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Breast cancers frequently progress or relapse during targeted therapy, but the molecular mechanisms that enable escape
remain poorly understood. We elucidated genetic determinants underlying tumor escape in a transgenic mouse model of
Wnt pathway–driven breast cancer, wherein targeted therapy is simulated by abrogating doxycycline-dependent Wnt1
transgene expression within established tumors. In mice with intact tumor suppressor pathways, tumors typically
circumvented doxycycline withdrawal by reactivating Wnt signaling, either via aberrant (doxycycline-independent) Wnt1
transgene expression or via acquired somatic mutations in the gene encoding β-catenin. Germline introduction of mutant
tumor suppressor alleles into the model altered the timing and mode of tumor escape. Relapses occurring in the context
of null Ink4a/Arf alleles (disrupting both the p16Ink4a and p19Arf tumor suppressors) arose quickly and rarely reactivated
the Wnt pathway. In addition, Ink4a/Arf-deficient relapses resembled p53-deficient relapses in that both displayed
morphologic and molecular hallmarks of an epithelial-to-mesenchymal transition (EMT). Notably, Ink4a/Arf deficiency
promoted relapse in the absence of gross genomic instability. Moreover, Ink4a/Arf-encoded proteins differed in their
capacity to suppress oncogene independence. Isolated p19Arf deficiency mirrored p53 deficiency in that both promoted
rapid, EMT-associated mammary tumor escape, whereas isolated p16Ink4a deficiency failed to accelerate relapse. Thus,
p19Arf/p53 pathway lesions may promote mammary cancer relapse even when inhibition of a targeted oncogenic
signaling pathway remains in force.
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Breast	cancers	frequently	progress	or	relapse	during	targeted	therapy,	but	the	molecular	mechanisms	that	
enable	escape	remain	poorly	understood.	We	elucidated	genetic	determinants	underlying	tumor	escape	in	a	
transgenic	mouse	model	of	Wnt	pathway–driven	breast	cancer,	wherein	targeted	therapy	is	simulated	by	abro-
gating	doxycycline-dependent	Wnt1	transgene	expression	within	established	tumors.	In	mice	with	intact	tumor	
suppressor	pathways,	tumors	typically	circumvented	doxycycline	withdrawal	by	reactivating	Wnt	signaling,	
either	via	aberrant	(doxycycline-independent)	Wnt1	transgene	expression	or	via	acquired	somatic	mutations	
in	the	gene	encoding	β-catenin.	Germline	introduction	of	mutant	tumor	suppressor	alleles	into	the	model	
altered	the	timing	and	mode	of	tumor	escape.	Relapses	occurring	in	the	context	of	null	Ink4a/Arf	alleles	(dis-
rupting	both	the	p16Ink4a	and	p19Arf	tumor	suppressors)	arose	quickly	and	rarely	reactivated	the	Wnt	pathway.	
In	addition,	Ink4a/Arf-deficient	relapses	resembled	p53-deficient	relapses	in	that	both	displayed	morphologic	
and	molecular	hallmarks	of	an	epithelial-to-mesenchymal	transition	(EMT).	Notably,	Ink4a/Arf	deficiency	
promoted	relapse	in	the	absence	of	gross	genomic	instability.	Moreover,	Ink4a/Arf-encoded	proteins	differed	
in	their	capacity	to	suppress	oncogene	independence.	Isolated	p19Arf	deficiency	mirrored	p53	deficiency	in	that	
both	promoted	rapid,	EMT-associated	mammary	tumor	escape,	whereas	isolated	p16Ink4a	deficiency	failed	to	
accelerate	relapse.	Thus,	p19Arf/p53	pathway	lesions	may	promote	mammary	cancer	relapse	even	when	inhibi-
tion	of	a	targeted	oncogenic	signaling	pathway	remains	in	force.

Introduction
Breast cancer  research offers a clinically  important venue  for 
exploring resistance to targeted therapy. Antagonists of estro-
gen receptor–dependent (ER-dependent) and human epidermal 
growth factor receptor 2 (HER2-dependent) signaling are main-
stays of modern breast cancer treatment that enhance cure rates 
when applied against early-stage disease and contribute to disease 
remissions when applied against late-stage disease (1, 2). Even 
so, potent targeted agents impose strong selective pressure that 
ultimately favors tumor escape, wherein treatment-resistant can-
cer cells survive and proliferate (3). Indeed, resistance to targeted 
agents, when not encountered de novo, routinely emerges during 
treatment (4, 5). As a result, targeted agents supplement traditional 
breast cancer treatment strategies but do not yet obviate the need 
for surgery, radiation, and cytotoxic chemotherapy. Moreover, 
incorporating targeted agents into routine clinical practice does 
not yet permit cure of advanced disease. Thus, tumor escape sets 
profound limits on the clinical usefulness of targeted therapy in 
breast cancer patients.

In principle, tumors can escape growth constraints imposed 
by targeted therapy either by reactivating the targeted signaling 

pathway or by perturbing untargeted compensatory pathways. 
Both mechanisms appear capable of promoting tumor escape in 
breast cancer patients. Resistance to first-line ER antagonists often 
involves reactivation of ER-dependent signaling, since cancers that 
become refractory to one agent frequently remain sensitive to a 
second agent that targets the ER via a distinct molecular interac-
tion (1, 6). Similarly, some cancers acquire resistance to the HER2 
antagonist trastuzumab but remain sensitive to lapatinib, a struc-
turally distinct inhibitor (7). In contrast, other breast cancers that 
overexpress ER or HER2 seemingly acquire resistance to diverse 
pathway inhibitors in a single step or show a marked insensitivity 
to targeted therapy from the outset (5, 8). In the case of ER antago-
nists, de novo resistance has been linked to compensation medi-
ated by activation of growth factor receptor pathways (1, 8). For 
HER2 antagonists, resistance has been associated with compensa-
tion mediated by the PI3K pathway, through either inactivation of 
the PTEN tumor suppressor or changes in HER3 activity (9, 10).

In the long run, escape mediated by compensatory signaling may 
pose the most challenging obstacle to achieving sustained remis-
sions in breast cancer patients using targeted therapy. Tumor 
escape via mutations that restore oncogenic signaling is well docu-
mented; however, it may become possible to suppress reactivation 
of an oncogenic pathway by employing distinct inhibitors of that 
pathway in combination (3). For example, clinical trials are under-
way to assess whether combination anti-HER2 therapy with trastu-
zumab and lapatinib can broadly suppress resistant breast cancer 
clones that might otherwise emerge during monotherapy (11).  

Nonstandard	abbreviations	used: DIT, Dox-independent tumor; Dox, doxycycline; 
EMT, epithelial-to-mesenchymal transition; ER, estrogen receptor; HER2, human 
epidermal growth factor receptor 2; LOH, loss of heterozygosity.
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Figure 1
Mechanisms of mammary tumor relapse in MTB/TWNT mice. (A) Mammary expression of putative Wnt pathway target genes. Northern hybrid-
ization analyses are shown. Mammary gland RNA came from 5-week-old virgin female MTB/TWNT mice that were either Dox naive (Off Dox) 
or treated with Dox for 96 hours (On Dox). Tumor RNA came from clonally related outgrowths derived from a Dox-dependent MTB/TWNT 
tumor that was explanted onto the flanks of Dox-treated host mice. Paired flank explants were harvested during ongoing Dox treatment or after 
timed Dox withdrawal. (B) Tumor gene expression patterns. Northern hybridization analysis was performed on RNA samples from primary and 
relapsed MTB/TWNT mammary tumors. Three relapsed DITs expressed Wnt1 transgene in an inducer-independent manner (lanes marked T), 
and 3 expressed aberrant transcripts encoding activated β-catenin variants (β). (C) Molecular genetic analysis of the Ctnnb1 (β-catenin) gene. 
Segments of transcripts encoding the regulatory domain of β-catenin were amplified from tumor-derived RNA via RT-PCR and subjected to DNA 
sequencing. The coding region of mouse β-catenin is shown schematically, with arrows indicating the primers used for RT-PCR placed relative to 
their approximate annealing sites along the open reading frame. The blowup depicts critical aa residues encoded within exon 3; known hot spots 
for cancer-associated aa substitutions are in bold. Asterisks denote the residue affected by the S33Y mutation identified in 2 DITs. The upper 
chromatograms show detection of only the wild-type β-catenin allele in an antecedent primary tumor but additional detection of the S33Y allele 
in a descendant recurrent tumor. The lower panels depict RT-PCR–based detection of an aberrantly spliced β-catenin transcript lacking exon 3 
within a relapsed tumor (R) and not within the antecedent primary tumor (P). (D) Tumor histology. Photomicrographs of H&E-stained sections 
derived from representative primary-relapse tumor pairs. The mode of tumor escape identified for each relapse is indicated. Scale bar: 50 μm.
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However,  even  when  multiagent  strategies  hold  the  targeted 
pathway in check, the selective pressure favoring compensation 
through untargeted pathways ought to remain in force. Indeed, 
such compensation likely underlies the failure to achieve perma-
nent breast cancer remissions in the setting of disseminated ER-
expressing disease, despite the availability of diverse and potent ER 
pathway antagonists.

