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Aberrant activation of Wnt signaling is oncogenic and has been implicated in a variety of human cancers. We
have developed a doxycycline-inducible Wnt1 transgenic mouse model to determine the dependence of
established mammary adenocarcinomas on continued Wnt signaling. Using this model we show that targeted
down-regulation of the Wnt pathway results in the rapid disappearance of essentially all Wnt-initiated
invasive primary tumors as well as pulmonary metastases. Tumor regression does not require p53 and occurs
even in highly aneuploid tumors. However, despite the dependence of primary mammary tumors and
metastases on continued Wnt signaling and the dispensability of p53 for tumor regression, we find that a
substantial fraction of tumors progress to a Wnt-independent state and that p53 suppresses this process.
Specifically, loss of one p53 allele dramatically facilitates the progression of mammary tumors to a
Wnt1-independent state both by impairing the regression of primary tumors following doxycycline withdrawal
and by promoting the recurrence of fully regressed tumors in the absence of doxycycline. Thus, although p53
itself is dispensable for tumor regression, it nevertheless plays a critical role in the suppression of tumor
recurrence. Our findings demonstrate that although even advanced stages of epithelial malignancy remain
dependent upon continued Wnt signaling for maintenance and growth, loss of p53 facilitates tumor escape and

the acquisition of oncogene independence.
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Wnt signaling during development governs cell prolifera-
tion and cell fate in multiple tissues from organisms as
diverse as flies and mice (Cadigan and Nusse 1997). Con-
sequently, mutations leading to aberrant activation of
Wnt signaling can perturb tissue patterning as well as
provide an oncogenic stimulus. Indeed, the Wnt pathway
was initially discovered as a result of studies of mam-
mary tumorigenesis in the mouse. Specifically, murine
tumors arising as a consequence of infection with the
mouse mammary tumor virus (MMTV) were frequently
found to harbor retroviral insertions in the vicinity of the
Wntl1 locus (formerly known as Int-1) that result in ac-
tivation of Wntl expression (Nusse and Varmus 1982).
The subsequent demonstration that forced expression of
Wnt1 in the mammary glands of transgenic mice results
in hyperplasias and adenocarcinomas of the ductal epi-
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thelium confirmed that Wntl is a proto-oncogene
(Tsukamoto et al. 1988). A clear link has also emerged
between activation of the Wnt pathway and human can-
cer in that several genes that regulate Wnt signaling have
proven to be either proto-oncogenes, as in the case of
B-catenin, or tumor suppressor genes, as in the case of
APC and AXIN (Polakis 2000). Consistent with this
model, mutations in either Apc or B-catenin predispose
mice to mammary ductal hyperplasias and invasive tu-
mors (Moser et al. 1993; Imbert et al. 2001; Michaelson
and Leder 2001; Miyoshi et al. 2002). Although down-
stream targets of Wnt signaling, such as MYC and cyclin
D1, are known to play important roles in the pathogen-
esis of human breast cancer, a causal link between aber-
rant Wnt signaling and human breast cancer is, as yet,
unproved. Nevertheless, there is increasing evidence
that expression of components of the Wnt signaling
pathway itself are altered in a high percentage of human
breast cancers (for review, see Bergstein and Brown 1999;
Ugolini et al. 2001; Jonsson et al. 2002).

Although it is clear that activation of canonical Wnt
signaling plays a role in the genesis of a variety of human
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tumors, whether established tumors remain dependent
on continued Wnt signaling for maintenance and growth
is unknown (Bienz and Clevers 2000; Taipale and Beachy
2001). While it is possible that Wnt-initiated tumors
might be susceptible to antineoplastic strategies involv-
ing the targeted down-regulation of Wnt signaling, it is
also possible that the accumulation of genetic lesions
that foster tumor progression may concomitantly render
Wnt pathway activation dispensable for tumor cell sur-
vival and proliferation. Unfortunately, analyzing sponta-
neous events that contribute to tumor progression is dif-
ficult, if not impossible, using in vitro systems due to the
artificial milieu in which these changes occur. In con-
trast, genetically engineered mice offer tractable in vivo
models that can faithfully recapitulate the stepwise pro-
gression of human solid tumors (Siegel et al. 2000). For
this reason, inducible transgenic mouse models that
permit the conditional expression of oncogenes are of
particular interest for modeling the effects of targeted
therapies, because the abrogation of oncogene expression
following the withdrawal of inducer can simulate drug-
mediated loss-of-function in a defined oncogenic path-
way (Jain et al. 2002). Most notably, the use of a genetic
approach to down-regulate oncogenic signaling permits
the effects of a targeted therapy to be modeled within an
intact tumor composed of multiple cell types in advance
of drug development.

To analyze the consequences of down-regulating Wnt
signaling in tumors initiated by Wnt pathway activation,
we developed a doxycycline-dependent mouse model in
which Wnt1 can be conditionally expressed in the mam-
mary epithelium of transgenic mice. Chronic induction
of Wnt1 expression in this model results in the stochas-
tic formation of mammary adenocarcinomas over peri-
ods of up to a year. In this article we examine the depen-
dence of Wnt1-initiated mammary tumors on continued
Wnt signaling in a variety of contexts characteristic of
advanced epithelial malignancy. In particular, we tested
whether acquisition of a metastatic phenotype, loss of
p53 function, or tumor cell aneuploidy preclude tumor
regression following abrogation of Wnt1 expression. We
demonstrate here that abrogating Wnt1 expression in tu-
mor cells results in the rapid and extensive regression of
both primary mammary tumors and pulmonary metas-
tases. These observations provide direct evidence that
Wnt pathway down-regulation has potent antineoplastic
activity in vivo even against the most advanced stages of
epithelial malignancy. In addition, primary tumors lack-
ing p53, including those exhibiting gross aneuploidy,
were also found to be capable of undergoing complete
regression following the abrogation of Wnt transgene ex-
pression. Hence, manifestations of tumor progression
such as metastatic spread, chromosomal instability, and
loss of p53 do not preclude tumor regression following
the targeted down-regulation of an oncogenic signaling
pathway. Nevertheless, although our data demonstrate
that p53 itself is not required for the regression of Wnt-
induced tumors, loss of one p53 allele strongly facilitated
the emergence of tumor cells that had progressed to a
Wntl-independent state.

