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Abstract

The chemopreventive effects of three agents, rexinoid bexarotene, tyrosine kinase inhibitor
gefitinib and celecoxib, were tested on mammary tumor development arising in p53 null
mammary epithelium. The rexinoid bexarotene was the most efficacious inhibitor as it reduced
mammary tumor development by 75% in virgin mice and significantly delayed mean tumor
development by 98 days in hormone stimulated mice. The tyrosine kinase inhibitor gefitinib
reduced mammary tumor incidence by 50% in virgin mice but did not significantly delay mean
tumor latency in hormone stimulated mice. Celecoxib did not reduce tumor incidence or mean
tumor latency in either of the two models. The high doses of the rexinoid and the tyrosine kinase
inhibitor did not affect the progression of tumors arising from the premalignant mammary
outgrowth line, PN8a. A comparison of these agents with tamoxifen shows the superiority of
tamoxifen in preventing tumor development in p53 null mammary cells. Similarly, a comparison
of the results of the p53 model with other transgenic models to the chemopreventive agents
demonstrated that mammary tumors arising from different oncogenic events will respond
differently to the different agents.
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Introduction

The prevention of mammary tumorigenesis is a viable strategy that has been tested in
conventional rodent models and recently in genetically engineered models (1). The
important issues are efficacy, amount and duration of side effects, and cost. The initial
strategy of continued exposure to determine efficacy and side effects has been followed by
the strategy of intermittent and/or limited exposure. These latter approaches have been
successfully demonstrated in breast cancer models using retinoids and selective estrogen
receptor modulators (SERMSs) in combination (2) and with the sole exposure of the SERM,
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tamoxifen (3). With genetically engineered models gradually replacing conventional models
in most experimental studies, prevention studies on the different genetically engineered
models are becoming more common.

There are over 100 genetically engineered models of mammary cancer (4). Only a few of
these models have been characterized at the cellular and molecular levels with respect to
growth control, premalignant development, hormone dependence, metastatic potential and
genetic stability. The most extensively characterized models are the c-neu, c-myc, wnt,
Brca-1, polyoma mT, SV40Tag and p53 null models. Prevention studies of mammary
tumorigenesis have been limited to just a few of these models. Prevention agents, such as
tamoxifen, 9 cis-retinoic acid, the rexinoid bexarotene (LGD1069), tyrosine kinase
inhibitors (i.e., ZD1839=Iressa/gefitinib), celecoxib and soy isoflavones have been studied
primarily in the c-neu and SV 4 Tag models (5-13). The response of these two models to
these agents varies with the genetic model and the individual agent. For instance, the
rexinoid bexarotene is more effective against c-neu induced mammary tumors than against
SV49Tag mammary tumors (11,12). In MMTV-c-neu, the agents gefitinib and bexarotene
are more effective than celecoxib (5,7,12). Both of the above models give rise to estrogen
receptor-alpha negative mammary tumors.

The p53 null mammary epithelial model has been extensively characterized at the
pathological, cellular and molecular levels (14-16). ER-positive DCIS is a predominant
premalignant lesion and the tumors that arise are predominantly, but not exclusively, ER-
negative, aneuploid and metastatic to the lung. In the only prevention study reported in this
system, the SERM tamoxifen strongly inhibited mammary tumorigenesis (17), quantitatively
equal or better than the inhibition observed in the c-neu and the SV4q Large T antigen
models (8,13). In the results reported herein, we continued our studies on chemoprevention
agents on mammary tumorigenesis and tested the efficacy of the retinoid bexarotene,
gefitinib and celecoxib in the p53 null mammary epithelial cell model. These three agents
were chosen because they have been tested in other mouse models of mammary
tumorigenesis. A comparison of the effects of the three agents in the p53 null mouse
mammary model with the other models would provide information on the sensitivity of
different oncogene driven tumorigenesis to each agent. Although two of the three agents
were preventive, there was a significant difference between these two agents and between
these agents and tamoxifen.

Materials and Methods

Mice

All donor and recipient mice were bred and maintained at Baylor College of Medicine. The
donor mice were BALB/c p53 homozygous null, and the recipient mice were p53 wild type
(15). All mice were maintained in a conventional mouse facility with food and water
provided ad libitum, and the room temperature was set at 70°F. The animal facility is
American Association of Laboratory Animal Care accredited.