An improved understanding of the mechanisms whereby lesions 
in compensatory pathways promote drug resistance ought to fur-
ther efforts to cure breast cancers with targeted therapy. Unfortu-
nately, clinical specimens from human cancers typically are poorly 
suited for investigating drug resistance mechanisms, as others have 
recounted (12). For example, traditional clinical practice rarely 
involves procuring substantial amounts of malignant tissue in the 
setting of relapsed or progressive disease. Furthermore, human can-
cers arise in genetically heterogeneous patient populations, often 
differ in their individual treatment history, and typically harbor 
multiple uncharacterized genetic lesions. Finally, culprit genetic 
lesions that enable tumor escape via compensation presumably 
can reside in any of a wide variety of signaling pathways. Seeking 
a genetically tractable alternative to studying human cancer speci-
mens, we and others have turned to studying murine cancer models 
to elucidate genetic determinants of drug resistance.

Studies employing transgenic mouse models of human cancer 
demonstrate that genetic lesions in tumor suppressor pathways 
strongly promote treatment resistance and disease relapse. For 
example, using the classic Eμ-Myc mouse lymphoma model, Lowe 
and coworkers showed that disabling p53 promoted drug-resistant 
disease relapse following conventional cytotoxic chemotherapy (13, 
14). In separate work, we used transgenic mice harboring an induc-
ible oncogene to show that p53 status likewise critically determined 
treatment outcome when modeling  targeted  therapy directed 
against established breast cancer. Specifically, p53 loss promoted 
relapse of doxycycline-dependent (Dox-dependent), Wnt1-initiated 
mammary adenocarcinomas following experimental abrogation of 
oncogenic signaling (15). Similarly, p53 loss promoted relapse in 
a reversible Myc-initiated lymphoma model (16). Together, these 
studies suggest that p53  lesions promote drug-resistant tumor 
escape in diverse tumor types and diverse treatment contexts.

Precisely  how  tumor  suppressor  lesions  foster  mammary 
tumor escape is not yet clear. For example, whether such lesions 
enable reactivation of oncogenic signaling or primarily promote 
relapse by perturbing compensatory signaling pathways remains 
unknown. In addition, though lesions affecting the Ink4a/Arf 
tumor suppressor locus figure prominently in the pathogenesis 
of breast cancer (17), it is unknown whether Ink4a/Arf lesions, 
like p53 lesions, enable mammary tumor escape in vivo. Here, we 
addressed these questions by elucidating mechanisms underlying 
inducer-independent relapse in our reversible mammary tumori-
genesis model and by examining the impact of defined Ink4a/Arf 
lesions on tumor escape.

Results
Markers of Wnt pathway activation in mammary tissue and tumors. In 
previous work, we established a mouse model in which mammary-
specific expression of the reverse tetracycline transactivator via an 
MMTV-rtTA transgene (designated MTB) enabled Dox-dependent 
expression of a second Tet operator–regulated transgene encoding 
Wnt1 (designated TWNT). Mammary tumors arise stochastically 
in MTB/TWNT mice during chronic Dox treatment and require 

ongoing Wnt pathway activation via Dox-induced Wnt1 transgene 
expression for maintenance. However, a subset of tumors that 
regress following Dox withdrawal subsequently escape and regrow 
at  the primary  tumor site,  yielding Dox-independent  tumors 
(DITs) (15). Since Wnt signaling governs cell fates during devel-
opment and oncogenesis by regulating a transcriptional program 
(18), we reasoned that profiling mammary tumor expression of 
Wnt target genes would aid in deducing whether escape involved 
Wnt pathway reactivation.

Previously, we found that 2 known Wnt target genes, c-Myc and 
Tcf7, were coordinately regulated with the Wnt1 transgene in mam-
mary tumors (15). To validate additional Wnt transcriptional tar-
gets (both direct and indirect) in the mammary gland, we assessed 
expression  levels of candidate genes  in mammary glands and 
tumors from MTB/TWNT mice in the absence and presence of 
Dox-induced pathway activation. Several putative targets, includ-
ing Axin2, Sox10, and Cyclin D1 (Figure 1A), among others (e.g., 
Wrch1 and Tbx2; data not shown) were confirmed to be Wnt regu-
lated; that is, levels were upregulated in untransformed mammary 
tissue following Dox treatment and downregulated in mammary 
tumor explants following Dox withdrawal. Not all putative Wnt 
target genes were Wnt regulated in mammary tissue, since expres-
sion levels of some candidate genes were relatively unaffected by 
Dox treatment (Snail) or correlated inversely with Wnt1 expression 
in mammary samples (Mitf).

DIT relapse via reactivation of Wnt signaling. Next, confirmed Wnt 
targets were used to  interrogate Wnt pathway activity within 
tumors. For this analysis, we used a panel of tumors from our pre-
vious study in which a cohort of MTB/TWNT mice generated in 
a wild-type FVB/N background was monitored for relapse after 
regression of biopsy-confirmed mammary tumors. Ten DITs arose 
in 34 mice harboring regressed tumors during a year of continu-
ous Dox withdrawal (15). Using Northern hybridization analysis, 
we profiled the expression of Wnt targets in 10 representative Dox-
dependent primary tumors and all 10 DITs.

Some Wnt targets, such as Cyclin D1 (Figure 1B) and Wrch1 (data 
not shown) showed relatively little variability in expression across 
the tumor panel, and their expression levels largely paralleled 
those of the β-actin loading control. Other Wnt targets, includ-
ing Axin2, Tcf7, and Sox10 (19–21), were expressed differentially 
in the tumor panel (Figure 1B). These latter targets varied little in 
expression among primary mammary tumors maintained on Dox, 
as expected; however, their expression was largely restricted to a 
subset of recurrent DITs. The transcription factor Sox10 provided 
the most dramatic example of differential marker gene expression, 
with robust expression in 6 of 10 DITs and undetectable expres-
sion in the remaining 4 (Figure 1B). Thus, a majority of relapsed 
tumors appeared to have reactivated the Wnt pathway, and a sub-
set of Wnt targets appeared to provide useful markers of pathway 
activation within neoplasia, as reported by others (22).

We found that 3 of 6 Sox10-expressing DITs expressed the Wnt1 
transgene in an inducer-independent manner, consistent with 
reactivation of oncogenic Wnt signaling via aberrant transgene 
regulation in these tumors (Figure 1B). Presumably, Dox-inde-
pendent transgene expression involves a somatic genome lesion 
that disrupts the Tet-regulatory module. The remaining 3 Sox10-
expressing DITs lacked detectable Wnt1 transgene expression but 
nonetheless expressed the Wnt transcriptional target Axin2 at the 
highest levels detected in the 20-tumor panel. Axin2 encodes a neg-
ative feedback regulator that is believed to restrain an upstream 
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signaling event in the Wnt cascade. We reasoned that marked Axin2 
overexpression might indicate transgene-independent activation 
of Wnt signaling via an activating mutation in a downstream Wnt 
pathway component. A wide variety of human and mouse can-
cers activate the Wnt pathway by acquiring somatic mutations in  
β-catenin (18). Accordingly, we surveyed the entire 20-tumor panel 
for spontaneous somatic mutations in the portion of the mouse  
β-catenin gene (CTNNb1) that encodes the regulatory domain, 
where nearly all cancer-associated activating mutations reside.