p53 inhibits tumor escape from Wnt dependence

Results

Doxycycline-inducible mammary-specific expression
of Wntl

We previously described a transgenic mouse founder
line, MTB, that provides mammary-specific expression
of the reverse tetracycline transactivator (rtTA) under
the control of the MMTV-LTR (long terminal repeat;
Gunther et al. 2002). For the work described here, a
TetO-Wntl1 responder transgene was constructed carry-
ing a Wntl minigene downstream of tet operator se-
quences. To facilitate transgene detection, this construct
encodes a bicistronic mRNA consisting of a luciferase
reporter gene translated from an internal ribosome entry
site downstream of Wnt1 coding sequences (Fig. 1A). We
initially measured doxycycline-dependent luciferase ac-
tivity in the mammary glands of bitransgenic mice de-
rived by crossing two independent TetO-Wnt1 founder
lines with the MTB transactivator line. This analysis
demonstrated that one line, designated TWNT, permit-
ted the tightly regulated, doxycycline-dependent expres-
sion of luciferase in the mammary glands of nulliparous
bitransgenic MTB/TWNT females (data not shown).
This TWNT founder line was used in the experiments
described in this report. In addition, the relevant pheno-
types observed in MTB/TWNT bitransgenic mice were
subsequently confirmed in an independent TetO-Wnt1
founder line.

We tested the extent to which Wnt1 transgene expres-
sion could be induced in the mammary glands of MTB/
TWNT bitransgenic mice in response to doxycycline ad-
ministration. Northern hybridization was performed on
total RNA harvested from mammary glands of age-
matched nulliparous MTB/TWNT females either in the
absence of doxycycline treatment or following 4 d of in-
duction with 2 mg/mL doxycycline in the drinking wa-
ter. Wntl transgene expression was readily detected in
the mammary glands of doxycycline-treated mice but
was undetectable in uninduced mice (Fig. 1B). Consis-
tent with the doxycycline-dependent activation of ca-
nonical Wnt signaling, expression of c-myc—a known
transcriptional target of the Wnt pathway—was up-regu-
lated in the mammary glands of MTB/TWNT mice fol-
lowing 4 d of doxycycline treatment (Fig. 1B; He et al.
1998).

Constitutive Wnt pathway activation in the mam-
mary epithelium of transgenic mice has previously been
shown to result in ductal hyperplasia (Tsukamoto et al.
1988). To confirm tight regulation of Wnt pathway acti-
vation in MTB/TWNT mice, we examined mammary
gland whole-mounts from induced and uninduced MTB/
TWNT females for morphologic alterations. Whereas
uninduced MTB/TWNT mice displayed mammary duc-
tal architecture indistinguishable from that of wild-type
females, increased ductal side-branching was readily ap-
parent in the mammary glands of MTB/TWNT mice fol-
lowing 96 h of doxycycline administration (Fig. 1C). On
prolonged doxycycline exposure, ductal side-branching
increased and was accompanied by precocious lobuloal-
veolar development. In contrast, the mammary glands of
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Figure 1. Doxycycline-dependent activation of Wnt signaling in MTB/TWNT mice. (A) Schematic depicting the strategy to permit
doxycycline-dependent expression of Wnt1. Bitransgenic mice carrying both the MMTV-rtTA-pA (MTB) and TetO-Wntl (TWNT)
transgenes express the rtTA chimeric transcription factor in the mammary epithelium but do not express the bicistronic message
encoded by the independently integrated TWNT transgene driven by a minimal CMV promoter containing multimerized tet operator
sequences. In the presence of inducer, rtTA binds doxycycline and undergoes a conformational change that facilitates recognition of
tet operator sequences and activation of the TWNT promoter. (B) Doxycycline-dependent expression of Wnt1 in the mammary glands
of MTB/TWNT mice. Northern hybridization analysis of total RNA from the mammary glands of 5-week-old nulliparous bitransgenic
MTB/TWNT female mice. Mice were either left untreated or administered 2 mg/mL doxycycline in drinking water for 96 h. Note
coordinate up-regulation of c-myc, a known transcriptional target of canonical Wnt signaling, and the Wnt1 transgene. (C) Doxycy-
cline-dependent mammary ductal side-branching and hyperplasia in MTB/TWNT mice. Mammary glands harvested from MTB/
TWNT and wild-type FVB/N control mice after treatment with doxycycline (Dox) as indicated were spread on slides, fixed, and
subjected to carmine staining.

uninduced bitransgenic mice remained indistinguish- MTB/TWNT mice, a cohort of 52 bitransgenic females
able from those of age-matched wild-type controls (Fig. was treated with doxycycline beginning at 4-6 wk of age.
1C; data not shown). Greater than 90% of these mice developed tumors in a

stochastic manner within 1 yr of starting doxycycline
with kinetics (T, = 140 d) resembling that described for
MMTV-Wntl mice (Fig. 2A; Li et al. 2000). Similar to
the spectrum of tumor histologies described in MMTV-
To determine whether sustained induction of transgene Wntl mice, mammary tumors arising in MTB/TWNT
expression would result in mammary tumorigenesis in mice predominantly consisted of invasive adenocarcino-

MTB/TWNT mice develop mammary
adenocarcinomas that metastasize to the lung
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Figure 2. Mammary tumorigenesis in chronically induced MTB/TWNT mice. (A) Tumor incidence curves for transgenic mice. A
cohort of 52 female bitransgenic MTB/TWNT mice was administered 2 mg/mL doxycycline beginning at 4-6 wk of age and monitored
twice weekly for tumor formation. Tumors arose with a median latency of 20 wk of doxycycline induction. No tumors arose in control
cohorts that included doxycycline-induced monotransgenic mice (MTB, n = 20; TWNT, n = 15) and uninduced bitransgenic MTB/
TWNT mice (n=9). (B) MTB/TWNT mice develop mammary adenocarcinomas. H&E sections from mammary tumors arising in
doxycycline-induced MTB/TWNT mice. The middle panel depicts an area of squamous differentiation seen in a subset of MTB/TWNT

tumors.

mas, many of which contained regions of squamous
metaplasia (Fig. 2B; Miyoshi et al. 2002). Occasional ad-
enosquamous and squamous cell carcinomas were also
noted. Importantly, control cohorts of doxycycline-
treated monotransgenic female mice (MTB, n =20;
TWNT, n = 15) and untreated bitransgenic MTB/TWNT
female mice (n = 9) remained tumor-free over periods ex-
ceeding 1 yr (Fig. 2A). Thus, tumorigenesis in this model
system is highly penetrant and dependent on transgene
induction by doxycycline.