Transplantation

The basic transplantation protocol was as described in (15). Briefly, 1 mm2 fragments of
mammary duct from eight-ten week old female p53 null mice were transplanted into both
cleared inguinal fat pads of three-week old female mice. The successful take rate is over
90%, thus in some groups the denominator varies by one-two because fat pads without any
ductal outgrowth are not considered in the final data tabulation. The transplanted cells take 8
weeks to completely fill the fat, at which point the cells assume a steady state level of
proliferation. Thus, all treatments with the chemopreventive agents started when the mice
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were 11 weeks of age in order to avoid any effects of the agents on the the ability of the cells
to grow and fill the fat pad. In some groups of mice, at five weeks of age, a pituitary isograft
was implanted under the kidney capsule to provide a continuous hormonal (prolactin/
progesterone) stimulation of the mammary gland. The consequence of this hormonal
stimulation is a marked decrease in mean tumor latency period and an increase in tumor
incidence (15). Such mice are referred to hereafter as pituitary plus. Although the p53
deletion is the same in all donor mice, the array of secondary alterations important for
neoplastic development include both common and unique events. The consequence is that
the tumorigenic capabilities of mammary gland fragments vary over a small range between
donor mice in the same host environment. For example, the TEgg of two untreated groups of
virgin mice in two different experiments may be different (e.g., 60 weeks versus 50 weeks).
Thus, each experiment always has an untreated control group to assess the effect of a
particular treatment. In all the transplantation experiments described herein, there were three
different donors used for each experiment with equal representation in the different groups.
The doses of the three chemopreventive agents were chosen based on doses given in
published experiments using transgenic mouse models.

In experiment 1, we tested the chemoprevention efficacy of the tyrosine kinase inhibitor
gefitinib. There were five groups of mice. Groups 1 and 2 were virgin mice (25 transplants
per group); vehicle only and treated with 100 mg/kg body weight gefitinib daily,
respectively. Groups 3-5 were pituitary-isograft bearing mice (20 transplants per group);
vehicle only, 10 mg/kg and 100 mg/kg gefitinib, respectively. Mice were treated with
gefitinib suspended in distilled water containing 1% Tween 80 or with vehicle for 5 days/
week from age 3 months until termination of the experiment. Gefitinib or vehicle was
administered in 0.1 ml by gastric gavage with a 20-gauge gavage needle.

In experiment 2, we tested the chemoprevention efficacy of the rexinoid bexarotene. There
were six groups of mice. Groups 1-3 were virgin mice (25 transplants per group; vehicle
only, 10mg/kg and 100 mg/kg bexarotene, respectively. Groups 4-6 were pituitary-isograft
bearing mice (20 transplants per group); vehicle only, 10 mg/kg and 100 mg/kg bexarotene,
respectively. Mice were treated with bexarotene suspended in purified sesame oil (Croda,
Inc., Mill Hall, PA) 5 days/week from age 3 months until termination of the experiment. The
rexinoid or vehicle was administered by gastric gavage using a 20-gauge gavage needle in a
volume of 0.1-ml.

In experiment 3, we tested the chemopreventive efficacy of the cox-2 inhibitor, celecoxib.
There were 4 groups of mice. Groups 1 and 2 were virgin mice (25 transplants per group);
control diet and diet containing 500ppm celecoxib. Groups 3 and 4 were pituitary-isograft
bearing mice(25 transplants per group; contlo diet and diet containing 500ppm celecoxib.

The diet was fed to the mice from three months of age until termination of the experiment.

In experiment 4, we tested the chemoprevention efficacy of the rexinoid bexarotene and
gefitinb on the tumor-producing capability of the premalignant outgrowth line PN8a. There
were two groups of virgin mice per agent (20 transplants per group; vehicle only, 100 mg/kg
bexarotene and gefitinib, respectively. The agents and their vehicles were administered as
described above.

Mice were weighed monthly and additionallly were examined weekly for any changes in
condition of hairor motility or condition of eyes. There was little systemic side effects of the
drugs except in aged mice fed the celecoxib.
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Immunohistochemistry

Statistics

Results

In experiments 1-3, samples of transplants and tumors were collected and processed for
BrdU and estrogen receptor immunochemistry, respectively, as previously described (16). In
addition, mammary tumors in each group were processed for both H&E staining for
histopathology evaluation and for immunohistochemistry.

