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Mutation and loss of function in p53 are common
features among human breast cancers. Here we use
BALB/c-Trp53�/� mice as a model to examine the
sequence of events leading to mammary tumors.
Mammary gland proliferation rates were similar in
both BALB/c-Trp53�/� mice and wild-type controls.
In addition, sporadic mammary hyperplasias were
rare in BALB/c-Trp53�/� mice and not detectably dif-
ferent from those of wild-type controls. Among the 28
mammary tumors collected from BALB/c-Trp53�/�

mice, loss of heterozygosity for Trp53 was detected in
more than 90% of invasive mammary tumors. Trans-
plantation of Trp53�/� ductal hyperplasias also indi-
cated an association between loss of the wild-type
allele of Trp53 and progression to invasive carcino-
mas. Therefore, loss of p53 function seems to be a
rate-limiting step in progression. Moreover, expres-
sion of biomarkers such as estrogen receptor � , pro-
gesterone receptor, Her2/Neu, and activated Notch1
varied among mammary tumors, suggesting that mul-
tiple oncogenic lesions collaborate with loss of p53
function. Expression of biomarkers was retained
when tumor fragments were transplanted to synge-
neic hosts. Tumors expressing solely luminal or basal

keratins were also observed (27 and 11%, respectively),
but the largest class of tumors expressed both luminal
and basal keratins (62%). Overall, this panel of trans-
plantable tumors provides a resource for detailed eval-
uation of the cell lineages undergoing transformation
and preclinical testing of therapeutic agents target-
ing a variety of oncogenic pathways including can-
cer stem cells. (Am J Pathol 2010, 176:1421–1432; DOI:

10.2353/ajpath.2010.090438)

Compromised function of the p53 tumor suppressor path-
way remains among the most common alterations found
in cancers.1,2 Although disruption of p53 function predis-
poses to a broad spectrum of malignancies, the breast
epithelium seems exquisitely sensitive to proper p53
function. Polymorphisms in MDM2, CHK2, and ATM alter
the stability and activity of p53 and have been linked to
breast cancer risk in women. The activity of p53 has also
been shown to be responsive to hormones in rodent
models.3–5 Exogenous estrogen and progesterone are
sufficient to render the mammary epithelium resistant
to carcinogen-induced tumors, mimicking the protec-
tive effect afforded by a full-term pregnancy,6 and the
p53 pathway participates in the hormone-induced pro-
tection.7,8 Furthermore, breast cancer is the most prev-
alent tumor among women with Li-Fraumeni syndrome,
which is most commonly associated with heterozygous
mutations in TP53.9–11 Reduced dosage of the p53
gene has been associated with haploinsufficiency with
respect to levels of p53 protein and activity, cell cycle
arrest, apoptosis, and homology-directed DNA re-

Supported by grants from the National Institutes of Health (R01-
CA095164, R01-CA105452, and R01-ES015739 to D.J.J.).

Accepted for publication November 5, 2009.

Current address of A.C.B.: John Curtin School of Medical Research,
Australian National University, Canberra ACT 0200, Australia.

Address reprint requests to D. Joseph Jerry, Ph.D., Veterinary & Ani-
mals Science, 661 North Pleasant St., Integrated Sciences Bldg., Univer-
sity of Massachusetts, Amherst, MA 01003-9286. E-mail: jjerry@vasci.
umass.edu.

The American Journal of Pathology, Vol. 176, No. 3, March 2010

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2010.090438

1421



pair.12–14 Therefore, the level of p53 activity is a critical
regulator of tumor suppressor pathways and breast
cancer risk.

The mechanisms by which p53 suppresses tumors
are diverse. The roles of p53 in mediating cell cycle
arrest and apoptosis have been described extensi-
vely.15 More recently, the activities of p53 have been
expanded to include regulation of DNA repair, senes-
cence, autophagy, cellular metabolism, and microRNA
processing.16–21 In addition, loss of p53 was shown to
permit expansion of the pool of pluripotent embryonic
stem cells22,23 and cancer stem cells.23–25 The activi-
ties of p53 that are critical for suppression of tumors
vary among tissues. In the thymus, the proapoptotic
activity of p53 was necessary to suppress lymphomas,
whereas the cell cycle checkpoint function was dis-
pensable.26 In contrast, senescence is the principal
pathway leading to regression of liver tumors after
restoration of p53 function27 and seems to be the
prominent pathway in sarcomas as well.28 Among the
known breast cancer susceptibility genes there is a
convergence of function highlighting the central role of
homology-directed repair of DNA double-strand breaks in
breast cancer risk.29 Thus, fidelity of double-strand break
repair may be a critical pathway controlled by p53 in
breast tissue.