Lung metastases are known to arise in a fraction of
MMTV-Wntl transgenic mice harboring primary mam-
mary tumors (Li et al. 2000). Accordingly, we sacrificed a
subset of mammary tumor-bearing MTB/TWNT mice
and examined organs at necropsy for evidence of meta-
static spread. Gross lung nodules were evident in 3 of 10
mice that had harbored palpable mammary tumors for
4-6 wk prior to sacrifice. Histological analysis of lung
lesions confirmed the presence of adenocarcinoma with
features characteristic of Wntl-initiated mammary tu-
mors (Fig. 4A; data not shown).

Wntl-initiated mammary adenocarcinomas require
Wnt signaling for tumor maintenance

The long tumor latency observed in doxycycline-treated
MTB/TWNT mice suggests that additional genetic le-
sions are required for tumorigenesis. However, whether
established tumors that are initiated by aberrant activa-
tion of the Wnt pathway remain dependent on continued
Wnt signaling for maintenance of the transformed state
remains an important question. Consequently, we asked
whether down-regulation of Wnt1 expression in Wnt1-
initiated mammary tumors would result in tumor re-
gression.

Mammary tumors arising in a cohort of doxycycline-

treated MTB/TWNT mice were biopsied when they
reached a diameter of 10-15 mm, and samples were ar-
chived for histologic and molecular analyses. To ensure
that surgery had not interfered with tumor growth, ani-
mals were maintained on doxycycline for an additional
10-20 d until tumors had grown to at least their prebi-
opsy dimensions. Doxycycline was then withdrawn and
tumor size was monitored as a function of time. Strik-
ingly, nearly all tumors (33/35; 94%) rapidly and fully
regressed to a nonpalpable state following doxycycline
withdrawal, with a mean time to complete regression of
2 wk (Fig. 3A; Table 1). In contrast, growth of biopsied
mammary tumors continued unabated in control MTB/
TWNT mice maintained on doxycycline, necessitating
their sacrifice within 4 wk (n = 6). Of the two tumors
that failed to regress fully following doxycycline with-
drawal, one regressed to a 5-mm residual lesion that re-
mained stable in size for several months and was found

Table 1. Tumor regression post-doxycycline withdrawal:
p53(+/+) vs. p53(+/-) mice

Tumor regression

Genotype Complete Incomplete

MTB/TWNT/p53(+/+] 33 (94%) 2 (6%)

MTB/TWNT/p53(+/-) 18 (60%) 12 (40%)
Tumors with p53 LOH 5(71%) 2 (29%)
Tumors without p53 LOH 13 (57%) 10 (43%)

Mammary tumors arising in MTB/TWNT/p53(+/+) and MTB/
TWNT/p53(+/-) mice were biopsied, and tumor size was moni-
tored following doxycycline withdrawal. Tumors occurring in
p53(+/-) mice were significantly less likely to regress com-
pletely following doxycycline withdrawal than tumors occur-
ring in p53(+/+) mice (p < 0.005, chi-square). In addition, tumors
that failed to fully regress promptly resumed growth.
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at necropsy to be a cystic lesion containing necrotic de-
bris. The remaining tumor regressed to 3 mm in size
before resuming growth several weeks later. We also ob-
served reversible Wnt1-initiated mammary tumorigen-
esis using a second TetO-Wnt1 founder line, indicating
that the development and regression of tumors in this
model does not depend on a particular transgene integra-
tion site (data not shown). In aggregate, our findings
demonstrate that the vast majority of Wnt1-initiated pri-
mary mammary tumors remain dependent on continued
Wnt signaling for maintenance of the transformed state.
To analyze the short-term consequences of doxycy-
cline withdrawal on transgene expression and Wnt path-
way activation in WntI-initiated tumors, freshly har-
vested fragments of histologically confirmed mammary
adenocarcinomas derived from doxycycline-treated
MTB/TWNT mice were explanted onto the flanks of
syngeneic wild-type FVB/N female hosts maintained on
doxycycline. Following tumor graft outgrowth on doxy-
cycline, tumor tissue was harvested from deinduced host
mice at 0, 18, 36, 54, and 96 h post-doxycycline with-
drawal, and luciferase activity was measured as an index
of transgene expression levels. This analysis revealed
that steady-state levels of luciferase activity declined
more than 500-fold within 36 h of doxycycline with-
drawal and fell to undetectable levels by 54 h (Fig. 3B).
Northern hybridization confirmed that Wnt1 transgene
expression was markedly down-regulated within 18 h
following doxycycline withdrawal, continued to fall at
36 h, and was undetectable by 54 h (Fig. 3C). Consistent
with a decline in canonical Wnt signaling that tempo-
rally coincides with the abrogation of Wntl transgene
expression, Northern analysis further revealed a marked
decline in the expression levels of two well described
transcriptional targets of the canonical Wnt pathway,
c-myc and Tcf-7, within 36-54 h following doxycycline
withdrawal (Fig. 3C; He et al. 1998; Roose et al. 1999).

Lung metastases remain dependent on Wnt signaling

We hypothesized that the genetic alterations required for
mammary tumor cells to survive and proliferate at dis-
tant sites might also promote Wnt-independent tumor
maintenance. Such a model would suggest that meta-
static WntlI-initiated tumor cells would be less depen-
dent on continued Wnt signaling than cells from the pri-
mary tumor. To test this hypothesis, metastatic lesions
were identified in the lungs of mice bearing solitary
mammary tumors and explanted onto the flanks of
FVB/N host females maintained on doxycycline. As a
paired control, the primary mammary tumor that was
the presumed source of each metastasis was explanted
onto the contralateral flank of each host mouse. Tumor
outgrowths derived from lung lesions and primary mam-
mary gland lesions grew at comparable rates (data not
shown) and were histologically indistinguishable from
MTB/TWNT primary mammary tumors (Fig. 4A). As
above, tumor outgrowths were biopsied when they
reached a diameter of 10-15 mm, and host animals were
maintained on doxycycline for an additional 2 wk to en-
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sure continued tumor growth prior to the withdrawal of
doxycycline.

Strikingly, the abrogation of transgene expression by
doxycycline withdrawal resulted in the rapid and com-
plete regression of grafts derived from both pulmonary
metastatic lesions and primary mammary tumors (Fig.
4B). One-hundred percent (n=7) of established out-
growths from explanted pulmonary lesions derived from
three independent MTB/TWNT mice regressed to a non-
palpable state within 2-4 wk of doxycycline withdrawal
(Fig. 4B; data not shown). The rates of tumor regression
were similar for explants derived from primary tumors
and metastases (Fig. 4B). These findings demonstrate
that even highly advanced stages of WntI-induced ma-
lignancy remain dependent upon continued Wnt signal-
ing for maintenance of the transformed state.