The tumor incidence curves were evaluated as tumor-free survival from time of transplant to
first appearance of a palpable tumor. Tumor-free survival curves were estimated by the
Kaplan-Meier method and compared using the Generalized Wilcoxon test. Significant
differences were considered at p<.05.

Figure 1 shows the results of the effect of gefitinib on the tumorigenicity of p53 null normal
mammary cells transplanted into virgin and hormone stimulated BALB/c mice. In virgin
mice, the high dose of gefitinib decreased the incidence of mammary tumor development
(p<.05) by 50% at 56 weeks of age (8/20 vs. 4/20). However, in hormone stimulated mice
where the incidence in control mice reached 90%, neither concentration of gefitinib
significantly altered tumorigenesis (90% vs. 70% vs. 70%). The non-significant delay in
tumorigenic rate observed between 40 and 50 weeks of age is attributed to the mild side
effects of gefitinib which included eye irritation and mild hair loss. Examination of gland
morphogenesis by whole mounts at 4 weeks after initiation of treatment did not show any
alterations in duct morphology in virgin mice or alterations in alveolar development in the
pituitary-isograft containing mice. The BrdU labeling index was examined at 2 months of
gefitinib treatment. The mammary transplants in the pituitary isograft mice exhibited a
significantly increased labeling index compared to those in virgin mice (31/500 vs. 6/500,
respectively); however, gefitinib did not result in any significant differences in proliferation
indices in either the virgin or pituitary isograft mice (Figure 2). Similarly, the distribution of
ERa-positive and negative tumors was unaffected by the drug treatment (data not shown).

Figures 3 and 4 shows the results of the effect of bexarotene on the tumorigenicity of p53
null normal mammary cells transplanted into virgin and hormone stimulated BALB/c mice.
In virgin mice, the high dose of bexarotene decreased the incidence of mammary tumor
development (p<.05) by 75% at 60 weeks of age (8/25 vs. 2/25). The low dose did not affect
tumor development (8/25 vs. 7/25) (p>.05) (Figure 3). In hormone stimulated mice where
the incidence in control mice reached 86% (19/22) by 41 weeks after transplantation, the
high concentration (16/22=73%), but not the low concentration (19/22) of bexarotene
modestly but significantly delayed tumorigenesis. The TE50 was increased from 32 weeks
in control to 46 weeks in the high dose retinoid treated group, although by 53 weeks after
transplantation, the tumor incidence in the high dose of rexinoid attained 73% (Figure 4).

Examination of gland morphogenesis by whole mounts at 4 weeks after initiation of
treatment did not show any alterations in duct morphology in virgin mice. Alveolar
morphogenesis in the pituitary-isograft containing mice was normal except the lobules were
smaller in size. The BrdU labeling index in the normal gland is shown in Figure 5. In
untreated virgin mice, the steady state proliferation index was low (X=3/500 cells), was
slightly higher in mice exposed to the low dose of bexarotene (X=12/500 cells) but
remained low in mice exposed to the high dose of bexarotene (X=1/500 cells). In pituitary-
isograft bearing mice compared to virgin mice, the proliferation rate was significantly higher
in mice not exposed to bexarotene (X=51/500 cells). This level was slightly lower in mice
exposed to the low dose of bexarotene (X=38/500 cells) (P<.05) and much lower in mice
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exposed to the high dose bexarotene (X=12/500) (P<.05). Tumors from the pituitary isograft
containing groups (3 untreated, 2 high bexarotene and 9 low bexarotene) were examined for
BrdU-labeling index. Interestingly, there were no differences among the labeling indices for
the 14 tumors with all showing greater than 10% BrdU labeled cells.

Figure 6 shows the results of the effect of celecoxib on the tumorigenicity of p53 null
normal mammary cells transplanted into virgin and hormone stimulated BALB/c mice.
Celecoxib did not affect tumorigenicity in either the virgin or hormone stimulated mice. The
tumor incidences in virgin mice were 48% (12/25) and 40% (10/25) at 60 weeks in control
and celecoxib treated mice, respectively. The tumor incidences in hormone stimulated mice
were 80% (20/25) at 50 weeks in both treated and celecoxib treated mice. Examination of
gland morphogenesis by whole mounts at 4 weeks after initiation of treatment did not show
any alterations in duct morphology in virgin mice or alterations in alveolar development in
the pituitary-isograft containing mice. The BrdU labeling index was examined at 4 weeks
after initiation of celecoxib treatment (Figure 5). The proliferation indices of the mammary
transplants were the same in the control as in the celecoxib treated mice (2.8 vs. 4.5/500 in
virgin mice, respectively and 41 vs. 44.8/500 in the hormone treated mice, respectively).
Aged mice on celecoxib diet showed evidence of being fed celecoxib by the loss of fur as
well as irritation of the eyes (red eyes, eyelids half-closed).