The sequential changes that occur in normal tissue
and in premalignant mammary lesions as a consequence
of heterozygous mutations in TP53 provide clues to the
mechanisms that initiate the carcinogenic cascade as
well as the cellular origins of breast cancer. Although it is
difficult to monitor sequential changes in human breast
cancers, spontaneous mammary tumors are common in
BALB/c-Trp53�/� female mice,30,31 providing a model to
examine the sequence of phenotypic and genetic alter-
ations during mammary tumorigenesis. Using this model,
we demonstrate that heterozygosity for Trp53 does not
increase proliferation of the epithelium or the incidence of
precancerous lesions. However, loss of the wild-type al-
lele of Trp53 was associated with the transition from
hyperplastic to invasive phenotypes. In a set of 28 spon-
taneous tumors, histological phenotypes and expression
of oncogenes were heterogeneous. The majority of tu-
mors expressed markers of both luminal and basal epi-
thelia (62%), suggesting that progenitor cells are the
most common origin. However, significant numbers of
tumors expressed purely luminal keratins (27%) or basal
keratins (11%). Although distinct patterns of keratins
were observed, stem cell markers were expressed simi-
larly in tumors with only keratins associated with luminal
cells (K8/18) as well as tumors expressing both luminal
and basal cell keratins (K8/18 and K5/6). Therefore, it
seems that tumors arise most frequently from progenitor
cells, which then commit toward more differentiated lin-
eages during progression. Lineage decisions were not
associated with specific activation of either Notch1 or
Her2. Because tumor phenotypes were stable after trans-
plantation, this panel of tumors can be used to speed
preclinical testing of chemotherapeutic agents.

Materials and Methods

Mice

BALB/c-Trp53�/� mice were generated as described
previously,32 by backcrossing (C57BL/6 � 129/Sv)
Trp53�/� mice onto the BALB/cMed strain for 11 gener-
ations. Mice were genotyped by multiplex PCR as de-
scribed previously.33 BALB/c-Trp53�/� and Trp53�/�

mice were monitored weekly for tumor development or
morbidity and were palpated for mammary tumors. Nine-
ty-seven virgin female BALB/c-Trp53�/� mice and 30
Trp53�/� mice were included in the study.

Estrous Stage Determination

Stages of estrus were determined by cytological evalua-
tion of vaginal smears. Vaginal smears of adult female
nulliparous mice aged 35 to 37 weeks were taken daily.
Once the estrous stages were determined, mice were
injected intraperitoneally with 30 �g of 5-bromo-2-de-
oxyuridine (BrdU) (Sigma-Aldrich, St. Louis, MO)/g b.wt.
and sacrificed 2 hours later. Mammary glands were iso-
lated and processed for immunohistological analysis.

Mammary Gland Whole Mounts

Mammary glands were removed and spread on glass
slides and fixed in Carnoy’s fixative (60% ethanol, 30%
chloroform, and 10% glacial acetic acid) for 3 hours. The
glands were washed in 70% ethanol for 15 minutes fol-
lowed by a brief rinse in distilled water. The tissues were
then stained in carmine alum solution (1 g of carmine and
2.5 g of aluminum potassium sulfate/500 ml of water) at
4°C overnight. The tissue was dehydrated by soaking it in
a series of solutions with increasing concentrations of
ethanol (70 to 100%), washed in xylene twice, and
mounted on a slide.

Isolation and Culture of Transplantable
Mammary Tumor Cells

For transplantable tumor fragments, each mammary tu-
mor from BALB/c-Trp53�/� mice was minced and frozen
in Dulbecco’s modified Eagle’s medium (DMEM):F12 with
10% fetal bovine serum, 7% dimethyl sulfoxide following
a general cell-freezing method and kept in liquid nitro-
gen. To isolate tumor cells, mammary tumors were re-
moved from mice, rinsed in PBS, minced, and incubated
3 hours at 37°C in medium containing DMEM:F12 sup-
plemented with 25 mmol/L HEPES, 1.2 g/L NaHCO3, 10
�g/ml insulin, 5 ng/ml epidermal growth factor, 2% adult
bovine serum, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, 0.25 �g/ml amphotericin B, and 0.2% collagenase
type 3 (Worthington 4182, 223 U/mg, Worthington Bio-
chemicals, Freehold, NJ). After dissociation and centrif-
ugation, cells were grown in DMEM:F12 containing 2%
adult bovine serum, 10 �g/ml insulin, 5 ng/ml epidermal
growth factor, 100 U/ml penicillin, 100 �g/ml streptomy-
cin, and 0.25 �g/ml amphotericin B. The cells were
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expanded for six passages before freezing in liquid
nitrogen.