Strikingly, variant transcripts predicted to encode stabilized  
β-catenin were identified exclusively in the 3 DITs that expressed 
Wnt targets in the absence of Wnt1 transgene expression (Figure 
1C). Two of these 3 DITs were found to harbor a missense muta-
tion predicted to encode a well-described, cancer-associated S33Y 
β-catenin mutant (18). The third DIT uniquely expressed a trun-
cated β-catenin transcript lacking exon 3. Identical β-catenin tran-
scripts have been identified in liver tumors (23), and β-catenin 
protein lacking the exon 3–encoded regulatory domain possesses 
well-documented oncogenic activity in vivo (18). The origin of the 
truncated β-catenin transcript remains unexplained; specifically, 

DNA sequencing failed to reveal a causative intragenic deletion 
or splice junction mutation in tumor-derived genomic DNA (data 
not shown). In subsequent screening of additional tumor samples, 
we identified a transcript encoding a distinct cancer-associated 
S45F β-catenin mutant in a DIT that likewise expressed Axin2 
robustly but lacked detectable Wnt1 transgene expression (data 
not shown).  In all  instances, β-catenin variants were detected 
exclusively in relapses and not in the corresponding antecedent 
primary tumors, indicating selection for a rare somatic genome 
lesion en route to relapse.

Wnt pathway–independent relapse with features of EMT. All 6 DITs 
for which clear-cut mechanisms of Wnt pathway reactivation 
were defined exhibited adenocarcinoma histology dominated 
by epithelioid tumor cells arranged in nests and acini (Figure 
1D). In contrast, the remaining 4 DITs in this set exhibited his-
tology with marked regional variability that frequently featured 
elongated, spindle-shaped tumor cells suggestive of an epithe-
lial-mesenchymal transition (EMT). Most of these putative EMT 
tumors expressed Wnt pathway target genes only modestly or not 
at all, and 3 of 4 expressed elevated levels of Snail, a transcriptional 

Figure 2
Mechanisms of mammary tumor relapse in p53-deficient mice. (A) Gene expression patterns. Northern hybridization analysis was performed 
on RNA samples from primary and relapsed MTB/TWNT/p53+/– mammary tumors. One DIT expressed the Wnt1 transgene in an inducer-inde-
pendent manner (lane marked T), and 3 showed prominent p53 LOH (L). Lower panels depict expression of EMT-associated genes. (B) Tumor-
associated p53 LOH. Southern hybridization analysis was performed on genomic DNA derived from 19 DITs arising in MTB/TWNT/p53+/– mice. 
Representative data from 14 of the tumors is shown. A subset of tumors showed selective loss of the wild-type p53 allele. While partial LOH was 
often observed, LOH only rarely occurred in a majority of the cells within a sample (lanes designated with an asterisk; 2 of 14 tumors shown, 3 
of 19 tumors analyzed overall). (C) Tumor histology. Photomicrographs of H&E-stained sections derived from representative primary-relapse 
tumor pairs. The presence or absence of detectable p53 LOH is indicated. Scale bar: 50 μm.
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repressor of E-cadherin linked to EMT and breast cancer progres-
sion (24, 25). Notably, the tumor with the highest level of Snail 
expression in the panel was a DIT that uniquely lacked detectable 
E-cadherin expression and prominently displayed EMT histology 
(far-right lane in Figure 1B and lower-right panel in Figure 1D). 
Therefore, in some cases, tumor escape involved morphological 
and molecular changes suggestive of an EMT.

p53 deficiency favors Wnt pathway–independent relapse and EMT. We 
previously found that DITs arose more rapidly and more frequently  
when MTB/TWNT mice inherited 1 or more null alleles for p53, 
suggesting that p53 deficiency might drive tumor escape via a pre-
ferred pathway (15). To investigate this possibility, RNA samples 
were prepared from a set of tumors generated in p53+/– mice and 
profiled by Northern hybridization analysis to assess expression 
of the Wnt1 transgene, Wnt target genes, and genes implicated in 
EMT. Primary Dox-dependent tumors robustly expressed Wnt 
target genes regardless of the p53 genotype, such that expression 
profiles of p53+/+ and p53+/– primary MTB/TWNT tumors were 
indistinguishable (Figure 2A and data not shown). In contrast, 
most relapsed p53+/– DITs yielded a characteristic gene expression 
profile that was distinct from those profiles that typified primary 
tumors and p53+/+ DITs (Figure 2A).

Most p53+/– DITs expressed Wnt target genes at modest or unde-
tectable levels, suggesting that these tumors typically escape with-
out generalized Wnt pathway reactivation. Only 4 of 19 p53+/– DITs 
expressed both the markers Tcf7 and Sox10 at levels comparable to 
those of primary tumors (Figure 2A, boxed lanes). Aberrant Wnt1 
transgene expression accounted for Wnt pathway reactivation in 
just 1 of these 4 tumors (Figure 2A, far right lane; 1 of 19 DITs 
overall). All 19 p53+/– DITs were surveyed for expression of aberrant 

β-catenin transcripts; no β-catenin missense mutations or splice 
variants were detected. In sum, whereas a majority of p53+/+ DITs  
(6 of 10) reactivated the Wnt pathway via either aberrant Wnt 
transgene expression or expression of an aberrant β-catenin tran-
script, p53+/– DITs rarely reactivated the Wnt pathway by one of 
these routes (1 of 19 tumors; P ≤ 0.01, χ2 test).

Whereas most DITs arising in p53+/+ mice displayed adenocar-
cinoma histology, nearly all (18 of 19) DITs arising in p53+/– mice 
displayed EMT-type histology (Figure 2C). Likewise, p53+/– DITs 
showed molecular features of EMT when analyzed by Northern 
hybridization, in that Snail expression was robust, while E-cad-
herin expression was low or undetectable. Notably, EMT-associ-
ated downregulation of E-cadherin expression was insufficient for 
generalized activation of the Wnt pathway, as most p53+/– DITs 
lacked robust expression of Wnt target genes. Nonetheless, Wnt 
targets were coexpressed robustly in a subset of DITs that dis-
played hallmarks of EMT (namely, those with prominent p53 loss 
of heterozygosity [LOH]; see below). This latter finding provides 
an important demonstration that the transition to a mesenchymal 
histology does not itself preclude expression of our Wnt marker 
genes. Together, the tumor histology and gene expression pro-
files indicate that the preferred route to relapse of p53+/– tumors 
involves an EMT but does not involve robust reactivation of the 
Wnt transcriptional program.

Wnt pathway reactivation is linked to p53 LOH. Three p53+/– DITs 
expressed Wnt targets robustly despite lacking either aberrant Wnt1 
transgene expression or detectable β-catenin mutations. Since p53 
activity can antagonize canonical Wnt/β-catenin signaling in cell 
culture models (26), we hypothesized that a somatic event leading 
to p53 loss of function might account for Wnt target gene expres-