A total of 8 tumors arising in control transplants and 22 tumors arising in treated (11 each
for the celecoxib and bexarotene) transplants were examined for estrogen receptor by
immunohistochemistry. As seen in previous studies, the frequency of estrogen receptor
positive tumors was around 25% with 2/8 from control and 5/22 from treated animals
positive for ER.

The effects of bexarotene and gefitinib were tested on the tumorigenicity of p53 null
premalignant mammary outgrowth line PN8a transplanted into virgin BALB/c mice. Neither
the high doses of bexarotene nor of gefitinib significantly altered the tumorigenic potential
or mean latency period of the premalignant outgrowth line [bexarotene: control=23/25; high
dose = 20/25, (p>.05); gefitinib: control=21/25; high dose=21/25, (p>.05)]

Discussion

The experiments presented herein describe, for the first time, the effects of three different
chemoprevention agents, gefitinib, rexinoid bexarotene and celecoxib on tumorigenesis in
mammary cells where only p53 cell function is compromised. Several results are
noteworthy. First, within the same model system and under two different experimental
conditions, the results show that the rexinoid bexarotene was more efficacious than either
gefitinib or celecoxib. In virgin mice, where tumors develop at a low incidence and with a
long latency, both rexinoid bexarotene and gefitinib were effective (75% and 50% reduction,
respectively). In hormone stimulated mice, where tumors developed at a high incidence and
with a short latency, rexinoid bexarotene did not significantly reduce tumorigenesis (86%
control vs. 73% treated) but did significantly delay mean tumor development by 98 days,
whereas gefitinib and celecoxib did not have a significant effect on either parameter.

Both ER-negative and ER-positive tumors develop in the p53 null mammary cells (16,18).
The agent, bexarotene did not alter the distribution of ER-positive and ER-negative tumors
that arose in either virgin or treated mice. This is consistent with the results of earlier reports
which demonstrate that bexarotene can inhibit tumor formation in predominately ER-
positive mammary tumor models as well as ER-negative mammary tumor models (12,19).

Second, although bexarotene was effective against tumor development originating in normal
p53 null mammary cells, it (as well as gefitinib) was ineffective against the progression of
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tumors arising in a premalignant outgrowth population. PN8a would be analogous to a high
grade DCIS with respect to its potential to progress to invasive breast cancer. These results
suggest that these agents might be effective against the early stages of premalignant
development but are relatively ineffective against established premalignant cell populations
that have significant tumorigenic potential. Perhaps an analogous situation in human breast
would be low grade DCIS versus high grade DCIS. However, two studies have
demonstrated recently that the SERM tamoxifen, did have a modest delaying effect on
tumorigenesis in the p53 null PN8 premalignant line (17) and the PyV-m-T premalignant
line 8w-B (9). More extensive studies need to be performed to assess the responsiveness of
premalignant lines arising from different oncogenic events in order to determine the
responsiveness of the premalignant state to chemopreventive agents. In an earlier study
which examined the responsiveness of mammary premalignant lines to a standard set of
cytotoxic chemotherapeutic drugs, it was impossible to predict the responsiveness of a
particular premalignant line as the premalignant population responded differently from the
resulting malignant population to the same cytostatic drug (20).

