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Abstract

The oncogene erbB2 is overexpressed in 20% to 30% human breast cancers and is most commonly
overexpressed in estrogen receptor (ER)-negative breast cancers. Transgenic mice expressing erbB2
develop ER-negative mammary tumors, mimicking human breast carcinogenesis. Previously, we
have shown that activator protein 1 (AP-1) regulates proliferation of ER-negative breast cancer cells.
We hypothesized that blockade of AP-1 in mouse mammary epithelial cells will suppress ER-
negative tumorigenesis induced by erbB2. Trigenic erbB2 mice were generated by crossing a bigenic
pUHD-Tam67/MMTV-rtTA mouse to a MMTV-erbB2 mouse. The resulting trigenic mice develop
tumors and express a doxycycline-inducible c-Jun dominant negative mutant (Tam67) in the
mammary glands. In vivo AP-1 blockade by Tam67 expression delayed mammary tumor formation
in MMTV-erbB2 mice by more than 11 weeks. By 52 weeks of age, 100% (18 of 18) of the untreated
animals had developed mammary tumors, whereas 56% (9 of 16) of the doxycycline-treated trigenic
mice developed tumors. In addition, the tumors that arose in the AP-1-blocked erbB2 mice failed to
express Tam67. Twenty-five percent of the doxycycline-treated MMTV-erbB2 mice survived more
than 72 weeks of age without developing mammary tumors. Examination of normal-appearing
mammary glands from these mice showed that AP-1 blockade by Tam67 also significantly prevents
the development of premalignant lesions in these glands. The expression of erbB2 either in normal
mammary tissue or in mammary tumors was not altered. Our results show that blocking the AP-1
signaling in mammary cells suppresses erbB2-induced transformation, and show that the AP-1
transcription factor is a critical transducer of erbB2. These results provide a scientific rationale to
develop targeted drugs that inhibit AP-1 to prevent the development of ER-negative breast cancer.

Despite the cancer-preventive activity of selective estrogen receptor (ER) modulators and the
aromatase inhibitors, it is clear that none of these hormonal therapies prevent all breast cancers.
In breast cancer prevention trials testing hormonal therapies, many ER-positive breast cancers
were prevented; however, none of the ER-negative breast cancers was prevented (1). Thus,
more effective agents for the prevention of ER-negative breast cancer are urgently needed. The
results of many prevention trials show the feasibility of preventing breast cancer using medical
therapy. However, they also show that more effective agents are needed.

©2008 American Association for Cancer Research.

Requests for reprints: Powel H. Brown, Lester and Sue Smith Breast Center, Baylor College of Medicine, One Baylor Plaza, MS600,
Houston, TX 77030. Phone: 713-798-1609; Fax: 713-798-1642; E-mail: pbrown@breastcenter.tmc.edu..



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shen et al.

Page 2

In addition to estrogen, many other growth factors have been shown to be critical growth
regulators for breast cells. ER-negative breast cancer often requires peptide growth factors to
support their growth. The growth factors and their receptors offer potential targets for the
treatment and prevention of breast cancer. One such growth factor receptor, erbB2, has already
been effectively targeted to treat those breast cancers that overexpress this protein. We have
previously targeted the epidermal growth factor receptor using small molecular inhibitors. We
have sought to inhibit signal transduction at a more distal point within the cell where multiple
growth factor signals converge.

We have selected the activator protein 1 (AP-1) transcription factor for targeting because it is
involved in estrogen signaling (through transcription factor cross talk) and because it has been
shown to be activated in poor-prognosis breast cancers (2). The AP-1 transcription factor is a
key component of many signal transduction pathways and consists of dimers of Jun (c-Jun,
Jun B, and Jun D), Fos (c-Fos, Fos B, Fra-1, and Fra-2), or other closely related factors such
as activating transcription factor proteins (3-6). Differential expression and activation of Jun
and Fos members allow these factors to control proliferation, apoptosis, oncogene-induced
transformation, and invasiveness (7-12). Recently, AP-1 factors have been shown to be
important regulators of breast cancer cell growth. Jun and Fos members are variably expressed
in human breast tumors, with up to 20% to 40% showing high levels of activated c-Jun (13,
14). Consistent with this observation is the finding that AP-1 is activated by growth factors
and growth factor receptors that are involved in breast tumorigenesis, including erbB2, insulin-
like growth factors, and estrogen (15-17). In addition, we have previously shown that c-Jun
overexpression in MCF-7 breast cancer cells produces highly invasive and hormone-resistant
tumors (14). Increased levels of c-Jun and phospho-c-Jun in human breast tumors are associated
with low ER expression (18,19), tamoxifen resistance (13,14), increased invasion (14), and
poor prognosis (20). All of these studies show that AP-1 activation is commonly seen in highly
aggressive breast cancers that have a poor prognosis.