Tumor regression does not require p53 and occurs
in aneuploid tumors

Varmus and coworkers have demonstrated that intro-
ducing null alleles of p53 into an MMTV-Wnt1 mouse
model yields mammary tumors with features character-
istic of advanced human malignancy, such as aggressive
histology and genetic instability (Donehower et al. 1995,
1996). In light of these results, we wished to determine
whether p53 loss-of-function would interfere with tumor
regression following the abrogation of Wnt signaling.
Following crosses with p53-deficient mice, cohorts of fe-
male bitransgenic MTB/TWNT mice that were homozy-
gous, heterozygous, or wild-type for p53 null alleles were
chronically induced with doxycycline beginning at 4-6
wk of age until mammary tumors developed. As before,
tumors were biopsied and tumor size monitored follow-
ing doxycycline withdrawal. For MTB/TWNT/p53(-/-)
mice, assessment of the dependence of mammary tu-
mors on continued Wnt signaling was hindered by the
development of lymphomas and sarcomas, which typi-
cally preceded the development of mammary tumors.
Therefore, to facilitate completion of the mammary tu-
mor regression protocol, we found that a dose of 5 Gy of
ionizing radiation accelerated mammary tumorigenesis
while delaying the onset of clinically significant non-
mammary tumors (data not shown).

Despite lacking p53, mammary tumors arising in
chronically induced MTB/TWNT/p53(-/-) irradiated fe-
male mice were capable of regressing to a nonpalpable
state when Wntl expression was abrogated following
doxycycline withdrawal (Fig. 5A). These tumors dis-
played histologies typical of Wnt1-initiated, invasive ad-
enocarcinomas (data not shown). Analysis of tumor size
as a function of time showed that p53-null tumors (n = 6)
regressed at a similar rate as tumors arising in p53 wild-
type mice (Fig. 5A; data not shown). One mammary tu-
mor arising in an unirradiated MTB/TWNT/p53(-/-)
mouse also promptly regressed following doxycycline
withdrawal (Fig. 5A, tumor 22134-3R). These results
demonstrate that p53 is not required for tumor regres-
sion following the down-regulation of Wnt signaling.

We next considered the possibility that the conse-
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quences of p53 loss-of-function occurring as a somatic
event during tumor progression might differ from those
due to p53 loss-of-function occurring in the germline.
Accordingly, we analyzed tumors arising in MTB/
TWNT/p53(+/-) mice for somatic loss-of-heterozygosity
(LOH) events by performing Southern hybridization on
tumor-derived DNA. Consistent with previous findings,
a subset of tumors (10 out of 51, 19.6%) exhibited com-
plete or partial LOH at the p53 locus reflecting selective
loss of the wild-type p53 allele (Fig. 5B). Because p53

p53 inhibits tumor escape from Wnt dependence

Luciferase Activity
(RLU/ ug of protein)

Figure 3. Regression of mammary tumors and down-
regulation of Wnt signaling following doxycycline with-
drawal. (A) Regression of primary mammary tumors in
MTB/TWNT mice. The size of biopsy-proven mammary
tumors arising in chronically induced MTB/TWNT mice
was monitored following doxycycline withdrawal.
Shown are representative regression curves for five inde-
pendent tumors; 33 of 35 (94%) tumors analyzed re-
gressed to a nonpalpable state. (B) Prompt down-regula-
tion of luciferase activity in MTB/TWNT mammary tu-
mors. Mammary tumors were explanted onto the flanks
of doxycycline-treated female mice, and tumor out-
growths were harvested from hosts maintained on doxy-
cycline and hosts from whom doxycycline had been with-
drawn for the indicated times. A representative analysis
performed on grafts derived from a single tumor is shown,
with duplicate grafts at each time point. (C) Down-regu-
lation of Wnt signaling in MTB/TWNT mammary tu-
mors. Northern hybridization analysis of total RNA from
MTB/TWNT tumor explants. Wnt1 transgene expression
is down-regulated within 18 h (top two panels) but re-
mains detectable until 54 h (second panel from top, 7-d
exposure). Down-regulation of two known transcrip-
tional targets of canonical Wnt signaling, c-myc and Tcf7,
occurs in response to abrogation of Wnt1 transgene ex-
pression. Continued expression of rtTA at 54 and 96 h
post-doxycycline withdrawal demonstrates that down-
regulation of Wntl transgene, c-myc, and Tcf7 is not
solely a consequence of loss of tumor cells or tumor cell
viability.

loss-of-function was shown to correlate with genomic
instability and aneuploidy in mouse mammary tumors
(Donehower et al. 1995), we analyzed tumors arising in
MTB/TWNT/p53(+/-) mice for DNA content using flow
cytometry (Fig. 5C). Although nearly all tumors analyzed
that retained the wild-type p53 allele were found to be
diploid by FACS analysis (21 of 22 tumors, 95%), the
majority of tumors with detectable LOH were found to
be tetraploid or otherwise aneuploid (8 of 10 tumors,
80%; p53-/+ versus p53-/-, p < 0.001). In addition, some
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Figure 4. Regression of lung metastases following doxycycline withdrawal. Lung metastases (n = 7) arising in three independent
MTB/TWNT mice were explanted onto the flanks of wild-type FVB/N hosts maintained on doxycycline. The primary mammary
tumor presumed to be the source of each metastasis was grafted onto the contralateral flank of each host mouse. (A) The histology of
H&E-stained sections derived from lung metastases closely resembled that of primary tumors, both in the case of in situ metastases
(middle panel) and explanted metastases (right panel). (B) Similar rate and extent of regression for explants derived from primary
mammary tumors and lung metastases. Regression curves for duplicate explants derived from a representative primary-metastasis pair.

tumors displayed evidence of multiple aneuploid cell
populations. Thus, consistent with the purported role of
p53 in maintaining genomic integrity, aneuploidy was
strongly correlated with p53 LOH in tumors arising in
MTB/TWNT/p53(+/-) mice.

