, slides
were boiled in 10 mmol/L citrate buffer, pH 6, for 10
minutes in a microwave oven. All further manipulations
were performed at room temperature. For K5 antibody
staining, slides were blocked in 10% goat serum for 30
minutes and then incubated with anti-K5 (1:500; 2 �g/ml)
for 1 hour. Then slides were washed and incubated with
horseradish peroxidase (HRP)-labeled anti-rabbit IgG (1:
500; 3 �g/ml; Vector Laboratories) for 30 minutes, washed
again and then incubated with 3,3�-diaminobenzidene
(BioGenex, San Ramon, CA), followed by counterstaining
and coverslipping. To immunolocalize K8, slides were
blocked with 10% rabbit serum for 30 minutes and then
incubated with anti-K8 (1:10) for 2 hours. Following wash-
ing, slides were incubated with biotinylated rabbit-anti-rat
IgG (1:200; 2.5 �g/ml; Vector Laboratories) for 30 minutes
and then incubated with streptavidin-HRP (BioGenex) for 30
minutes, followed by 3,3�-diaminobenzidene.

To detect the human IGF-1 transgene in the mammary
glands of BK5.IGF-1 transgenic mice, formalin-fixed sec-
tions were incubated in 10 mmol/L citrate buffer, pH 6, for
10 minutes as above, blocked with Biocare blocking
reagent (Biocare Medical, Concord, CA), and incubated
with 1:500 dilution of goat polyclonal anti-human IGF-1
antibody (0.5 �g/ml; Abcam, Cambridge, MA) at 4°C
overnight. Sections were then incubated with Goat Probe
followed by Goat Polymer-HRP (Biocare Medical) and
color developed with 3,3�-diaminobenzidene (Dako,
Carpinteria, CA).

Phospho-Akt expression was determined in formalin-
fixed sections of prepubertal mammary glands from wild-
type and BK5.IGF-1 transgenic mice pretreated with 10
mmol/L citrate buffer. Slides were then incubated with
rabbit polyclonal anti-phospho-Akt (Ser473) (1:50; 4
�g/ml; Santa Cruz Biotechnology, Santa Cruz, CA) fol-
lowed by HRP-linked anti-rabbit IgG (Dako) and
3,3�-diaminobenzidene.

Estrogen receptor � (ER) protein expression was eval-
uated using the standard avidin-biotin-complex immuno-
peroxidase method with the VECTASTAIN Elite ABC kit
(Vector Laboratories) in frozen sections fixed with Zam-
boni’s (picrate paraformaldehyde) for 5 minutes. Follow-
ing washing in PBS, the sections were quenched with
0.3% H2O2 in PBS/0.3% bovine serum albumin, blocked
with 15% normal goat serum and then incubated with the
primary antibody and HRP-labeled goat anti-rabbit sec-
ondary antibody (1:500; 3 �g/ml; Vector Laboratories).
Two polyclonal ER antibodies were used; one obtained
commercially from Zymed (South San Francisco, CA), the
other a generous gift from Dr. Geoffrey Greene (ER-21).35

Dr. Greene’s peptide antibody (ER-21) was used at 5
�g/ml final concentration, the Zymed antibody at a 1:300
dilution. Both yielded the same results. Sections were
then incubated with the final ABC reagent, washed again,
incubated with aqueous 3,3�-diaminobenzidene (20 �g/
ml) for 1.0 to 1.5 minutes and counterstained with hema-
toxylin. Frozen sections of mouse uterus were used as
positive ER tissue controls. Negative tissue controls were
1) female mouse kidney sections, 2) uterine slides incu-
bated with ER-21 antibody that had been preabsorbed
with the ER-21 peptide, or 3) uterine slides incubated with
preimmune rabbit serum rather than the Zymed antibody.