The observation that AP-1 is involved in the regulation of the growth of breast cancer cells led
us to attempt to block this transcription factor to prevent the development of breast cancer.
Previously, we developed a c-Jun dominant-negative mutant, Tam67, to inhibit this
transcription factor. This c-Jun mutant lacks the transactivation domain of c-Jun but retains the
DNA binding and dimerization domains. We and others have used Tam67 to investigate the
role of AP-1 in a variety of cell types (8,21-25). Our studies have shown that blockade of AP-1
signaling in breast cancer cells suppresses the growth of premalighant and malignant breast
cells (26), inhibits breast cancer xenograft tumor growth (27), and blocks proliferation induced
by many different growth factors including epidermal growth factor, insulin-like growth factor,
fibroblast growth factor, and heregulin (27). All of these studies show that it is possible to
block cell growth by inhibiting AP-1 activity.

We are currently investigating the role of AP-1 in the intact mammary glands. To this end, we
have generated a transgenic mouse that expresses this AP-1 inhibitor in mammary tissue. Using
this unique mouse model, we previously showed that AP-1 regulates postnatal mammary gland
development (28). Because the AP-1 transcription factor is required for ductal branching and
terminal end bud outgrowth and is activated by many oncogenes, we have investigated whether
AP-1 blockade can prevent oncogene-induced transformation and premalignant lesions. Our
results show that in vivo blockade of the AP-1 transcription factor in adult mice effectively
suppresses ER-negative mammary tumor formation induced by oncogene erbB2 and
significantly blocks the development of premalignant lesions. These results suggest that AP-1
factor may be an effective target for the prevention of breast cancer.
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Materials and Methods

Generation and genotyping of transgenic mice

The experimental FVB strain mouse for breeding and generation of transgenic mice was
purchased from the Center for Comparative Medicine at Baylor College of Medicine. The FVB
strain MMTV-rtTA mouse was generated and described previously (29). All studies involving
the mice were regulated under the protocol approved by Baylor Institutional Animal Care and
Use Committee. The generation of bigenic pUHD-Tam67/MMTV-rtTA mice was previously
described (28). Briefly, the Tam67 transgene, regulated by a tetracycline-inducible promoter
(prepared from the pUHD-Tam67 vector; ref. 26), was microinjected into FVB/F1 one-cell
embryos both at the Baylor College of Medicine Transgenic Mouse Facility and at the National
Cancer Institute-Frederick. The pUHD-Tam67 transgenic mice were backcrossed with wild-
type FVB mice to produce heterozygous Tam67-positive (Tam67*/) and Tam67-negative mice
(Tam67). The heterozygous Tam67-positive mice were backcrossed with siblings to generate
homozygous Tam67 transgenic mice (Tam67+/*). These homozygous Tam67 mice were
crossed with the MMTV-rtTA mouse to produce a heterozygous pUHD-Tam67+-/MMTV-
rtTA*- bigenic mouse. To generate trigenic mice, the heterozygous pUHD-Tam67*///MMTV-
rtTA* bigenic mouse was crossed with a homozygous MMTV-erbB2 mouse [The Jackson
Laboratory, strain FVB/N-TgN(MMTVneu) 202Mul]. Offsprings carrying pUHD-Tam67,
MMTV-rtTA, and MMTV-erbB2 transgenes were identified by PCR analysis of tail DNA.
Primers used in genotyping are Tam67 (forward, 5-ATGGACTACAAGGACGACGA-3;
reverse, 5-GCGATTCTCTCCAGCTTC-3') and MMTV-erbB2 (forward, 5'-
CGGAACCCACATCAGGCC-5; reverse, 5-TTTCCTGCAGCAGCCTACGC-3'). MMTV-
rtTA PCR reactions were carried out as previously described (29). PCR products were
separated on a 1.5% agarose gel, and mice found to carry these transgenes were selected for
experiments.