Similar to our findings in mice homozygous for germ-
line deletions in p53, tumors rendered p53-deficient by
somatic LOH were also capable of complete regression
following doxycycline withdrawal. Notably, this contin-
ued dependence on Wnt signaling for tumor mainte-
nance was observed both in diploid tumors and in tu-
mors containing aneuploid cell populations (Table 2).
Thus, neither somatically acquired p53 loss-of-function
nor the chromosomal instability associated with p53
loss were sufficient to prevent tumor regression follow-
ing abrogation of Wnt1 expression.

p53 deficiency is associated with incomplete tumor
regression

The chromosomal instability observed in Wnt1-initiated
tumors that had undergone somatic loss of p53 function
suggested that tumors arising in MTB/TWNT/p53(+/-)
mice might be composed of heterogeneous tumor cell
populations. We hypothesized that such heterogeneity
would increase the frequency with which tumor cells
would arise that had acquired the ability to grow in the
absence of Wntl transgene expression. Consistent with
this hypothesis, we observed that incomplete tumor re-
gression was significantly more likely to occur in MTB/
TWNT/p53(+/-) compared to MTB/TWNT/p53(+/+)
mice (Table 1; Fig. 5D). Virtually all tumors (33/35 tu-
mors, 94%) arising in MTB/TWNT/p53(+/+) mice re-
gressed to a nonpalpable state following doxycycline
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withdrawal, whereas 40% of tumors (12/30) arising in
MTB/TWNT/p53(+/-) mice failed to regress to a nonpal-
pable state and subsequently resumed growth in the ab-
sence of doxycycline treatment (p < 0.005, chi-square).
These doxycycline-independent tumors grew aggres-
sively, typically necessitating sacrifice of the host within
2-3 wk. Wnt1 transgene expression was undetectable by
Northern analysis in four of five doxycycline-indepen-
dent tumors analyzed, indicating that aberrant activa-
tion of transgene expression is not a common mecha-
nism underlying doxycycline-independent tumor growth
(data not shown). Thus, although p53 itself is not re-
quired for tumor regression following down-regulation of
Wnt signaling, loss of a single p53 allele facilitates the
emergence of tumor cells that are capable of growth in
the absence of Wnt1 transgene expression.

Recurrence of fully regressed mammary tumors is
accelerated by p53 deficiency

To test whether the down-regulation of Wnt signaling in
established tumors could lead to a durable tumor re-
sponse, we monitored a cohort of 34 chronically induced
MTB/TWNT/p53(+/+) mice in whom biopsy-docu-
mented mammary tumors had arisen during doxycycline
treatment and had subsequently regressed to a nonpal-
pable state following doxycycline withdrawal. Ten tu-
mors (29%) occurred in this cohort within 1 yr. Notably,
the doxycycline-independent mammary tumors that
arose invariably did so in the mammary gland that had
previously harbored a Wnt1-initiated tumor, despite the
fact that each mouse had initially harbored only a soli-
tary tumor occupying one of 10 mammary glands while
on doxycycline. The failure to observe secondary tumors
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Figure 5. Effect of p53 loss-of-function on the occurrence of tumor aneuploidy and tumor regression following abrogation of Wnt
signaling. (A) Regression of MTB/TWNT tumors in the absence of p53. The size of biopsy-proven mammary tumors arising in
chronically induced MTB/TWNT/p53(-/-) mice (n = 7) was monitored following doxycycline withdrawal. Regression curves for three
representative tumors are shown. Tumors lacking p53 by germline transmission of two null alleles regressed with similar kinetics as
tumors arising in mice with wild-type p53 alleles (cf. Figs. 5A and 3D). Tumor recurrence could not be assessed in p53(-/-) animals
due to the rapid occurrence of lymphomas. (B) p53 loss of heterozygosity (LOH) in a subset of tumors arising in MTB/TWNT/p53(+/-)
mice. Southern hybridization analysis was performed on genomic DNA derived from mammary tumors arising in mice inheriting a
single null allele for p53. Selective loss of the wild-type p53 allele was apparent in a subset of these mammary tumors (lanes marked
with *). (C) Correlation of tumor aneuploidy with p53 LOH. The ploidy of tumors arising in MTB/TWNT/p53(+/-) mice was deter-
mined by flow cytometric analysis of propidium iodide-stained nuclei. Representative DNA histograms for tumors without (left
panels) and with (right panels) detectable p53 LOH by Southern analysis are shown. Aneuploidy was common in tumors with
detectable p53 LOH (6 of 7 tumors, 86%), but rare in tumors without detectable p53 LOH (1 of 17 tumors, 6%). (D) Incomplete
regression and regrowth of a subset of tumors arising in MTB/TWNT/p53(+/-) mice. The size of biopsy-confirmed mammary tumors
arising in MTB/TWNT/p53(+/-) mice was monitored following doxycycline withdrawal as above. Regression curves for six represen-
tative tumors are shown. Unlike tumors arising in MTB/TWNT/p53(+/+) mice, which only rarely failed to regress completely fol-
lowing doxycycline withdrawal (2 of 35 tumors, 6%; see Fig. 3D), a substantial fraction of tumors arising in MTB/TWNT/p53(+/-) mice
regressed incompletely following doxycycline withdrawal and resumed growth (12 of 30 tumors, 40%).

in previously uninvolved mammary glands, coupled these doxycycline-independent tumors represent true re-
with the complete absence of primary mammary tumors currences of WntI-initiated tumors, rather than de novo
in uninduced MTB/TWNT mice, strongly suggests that tumor formation in the absence of doxycycline.
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Table 2. Dependence of mammary tumors with p53 LOH
on Wnt signaling

Tumor Ploidy Regression Recurrence
44467 Diploid Incomplete N/A
36121 Diploid Complete No (5 wk)
22132 Aneuploid Incomplete N/A
36915 Ancuploid Complete No (4 wk)
33892 Aneuploid Complete Yes (10 wk)
22116 Anecuploid Complete Yes (10 wk)
36146 Aneuploid Complete N/A

Mammary tumors arising in MTB/TWNT/p53(+/-) mice were
biopsied and tumor size was monitored following doxycycline
withdrawal. Shown is a subset of tumors for which somatic loss
of the wild-type p53 allele was detected by Southern analysis.
Ploidy was determined on biopsy samples by analysis of DNA
content by flow cytometry. Tumors showing complete regres-
sion became nonpalpable over a period of 2-3 wk following
doxycycline withdrawal whereas tumors showing incomplete
regression remained palpable and resumed growth within 3 wk.
Mice harboring tumors that had completely regressed following
doxycycline withdrawal were monitored for tumor recurrences.
The time to development of either a tumor recurrence or an
unrelated morbid event sacrifice is shown in parentheses. Tu-
mor 36146 was not monitored for recurrence because a lym-
phoma necessitated sacrifice of the host mouse shortly after the
primary mammary tumor regressed to a nonpalpable state. Tu-
mors displaying both somatic loss of the wild-type p53 allele
and aneuploidy were still capable of complete regression. N/A,
not applicable.