Transplantation of Mammary Hyperplasias,
Tumor Fragments, and Tumor Cell Lines

Procedures for transplantation of tissues into cleared
mammary fat pads have been described previously.34 In
brief, 21- to 24-day old BALB/c wild-type females were
used as transplant recipients. The endogenous mam-
mary epithelium was surgically removed from the fourth
inguinal glands to provide a cleared mammary fat pad.
Fragments of PH1b and PH2 hyperplastic outgrowth
lines35 or spontaneous mammary tumors were inserted
into the cleared mammary fat pads. Tumor cell lines were
injected (5 � 105 cells in 10 �l of saline) into each cleared
fat pad. Mice were palpated 3 times/week to monitor for
tumor development. To test hormone dependence, tumor
fragments were transplanted into recipients, which were
then ovariectomized when tumors were palpable.

Histology and Immunohistochemistry

All collected tissues were fixed overnight at 4°C in 10%
neutral-buffered formalin and then were stored in 70%
ethanol until they were embedded in paraffin. Sections
(4-�m-thick) were deparaffinized in xylene and then were
hydrated through a series of graded ethanol. The sec-
tions used for histopathological evaluation were stained
with H&E. Immunohistochemical staining was performed
using an EnVision� System/HRP kit (DakoCytomation,
Carpenteria, CA) after antigen retrieval. The antibodies
used were anti-estrogen receptor (ER) � (1:200, MC 20,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-
progesterone receptor (PR) (1:50, C-19, Santa Cruz Bio-
technology, Inc.), and anti-mouse cytokeratin 6 (1:5000,
PRB-169P, Covance, Berkeley, CA). BrdU staining was
performed using a BrdU staining kit (Invitrogen, Carls-
bad, CA). Immunofluorescence staining followed pub-
lished procedures.36 In brief, hydrated slides were boiled
in sodium citrate (10 mmol/L) for 15 minutes. After the
slides cooled, they were incubated in blocking buffer (5%
bovine serum albumin-0.5% Tween 20 in PBS) for 1 hour
under room temperature. Then the slides were incubated
in primary antibodies, anti-cytokeratin 5 (1:8000, PRB-
160P, Covance), and anti-cytokeratin 8/18 (1:400, GP11,
Progen Biotechnick, Heidelberg, Germany) in a humid
chamber at room temperature overnight. After a series of
washing steps, Texas Red- or Cy2-conjugated second-
ary antibodies (1:200, Jackson ImmunoResearch Labo-
ratories, West Grove, PA) and 4,6-diamidino-2-phenylin-
dole (1 �g/ml, Sigma-Aldrich) was added to the samples
for 1 hour under room temperature. Slides were mounted
in mounting media (2.5% Dabco-50 mmol/L Tris-HCl, pH
8.0–90% glycerol) and sealed with clear nail polish.

Trp53 Genotyping and Loss of Heterozygosity

Loss of heterozygosity (LOH) at Trp53 in hyperplastic
outgrowths and tumors was determined by Southern blot-

ting as described previously.37 The epithelium in hyper-
plastic outgrowths (PH1b and PH2) was enriched by
digestion in DMEM:F12 supplemented with 25 mmol/L
HEPES, 1.2 g/L NaHCO3, 10 �g/ml insulin, 5 ng/ml epi-
dermal growth factor, 2% adult bovine serum, 100 U/ml
penicillin, 100 �g/ml streptomycin, 0.25 �g/ml amphoter-
icin B, and 0.2% collagenase type 3 (223 U/mg), as
described for cell lines, followed by centrifugation.
Genomic DNA was extracted from the enriched epithelial
pellet. For tumors, DNA was extracted directly from fro-
zen tissue. Genomic DNA was digested with StuI and
EcoRI. Southern blots were hybridized with a probe span-
ning exons 7 to 9 of the Trp53 gene. The intensity of the
wild-type and null bands was quantified using a Phos-
phorImager (Cyclone, Packard Bioscience, Boston MA)
and OptiQuant software. The ratios of wild-type/null band
hybridization values were calculated. Loss of the wild-
type allele was defined as the ratio of wild-type/null al-
leles �0.5.