RNA Extraction and Reverse Transcription

Tumor tissues were homogenized with a Brinkmann Poly-
tron bench-top homogenizer and RNA extracted with an
Absolutely RNA Miniprep kit (Stratagene, La Jolla, CA)
according to manufacturer’s instructions. After homoge-
nization, whole mammary preparations were centrifuged
at 18,000 � g at 4°C for 30 minutes to let the fat separate
before proceeding with the protocol. After spectrophoto-
metric quantitation (A260/280), 5 �g of total RNA was re-
verse transcribed with M-MLV reverse transcriptase (In-
vitrogen, Carlsbad, CA) and random primers (Promega,
Madison, WI). The resulting cDNA was diluted to 1 ng/�l
working solution. A normal tissue standard was produced
from whole mammary tissue from a young, untreated
wild-type mouse and used as a calibrator for the relative
standard curves. This normal tissue was extracted, re-
verse transcribed, diluted to 5, 1, and 0.2 ng/�l working
solutions, and stored at �70°C in single-use aliquots.

Real-Time Quantitative Polymerase Chain
Reaction (QPCR)

Real-time QPCR was performed using the ABI Prizm 7700
sequence detection system (Applied Biosystems, Foster
City, CA). The primers and probes were designed with
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Primer Express software (Applied Biosystems) according to
the manufacturer’s instructions and cross-evaluated using
the Oligo 4.0 program. The ER primers and probe used
were: forward primer (5�-CCATGACCCTTCACACCAAAG-3�),
reverse primer (5�-CCAGCTCGTTCCCTTGGAT-3�) and
TaqMan probe (5�-FAM-CTCGGGAATGGCCTTGCTG1CAC-
TAMRA-3�). The progesterone receptor primers and probe
used were: forward primer (5�-TGCCAGTCCGCTTCTAAA-
GAG-3�), reverse primer (5�-AAAACCGTGAATCTTCCTT-
TGG-3�), and TaqMan probe (5�-FAM-ACCTCGAGCACTG-
GAAGGCACCG -TAMRA-3�). The cyclin D1 primers and
probe used were: forward primer (5�-CCAGAGGCGGAT-
GAGAACAA-3�), reverse primer (5�-GGCACAGAGGGC-
CACAAA-3�) and TaqMan probe (5�-FAM- CAGACCATC-
CGCAAGCATGCACAG-TAMRA-3�). TATA box binding
protein was used as a reference gene. The TATA box
binding protein primers and probe used were: for-
ward primer (5�-GGTGGCAGCATGAAGTGACA-3�), re-
verse primer (5�-GCACAGAGCAAGCAACTCACA-3�), and
TaqMan probe (5�-FAM-CCTCTGCACTGAAATCACCTG-
CAGCA-TAMRA-3�). Primers and probe for human IGF-1
were obtained from Applied Biosystems TaqMan gene
expression assays. All assays, including target and ref-
erence genes, were run in duplicates on the same plate.
The relative standard curve for ER was generated using
the whole mammary gland from a young, untreated wild-
type mouse and the curve for human IGF-1 from a whole
mammary gland from a BK5.IGF-1 transgenic mouse.
Three points, consisting of 25 ng, 5 ng, and 1 ng sample
size per well, were added to the plate to generate a linear
standard curve. The average C� (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 corre-
sponding TATA box binding protein value. The result is a
unitless number that reflects the amount of target gene in
different samples relative to the randomly chosen calibrator.

Western Analysis of Cyclin D1 Expression

Frozen mammary tumors were homogenized in whole cell
extract buffer (10 mmol/L Hepes, pH 7.9, 0.4 mol/L NaCl,
0.1 mmol/L EDTA, 5% glycerol, 0.02 mmol/L sodium or-
thovanadate, and protease inhibitors) and protein con-
centrations in the lysates quantitated using the BCA as-
say (Pierce, Rockford, IL). Equal amounts (50 �g) of
protein from each tumor lysate were loaded onto a 10%
polyacrylamide/sodium dodecyl sulfate gel and electro-
phoresed. Proteins were electroblotted onto polyvinyli-
dene difluoride membrane (Pierce) at 100 V for 1 hour.
The membrane was blocked with 5% nonfat dry milk in
PBS with 0.1% Tween 20 (PBS-T) at room temperature for
1 hour and then incubated with 1:1000 dilution of mouse
anti-cyclin D1 (Cell Signaling, Danvers, MA) in 4% bovine
serum albumin, 0.1% Tween 20, Tris-buffered saline for 1
hour. The blot was incubated with 1:2500 to 1:5000 dilu-
tion of HRP-labeled anti-mouse IgG secondary antibody
(Cell Signaling) and proteins detected using ECL Plus
(Amersham, GE Health care, Piscataway, NJ). The blot
was stripped and reprobed with 1:15,000 dilution of anti-

glyceraldehyde-3-phosphate dehydrogenase (Cell Sig-
naling) in 5% milk in PBS-T for loading control.