Our findings suggested that a significant fraction of
MTB/TWNT mice in which mammary tumors have re-

A B

gressed to a nonpalpable state following the withdrawal
of doxycycline harbor residual neoplastic disease. Given
the association of p53 mutations with the progression of
human cancers (Evan and Vousden 2001), we reasoned
that p53 deficiency might foster the emergence of Wnt1-
independent clones from this putative population of re-
sidual neoplastic cells, thereby promoting tumor recur-
rence in the absence of transgene expression. Because
tumor recurrence could not be monitored in p53(-/-)
mice due to the rapid occurrence of lymphomas, to test
this hypothesis we followed a cohort of MTB/TWNT/
p53(+/-) mice harboring biopsy-documented tumors that
had fully regressed following transgene deinduction.
When observed off doxycycline for periods of up to 1 yr,
tumor recurrences were found to accrue significantly
faster in p53 heterozygous mice compared to p53 wild-
type mice (p < 0.0001) and occurred in a greater fraction
of these mice (Fig. 6A). Thus, loss of a single p53 allele
contributes not only to incomplete tumor regression fol-
lowing doxycycline withdrawal, but also to increased tu-
mor recurrence in animals whose tumors have fully re-
gressed following transgene deinduction. These findings
suggest that in mice harboring fully regressed mammary
tumors, p53 deficiency results in decreased disease-free
survival by fostering the emergence of WntI-indepen-
dent cells from within a dormant tumor cell population.

Selective pressure favoring loss of a single wild-type
p53 allele during Wntl-initiated mammary tumorigen-
esis has been demonstrated previously (Donehower et al.
1995, 1996). We considered whether a similar selective
pressure would favor p53 loss during the emergence of
doxycycline-independent mammary tumors following
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Figure 6. Decreased tumor-free survival in p53 heterozygous mice. (A) Accelerated recurrence of mammary tumors in p53 hetero-
zygous vs. p53 wild-type mice. MTB/TWNT mice that had biopsy-proven mammary tumors that had regressed to a nonpalpable state
following doxycycline withdrawal were monitored for the development of doxycycline-independent tumors for periods up to 1 yr.
Recurrence of mammary tumors was significantly accelerated in p53 heterozygous vs. p53 wild-type mice (p < 0.0001, log-rank test).
(B) p53 LOH in a subset of doxycycline-independent recurrent mammary tumors arising in MTB/TWNT/p53(+/-) mice. Southern
hybridization analysis was performed on genomic DNA derived from paired primary mammary tumors (P) and doxycycline-indepen-
dent recurrent mammary tumors (R) arising in mice inheriting a single null allele for p53. In a subset of primary-recurrence tumor
pairs, the recurrent tumor demonstrated selective loss of the wild-type p53 allele. Note that the tumor recurrence could not be assessed

in p53(-/-) mice due to the occurrence of lymphomas.
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abrogation of Wntl expression. In fact, a subset of sec-
ondary doxycycline-independent mammary tumors aris-
ing in MTB/TWNT/p53(+/-) mice showed selective loss
of the wild-type p53 allele, even when this allele was
retained in the antecedent primary tumor (Fig. 6B). To
determine the strength of the association between sec-
ondary doxycycline-independent tumors and p53 LOH,
36 tumors consisting of 18 paired primary and secondary
tumors arising in MTB/TWNT/p53(+/-) mice were ana-
lyzed by Southern blot for loss of the wild-type p53 al-
lele. Eight of the 18 tumor pairs showed selective loss of
wild-type p53 exclusively in the secondary doxycycline-
independent tumor (Table 3). Thus, doxycycline-inde-
pendent mammary tumors were significantly associated
with p53 LOH (p < 0.025), suggesting that down-regula-
tion of Wnt signaling in WntI-initiated mammary tu-
mors leads to selective pressure against a wild-type p53
allele. Alternately, down-regulation of Wnt signaling in
Wntl-initiated tumors may have selected for a subpopu-
lation of cells with an aberrant Wnt pathway.

Discussion

Mutations that activate canonical Wnt signaling contrib-
ute to the pathogenesis of a variety of human malignan-
cies and constitute the earliest and most prevalent ge-
netic abnormalities identified in human colon cancer
(Bienz and Clevers 2000; Polakis 2000). Accordingly,
drugs capable of the targeted down-regulation of Wnt
signaling are currently being developed in the hope that
they will possess potent antineoplastic activity. How-
ever, whether inhibiting Wnt signaling will prove to be
an effective antineoplastic strategy when applied in vivo

Table 3. Selective pressure against wild-type p53 in
doxycycline-independent tumors

p53 status of
primary tumor

No LOH LOH Total
p53status of  NoLOH  6(33%) 0(0%) 6 (33%)
doxycycline- LOH 8 (44%) 4(22%) 12(67%)
independent  Total 14 (78%)  4(22%) 18 (100%)
secondary
tumor

Primary mammary tumors occurring in doxycycline-treated
MTB/TWNT/p53(+/-) mice frequently gave rise to secondary
doxycycline-independent tumors following withdrawal of in-
ducer. Shown is a contingency table derived from analysis of 18
primary-secondary tumor pairs. Southern analysis was per-
formed on genomic DNA derived from each tumor to determine
whether selective loss of the wild-type p53 allele (LOH) had
occurred. Eight of 18 tumor pairs were discordant for p53 LOH,
and in all eight discordant pairs, p53 LOH was identified in the
secondary tumor. Doxycycline-independent tumors were sig-
nificantly associated with selective loss of wild-type p53 (p <
0.025, McNemar’s test).

p53 inhibits tumor escape from Wnt dependence

has heretofore been unknown (Bienz and Clevers 2000;
Taipale and Beachy 2001). We addressed this question by
developing a novel transgenic mouse model that permits
the conditional activation of Wnt signaling in the mam-
mary epithelium. Our data demonstrate that (1) essen-
tially all Wnt-initiated adenocarcinomas arising in wild-
type p53 mice remain entirely dependent on continued
Wnt signaling for maintenance and growth, (2) lung me-
tastases arising from these tumors are also entirely re-
versible following the abrogation of Wnt signaling, and
(3) p53 is not required for tumor regression in that even
aneuploid, p53-deficient tumors are capable of sustained
regression following the abrogation of Wnt signaling.
These observations provide the first direct evidence that
Wnt pathway down-regulation has potent antineoplastic
activity when applied against established tumors in vivo,
as well as the first demonstration that tumor metastases
remain dependent upon an initiating oncogenic event for
maintenance of the transformed state. These findings
support the development of Wnt pathway inhibitors as
anticancer drugs.