Doxycycline treatment

Doxycycline was given as previously described (28). Briefly, experimental and doxycycline
(+) control mice were fed doxycycline-water that contains doxycycline in drinking water at a
2 mg/mL concentration (Sigma-Aldrich). The drinking water was replaced every 3 d.

Measurement of mammary tumors

Mammary tumors were measured as previously described (30,31). Briefly, tumor
measurements were made twice a week with electronic calipers (Mitutoyo), and tumor volume
was determined by multiplying the square of the width by the length and dividing by two. A
mammary tumor was defined as a palpable mass of >100 mm3 in volume. Individual tumor
size and tumor location for each animal were recorded twice weekly. Weights of all mice were
recorded weekly. At the time of sacrifice, each tumor was resected and separate portions were
(a) processed for histologic analysis or (b) frozen for future use in biomarker studies, or (c)
selected mammary tumors were explanted into tissue culture to prepare in vitro tumor cell
lines.

Histology and biomarker analysis

Histology was done as previously described (28). The mammary glands were collected from
FVB mice carrying combinations of the following trangenes: Tam67+-, MMTV-rtTA*", and
MMTV-erbB2*/-. The samples were fixed in 4% paraformaldehyde in PBS solution overnight
and then embedded in paraffin. Tissue sections were then mounted onto slides and processed
for H&E staining or immunohistochemical staining as previously described (27). Briefly, 4-
um tissue sections were cut and mounted onto slides. The slides were deparaffinized and
endogenous peroxidase was blocked in 3% hydrogen peroxide buffer. The anti-Flag (1:100;
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M2, Sigma-Aldrich) antibody was used as the primary antibody followed by a biotinylated
rabbit anti-mouse antibody (1:100). Peroxidase activity was visualized with 3,3'-
diaminobenzidine or NovaRed chromagen intensified with 0.2% osmium tetroxide. Other
primary antibodies used include erbB2 (1:100; Lab Vision) and anti-ERa (1:800; Santa Cruz
Biotechnology). The slides were counterstained with hematoxylin for 1 min followed by
mounting with a coverslip. Positively staining cells were counted in 40 fields and data were
expressed as a percentage of total epithelial cells counted. ErbB2 staining was recorded as 0,
1, or 2 points to indicate none, moderate, or strong staining. Scoring of the erbB2 staining was
done by a blinded independent pathologist. Averages of staining scores were plotted and
statistically tested with Student’s t tests.

Establish of mammary tumor cell lines and cell growth assays

Selected mammary tumors from control and experimental mice were resected and explanted
into tissue culture dishes to prepare in vitro tumor cell lines or frozen for future use for
biomarker studies. These cells were grown in DMEM containing 10% fetal bovine serum, 1%
glutamine, 1% penicillin/streptomycin, and 1% fungizone.

Western blot analysis

Tissue lysates were prepared by incubating the ground mammary glands in lysis buffer, and
total cell lysates were prepared from the cell lines derived from the mammary tumors that arose
in the experimental mice. Protein concentrations in these lysates were measured by
bicinchoninic acid analysis. Equal amounts of total cellular protein extract (40 pg) were
electrophoresed on a 10% acrylamide gel and transferred onto a nitrocellulose membrane
(Amersham). The primary antibodies used were anti-Flag M2 (1:2,000 dilution; Sigma-
Aldrich) and anti-p-actin (1:8,000; Sigma-Aldrich). An antimouse or antirabbit antibody
(1:4,000; Amersham) was used as the secondary antibody. The Western blotted bands were
visualized using the enhanced chemiluminescence procedure (Amersham).

Statistical analysis

Results

Statistical significance was obtained using Kaplan-Meier curves and assessed by the
generalized Wilcoxon test for tumor-free survival data. Student’s t test was used to compare
mammary gland markers and transgene in animals treated with or without doxycycline, using
Prism GraphPad Software. Tumor multiplicity was determined by counting total number of
tumors occurring in each animal up to the time of sacrifice. Multiplicity was summarized by
means and SEs and compared by ANOVA. Fisher’s exact tests were done for the comparison
of the number of mice showing premalignant lesions.