Statistical Analysis

BrdU and terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling analyses were evaluated
using the analysis of variance and Student’s t-test. Inci-
dence was analyzed using the Fisher’s exact test.
Kaplan-Meier survival analysis was used for time-to-tu-
mor analysis with log-rank tests of significance. All tests
were performed using SPSS version 10 for Macintosh
(SPSS, Inc, Chicago, IL).

Results

Keratins 5 and 8 and IGF-1 Transgene
Expression in Mammary Glands

To characterize the expression of the BK5.IGF-1 trans-
gene both temporally and spatially, we initially used con-

Figure 1. K5, K8, and IGF-1 transgene expression in mammary glands. Dual
immunofluorescent detection of K5 (green) and K8 (red) antigens in mam-
mary glands from female wild-type perinatal mice, sacrificed on the day of
birth, day 0 (A) and at 2.5 days old (B). Serial sections of a postpubertal
BK5.IGF-1 transgenic mammary gland immunostained for K5 (C) and IGF-1
(D). Dark staining of IGF-1 was seen in the K5-positive myoepithelial cells.
In comparison, there was only light IGF-1 immunostaining in the ductal cells
of postpubertal wild-type mammary gland (E). Human IGF-1 mRNA expres-
sion was determined in wild-type (WT) and BK5.IGF-1 transgenic (Tg) pre-
and postpubertal mammary glands by QPCR (n � 6 for each group) (F). As
expected, there was no detectable human IGF-1 mRNA in wild-type glands,
but human IGF-1 mRNA was expressed in both pre- and postpubertal
transgenic mammary glands. All mRNA levels were normalized to the ex-
pression of TATA box binding protein mRNA as described in Materials and
Methods. Original magnifications: A and B, �60; C–E, �40.
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focal microscopy to evaluate K5 and K8 expression,
markers of myoepithelial and epithelial cells, respec-
tively, in glands from newborn and 2.5-day-old wild-type
mice. Rudimentary mammary ductal structures that were
present from birth (Figure 1A) were further developed by
2.5 days old (Figure 1B) and had the expected organi-
zation of myoepithelial (K5�) and epithelial (K8�) cells.
Double immunofluorescent staining allows identification
of any cells expressing both antigens, as they appear
yellow. As seen in Figure 1, A and B, mammary glands
from very young mice have distinct and separate popu-
lations of K5- and K8-expressing cells without evidence
of yellow fluorescent cells expressing both keratin
proteins.

The human IGF-1 transgene in BK5.IGF-1 transgenic
mice has been shown to be expressed in the basal layer
of the epidermis27 and prostate.26 To verify IGF-1 trans-
gene expression in the mammary glands of BK5.IGF-1
transgenic mice, serial sections from postpubertal mice
were immunostained for K5 or with an antibody that rec-
ognizes human IGF-1 (but also cross-reacts with mouse
IGF-1). As shown in Figure 1 (C and D), IGF-1 was
strongly expressed in the K5-positive myoepithelial cells.
There was also light staining in the ductal epithelial cells
as well as in some stromal cells, which indicates cross-
reactivity with endogenous mouse IGF-1, since similar
light staining was seen in the wild-type mammary gland
(Figure 1E).

In addition, transgene expression at the mRNA level
was evaluated in mammary glands from pre- and post-
pubertal transgenic mice by QPCR using human IGF-1-
specific primers and probe. As shown in Figure 1F, the
results clearly demonstrate that the BK5 promoter di-
rected transgene expression in the mammary gland and
that expression was maintained postpubertally. Together
these results agree with a previous study that showed in
BK5.COX-2 transgenic mice, the COX-2 transgene is
overexpressed in the myoepithelial cells of the mammary
gland.30

Phenotype of BK5.IGF-1 Transgenic Mammary
Glands

To determine whether IGF-1 transgene expression af-
fected mammary gland development or phenotype,
whole mounts and histological sections of mammary
glands were examined. Whole mounts from wild-type and
transgenic mice (Figure 2, A and B) revealed that mam-
mary glands from 5-week-old BK5.IGF-1 mice displayed
increased alveolar end bud formation and ductal dilation
compared to age-matched, wild-type littermates. These
stimulatory and proliferative effects of IGF-1 were also
demonstrated in histological sections (Figure 2, C and D).
When compared to age-matched virgin wild-type mice,
glands from transgenics showed profound ductal hyper-
plasia with reactive stromal thickening, as well as an
influx of mast cells (Figure 2, E and F) and increased
vascularization (Figure 2, G and H).