Figure 3
Mammary neoplasia and relapse in Ink4a/Arf-deficient mice. (A) Wnt-initiated mammary hyperplasia. Panels depict carmine-stained whole 
mounts demonstrating consistent changes in mammary gland morphology in MTB/TWNT mice regardless of Ink4a/Arf gene dosage. (B) Rates 
of primary mammary tumorigenesis. Cohorts of mice of the indicated genotypes began chronic Dox treatment beginning at 5 weeks of age and 
were monitored twice weekly for mammary tumors. Bi-Tg, MTB/TWNT bitransgenic; Mono-Tg, monotransgenic. (C) Rates of Dox-independent 
relapse. Mice harboring biopsy-confirmed mammary tumors were subjected to Dox withdrawal and monitored during periods of tumor regression, 
remission, and relapse. Relapse-free survival for each cohort was plotted as a function of time, with the day of Dox withdrawal taken as time 0. 
(D) Tumor growth curves. Tumor volume was plotted as a function of time for representative tumor subsets derived from each cohort.
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sion in these tumors by removing a constitutive restraint on Wnt 
signaling. Accordingly, we interrogated the entire panel of p53+/– 
DITs for p53 LOH events by Southern analysis as described pre-
viously (27). In the majority of tumors, signal attributable to the 
wild-type p53 allele was decreased only modestly or not at all com-
pared with that of the targeted allele, presumably reflecting LOH 
events affecting, at most, a minority of tumor cells. However, the 
3 p53+/– DITs that expressed Wnt target genes in a transgene-inde-
pendent manner likewise showed the highest degree of p53 LOH 
in the tumor panel (Figure 2B and data not shown). Since cancer-
associated p53 inactivation frequently involves missense mutations 
within p53’s DNA binding domain, tumor-derived p53 alleles were 
examined for point mutations in exons 4–10 by DNA sequencing. 
Analysis of 5 independent p53+/– DITs, all of which had retained the 
wild-type p53 allele by Southern hybridization, revealed only wild-
type p53 sequences in all cases (data not shown). Together, these 
data argue that p53 haploinsufficiency promotes tumor escape.

Ink4a/Arf deficiency, like p53 deficiency, promotes tumor escape. The 
INK4A/ARF locus critically regulates both the p53 and Rb tumor 
suppressor pathways and frequently is disrupted in human breast 
cancers (28–30). To investigate the impact of Ink4a/Arf deficiency 
on mammary tumor onset and subsequent tumor escape, a null 
Ink4a/Arf allele that disrupts both the p16Ink4a and p19Arf tumor 
suppressors (31) was introduced into the MTB/TWNT model via 
the germline to generate cohorts of Ink4a/Arf+/+, Ink4a/Arf+/–, and 
Ink4a/Arf–/– female mice. Analysis of mammary ductal morphol-
ogy following short-term Dox treatment demonstrated that Ink4/
Arf deficiency had no discernible impact on the degree of Wnt-
initiated mammary hyperplasia (Figure 3A). These cohorts and a 
contemporaneous cohort of p53+/– mice then were monitored for 
primary tumors during chronic Dox treatment. Subsequently, 
mice bearing Dox-induced mammary tumors were subjected to 
tumor biopsies, and tumor size was monitored thereafter during 
long-term Dox withdrawal to examine the impact of Ink4a/Arf 
deficiency on tumor reversibility.

As expected, mammary tumors arose only in bitransgenic MTB/
TWNT mice and not in genetic control mice lacking one or both 
transgenes. Kaplan-Meier analysis demonstrated a trend toward 
accelerated mammary tumorigenesis  in p53+/–  compared with 
p53+/+ mice in the context of wild-type Ink4a/Arf alleles (P = 0.08, 
log-rank test). In contrast, cohorts that differed in their Ink4a/Arf 
gene dosage yielded mammary tumor–free survival curves that 
were strikingly similar to each other and statistically indistin-
guishable, indicating that Ink4a/Arf deficiency fails to accelerate 
primary Wnt-initiated mammary tumorigenesis (Figure 3B). Fur-
thermore, the Ink4a/Arf locus was largely dispensable for regres-
sion of gross tumors, since Dox withdrawal uniformly triggered an 
initial decrease in tumor volume regardless of the inherited Ink4a/
Arf genotype (Figure 3D). Even among Ink4a/Arf-deficient tumors 
that regressed incompletely (see below), the majority (7 of 9, 78%) 
shrank to 15% or less of their starting volume within several weeks 
of Dox withdrawal.

Although  Ink4a/Arf  deficiency  negligibly  impacted  the  rate 
of primary tumorigenesis, it strongly promoted tumor escape, 
resulting  in  incomplete tumor regression and rapid,  inducer-
independent tumor growth. At maximum tumor response follow-
ing Dox withdrawal, Ink4a/Arf+/+ tumors nearly always regressed 
completely, leaving no clinically detectable lesion at the primary 
tumor site. By comparison, each stepwise decrease in Ink4a/Arf 
gene dosage led to an increased fraction of tumors leaving a clini-
cally apparent, measurable tumor remnant (Table 1). Moreover, 
whereas tumor regression was followed by a sustained disease-free 
interval in Ink4a/Arf+/+ mice as expected, Ink4a/Arf-deficient mice 
relapsed more frequently and more rapidly (Figure 3C). Relapse 
was accelerated in a stepwise fashion upon germline elimination 
of each Ink4a/Arf allele (P < 1 × 10-3 for wild-type vs. heterozygous; 
P < 1 × 10–5 for heterozygous vs. null, log-rank test), consistent 
with Ink4a/Arf suppressing relapse in a gene dosage–dependent 
manner. As we observed previously, tumors arising in p53+/– mice 
relapsed promptly. Indeed, relapses accrued in p53+/– mice signifi-
cantly faster than they accrued in Ink4a/Arf+/– mice (P < 0.01, log-
rank test). Rather, the rate of relapse in p53+/– mice was comparable 
to that in Ink4a/Arf–/– mice (Figure 3C), suggesting that suppres-
sion of relapse is more sensitive to decreased p53 gene dosage than 
to decreased Ink4a/Arf gene dosage.

Ink4a/Arf deficiency, like p53 deficiency, favors EMT-associated relapse. 
We generated gene expression profiles  for Ink4a/Arf-deficient 
tumors by performing Northern hybridization analysis as before. 
Dox-dependent primary mammary tumors uniformly expressed 
Wnt target genes irrespective of the Ink4a/Arf genotype such that 
marker gene expression profiles of a large tumor panel failed to 
discriminate among the various Ink4a/Arf genotypes (Figure 4A 
and data not shown). However, most Ink4a/Arf-deficient DITs 
yielded distinctive gene expression profiles that closely mirrored 
those typical of p53-deficient DITs. Specifically, DITs arising in 
Ink4a/Arf+/– mice expressed Wnt pathway target genes at robust 
levels only rarely (2 of 9 tumors, 22%) and uniformly failed to reac-
tivate Wnt1 transgene expression (Figure 4A). Moreover, a survey 
of the full Ink4a/Arf+/– tumor panel, including the 2 tumors that 
robustly expressed the Wnt targets Sox10 and Tcf7, failed to detect 
mutant β-catenin transcripts. The mechanism of Wnt pathway 
reactivation remains unexplained  in these 2 Sox10-expressing 
Ink4a/Arf+/– DITs but apparently occurred via mechanisms dis-
tinct from those defined for DITs arising in mice that inherited 
wild-type tumor suppressor alleles.

Table 1
Ink4a/Arf locus disruption and extent of mammary tumor 
regression

	 Tumor	regression
Inherited	genotype	 Complete	 Incomplete
Ink4a/Arf+/+ 54 (97%) 1 (2%)
Ink4a/Arf+/– 24 (89%) 3 (11%)
Ink4a/Arf–/– 7 (54%) 5 (42%)
p16Ink4a+/– 23 (100%) 0 (0%)
p16Ink4a–/– 28 (97%) 1 (3%)
p19Arf+/– 18 (90%) 2 (10%)
p19Arf–/– 10 (71%) 4 (29%)
p53+/– 7 (64%) 4 (36%)