Third, a comparison of these three agents in the p53 null model with the c-neu model
indicates that all agents were much more effective against c-neu induced mammary tumors
than against p53 null mammary tumors (5,7,12). The most appropriate comparison is the
hormone stimulated p53 null gland with the MMTV-neu gland as both models develop
tumors at a high incidence and with short median latency. In the MMTV-c-neu mammary
gland, bexarotene reduced tumor incidence by 75% and lengthened median tumor latency
from 234 days to over 420 days. The modest prevention activity of bexarotene in the p53
null mammary gland was perhaps not too surprising as a previous study showed that
bexarotene was also modestly preventive in the SV40Tag model where both p53 and Rb
activity are compromised. Both these molecules exert primary functions downstream of the
cyclin dependent kinases, one locus of bexarotene activity (1). The differences between the
two models were even more dramatic for gefitinib as this agent reduced tumor development
by 73% in c-neu mice but had no effect on tumor development in hormone stimulated p53
null mammary epithelium). Even celecoxib was more effective in the c-neu model as this
agent delayed latency for 50% tumor formation from 32.3 weeks to 39.6 weeks, but had no
effect in the p53 null model.

Fourth, and of most interest, is the comparison of the rexinoid (the most effective inhibitor
in the experiments reported in this paper) with the effects of the SERM, tamoxifen. In a
previous study, we showed that continuous tamoxifen treatment blocked mammary
tumorigenesis in hormone stimulated mice by 75% and in virgin mice by 90% (18). In a
second experiment reported in (3), just a three month exposure to tamoxifen in virgin mice
completely blocked mammary tumor development (untreated controls= 24%). In contrast,
tamoxifen was much less efficacious in the other two models discussed above, the MMTV-
c-neu and the SV40LTag models (8,13). A consideration of all these results indicates that
mammary tumors derived from different primary oncogenic events will respond differently
to different prevention modalities. An extension of this idea would suggest that the different
subsets of human breast cancers will respond differently to the different agents. In effect,
this has been demonstrated therapeutically with the results of Herceptin which targets the
ErbB2 pathway (21). It is likely that using the targeted reagents as chemopreventive agents
will show a similar result.

Chemoprevention, in order to be maximally effective and with no to minimal side effects,
will have to utilize a different strategy than single agent exposure. One such strategy is that
pioneered by Sporn and coworkers (2), who demonstrated that a combination of rexinoid
and SERMs was more effective than either single agent. The experiments were performed
on two very different models, chemical carcinogen-induced rat mammary tumorigenesis and
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MTV-c-neu mouse mammary tumorigenesis, so the strategy shows great promise. It will
of interest if this strategy is similarly effective in other genetically engineered mouse

models, including the premalignant models which have been relatively refractory to

ch

emoprevention modalities so far. As rexinoids are currently in clinical trials, and

prevention trials are lengthy and depend on surrogate markers for interpretation of
effectiveness, it is important to develop optimal combinations in relevant and informative

an
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Figure 1.

Weeks After Transplantation

The effect of gefitinib on the tumor-producing capabilities of p53 null mammary epithelium
transplanted into virgin or pituitary-isograft bearing mice. Gefitinib delayed tumorigenesis
in virgin mice (0—~0) compared to sham controls (@—e®). Gefitinib did not have any
effect on tumorigenesis in hormone-stimulated hosts.
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The effect of gefitinib on mammary cell proliferation as measured by BrdU incorporation.

There were no differences in cell proliferation in any of the five groups of mice. Number in
parentheses represents individual number of glands evaluated for BrdU. gef = gefitinib; lo =
low; hi = high; pit = pituitary-isograft.
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Figure 3.
The effect of bexarotene on the tumor-producing capabilities of p53 null mammary

epithelium in pituitary-isograft bearing mice. Bexarotene significantly delayed
tumorigenesis at the high dose (0—=0) but not at the low does (A—a4) compared to control
mice (e—@).
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Figure 4.

The effect of bexarotene on the tumor-producing capabilities of p53 null mammary
epithelium in virgin mice. The high dose of bexarotene (0—0) but not the low does
(A—a4) delayed tumorigenesis compared to control mice (e—e).
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Figure 5.

The effect of bexarotene and celecoxib on mammary cell proliferation as measured by BrdU
incorporation. Asterisk marks values that are significantly different (P < 0.05). Bexarotene,
but not celecoxib, altered BrdU incorporation. Numbers in parentheses represent number of
individual glands evaluated for BrdU incorporation. ¢ = control, p = pituitary, | = low dose;
h = high dose; b = bexarotene; ¢ = celecoxib.
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Figure 6.

The effect of celecoxib on the tumor-producing capabilities of p53 null mammary
epithelium transplanted into virgin or pituitary-isograft bearing mice. There was no
significant effect of celecoxib on tumorigenesis in either the virgin or pituitary-isograft
bearing mice.
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