Proliferation, measured as BrdU incorporation, was as-
sessed in glandular mammary epithelium in pre- and

postpubertal animals. BrdU incorporation was signifi-
cantly (P � 0.05) higher in prepubertal (4 to 5 weeks old)
transgenic glands (17.73% � 7.94% BrdU-positive cells)
compared to age-matched wild-type glands (1.64% �
1.66% BrdU-positive cells) (Figure 3, A and B). The ma-
jority of proliferating cells in the glands of prepubertal
transgenic mice were K8-positive (Figure 3, B–D), which
strongly suggests that IGF-1 transgene expression in the
myoepithelial cells induced proliferation in the adjacent
mammary epithelial cells. Conversely, there was no sig-
nificant difference between BrdU incorporation in glands
from transgenic and wild-type postpubertal (7 to 8 weeks
old) animals, both of which had very low levels (P �
0.071) (Figure 3, E and F). Apoptosis, determined by
terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling analysis, was also low in glands from
both age groups and differences between transgenic
and wild-type animals were not significant (data not
shown). As discussed above, this lack of increased pro-
liferation in postpubertal transgenics was not due to loss
of transgene expression.

Figure 2. Whole mounts and histological sections from wild-type and
BK5.IGF-1 transgenic mice. Whole mounts of mammary gland from 5-week-
old wild-type mouse (A) and from 5-week-old BK5.IGF-1 transgenic mouse
(B). H&E-stained sections of gland from virgin, adult (postpubertal) wild-
type mouse (C) and from age-matched, virgin BK5.IGF-1 transgenic mouse
(D). Toluidine blue staining for mast cells in wild-type (E) and BK5.IGF-1
transgenic (F) postpubertal mammary glands. Arrows in F indicate dark-
staining mast cells in the transgenic gland. Blood vessels present in H&E-
stained sections demonstrate increased vascularity in postpubertal mammary
gland of transgenic mice (H) compared to wild-type gland (G). Original
magnifications: A and B, �1; C and D, �10; E–H, �40.
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To further investigate the response of mammary epi-
thelial cells to transgenic IGF-1, prepubertal glands from
wild-type and BK5.IGF-1 transgenic mice were immuno-
stained for phospho-Akt, a known downstream mediator
of IGF-1 signaling.36 As shown in Figure 3, G and H,
staining for phospho-Akt was more intense in the ductal
epithelium of transgenic compared to wild-type glands.
Taken together, these results show that transgenic IGF-1
expression in myoepithelial cells resulted in activation of
Akt signaling and induction of proliferation in the adjacent
K8-positive mammary ductal epithelial cells.

Mammary Tumorigenesis

To examine the impact of paracrine IGF-1 overexpression
on mammary tumorigenesis, we compared the suscepti-
bility of wild-type and BK5.IGF-1 transgenic animals to
chemical carcinogenesis with DMBA. A low-dose, ex-
tended duration carcinogenesis regimen that preferen-
tially induces mammary tumorigenesis was used.32 There
was a significantly higher incidence of mammary tumors
in BK5.IGF-1 transgenic mice compared to wild-types at
both doses of carcinogen (Figure 4A). Seventy-four per-
cent of BK5.IGF-1 transgenic animals treated with daily
doses of 20 �g of DMBA developed mammary tumors
compared to 29% of the wild-type mice. In the 10 �g
dose group, 59% of the transgenics developed mam-
mary tumors beginning by week 11, but only 12% of the

wild-type mice developed mammary carcinomas at this
dose. Interestingly, 31% of the vehicle-treated transgenic
animals, but none of the vehicle-treated wild-type group,
developed spontaneous mammary carcinomas by 55
weeks. In each case, the differences were highly signif-
icant (P � 0.001, Fisher’s exact test).