Generation of trigenic mice

We have previously used an inducible Tam67 vector that was stably transfected into MCF-7
cells to study the role of AP-1 in controlling the growth of breast cancer cells (26,32,33). Using
this system, we constructed a Tet-On Flag-Tam67 transgene, which was microinjected into
pronuclei of fertilized mouse oocytes as previously described (28). Founder mice were
screened by Southern blot analysis (data not shown) and PCR analysis of tail DNA samples.
Two independent founder lines were established for breeding and experimental purposes that
were subsequently bred to homozygosity (pUHD-Flag-Tam67*/*). We then crossed these mice
with a MMTV-rtTA transgenic mouse (29) to generate bigenic pUHD-Tam67-/MMTV-
rtTA*" mice (28). The MMTV-rtTA transgenic mouse does not show any mammary-specific
phenotype, but breeds, nourishes, and behaves normally as compared with its FVB strain
counterparts (29). We then crossed the heterozygous pUHD-Tam67*//MMTV-rtTA*/ bigenic
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mouse with homozygous MMTV-erbB2 mice to produce trigenic pUHD-Tam67*///MMTV-
ntTA*-/MMTV-erbB2*~ mice (Fig. 1A). All female offspring generated in the trigenic
breeding were categorized according to their genotypes. At the start of the experiment, we
measured the expression of erbB2 in mammary glands of the trigenic pUHD-Tam67+/
MMTV-rtTA* /MMTV-erbB2*/- mice. Two weeks of doxycycline treatment induced Tam67
expression but did not affect the expression of erbB2 and rtTA in mammary glands (Fig. 1B
and C). No expression of Tam67 was detected in control mice that did not receive doxycycline.
A total of four genotypes were maintained: (a) pUHD-Tam67*/MMTV-rtTA*-/MMTV-
erbB2*~; (b) pUHD-Tam6 7+ /MMTV-rtTA7/MMTV-erbB2*"~; (c) pUHD-Tam67-/"/
MMTV-rtTAY /MMTV-erbB2*; and (d) pUHD-Tam67//MMTV-rtTA/MMTV-
erbB2*/-. At the age of 3 months (13 weeks), when the mammary glands were fully developed,
approximately half of the mice in each category were continuously fed the expression inducer
doxycycline (which was dissolved in drinking water) until the end of experiment (when a
mammary tumor reaches 1,000 mm3 in volume).

In vivo AP-1 blockade decreases mammary tumor incidence

The adult transgenic mice were fed doxycycline-containing water at the age of 3 months until
the mammary tumors reached a volume >1,000 mm? (Fig. 2A) or until 80 weeks of age if they
did not develop tumors. We then monitored the mammary tumor development and collected
data for the incidence of mammary tumors in all eight groups of transgenic erbB2 mice fed
with or without doxycycline (Table 1). At the time when 100% of the untreated trigenic pUHD-
Tam67* /MMTV-rtTA* /MMTV-erbB2*- mice (18 of 18) had developed mammary tumors,
56% (9 of 16) of the AP-1-blocked mice developed mammary tumors. Thus, we conclude that
in vivo AP-1 blockade by Tam67 in the mammary glands reduces mammary tumor incidence
in erbB2 mice. However, the growth rate of the mammary tumors that did arise in all eight
groups was not significantly different (data not shown).

AP-1blockade delays and partially prevents mammary tumor development in trigenic pUHD-
Tam67*-/IMMTV-rtTA* /MMTV-erbB2* mice

In vivo AP-1 blockade by Tam67 delayed mammary tumor formation in MMTV-erbB2 mice
by 11 weeks as shown by Kaplan-Meier curves and assessed by the generalized Wilcoxon test
(P =0.0003; Fig. 2B). We also found that AP-1 blockade by inducible Tam67 in mammary
gland prevented mammary tumor formation in 25% of the mice (4 of 16) at the age of 72 weeks.
Mammary tumor development in all control groups showed no significant difference within
each category (Fig. 2C-E). From these data, we conclude that in vivo AP-1 blockade is able to
delay and partially prevent erbB2-induced mammary tumors.

Expression of erbB2 and ERa in mammary glands and mammary tumors

We have previously shown that Tam67 can be induced in ~40% to 60% of mammary epithelial
cells in our Tet-On inducible system (28). Because mammary tumors still arose in the AP-1-
blocked mammary glands, we next examined the expression of the AP-1 inhibitor Tam67 in
pUHD-Tam67*//MMTV-rtTA* /MMTV-erbB2*/- mice. To ensure that Tam67 expression
did not affect the expression of the transforming oncogene, we first examined the expression
of erbB2 in mammary tissue and in tumors at the end of experiments. Staining with an anti-
erbB2 antibody, we found no differences of erbB2 expression in normal mammary tissue and
in mammary tumors that arose in either control or AP-1-blocked mice (P = 0.3128 for erbB2
expression in normal mammary tissue, P = 0.8311 for mammary tumors; Fig. 3A and B). We
also determined the expression of ERa in normal mammary epithelial cells and in mammary
tumors from control and doxycycline-treated mice. As shown in Fig. 3C, ERa is expressed in
normal mammary ductal cells but not in mammary tumors. Thus, the trigenic mice develop
ER-negative mammary carcinoma just as do the parental MMTV-erbB2 mice.
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Induction of Tam67 in mammary glands and mammary tumors