However, despite the dependence of Wnt-initiated tu-
mors on continued Wnt signaling and the dispensability
of p53 for tumor regression, we find that Wnt-initiated
tumors frequently progress to a Wnt-independent state
and that p53 is a critical regulator of this process. Spe-
cifically, we observed that (1) a substantial fraction of
fully regressed Wnt-initiated tumors spontaneously re-
cur and grow in the absence of transgene expression, (2)
tumors arising in p53 heterozygous mice commonly fail
to regress fully following abrogation of transgene expres-
sion and rapidly resume growth in a Wnt-independent
manner, and (3) even tumors arising in p53 heterozygous
mice that do fully regress following transgene deinduc-
tion are more likely to recur, and do so at a faster rate
than those arising in p53 wild-type mice. Thus, while
p53 itself is dispensable for tumor regression, our find-
ings demonstrate that p53 plays an important role in
suppressing tumor recurrence.

Reversal of Wnt-initiated tumorigenesis in advanced,
genetically complex tumors

We and others have used inducible transgenic models to
demonstrate that primary tumors can remain critically
dependent on a single initiating oncogenic stimulus for
maintenance and growth (Chin et al. 1999; Felsher and
Bishop 1999; Huettner et al. 2000; D’Cruz et al. 2001).
We now extend these findings to show that even the
most advanced stages of epithelial malignancy, namely
metastases, remain similarly oncogene-dependent. Spe-
cifically, Wntl-initiated mammary tumors that have
metastasized to the lungs remain dependent on contin-
ued Wnt signaling for maintenance of the transformed
state. As such, our findings demonstrate that the process
of tumor progression culminating in metastasis is not of
necessity accompanied by the progression of tumors to a
Wnt-independent state. Consequently, our observations
suggest that the potential clinical utility of pharmaco-
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logic Wnt pathway inhibitors may extend to the most
advanced stages of malignant tumor progression.

In contrast to a number of experimental mouse models
of cancer, human cancers are typically genetically com-
plex. For example, human malignancies arising in the
setting of an activated Wnt pathway, such as colon can-
cer, frequently harbor mutations in p53 (Kinzler and Vo-
gelstein 1996). Since p53 is purported to play important
roles in apoptosis and the maintenance of genomic sta-
bility, it has been suggested that p53 loss might compro-
mise tumor regression following down-regulation of an
oncogenic pathway. We found that mammary tumors
arising in MTB/TWNT mice carrying two germline p53
null alleles completely regress to a nonpalpable state fol-
lowing doxycycline withdrawal, clearly demonstrating
that p53 is not required for the regression of WntI-initi-
ated mammary tumors. These results parallel the recent
finding that p53 is dispensable for the regression of pri-
mary lung tumors initiated by an inducible ras transgene
(Fisher et al. 2001). Since mutational inactivation of p53
is normally a somatic event in sporadic human tumors,
we went on to characterize the reversibility of Wnt-ini-
tiated mammary tumors arising in p53 heterozygous
mice that carry an intact p53 allele. Multiple tumors
exhibiting selective loss of the wild-type p53 allele were
capable of sustained regression following down-regula-
tion of Wnt1. Moreover, consistent with a role for p53 in
maintaining genomic integrity, and similar to previous
observations (Donehower et al. 1995), the majority of
tumors that had undergone loss of the wild-type p53 al-
lele were aneuploid, whereas virtually all tumors retain-
ing the wild-type p53 allele were diploid. Nonetheless,
multiple tumors exhibiting both somatic p53 LOH and
gross aneuploidy were capable of sustained regression,
indicating that neither acquired p53 loss nor acquired
chromosomal instability preclude reversal of Wnt-initi-
ated tumorigenesis.

Impaired reversal of Wnt-initiated tumorigenesis
in the setting of p53 loss

Notably, while p53 is clearly dispensable for the com-
plete regression of Wntl-initiated mammary tumors,
loss of one p53 allele dramatically facilitates the emer-
gence of WntI-independent tumor cells, both by impair-
ing the regression of primary tumors following doxycy-
cline withdrawal and by promoting the recurrence of
fully regressed tumors in animals maintained off doxy-
cycline. Our findings demonstrate that, in addition to
the described role for p53 in suppressing the emergence
of primary tumors initiated by Wnt1 (Donehower et al.
1995), p53 also plays a role in suppressing the emergence
of Wnt1-independent tumors following the abrogation of
oncogene expression. Furthermore, our observation that
the wild-type p53 allele is selectively lost in a subset of
tumors that have acquired the ability to grow in a Wnt1-
independent manner demonstrates that tumor cell es-
cape from oncogene dependence is accompanied by se-
lective pressure against p53 function in tumor cells. Mu-
tations in p53 have been purported to play a role in
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tumor resistance to a variety of antineoplastic strategies
including cytotoxic chemotherapy, ionizing radiation,
and antiangiogenic therapy (Lowe et al. 1993, 1994; Bunz
et al. 1999; Johnstone et al. 2002; Yu et al. 2002). Our
findings implicate p53 as an important mediator of sus-
tained tumor regression following the targeted down-
regulation of oncogenic signaling and suggest that, simi-
lar to the response of tumors to conventional antineo-
plastic strategies, the long-term efficacy of targeted
therapeutics may be compromised by disruption of the
p53 pathway.

Predicting the reversibility of oncogenic pathways

Unlike our present finding that nearly all Wnt1-initiated
mammary tumors remain transgene-dependent, our
prior analysis of reversible mammary tumorigenesis ini-
tiated by ¢-MYC indicated that at least 50% of c-MYC-
initiated mammary tumors do not require continued on-
cogene expression for maintenance of a malignant phe-
notype (D’Cruz et al. 2001). MYC is a well established
transcriptional target of activated Wnt signaling (He et
al. 1998). Consistent with this, we found endogenous
c-myec transcript levels to be coordinately regulated with
Wntl transgene expression levels in our model. Never-
theless, although c-myc may be a downstream effector of
Wnt signaling, the fact that Wntl-initiated mammary
tumors uniformly regress following transgene deinduc-
tion, whereas c-MYC-initiated tumors do not, suggests
that Wntl- and ¢c-MYC-initiated mammary tumorigen-
eses occur via distinct genetic pathways and that mam-
mary tumorigenesis initiated by Wnt pathway activation
cannot be wholly attributable to c-myc overexpression.
These conclusions are consistent with the distinct his-
tologic appearances of Wntl and MYC-initiated mam-
mary tumors (Cardiff et al. 1991; Munn et al. 1995). More
importantly, the marked differences that we have ob-
served in the oncogene dependence of mammary tumors
induced by Wntl compared to ¢-MYC strongly suggest
that the probability that a given tumor will become on-
cogene-independent is fundamentally determined by the
oncogenic pathway that initiated it. This conclusion is
strengthened by the fact that expression of each onco-
gene was induced in the mammary epithelium using the
same MMTV-rtTA transactivator line in an inbred, ge-
netically identical host background. Accordingly, our ob-
servations indicate that the likelihood that an initiating
oncogenic pathway will become dispensable for tumor
maintenance is an intrinsic function of the specific on-
cogenic pathway involved.