Kaplan-Meier analysis demonstrated that, in addi-
tion to the increased incidence, latency of the mam-

Figure 3. Immunohistochemical expression of K5, K8, BrdU, and phospho-
Akt in sections of mammary glands from wild-type and BK5.IGF-1 transgenic
mice. BrdU immunostaining in wild-type prepubertal gland (A). Serial sec-
tions of BK5.IGF-1 transgenic prepubertal gland demonstrating immunolo-
calization of BrdU (B), K5 (C), and K8 (D). There were more BrdU positive
cells in the prepubertal transgenic gland and most of the BrdU positive cells
were also K8 positive. BrdU immunostaining of postpubertal wild-type (E)
and transgenic (F) glands was not significantly different. Immunostaining for
phospho-Akt in prepubertal wild-type (G) and transgenic (H) glands. Phos-
pho-Akt staining was more intense in the ductal epithelial cells of transgenic
compared to wild-type glands. Original magnifications, �40.

Figure 4. Incidence, latency and histological classification of mouse mam-
mary tumors in the BK5.IGF-1 model. Tumor incidence in transgenic (Tg)
and wild-type (WT) mice treated with corn oil vehicle or DMBA at 20
�g/mouse/day (high dose) or 10 �g/mouse/day (low dose) (A). Actual
numbers of tumor-bearing mice are graphed with the percentage of tumor-
bearing mice shown above each bar. The final numbers of mice in each arm
were: WT, 41 in high dose, 50 in low dose, and 52 in vehicle only groups; Tg,
34 in high dose, 32 in low dose, and 30 in vehicle only groups. *P � 0.001
versus similarly treated wild-type mice (Fisher’s exact test). Kaplan-Meier
analysis of tumor development in all treatment groups (B). Veh, vehicle only.
Curves denoted by different letters are significantly different, P � 0.02 (log
rank test). Because some mice died or were sacrificed due to other health
problems (especially thymoma development in transgenic mice) before ter-
mination of the experiment at 55 weeks, final proportions of tumor-free mice
do not exactly match the percent incidence values in A. Graphical represen-
tation showing the number of each histological tumor type that developed in
wild-type mice treated with DMBA [WT (DMBA)], in transgenic mice treated
with DMBA [Tg (DMBA)] and in transgenic mice treated with vehicle only [Tg
(vehicle)] (C). Poorly diff., poorly differentiated; MIN, mammary intraepithe-
lial neoplasia.
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mary tumors was also significantly (P � 0.02) decreased
in transgenic mice compared to wild-type mice, in all
dosing groups (Figure 4B). Additionally, DMBA-induced
tumors developed earlier than spontaneous tumors in
BK5.IGF-1 transgenic mice.

Histological analysis of the mammary tumors indicated
they were moderately differentiated adenocarcinomas,
some with a “ductal/tubular” or “papillary” phenotype and
others with a predominantly adenosquamous phenotype
with areas of squamous metaplasia and keratinization
(Figure 5, A and B, respectively). Tumors from BK5.IGF-1
transgenic mice tended to have more squamous meta-
plasia (32%, excluding mammary intraepithelial neopla-
sia), while the wild-type tumors more frequently had the
“ductal” or “papillary” phenotype (53%, excluding mam-
mary intraepithelial neoplasia) (Figure 4C). Several tu-
mors displayed areas of central necrosis with marked
infiltration of inflammatory cells consistent with a comedo
type of morphology (Figure 5C). The comedo type tumors
were somewhat more common in wild-type than trans-
genic mice (29% in wild-type versus 20% in transgenic
mice). Glands were also evaluated for the presence of
microscopic tumors. Small invasive lesions, as well as
those reminiscent of the mammary intraepithelial neopla-
sia, were identified (data not shown). Tumors from both
wild-type and transgenic mice were composed predom-
inantly of K8-expressing ductal epithelial cells (Figure 6,
C and D). K5-expressing cells were confined to small
nests within the tumors (Figure 6, A and B), indicating that
the cells expressing IGF-1 were not the predominant cells
targeted for transformation by the carcinogen.