MTB/TWNT mice harboring biopsy-confirmed tumors of the indicated 
genotypes were subjected to Dox withdrawal and monitored for extent 
of tumor regression. When compared with the wild-type Ink4a/Arf+/+ 
cohort, incomplete tumor regression trended toward being more likely in 
the Ink4a/Arf+/– and p19Arf+/– cohorts (P ≤ 0.1 and P ≤ 0.2 respectively, 
χ2 test), and incomplete regression was significantly more likely in the 
Ink4a/Arf–/–, p19Arf–/–, and p53+/– cohorts (P ≤ 0.001 for each pairwise 
comparison, χ2 test). In contrast, tumors in the p16Ink4a-deficient cohorts 
were indistinguishable from tumors in the wild-type cohort in that they 
nearly always regressed completely.
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Figure 4
Mechanisms of mammary tumor 
relapse in Ink4a/Arf-deficient mice. 
(A) Gene expression patterns. 
Northern hybridization analysis 
was performed on RNA samples 
prepared from a panel of primary 
and relapsed Ink4a/Arf+/– mam-
mary tumors. Robust expression of 
Wnt target genes was restricted to 
2 of 9 DITs. (B) Southern analysis 
of Ink4a/Arf alleles. Among Ink4a/
Arf+/– mammary tumors, selective 
partial loss of the wild-type Ink4a/
Arf allele was a frequent event in 
relapsed, but not primary, tumors. 
(C) Quantitation of relative p19Arf 
transcript levels by RT-PCR. Lev-
els of p19Arf message varied widely 
among primary tumors, yet these 
levels invariably were decreased 
in the corresponding relapsed 
DITs. (D) p19Arf Western analysis. 
p19Arf protein levels, as detected 
by immunoblotting, varied widely 
among tumors and were frequently 
undetectable in our assay. Relative 
protein expression generally paral-
leled relative transcript expression. 
Primary tumors that expressed 
p19Arf protein at detectable levels 
showed decreased p19Arf expres-
sion in the corresponding relapse. 
The far-right lane depicts robust 
p19Arf protein expression in a p53-
null mammary tumor, used as a 
positive control. (E) Tumor histol-
ogy. Photomicrographs of H&E-
stained sections derived from rep-
resentative primary-relapse tumor 
pairs. Scale bar: 50 μm.
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Relapses arising in Ink4a/Arf-deficient mice further resembled 
those arising in p53-deficient mice by bearing morphological and 
molecular hallmarks of an EMT. Irrespective of the Ink4a/Arf 
genotype, primary Dox-dependent mammary tumors were clas-
sic Wnt-initiated adenocarcinomas that displayed myoepithelial, 
acinar, and glandular differentiation to varying degrees, often in 
combination with regional squamous metaplasia (32). In contrast, 
histopathologic analysis of 22 Ink4a/Arf-deficient DITs revealed 
that 17 showed predominant spindle cell histology, which ren-
dered  these  tumors  morphologically  indistinguishable  from 
p53-deficient, EMT-type DITs (Figure 4E). Furthermore, most 
Ink4a/Arf+/– DITs expressed EMT-associated markers in a manner 
that mirrored p53+/– DITs. In 7 of 9 Ink4a/Arf+/– DITs, robust Snail 
expression coincided with undetectable E-cadherin expression (Fig-
ure 4A), indicating that Ink4a/Arf deficiency, like p53 deficiency, 
promotes EMT-associated relapse.

Selection against wild-type Ink4a/Arf alleles and p19Arf expression 
during tumor escape.  Acceleration  of  Dox-independent  relapse, 
but not primary tumorigenesis, in the context of Ink4a/Arf defi-
ciency suggested that strong selective pressure to abrogate expres-
sion of Ink4a/Arf-encoded gene products might operate during 
a defined stage of tumor evolution: namely, the transition from 
a Dox-dependent primary tumor to a Dox-independent relapse. 
Matched primary-relapse tumor pairs arising in Ink4a/Arf+/– mice 
provided an opportunity to test this possibility by permitting an 
assessment of whether and when LOH events arose during tumor 
evolution. Southern analysis of 11 primary Ink4a/Arf+/– mammary 
tumors demonstrated that bands representing the wild-type and 
null alleles were of comparable signal intensity in nearly all cases, 
indicating little if any LOH in primary tumors. In contrast, most 
of the 11 matched relapses showed selective diminution of the sig-
nal attributable to the wild-type allele, indicating a greater degree 
of LOH within DITs (Figure 4B). Indeed, a quantitative assessment 
comparing the signal attributable to the wild-type versus null allele 
within each lane demonstrated that there was minimal selective 
loss of the wild-type allele indicating LOH in primary tumors (5.4% 

on average), but a significantly greater degree of LOH in relapsed 
DITs (38% on average; P ≤ 0.04, t test). Thus, somatic LOH events 
that disable the Ink4a/Arf locus arise during tumor escape.

Because p19Arf resides within the p53 pathway, we favored the 
notion that Ink4a/Arf LOH events were selecting against expres-
sion of p19Arf. However, when attempting to document p19Arf 
protein expression by immunoblotting in primary Wnt-initiated 
mammary tumors, we found that expression varied widely among 
tumors. Indeed, we were unable to detect p19Arf protein in approxi-
mately half the tumors analyzed (Figure 4D and data not shown). 
This result suggested that inactivation of p19Arf expression might 
be a rate-limiting event during primary Wnt-initiated tumorigen-
esis, rendering a large fraction of primary tumors functionally 
p19Arf-null. However, this interpretation conflicted with our obser-
vations that (a) nullizygosity for neither Ink4a/Arf nor p19Arf (see 
below) significantly accelerated primary mammary tumorigen-
esis and (b) nullizygosity for either Ink4a/Arf or p19Arf (see below) 
markedly accelerated relapse when compared with their respective 
heterozygous cohorts. As an alternative, we considered the pos-
sibility that individual tumors, which presumably vary in their 
complement of cooperating genetic lesions, might likewise vary in 
what constitutes a functional level of p19Arf expression. According 
to this view, even relatively low absolute levels of p19Arf expression 
might remain physiologically active within a given primary tumor 
and remain subject to negative selection en route to relapse. To 
assess this possibility, we used a robust quantitative RT-PCR assay 
and measured p19Arf transcript levels in a panel of 36 primary and 
recurrent mammary tumors (Figure 4C).

Consistent with our preliminary analysis of protein levels, p19Arf 
transcript levels varied over a 30-fold range in 6 primary Wnt ini-
tiated mammary tumors arising in Ink4a/Arf+/+ mice. Validating 
our assay, measurements performed on 4 tumors arising in Ink4a/
Arf–/– mice detected little or no p19Arf transcript, as expected, and 
relative p19Arf expression levels were decreased nearly 3 logs, on 
average, in Ink4a/Arf–/– versus Ink4a/Arf+/+ tumors.

Analysis  of  17  primary  tumors  arising  in  Ink4a/Arf+/–  mice 
yielded a range of p19Arf  transcript levels statistically  indistin-
guishable from that of Ink4a/Arf+/+ tumors. Thus, if the relatively 
low p19Arf expression levels detected in some Ink4a/Arf+/– primary 
tumors resulted in complete physiological inactivation of p19Arf-
dependent signaling, then this event appeared equally likely in 
Ink4a/Arf+/+ primary tumors, despite the requirement for biallelic 
inactivation of p19Arf in the latter context. Strikingly, analysis of 
9 relapsed Ink4a/Arf+/– DITs yielded p19Arf transcript levels that 
were detectable (i.e, significantly greater than the levels detected 
in Ink4a/Arf-null tumors; P ≤ 0.001) yet markedly reduced com-
pared with those levels measured in Ink4a/Arf+/– primary tumors 
(P ≤ 0.004, t test). Moreover, when the p19Arf transcript level in each 
DIT was compared directly against the level measured in its ante-
cedent primary tumor, DIT transcript levels were decreased at least 
2-fold in all 9 primary-relapse pairs and were decreased at least 
8-fold in 8 of 9 cases.

Immunoblotting performed on a subset of primary-relapse pairs 
demonstrated that relative p19Arf protein levels approximated rela-
tive transcript levels determined with our PCR assay (Figure 4D). 
In aggregate, these data provide strong evidence that tumor escape 
involves selective pressure favoring downregulation of p19Arf expres-
sion levels. In turn, this suggests that signaling through p19Arf is 
at least partly functional in the majority of primary tumors, even 
those tumors that express relatively low levels of p19Arf protein. 