Drug discovery in the postgenomic era is complicated
by the daunting number of potential molecular targets.
The prohibitive costs associated with drug development
require that potential targets be validated prior to the
commitment of resources to a particular therapeutic
strategy. Our study provides a paradigm for validating
drug targets using inducible transgenic models prior to
the development and testing of pharmacologic inhibi-
tors. Here we have shown that this approach permits
essentially complete down-regulation of an oncogenic



stimulus within an intact tumor, thereby simulating the
effects of an idealized pharmacologic inhibitor. In addi-
tion, such models facilitate the introduction of addi-
tional mutations relevant to human cancer as well as the
determination, by genetic means, of the molecular path-
ways required for sustained tumor regression.

Finally, elucidating the specific molecular mecha-
nisms that permit tumors to recur in a transgene-inde-
pendent manner is an important goal in cancer research,
as this should permit the identification of tumor types
that are likely or unlikely to respond to the pharmaco-
logic down-regulation of a particular pathway. More im-
portantly, the molecular pathways underlying oncogene
resistance may themselves represent fruitful targets
against which antineoplastic drugs might be designed.
Ultimately, the analysis of transgene-independent tumor
recurrences will improve our understanding of the
mechanisms by which tumor cells escape from their de-
pendence upon a single oncogenic signaling pathway and
will facilitate the development of more effective treat-
ments for this disease.

Materials and methods

Transgenic mice

Generation and characterization of the MTB transactivator line
has been described (Gunther et al. 2002). To generate the plas-
mid TMILA, a 2.2-kb cassette containing the internal ribosome
entry site from MIGRI (a gift from Warren Pear, University of
Pennsylvania, Philadelphia, PA) followed by the firefly lucifer-
ase coding region from pGL3 (Promega) was subcloned upstream
of the polyadenylation signal of the plasmid pTet-Splice
(GIBCO-BRL). Plasmid TMILA-Wnt1 was generated by sub-
cloning a 1.8-kb fragment containing the murine Wnt1 mini-
gene from plasmid V101 (a gift from R. Nusse, Stanford Univer-
sity, Stanford, CA) downstream of the tet operator sequences in
TMILA. The 6.4-kb fragment containing the TetO-Wnt1-IRES-
Luciferase expression cassette was isolated from vector se-
quences and prepared for microinjection into fertilized oocytes.
Potential founders were identified by screening genomic DNA
from tail biopsies for the presence of the transgene using the
polymerase chain reaction. All transgenic lines were created
and maintained on an inbred FVB/N background. Mice carrying
anull allele of p53 generated by gene targeting (Jacks et al. 1994)
were obtained from Jackson Laboratories and back-crossed
seven generations into an FVB/N background prior to crosses
with the MTB and TWNT transgenic lines. MTB/TWNT bi-
transgenic mice carrying null alleles for p53 were typically gen-
erated from crosses of MTB/p53(+/-) and TWNT/p53(+/-) mice,
though MTB/p53(-/-) mice were also occasionally used as
breeders.

Transgene expression was induced in MTB/TWNT mice by
replacing normal drinking water with 5% sucrose containing 2
mg/mL doxycycline, which was changed twice weekly. Mice
were inspected for tumors at least twice weekly, and tumors
were measured in two dimensions with calipers. Tumor biop-
sies were performed using isoflurane as an inhalant anesthetic
according to IACUC guidelines. Mice treated with ionizing ra-
diation received 5 Gy of total body irradiation from a Cs-137
source at 3-4 wk of age. Amplification reactions for genotyping
animals used the following oligonucleotide pairs: for TWNT,
5'-TGCGGTTCCTGATGTATTTTGC-3' and 5-TGCATT
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CCTTTGGCGAGAGG-3'; for MTB, 5-TGCCGCCATTAT
TACGACAAGC-3' and 5-ACCGTACTCGTCAATTCCAAG
GG-3'. Reaction conditions were 40 cycles of 94°C for 30 sec,
58°C for 30 sec, and 72°C for 30 sec.

Northern hybridization

Total RNA isolation and Northern hybridization were per-
formed as described (Marquis et al. 1995). Blots containing 8 ng
of total RNA from snap-frozen tumors or mammary tissue were
hybridized to ¢cDNA probes containing a 360-bp fragment of
rtTA (nucleotide 1441-1800), the entire coding sequence of
Wntl1, exon 1 of c-myc, or the entire coding sequence of Tcf7.

Southern hybridization

A cDNA probe for exons 7-10 of murine p53 was used to probe
Southern blots containing genomic DNA from tumor tissue di-
gested with EcoRI and Stul and passively transferred to Gene-
Screen Plus nylon membranes (NEN Life Science) as described
(Jacks et al. 1994).

Ploidy analysis

The ploidy of snap-frozen tumor tissue was determined by per-
forming propidium iodide staining of nuclei in hypotonic lysis
buffer according to the method of Vindelov (1977); 20,000
events per tumor sample were analyzed on a FACScan flow
cytometer. DNA histograms were generated using ModFit LT
software (Verity Software House).

Luciferase assay

Snap-frozen mammary tissue or tumor was homogenized in
Passive Lysis Buffer (Promega) using a dounce homogenizer. Ho-
mogenates were cleared by centrifugation at 12,000 g, and the
supernatant was assayed for protein concentration by the
method of Lowry. Luciferase activity was measured using the
Dual Luciferase Assay Kit (Promega) and a Monolight 2010 lu-
minometer (Analytical Luminescence Laboratory) according to
the manufacturer’s instructions.

Morphological analysis

Mammary gland and tumor samples were fixed in 4% paraform-
aldehyde in 1X phosphate buffered saline overnight and embed-
ded in paraffin. Whole mounts of mammary glands were pre-
pared and stained with carmine alum as described (Gardner et
al. 2000). Sections were applied to glass slides and stained with
hematoxylin and eosin (H&E).
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