ER and Cyclin D1 Expression in Mammary
Tumors

ER expression in mammary tumors was evaluated by
immunolocalization in frozen sections and by QPCR
(Figure 6, G and H, and 7A, respectively). Although
heterogeneous, immunohistological analysis indicated
that tumors from BK5.IGF-1 transgenic and wild-type
mice had areas of strong ER positivity with anticipated
nuclear localization (Figure 6, G and H). QPCR data
showed that, on average, tumors had lower ER mRNA
levels than those detected in whole mammary glands

of postpubertal mice, in which both ductal and stromal
elements contribute (Figure 7A). Despite this, injection
of 17�-estradiol into wild-type and transgenic tumor-
bearing animals stimulated an increase in progesterone
receptor mRNA expression in mammary tumors of more
than sixfold, indicating that ER in the tumors was func-
tional (Figure 7B).

Cyclin D1 is a downstream target of both IGF-1 and
estrogen signaling.37–39 To investigate the proliferative
capacity of tumor cells, cyclin D1 mRNA expression was
assessed by QPCR. As shown in Figure 7C, tumors from
transgenic mice had on average greater than twofold
more cyclin D1 message than tumors from wild-type
mice, although this was not statistically significant due to
large intertumor variability. Similarly, cyclin D1 protein
levels were higher in transgenic tumors (relative mean
intensity normalized to glyceraldehyde-3-phosphate de-
hydrogenase band � SD, 1.51 � 0.15) compared to
tumors from wild-type mice (1.00 � 0.15, Figure 7D),
which was significant (P � 0.001).

Discussion

In contrast to transgenic models using MMTV and whey
acidic protein promoters that drive expression to the
luminal cells, the bovine keratin 5 (BK5) promoter directs
IGF-1 transgene expression in the mammary gland to the
myoepithelial cells. The constitutive expression is detect-
able at birth and persists throughout early gland devel-
opment and adulthood. In this model, mammary epithelial
cells are exposed to high levels of transgenic human
IGF-1 via a paracrine/juxtacrine mechanism. Published
reports indicate that paracrine exposure of breast epithe-
lium is an important route of IGF-1-mediated stimulation
in the breast.8,20,21 Thus, this animal model recapitulates,
at least in part, the paracrine IGF-1 exposure seen in
breast cancer patients and women at increased risk. The
unique aspect of this model is that it allows us to assess
the impact of increased tissue expression of IGF-1 on
mammary development and tumorigenesis in vivo in an
appropriate endogenous hormonal milieu. Glands from
BK5.IGF-1 mice had ductal hyperplasia, dilated ducts,
and increased alveolar bud formation, demonstrating the

Figure 5. Histological subtypes of mammary tumors. Photomicrographs of H&E-stained sections from DMBA-treated BK5.IGF-1 transgenic and wild-type mice.
The ductal phenotype (A) was seen most commonly in tumors from wild-type animals, while transgenic tumors frequently had areas of squamous metaplasia and
keratinization (B). Relatively more comedo-type tumors (C) were seen in wild-type rather than transgenic mice. Original magnifications: A and C, �10; B, �20.
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strong proliferative effects of IGF-1 on the adjacent ductal
epithelium.

BrdU incorporation was significantly higher in prepu-
bertal transgenics compared to wild-types but there was
no significant difference in postpubertal adult animals.
This suggests that the proliferative effects of estrogen
and IGF-1 were not additive and that much of the hyper-
plasia seen in the transgenics resulted from prepubertal
exposure to IGF-1. The BrdU incorporation and terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling analyses indicate that paracrine overexpression
of IGF-1 stimulates proliferation without increasing apo-
ptosis. As transgenic IGF-1 expression did not stimulate
increased mammary epithelial proliferation during the pe-
riod when mice were being treated with DMBA (begin-
ning at 7 to 9 weeks old), IGF-1 was not acting as a
classical tumor promoter in this model. It may be that
BK5.IGF-1-driven ductal proliferation and accelerated pre-
pubertal mammary development increased the number of

carcinogen target cells, leading to accelerated and in-
creased DMBA-induced tumorigenesis. Others have
shown that cells in the terminal end buds are the targets
for carcinogen-induced transformation40 and that breast
cancer risk depends on the number of target cells.41 In
addition, the reactive stroma and chronic activated state
induced in the mammary gland by IGF-1 transgene ex-
pression were also likely contributors to the development
of both DMBA-induced and spontaneous mammary tu-