Table 2
Lack of aneuploidy in Ink4a/Arf-deficient mammary tumors

Tumor	host	genotype	 Aneuploid	tumors
FVB WT
 Primary 0 of 5
 Relapsed 0 of 2
 Total 0 of 7 (0%)
p53-deficient
 Primary (+/–) 1 of 6
 Primary (–/–) 1 of 1
 Total 2 of 7 (29%)
Ink4a/Arf-deficient
 Primary (+/–) 0 of 8
 Relapsed (+/–) 0 of 5
 Primary (–/–) 0 of 6
 Relapsed (–/–) 0 of 3
 Total 0 of 29 (0%)

Mammary tumors arising in MTB/TWNT mice of the indicated genotypes 
were analyzed for DNA content to determine ploidy. A subset of p53-defi-
cient tumors were aneuploid, as expected, whereas Ink4a/Arf-deficient 
tumors were significantly less likely to be aneuploid (P ≤ 0.01, χ2 test). 
Ink4a/Arf-deficient tumors, like wild-type tumors, were uniformly diploid.
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Consistent with this notion,  low absolute p19Arf  levels  impart 
potent tumor suppression during early lymphomagenesis in the 
Eμ-Myc mouse model (33). In our work, the reductions in p19Arf 
transcript levels observed in DITs versus primary tumors was larger 
(>10-fold, on average) than might have been expected based on the 
degree of Ink4a/Arf LOH detected in relapses by Southern analysis 
(<2-fold reduction in wild-type Ink4a/Arf alleles, on average), sug-
gesting that a gene silencing mechanism may contribute to the 
decreased p19Arf expression accompanying tumor escape.

Ink4a/Arf-deficient tumors lack gross genomic instability. We considered 
whether gross genomic instability might contribute to rapid tumor 
escape. Previously, we performed DNA content analysis on prop-
idium iodide–stained nuclei from Wnt-initiated mammary tumors 
and found that all tumors that retained a wild-type p53 allele were 
diploid. In contrast, a subset of tumors harboring p53-null cells, 
whether null via germline inheritance or null via a somatic LOH 
event, showed aneuploidy, consistent with p53’s proposed role in 
genome maintenance. Notably, the presence of aneuploidy in pri-
mary tumor samples was poorly predictive of early relapse follow-
ing Dox withdrawal, arguing that aneuploidy played no causal role 
in tumor escape (15). Here, we analyzed DNA content in tumors 
derived from mice that varied in their Ink4a/Arf genotype together 
with tumors derived from a contemporaneous p53-deficient cohort. 
As before, we detected aneuploid tumor cell populations in a subset 

of the MTB/TWNT mammary tumors that arose in p53-deficient 
mice. In contrast, all tumors examined that arose in Ink4a/Arf-defi-
cient mice, including both Dox-dependent primary tumors and 
DITs, were diploid (Table 2). It should be noted that aneuploidy is 
but one measure of genomic instability. Nonetheless, our data are 
consistent with work from other groups that documents normal 
ploidy in primary tumors and cell lines derived from Ink4a/Arf-defi-
cient mice (34, 35), and our new findings strengthen our previous 
argument that aneuploidy is dispensable for tumor escape in the 
context of tumor suppressor pathway lesions.

p19Arf deficiency, but not p16Inka deficiency, promotes oncogene-inde-
pendent relapse. In principle, Ink4a/Arf deficiency might promote 
relapse by disabling the Rb pathway (via p16Ink4a deficiency), the 
p53 pathway (via p19Arf deficiency), or both (28). Accordingly, we 
examined prospectively whether the individual tumor suppressors 
encoded at the Ink4a/Arf locus differed in their ability to suppress 
tumor escape by introducing gene-specific targeted null alleles 
(34, 36) into our model, thereby generating cohorts consisting of 
MTB/TWNT mice and monotransgenic controls that varied either 
in their inherited p16Ink4a gene dosage or their p19Arf gene dosage.

Analysis of Kaplan-Meier tumor-free survival curves revealed 
that p16Ink4a deficiency accelerated primary mammary tumori-
genesis in a manner that was statistically significant but clinically 
modest (P ≤ 0.024 for p16Ink4a–/– versus p16Ink4a+/+ cohorts, log-rank 

Figure 5
Mammary tumorigenesis and relapse in p16Ink4a-deficient and p19Arf-deficient mice. (A) Rates of primary tumorigenesis. In separate crosses, 
Ink4a/Arf alleles that were specifically null for either p16Ink4a or p19Arf were introduced into the MTB/TWNT model. In this way, cohorts of MTB/
TWNT mice were generated that varied only in p16Ink4a (left) or p19Arf (right) gene dosage. Mice from the separate p16Ink4a-deficient and p19Arf-
deficient crosses that inherited 2 wild-type Ink4a/Arf alleles were pooled into 1 p16/p19+/+ control cohort. Mice began chronic Dox treatment 
beginning at 5 weeks of age and were monitored twice weekly for mammary tumors. (B) Rates of Dox-independent relapse. Mice harboring 
biopsy-confirmed mammary tumors were subjected to Dox withdrawal and monitored during periods of tumor regression, remission, and relapse. 
Relapse-free survival for each cohort was plotted as a function of time, with the day of Dox withdrawal taken as time 0. (C) Tumor histology. 
Photomicrographs of H&E-stained sections derived from representative primary-relapse tumor pairs. Scale bar: 50 μm.
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test; tumors accrued in 50% of mice by 108 days in the null cohort 
versus 159 days in the wild-type cohort). Any acceleration of pri-
mary tumorigenesis imparted by p19Arf nullizygosity appeared 
more modest still and did not achieve statistical  significance  
(P ≤ 0.24; Figure 5A). Our cohort of p19Arf-null mice (n = 18) was 
smaller than our cohort of p16Ink4a-null mice (n = 27), which may 
account for detection of a statistically significant acceleration of 
mammary tumorigenesis (versus wild-type) in the latter, but not 
the former, cohort. As yet, we cannot explain why an isolated defi-
ciency in either p16Ink4a or p19Arf modestly accelerated mammary 
tumorigenesis, whereas combined Ink4a/Arf deficiency had no 
impact (Figure 3A).

Notably, isolated p19Arf deficiency resembled combined Ink4a/Arf 
deficiency by strongly promoting tumor escape. Tumors in each 
cohort initially regressed upon Dox withdrawal. However, whereas 
wild-type mice rarely harbored clinically detectable tumor at maxi-
mum response, decreased p19Arf gene dosage led to an increased 
fraction of tumors leaving a measurable tumor remnant (Table 1).  
As before,  in the absence of  inherited tumor suppressor gene 
lesions, tumors relapsed only after a sustained disease-free interval, 
and relapses typically displayed adenocarcinoma histology in this 
context; only 1 of 6 p16Ink4a/p19Arf+/+ DITs displayed morphologic 
hallmarks of an EMT. In contrast, tumors arising in p19Arf–/– mice 
relapsed more frequently and more rapidly (Figure 5B). Indeed, 
relapses arose in the p19Arf–/– cohort at a rate comparable to that 
previously determined for the Ink4a/Arf–/– cohort, which addition-
ally lacked p16Ink4a; in both null cohorts, relapses arose in a major-
ity of mice within 30 days of Dox withdrawal (compare Figure 3B 
and Figure 5B). In keeping with the notion that p19Arf suppresses 
mammary tumor relapse by acting through p53, p19Arf-deficient 
DITs were significantly more likely than wild-type DITs to display 
EMT histology (11 of 11 p19Arf+/– DITs, P < 1 × 10–3; 4 of 5 p19Arf–/– 
DITs, P < 0.05, χ2 test), and p19Arf-deficient DITs were morphologi-
cally indistinguishable from p53-deficient DITs (Figure 5C).

In stark contrast, isolated p16Ink4a deficiency failed to promote 
tumor escape. Like wild-type tumors, p16Ink4a-deficient tumors 
consistently  regressed  completely  following  Dox  withdrawal 
(Table 1). Furthermore, isolated p16Ink4a deficiency failed to acceler-
ate relapse. If anything, p16Ink4a-deficient cohorts showed modestly 
prolonged relapse-fee survival when compared with the wild-type 
control cohort (Figure 5B), though these trends were not statisti-
cally significant. We conclude that p19Arf is the primary Ink4a/Arf-
encoded effector suppressing mammary tumor escape.