We next used an anti-Flag antibody to detect Tam67 protein in control and AP-1-blocked mice
that developed mammary tumors. As expected, Tam67 was not seen in normal mammary tissue
or the tumors that arose in control mice (Fig. 4). In AP-1-blocked mice, doxycycline induced
Tam67 in the normal mammary tissue as expected. However, Tam67 was not expressed or was
expressed only at a very low level in the mammary tumors that arose in the doxycycline-treated,
AP-1-blocked mice (Fig. 4). In these mice, the adjacent normal mammary tissue expressed
Tam67 whereas the tumor did not. We also examined Tam67 protein expression in normal
mammary tissue and tumors by Western blotting (data not shown). In five of six mammary
tumors arising in the doxycycline-treated mice, we detected no Tam67 expression. We
observed a very low level of Tam67 protein in 1/6 of the mammary tumors (in <1% of tumor
cells, sporadically located in peripheral portion of the tumor). In each of these mice, we
observed a high level of Tam67 in the normal mammary tissue of the AP-1-blocked mice (data
not shown). To exclude the possibility that the loss of Tam67 induction is due to loss of the
transgenes, we confirmed by PCR that the Tam67 transgene, as well as the rtTA and erbB2
transgenes, was present in mammary tumors from the AP-1-blocked mice (data not shown).
These results show that Tam67 was induced in normal mammary tissue, but minimally in the
mammary tumors that arose in doxycycline-treated, AP-1-blocked mice. Thus, in all cells in
which tumors arose in the doxycycline-treated trigenic mice, Tam67 expression was lost or
greatly reduced, suggesting that breast tumors cannot arise in the presence of AP-1 blockade.

AP-1 blockade prevents the development of premalignant lesions

Mammary tumorigenesis in MMTV-erbB2 transgenic mice proceeds through discrete steps.
These mice develop lesions showing hyperplasia, mammary intraepithelial neoplasia
[equivalent to human ductal carcinoma in situ (DCIS)], and microscopic invasive tumors
(34), which mimic human breast carcinogenesis. To assess whether in vivo AP-1 blockade by
Tam67 expression prevents development of these premalignant lesions, we examined the
normal-appearing mammary glands that were collected from control (no doxycycline
treatment) and experimental (doxycycline treatment) trigenic erbB2 mice and compared the
number of mammary glands showing premalignant lesions on H&E-stained mammary gland
sections. We found that Tam67 expression significantly suppressed the development of
hyperplasias (P = 0.0138; Fig. 5A and B) and also reduced DCIS and microscopic invasive
breast cancers, although the reduction of these lesions did not reach statistical significance.
However, there was a statistically significant decrease in the total number of premalignant and
microscopic invasive lesions (see Fig. 5B). These results suggest that AP-1 blockade by Tam67
expression not only inhibits mammary tumor formation but also prevents the development of
premalignant lesions in the mammary glands.

We next examined whether the lesions that arose in these animals expressed Tam67. Although
no hyperplasia lesions were seen in the doxycycline-treated mice, one DCIS lesion was seen
in the doxycycline-treated mice. We carried out immunohistochemical staining of this
mammary gland for Tam67 (using an anti-Flag antibody). Tam67 expression was detected in
the normal mammary ducts in this gland, but its expression was lost in the DCIS lesion (Fig.
5C). Although this analysis was of only one gland, these results show that loss of Tam67 can
occur in premalignant lesions.