Figure 6. Immunohistochemical detection of K5 (A, B) and K8 (C, D)
antigens in mammary tumors from DMBA-treated wild-type (A, C) and
vehicle-treated BK5.IGF-1 transgenic (B, D) mice. Immunostaining of ER in
mammary tumors from BK5.IGF-1 transgenic and wild-type mice. Negative
(kidney) (E) and positive (uterus) (F) tissue controls. Representative sections
of ER immunolocalization in mammary adenocarcinomas from a wild-type
(G) and a BK5.IGF-1 transgenic (H) mouse. Original magnifications: A–E,
�10; F–H, �20.

Figure 7. ER, progesterone receptor, and cyclin D1 expression in tissues and
tumors, measured by QPCR (A–C) and Western analysis (D). ER mRNA
expression in whole postpubertal mammary glands and mammary tumors
from wild-type (WT) and BK5.IGF-1 transgenic (Tg) mice (A). Progesterone
receptor mRNA expression in tumors (average of 10 different samples) from
untreated wild-type and transgenic mice and in tumors from one wild-type
and one transgenic mouse 6 hours after intraperitoneal injection of 17�-
estradiol (20 �g/kg) (B). Cyclin D1 mRNA expression in tumors from wild-
type and BK5.IGF-1 transgenic mice (C). Numbers of samples analyzed are
noted within each bar. All mRNA levels were normalized to the expression of
TATA box binding protein mRNA as described in Materials and Methods.
Western blot analysis of cyclin D1 protein levels in individual mammary
tumors from wild-type and BK5.IGF-1 transgenic mice (D). Blot was re-
probed with antibody to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) to demonstrate equal loading.
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mors in BK5.IGF-1 transgenic mice. Further experiments
are needed to address these issues.

The increased vascularization that was seen in
BK5.IGF-1 transgenic mammary glands can also be at-
tributed to IGF-1 overexpression. Oh et al showed that
IGF-1 induces the expression of angiogenic factors in
breast epithelial cells.42 It has also been shown that
insulin and IGF-1 increase vascular endothelial growth
factor gene expression in fibroblasts.43

Tumor incidence and latency data clearly demonstrated
that the paracrine/juxtacrine exposure in BK5.IGF-1 trans-
genic mice rendered the ductal epithelial cells more
susceptible to mammary carcinogenesis with DMBA. In
addition, data presented here showed that vehicle-
treated transgenic mice also developed mammary
cancer, demonstrating that mammary tumorigenesis
did not require the administration of an exogenous
carcinogen.

Spontaneous tumors also develop in other K5-express-
ing tissues of BK5.IGF-1 transgenic mice, including the
thymus and cervix (J. DiGiovanni, unpublished studies),
prostate,26 and skin.27 It should be noted that spontane-
ous tumors arise only in K5-positive tissues in these trans-
genic mice, suggesting that local overexpression of
IGF-1, rather than circulating levels, is driving tumorigen-
esis. Indeed, endogenous mouse IGF-1 levels in the se-
rum of transgenic BK5.IGF-1 animals are markedly re-
duced, probably due to negative feedback, leading to
total serum IGF-1 (human � mouse) levels being simi-
lar in transgenic and wild-type mice (Shirley SH et al,
manuscript in preparation).

Reports demonstrate that the effects of paracrine
IGF-1 transgene expression on mammary gland hyper-
plasia and spontaneous tumorigenesis are mediated
through activation of its receptor, IGF-1R. Studies also
show that transgenic mice that overexpress a constitu-
tively active IGF-1R in the mammary epithelia, via the
MMTV promoter, also develop mammary gland hyperpla-
sia and spontaneous mammary tumors.44 One arm of
IGF-1 signaling through IGF-1R leads to Akt activation
and we showed that mammary ductal epithelium of pre-
pubertal BK5.IGF-1 transgenic mice have increased lev-
els of Akt phosphorylation compared to wild-type mice
(Figure 3, G and H). Transgenic mice that overexpress a
constitutively activated Akt (myrAkt) in the mammary
glands (MMTV promoter) have also been shown to have
increased susceptibility to DMBA-induced mammary tu-
mors.45 This suggests that in our BK5.IGF-1 transgenic
mice the IGF-1/phosphatidylinositol 3-kinase/Akt signal-
ing pathway may be important for enhanced carcinogen-
induced tumorigenesis.