Discussion
Elucidating routes to transgene-independent tumor escape in 
reversible murine tumor models may provide insights into the 
genetic determinants driving tumor progression and treatment 
resistance in human cancers (37). Since breast carcinogenesis typi-
cally involves disruption of canonical tumor suppressor pathways, 
we examined how defined genetic lesions in the p53 and Rb path-
ways impact on the rate and mode of tumor escape in a reversible 
mouse mammary tumor model. We find that disabling the Ink4a/
Arf locus compromises relapse-free survival in an in vivo model of 
targeted therapy by facilitating oncogene-independent mammary 
tumor escape. Furthermore, the primary Ink4a/Arf-encoded sup-
pressor of mammary tumor escape is p19Arf, a protein known to 
relay aberrant oncogenic signals to p53.

Wnt pathway inhibitors, though under development, have not 
yet entered clinical practice (38), and the evidence that aberrant 

Wnt pathway activation drives growth of human breast cancer 
largely remains limited to in vitro studies (39). Therefore, the con-
clusions from our mouse studies cannot be translated in any direct 
way to the clinical arena. Still, by focusing on the Wnt pathway, 
our study benefited from the detailed molecular characterization 
of the Wnt cascade, which provided a framework for identifying 
pathway reactivation and β-catenin “rescue” mutations in relapsed 
tumors. Aberrant Wnt transgene expression and aberrant β-catenin 
transcripts were identified in relapsed tumors in a mutually exclu-
sive manner, suggesting that either of these mechanisms acting 
alone provided sufficient oncogenic Wnt signaling for rescue of 
tumor maintenance and growth. In addition to adding compelling 
support for the notion that Wnt1 drives mammary tumorigenesis 
through activation of the canonical Wnt/β-catenin pathway, our 
findings highlight a potential drawback to blocking upstream sig-
naling events with targeted agents by demonstrating that down-
stream rescue mutations indeed can drive relapse in vivo.

When and how rescue mutations arose in our model remains unde-
fined, but aberrant β-catenin transcripts were detected exclusively in 
relapsed tumors and not in antecedent primary tumors, indicating 
that oncogene withdrawal and tumor regression ultimately selected 
for expansion of tumor cell clones harboring rare somatic lesions. 
Our findings support efforts to discover rescue mutations driving 
relapse in breast cancer patients that acquire resistance during tar-
geted therapy. Because the key downstream molecular transducers 
of ER- and HER2-dependent signaling remain in doubt, candidate 
gene approaches may not suffice; instead, identifying rescue muta-
tions in clinical specimens may require unbiased genome-wide DNA 
sequence comparisons between cancer samples obtained both before 
and after resistance emerges.

Neither  combined  Ink4a/Arf  deficiency  nor  isolated  p19Arf 
deficiency provided dramatic acceleration of primary Wnt path-
way–initiated mammary tumorigenesis. These findings contrast 
with  transgenic  analyses  of  Myc-initiated  lymphoma,  where 
either Ink4a/Arf deficiency or isolated p19Arf deficiency dramati-
cally accelerated primary tumor onset (13, 40, 41). Notably, even 
introducing a single null Ink4a/Arf allele accelerated Myc-initiated 
lymphomagenesis, and lymphomas generated in Ink4a/Arf+/– mice 
invariably were rendered functionally null via LOH, whereas mam-
mary tumors arising in Ink4a/Arf+/– mice in our study routinely 
retained the wild-type allele. Likewise, both Ras-initiated melano-
mas (42) and pancreatic cancers (43) are accelerated when either 
Ink4a/Arf-encoded gene product is deleted, and this is especially 
so in the setting of combined Ink4a/Arf deficiency. Differences in 
the transgenes (Wnt vs. Myc/Ras) and/or tissues analyzed in each 
study may explain the distinct consequences of Ink4a/Arf loss in 
these models. In other studies, Ink4a/Arf deficiency failed to accel-
erate ErbB2 transgene–initiated mammary tumorigenesis (44), and 
p19Arf deficiency failed to accelerate tumor onset and growth in 
a transgene-induced choroid plexus tumor model (45). Our data 
further support the conclusion that p19Arf has a limited role in 
suppressing tumor onset in some tissues.

Nonetheless, disabling either the Ink4a/Arf locus or p19Arf alone 
mirrored p53 deficiency by promoting oncogene-independent 
tumor relapse and EMT. Our findings thereby implicate p19Arf in 
p53-mediated suppression of mammary tumor escape. p53 repre-
sents a highly networked node that integrates diverse intracellular 
stress signals, including those triggered by DNA damage, hypoxia, 
and inappropriate oncogenic signaling (46). p19Arf is known to 
relay oncogenic stress signals to p53 (28), which supports our 
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conclusion that p19Arf acts in the p53 pathway to suppress tumor 
escape and suggests a link between mammary tumor relapse and 
defective sensing of aberrant mitogenic signals. Others have used 
reversible tumor models to show that p53 blocks tumor escape 
in part by inhibiting angiogenesis and enforcing cell senescence 
(16, 47). Whether suppression of escape via one or both of these 
mechanisms requires upstream signaling to p53 through p19Arf 
remains to be determined.

Gross genome instability appears dispensable for the mode of 
tumor escape favored in the context of p19Arf/p53 pathway com-
promise. We previously found that the presence of aneuploidy in 
p53-deficient primary tumors was poorly predictive of the duration 
of remission following Dox withdrawal, contrary to our expecta-
tion (15). Here, we demonstrate that Ink4a/Arf deficiency fails to 
promote gross aneuploidy in either primary or relapsed mammary 
tumors yet imparts a propensity toward EMT-associated relapse 
mirroring  that  imparted  by  p53  deficiency.  Determination  of 
ploidy is but one relatively insensitive means of detecting genomic 
instability. Still, these results again recall careful studies of trans-
gene-induced choroid plexus tumors, wherein genomic instability 
associated with p53 loss was shown to be dispensable for disease 
progression from focal dysplasia to solid, angiogenic tumors (48).

Lowe and coworkers showed that Ink4a/Arf deficiency promoted 
cyclophosphamide-resistant relapse of transgene-induced murine 
lymphomas by disabling a p16Ink4a-mediated senescence program 
(13). p16Ink4a was essential for achieving a durable remission follow-
ing cyclophosphamide treatment, whereas p19Arf was dispensable, 
since p19Arf loss did not shorten chemotherapy-induced remissions. 
Our analysis of a genetic model of targeted therapy yielded precisely  
inverse findings: p19Arf was required for (and p16Ink4a dispensable 
for) sustained regression of mammary tumors following abroga-
tion of oncogenic Wnt signaling. This discrepancy may arise from 
studying distinct tumor types (Myc-initiated lymphomas versus 
Wnt-initiated mammary tumors). Alternatively, the discrepancy 
may derive from differences in the cellular stress-response mecha-
nisms elicited by cytotoxic agents versus targeted agents. In keep-
ing with this latter explanation, the antileukemic response associ-
ated with targeted BCR-ABL inhibition is profoundly limited by 
p19Arf deficiency in a mouse model (49). Likewise, p53 deficiency 
imparts resistance to targeted therapy in the context of BCR-ABL–
induced leukemias (50), and our results imply that this resistance 
may stem from p19Arf/p53 pathway compromise alone, without a 
need for additional perturbations in p16Ink4a function.

Relapsed tumors arising in the context of p53 and Ink4a/Arf defi-
ciency bore molecular hallmarks of EMT that have been identi-
fied in a subset of human breast cancers, namely overexpression of 
Snail with associated repression of E-cadherin transcription (24, 25). 
Interestingly, lesions affecting the Ink4a/Arf locus were linked pre-
viously to progression of murine skin cancers toward a poorly dif-
ferentiated spindle cell histology (36, 51). Since E-cadherin binds 
to and sequesters β-catenin at adherens junctions, Snail-mediated 
repression of E-cadherin might be expected to liberate a signaling-
competent pool of β-catenin, triggering Wnt pathway reactivation 
(52). However, most EMT-associated relapses characterized in our 
study expressed Wnt target genes at low or undetectable levels, 
arguing against robust Wnt pathway activation in these tumors. 
Alternatively, Snail may provide a generic survival signal when 
overexpressed, as proposed by others (53), and this may enable a 
critical tumor cell subpopulation to withstand varied metabolic 
stresses, including those associated with targeted disruption of 

diverse oncogenic signals. Consistent with this latter view, Snail 
overexpression was sufficient to promote EMT-associated relapse 
in another reversible tumor model in which mammary tumori-
genesis was initiated by conditional expression of a distinct onco-
gene, activated Neu (54). Therefore, EMT may represent a common 
mode of mammary tumor progression that promotes resistance to 
targeted therapy by fostering oncogene-independent survival of a 
key subset of tumor cells.