Primary tumor cell lines derived from mammary tumors in trigenic MMTV-erbB2 mice show
comparable characteristics

To further investigate the tumors that arose in doxycycline-treated mice, we next examined the
inducibility of Tamé7 in the cell lines derived from mammary tumors in pUHD-Tam67+//
MMTV-rtTA* /MMTV-erbB2*/- mice that were or were not treated with doxycycline. As
shown in Fig. 6A, Tam67 could be induced in the cell lines derived from mammary tumors
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that never received doxycycline (cell lines from pUHD-Tam67*-/MMTV-rtTA*-/MMTV-
erbB2*/- mice, no doxycycline treatment group). However, Tamé7 was not induced in the
tumor cell lines derived from mice that had been exposed to doxycycline treatment. We then
conducted cell growth assays with these cells and found that the cell lines that arose in the
absence of doxycycline showed reduced growth when doxycycline was added to induce Tam67
(Fig. 6B), whereas the cells derived from tumors that arose in the presence of doxycycline were
not inhibited when treated with doxycycline in vitro. These results show that tumors that arose
in mice treated with doxycycline fail to express the AP-1 inhibitor. Such results suggest that
AP-1 blockade prevents tumor formation and that tumors only arise in cells in which Tam67
is somehow inactivated. This lack of expression of Tam67 could occur through inactivation of
the Tam67 promoter (e.g., through methylation of the promoter). We are currently investigating
the mechanism by which Tam67 is inactivated.

Discussion

In this study, we determined whether in vivo AP-1 blockade achieved by inducing an AP-1
inhibitor, Tam67, in the mammary gland can prevent the development of erbB2-induced ER-
negative mammary carcinomas. At a time when 100% control erbB2 mice developed mammary
tumors, only approximately half of the AP-1-blocked mice developed tumors. In addition, 25%
of the AP-1-blocked mice survived more than 72 weeks of age without developing mammary
tumors. Thus, ER-negative mammary tumor formation in adult MMTV-erbB2 mice was
delayed in all mice and prevented in 25% of mice by AP-1 blockade. In addition, in six of
seven AP-1-blocked mice in which tumors did arise, Tam67 was no longer expressed in these
tumors, suggesting that tumors cannot arise in the presence of AP-1 blockade. This long-term
induction of AP-1 blockade in the experimental mice was without any obvious toxicity. We
further showed that AP-1 blockade by Tam67 effectively blocks the development of pre-
malignant lesions. These data show that blockade of the AP-1 transcription factor suppresses
erbB2-induced mammary tumorigenesis, and support the idea that targeting the AP-1
transcription factor may be an effective strategy to prevent ER-negative breast cancer.

The AP-1 transcription factor is uniquely positioned in the mitogenic signal transduction
cascades. It transduces multiple signals from cellular stress, growth factors, steroid hormones,
and inflammatory cytokines. All of these various signals may be involved in mammary
tumorigenesis. Thus, blockade of this transcription factor interferes with multiple signal
transduction pathways at a distal point, potentially avoiding resistance that can occur when
signal transduction is blocked at the cell membrane or cytoplasm. Our studies support a concept
that blockade of transcription factors can be an effective strategy to be used in future for
preventing ER-negative breast cancer.

AP-1 has been shown to regulate AP-1-dependent genes such as cell cycle regulator cyclin D1,
cyclin E, cyclin-dependent kinases, Rb, and p27 (27,33). It is also shown to regulate E2F-
dependent genes such as cyclins and cell proliferation regulators (28,35). We recently showed
that AP-1 cross-talks with ER (2,36). Cyclin D1 and E2F factors are certainly downstream
effectors of erbB2 signaling. Thus, we speculate that AP-1 blockade suppresses erbB2-induced
mammary tumorigenesis and the formation of premalignant lesions mainly by inhibiting cell
cycle progression and cell growth through several mechanisms: (a) suppression of cell cycle
regulators resulting in cell cycle arrest and inhibited proliferation of deregulated mammary
cells; (b) suppression of E2F-dependent genes by down-regulating E2F dimerizing partners;
and (c) reduction of cyclin-dependent kinase activities, increase in p27 expression, and
hypophosphorylation of Rb (Fig. 7). These changes then block pathways required for the
formation of premalignant lesions and the evolution to invasive breast cancer.
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Our results show that in MMTV-erbB2/rtTA/Tam67 trigenic mice, AP-1 blockade prevents
breast cancer in ~25% mice but does not totally prevent breast cancer in all mice. However,
in tumors that did arise in the doxycycline-treated trigenic mice, Tam67 protein expression
was lost or greatly reduced. Given that only 40% to 60% of the mammary epithelial cells
express the Tam67 transgene (28), it is not surprising that the doxycycline-treated trigenic mice
can still develop mammary tumors. These tumors may have developed from a mammary
epithelial cell that does not experience AP-1 blockade. Alternatively, Tam67 expression could
be actively repressed by gene silencing, thus allowing tumors to form in erbB2-expressing
mice. In any event, the observation that the tumors that did arise in doxycycline-treated mice
fail to express the AP-1 inhibitor supports our conclusion that erbB2-induced tumorigenesis
is dependent on the activation of the AP-1 transcription factor.