While about 60% of human breast cancers express ER
and are hormonally responsive, the majority of genetically
engineered mouse models of mammary tumorigenesis
develop mammary cancers that are ER negative and
hormone-independent.22 Clinically, human tumors in
which at least 10% of the cells express estrogen receptor
are classified as ER positive; by this standard, the
BK5.IGF-1 mouse mammary cancers were strongly re-
ceptor positive. Heterogeneity of ER expression, as seen
in the mouse mammary tumors (Figure 6, G and H), has

also been reported in human breast cancers.46,47 Al-
though whole glands had higher average mRNA levels of
ER than the mammary tumors, injection of 17�-estradiol
induced a more than sixfold increase in progesterone
receptor expression in the tumors, indicating that the
tumoral ER was functional.

The rapid development of mammary tumors in
BK5.IGF-1 transgenic mice correlated with increased cy-
clin D1 expression in the tumors compared to wild-type
tumors. Others have shown that IGF-1 induces cyclin D1
mRNA and protein expression.38,39,48 Induction of cyclin
D1 by IGF-1 occurs both at the transcriptional level and
also by increasing the stability of cyclin D1 mRNA.48,49

Induction of cyclin D1 nuclear accumulation, as well as
mRNA stabilization, by IGF-1 requires the phosphati-
dylinositol 3-kinase/Akt pathway.39,49 In the skin of
BK5.IGF-1 transgenic mice, cyclin D1 expression is up-
regulated compared to skin of wild-type mice and inhibi-
tion of phosphatidylinositol 3-kinase not only reduces
cyclin D1 expression, but also epidermal proliferation.36

Although many other compounds, including estradiol,
can also induce cyclin D1 expression,49 it seems most
likely that the IGF-1 transgene expression in the mam-
mary gland of transgenic mice contributed to up-regu-
lated cyclin D1 expression in the mammary tumors.

Cross-talk between the ER and IGF-1 signaling path-
ways has been demonstrated extensively in vitro.50–53

IGF-1-stimulates phosphorylation of serines 118 and 167
of ER, which can enhance receptor activation both in the
presence and absence of ligand.54,55 In turn, estrogen
up-regulates the expression of IGF-1R and its substrate,
insulin receptor substrate-1, at both the protein and mes-
sage level, enhancing the activation of IGF-1 signal trans-
duction pathways.56,57 Cell culture studies indicate that
increased exposure to IGF-1 may render breast cancer
cells refractory to proliferative inhibition by antiestrogens,
suggesting that IGF-1 may promote hormonal indepen-
dence.49,50,58,59 Both IGF-1 and ER stimulate prolifer-
ation in normal and tumor cells, and evidence indicates
that the combined activities of IGF-1 and estrogen
are required to achieve maximum expression of cyclin
D1.37-39,60 Taken together, data from this study suggest
that markers of IGF-1 and ER stimulation, such as cyclin
D1, may identify tumors likely to be refractory to anties-
trogens, even if they are strongly ER positive. The detec-
tion of functional ER in DMBA-induced mammary tumors
in transgenic BK5.IGF-1 and wild-type mice indicates
that this model may provide a unique opportunity to eval-
uate hormonal regulation and cross-talk between ER and
IGF-1 in vivo.

In conclusion, the current study demonstrated that
paracrine exposure of the mammary epithelium to IGF-1
overexpression led to mammary gland hyperplasia,
spontaneous mammary tumorigenesis, and enhanced
susceptibility to chemical carcinogenesis. The BK5.IGF-1
model does not completely recapitulate all of the as-
pects of human mammary cancer, as IGF-1 is overex-
pressed in the myoepithelial cells rather than stromal
cells, but this mouse model more closely resembles the
paracrine IGF-1 exposure demonstrated in human
breast cancers as compared to MMTV- or whey acidic
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protein-driven IGF-1 transgenic models. This model
should be useful for future therapeutic prevention and
intervention studies that target the IGF-1 signaling
pathway.
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