By demonstrating that lesions upstream in the p19Arf/p53 path-
way enable oncogene-independent tumor escape, our findings sug-
gest an opportunity to enhance targeted therapy directed against 
the substantial fraction of human breast cancers that retain wild-
type p53 (55). Since p19Arf activates p53 in part by interfering with 
the mdm2-mediated p53 degradation (46), drugs capable of dis-
rupting mdm2-p53 binding, such as nutlins (56), may reactivate 
p53 in a subset of breast cancers and thereby synergize with target-
ed agents by restoring p53-mediated suppression of tumor escape.

Methods
Transgenic mice and tumors. Mice were maintained under specific pathogen–
free conditions in the Pennsylvania State University College of Medicine 
rodent facility. All experimental protocols were approved prospectively 
by the Pennsylvania State University College of Medicine’s Institutional 
Animal Care and Use Committee–affiliated review board. Mice harboring 
the p53-null (Trp53tm1Tyj) allele were obtained from the Jackson Laboratory. 
Mice harboring the Ink4a/Arf-null (Cdkn2atm1Rdp), p19Arf-null (Cdkn2atm1Cjs), 
and p16Ink4a-null (Cdkn2atm2.1Rdp) alleles were obtained from the Mouse 
Models of Human Cancer Consortium (National Cancer Institute). Alleles 
generated by gene targeting were crossed 10 or more generations into an 
FVB/N background before crosses were performed to generate experimen-
tal cohorts. Procedures for generating, genotyping, and monitoring mouse 
cohorts as well as protocols for Dox treatment and biopsy of tumors were 
described previously (15). Mice harboring null tumor suppressor alleles 
developed lymphomas and sarcomas at the expected frequencies (data 
not shown), but extramammary tumors arose after latency periods that 
typically permitted analysis of mammary tumor incidence, regression, 
and relapse. When morbidity associated with an extramammary tumor 
required sacrificing a mouse mid-experiment, that end point was con-
sidered a censored event in the generation of mammary tumor-free and 
relapse-free survival curves.

Transgene expression was induced beginning at 5–6 weeks of age either 
by replacing normal drinking water with 5% sucrose containing 2 mg/ml 
Dox or by replacing standard mouse chow with chow impregnated with 
2 g/kg Dox (BioServe). Mice were inspected for tumors twice weekly, and 
tumors were biopsied when they reached 1–1.5 cm in diameter. Tumor-
bearing mice were subjected to Dox withdrawal 2–3 weeks after biopsy to 
trigger tumor regression.

Nucleic acid hybridization and probes. Total RNA isolation and Northern 
hybridization were performed as described previously (57). Blots contain-
ing 5–10 μg of RNA from snap-frozen mammary glands and tumors were 
hybridized to cDNA probes generated by RT-PCR. The primer pairs were as 
follows: β-actin, forward 5′-TGAGACCTTCAACACCCCAG-3′ and reverse 
5′-TGAGACCTTCAACACCCCAG-3′;  Axin2,  forward  5′-CCGAGCT-
CATCTCCAGGC-3′  and  reverse  5′-GGACAGAGGCAGCGGACTC-3′; 
Cyclin D1, forward 5′-ACCCTGACACCAATCTCCTCAAC-3′ and reverse 
5′-TGCTTGTTCTCATCCGCCTCTG-3′;  Lef1,  forward  5′-CCCAT-
CATATGATTCCTGG-3′ and reverse 5′-GTCGACTCCTGTAGCTTC-3′; 
Mitf,  forward 5′-ATACAGTCACTACCAGGTGCAGACC-3′ and reverse 
5′-CAAGTTTCCAGAGACGGGTAACG-3′;  Snail,  forward  5′-GTGTG-
GAGTTCACCTTCCA-3′ and reverse 5′-TATCTCTTCACATCCA-3′; Sox10, 
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forward 5′-TGTGTGCCCTGCTCCTCATCAG-3′ and reverse 5′-GGCAGC-
GATGTGTTACATGTGG-3′. After subcloning, the identity of each probe 
was confirmed by DNA sequence analysis. Southern hybridization to detect 
p53 and Ink4a/Arf alleles were performed as described previously (27, 31).

Amplification and sequencing of β-catenin and p53 alleles. First-strand cDNA 
and genomic DNA were prepared from frozen tumor samples using stan-
dard methods. We employed published strategies for PCR-based amplifi-
cation and sequencing of endogenous β-catenin and p53 alleles (23). DNA 
sequencing was performed using an ABI model 3100 DNA sequencer 
(Applied Biosystems).

Detection of p19Arf transcript and protein. For quantitative RT-PCR, first-
strand synthesis was carried out on 4 μg of total, tumor-derived RNA 
using the Invitrogen First Strand Synthesis Kit and the oligo-dT primer. 
Aliquots of the resulting cDNA (3 μl for p19Arf, 1 μl for β-actin) were used 
in quantitative PCR reactions performed using the Stratagene Brilliant 
Core Reagent Kit for quantitative PCR. Primers for p19Arf (5′-CGGAAC-
GCAAATATCGCAC-3′ and 5′-TGAGGCTAGAGAGGATCTTGAGA-3′) 
were used at a final concentration of 300 nmol, and the probe 5′-/5HEX/
CCGCACCGGAATCCTGGACC/3BHQ_1/-3′ was used at a final concen-
tration of 250 nmol per reaction. Primers for β-actin (5′-AAGAGCTAT-
GAGCTGCCTGA-3′ and 5′-ACGGATGTCAACGTCACACT-3′) were used 
at a final concentration of 150 nmol, and the probe 5′-/6FAM/CACTATT-
GGCAACGAGCGGTTCCG/BHQ_1/-3′ was used at a final concentration 
of 250 nmol per reaction. All reactions were performed in a Stratagene 
MX4000 using a 3-step cycle (95°C denature, 55°C anneal, and 72°C 
extend). Representative quantitative RT-PCR products were run on agarose 
gels to confirm product size, then gel was isolated and sequenced to con-
firm the identity of the p19Arf and β-actin amplification products. Relative 
p19Arf mRNA levels were calculated using fold induction = 2–ΔΔCt, with val-
ues normalized against β-actin and calibrated using the mean level of p19Arf 
transcripts detected in the set of Ink4a/Arf+/+ primary tumor samples as the 
reference value for fold induction.

p19Arf immunoblotting was performed on 50 μg of tumor-derived protein 
run on a 12% Bis-Tris gel (Invitrogen) in Mops running buffer. After mem-
brane transfer, equal protein loading was confirmed by Ponceau staining, 
and membranes were probed with rabbit polyclonal anti-p19Arf primary 

antibody (ab80, used at 1:500 dilution; Abcam), followed by an anti-rabbit 
HRP secondary antibody (A0545, used at 1:25,000 dilution; Sigma-Aldrich). 
Amersham ECL Plus (RPN2132) was used for chemiluminescence.

Analysis of tumor ploidy. The ploidy of snap-frozen tumor tissue was deter-
mined by performing propidium iodide staining of nuclei released in hypo-
tonic lysis buffer as described previously (15). A total of 20,000 events per 
tumor sample were generated using a FACScan flow cytometer and ana-
lyzed using the ModFit software package (Verity Software House).

Statistics. Statistical  tests were applied using the GB-Stat software 
package (Dynamic Microsystems). P values of ≤ 0.05 were considered 
significant for rejection of the null hypothesis. The 2-tailed version of 
Student’s t test was used.
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