Our results from the in vivo mammary tumor prevention experiments (Figs. 2 and 5) and tumor
cell lines derived from mice expressing Tam67 (Fig. 6) indicate that AP-1 is required during
erbB2-induced mammary tumorigenesis, and that the tumors and premalignant lesions that did
arise in doxycycline-treated animals failed to express Tam67. The mechanism by which Tam67
is lost in these lesions is not yet known; however, the loss of Tam67 can occur early during
tumorigenesis (at the time of DCIS lesions or possibly before). We are currently investigating
whether this down-regulation of the Tam67 transgene occurs through epigenetic silencing.

Previous studies by Yu et al. (37) investigated the effect of ablation of cyclin D1 in MMTV-
c-Myc, MMTV-Wntl, MMTV-ras, and MMTV-erbB2 mice. Results from these studies
showed that cyclin D1 is necessary for ras- and erbB2-induced mammary tumors, but not for
c-Myc- and Wntl-induced tumors in these mice. Cyclin D1 is an AP-1-dependent gene that is
activated by many growth factors including steroid hormones, peptide growth factors, and
cytokines. Thus, our current results are consistent with these previous in vivo studies reported
by Yu et al. (37). Whether AP-1 blockade blocks all the cyclin D1-related pathways is an
interesting question to examine in the future. We are now generating trigenic animals that
express oncogenes other than erbB2 and will compare among these transgenic breast cancer
models.

Our results indicate that in vivo AP-1 blockade suppresses ER-negative mammary tumor
formation induced by erbB2 oncogene and suppresses the development of premalignant
lesions. These results show that the AP-1 transcription factor is required for erbB2-induced
ER-negative breast cancer formation. We are currently investigating the effect of AP-1
blockade on suppressing the growth of existing tumors and on invasion and metastasis, and
whether AP-1 blockade will prevent ER-negative tumorigenesis induced by other oncogenes
such as Wntl and c-Myc. The results from these studies provide the preclinical rationale to
target the AP-1 transcription factor for the prevention of ER-negative breast cancer.
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Fig. 1.

Generation of trigenic pUHD-Tam67/MMTV-tTA/MMTV-erbB2 mice and expression of the
transgenes in mammary glands. A, bigenic pUHD-Tam67/MMTV-rtTA mice were generated
by crossing heterozygous or homozygous pUHD-Tam67 mice with MMTV-rtTA mice.
Offspring were screened by PCR of tail DNA. Identified bigenic pUHD-Tam67/MMTV-rtTA
mice were crossed with MMTV-erbB2 mice. Offspring were screened for the presence of
Tam67, rtTA, and erbB2 transgenes. B, five mice each were set for control or doxycycline
treatment groups. The adult trigenic pUHD-Tam67/MMTV-rtTA/IMMTV-erbB2 mice were
fed either regular water or doxycycline-water for 2 wk, and then mammary glands were
collected in tissue lysates for Western blot analysis. C, ErbB2, Flag-Tam67, rtTA, and B-actin
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were detected in mammary glands of control and doxycycline-treated mice by Western blotting
with specific antibodies.
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Fig. 2.

In vivo AP-1 blockade by Tam67 suppresses erbB2-induced mammary tumorigenesis. A,
treatment scheme. The adult trigenic pUHD-Tam67/MMTV-rtTA/MMTV-erbB2 mice
together with other unitransgenic and bitransgenic control mice were fed either regular water
or doxycycline (Dox)-water at the age of 3 mo (13 wk) for the entire duration of experiment.
Mice that developed mammary tumors >1,000 mm?3 were sacrificed for pathologic
examination. B, Kaplan-Meier plot of the proportion of animals free of mammary tumors versus
weeks of age is shown for the trigenic pUHD-Tam67/MMTV-rtTA/IMMTV-erbB2 mice.
Control group (n = 16) were fed regular drinking water, whereas AP-1-blocked group (n = 18)
were fed doxycycline-water to turn on Tam67 expression in the mammary glands. Tumor
measurements were made twice per week. Statistical analysis was done with the generalized
Wilcoxon test. C, bigenic mice with erbB2 and rtTA transgenes but without the Tam67 gene
were divided into two groups. All animals have normal AP-1 activity. Doxycycline(-) group
[D(-); n = 22] were fed regular drinking water, whereas doxycycline(+) group [D(+); n = 25]
were fed doxycycline-water as control for doxycycline effect. Kaplan-Meier plot and statistical
analysis are treated the same as described in B. D, bigenic mice with erbB2 and Tam67
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transgenes but without the activator rtTA gene were divided into two groups. All animals have
normal AP-1 activity. Doxycycline(-) group (n = 32) were fed regular drinking water, whereas
doxycycline(+) group (n = 31) were fed doxycycline-water as control for doxycycline effect.
Kaplan-Meier plot and statistical analysis are treated the same as described in B. E, unigenic
mice with erbB2 transgene but without the activator rtTA gene and Tam67 transgene were
divided into two groups. All animals have normal AP-1 activity. Doxycycline(-) group (n =
15) were fed regular drinking water, whereas doxycycline(+) group (n = 19) were fed
doxycycline-water as control for doxycycline effect. Kaplan-Meier plot and statistical analysis
are treated the same as described in B.
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Fig. 3.

ER-negative mammary tumor development and erbB2 expression. A, expression of erbB2 in
the normal mammary tissue and in the mammary tumors of trigenic erbB2 mice. Normal
mammary tissue and mammary tumors samples were collected and embedded in paraffin. The
4-um slides were prepared for staining with anti-erbB2 antibody. ErbB2 staining was viewed
under a standard microscope and pictures were taken at x10 magnification. Representative
pictures are shown. Bar, 100 um. B, manual scoring of the intensity of erbB2 staining was done
by a pathologist on double-blinded samples. Scoring scale: 0, no or negligible erbB2 staining;
1, moderate intensity of erbB2 staining; and 2, strong erbB2 staining. Average intensity scores
for the normal mammary tissue and mammary tumors were plotted separately for comparison
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purpose. C, ERa. immunohistochemical (IHC) staining was done and viewed under a standard

microscope and pictures were taken at x20 magnification. Representative pictures are shown.
Bar, 50 um.
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Fig. 4.

The mammary tumors that arose in doxycycline-treated trigenic mice do not express the AP-1
inhibitor Tam67. Expression of Flag-tagged Tam67 was detected by staining with anti-Flag
antibody. Staining was viewed under x40 magnification. Representative pictures are shown.
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Fig. 5.

AP-1 blockade by Tam67 expression prevents premalignant lesions. A, normal-appearing
mammary glands were collected and paraffin embedded from the trigenic mice that developed
mammary tumors. Mammary tissue sections were stained with H&E. Selective fields
containing hyperplasia, mammary intraepithelial neoplasia (MIN; DCIS), and invasive
mammary tumors. B, comparison of the number of mice with premalignant lesions in
doxycycline-treated or untreated trigenic mice as described in A. One normal-appearing
number 3 mammary gland was removed from each mouse and the number and type of
premalignant lesions in each mammary gland were assessed microscopically after H&E
staining. C, representative fields of the mammary gland that showed DCIS from the mouse of
the doxycycline-treated, AP-1-blocked experimental group. The mammary tissue was stained
for TAMG67 expression by anti-Flag immunohistochemical staining. Left, a normal duct that
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stained positive for TAM67 (arrows); right, the DCIS lesion that arose in this doxycycline-
treated mouse. No TAMG67 expression is seen in the DCIS cells.
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Fig. 6.

Mammary cell lines derived from trigenic erbB2 tumors respond similarly to doxycycline
treatment. A, we transplanted the tumors that arose in trigenic mice with or without receiving
doxycycline into tissue culture dishes. We then treated these cell lines in the presence of
doxycycline. The tumor cell lines derived from the control trigenic mice (no prior doxycycline
exposure) show expression of induced Flag-tagged Tam67 and unaffected erbB2 and rtTA.
B and C, the cell lines were plated in 24-well tissue culture plates and cell growth assays were
done. The number of live cells form triplicate wells were averaged and plotted on different
days of culture.
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Fig. 7.
Schematic model of the mechanisms by which in vivo AP-1 blockade with Tam67 prevents
malignant transformation induced by oncogene erbB2.
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