Western Blot

Flash-frozen tissues were homogenized in buffer (50
mmol/L Tris, 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L
sodium vanadate, 10 mmol/L sodium fluoride, 10 mmol/L
�-glycerol phosphate, and 1� protease inhibitor [P8340,
Sigma-Aldrich]) using 200 �l of buffer/50 mg of tissue.
The protein concentration was determined using BCA
reagent (Pierce Chemical, Rockford, IL). Lysates (50 �g)
were separated by 6% gel electrophoresis and electro-
phoretically transferred to nitrocellulose membrane. The
membrane was incubated with anti-Her2/Neu (1:250,
C20, Santa Cruz Biotechnology, Inc.), anti-phospho
Her2/Neu (Tyr1248, 1:1000, Stressgen Bioreagents, Ann
Arbor, MI), anti-Notch1 (1:1000, mN1A, eBioscience, San
Diego, CA), or anti-�-actin (1:1000, A3853, Sigma-Al-
drich), followed by incubation with horseradish peroxi-
dase-conjugated secondary antibodies, and developed
using an enhanced chemiluminescence solution (GE
Healthcare, Little Chalfont, Buckinghamshire, UK).

Isolation of Mammary Gland Organoids

Isolation of mammary gland organoids (enrichment of
epithelium cells) was performed essentially as described
previously.38 In brief, mammary glands were removed
from mice, rinsed in PBS, minced, and incubated on a
shaker for 1 hour at 37°C in medium containing DMEM:
F12 supplemented with 25 mmol/L HEPES, 1.2 g/L
NaHCO3, 5% fetal bovine serum, 100 U/ml penicillin, 100
�g/ml streptomycin, 2 mg/ml collagenase type 3 (223
U/mg), and 100 U/ml hyaluronidase (H3506, Sigma-Al-
drich). After enzyme digestion the fat layer was de-
canted, and the remaining organoids were centrifuged
and washed three times with PBS. The organoid pellets
were subject to RNA extraction immediately after the
washes.
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Figure 1. Mammary gland morphology in BALB/c-Trp53�/� and -Trp53�/� mice. A: Whole mount and H&E staining of mammary glands from 20- to 52-week-old
mice. B: Proliferation of mammary epithelial cells was determined at different estrous phases by BrdU incorporation. The histogram shows the average percentage
of BrdU-positive cells. No significance was detected between the Trp53 genotypes in either stage. At least 2500 epithelial cells were counted per slide for a
minimum of three mice per genotype. C: Hyperplastic foci appeared at low incidence in whole mounts (upper panels, arrow) and with H&E (lower panels)
from Trp53�/� mice. Scale bars: 1 mm (whole mounts); 40 �m (H&E staining); 20 �m (BrdU staining).
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RNA Isolation and PCR Array Analysis

Total RNA from mammary gland organoid and tumor
samples was extracted by QIAzol Lysis Reagent (Qia-
gen, Valencia, CA) and further purified using an RNeasy
Mini Kit (Qiagen). PCR array analysis was performed by
using 1 �g of total RNA of each sample and the RT2

Profiler PCR Array for mouse stem cells (SABiosciences,
Frederick, MD) according to the recommendations of the
manufacturer. Expression levels on each array plate were
normalized using two housekeeping genes: Hprt1 and
Hsp90ab1. Tumor samples were compared with mam-
mary gland organoids from age-matched BALB/c-
Trp53�/� mice. Analysis of �Ct and fold changes was
conducted using the online data analysis tool supported
by the array manufacturer. Genes were considered to be
differentially expressed if the fold change between tumor
and mammary epithelial organoids was �2.5. Genes that
are differentially expressed between the “mixed keratin”
tumors (V06 and V22) and “luminal keratin” tumors (V07
and V14) were selected if the ratio differed by more than
fourfold.

Results

Analysis of Preneoplastic Changes in BALB/
c-Trp53�/� Mammary Tissues

To examine the events during mammary tumorigenesis,
tissues were collected from BALB/c-Trp53�/� and BALB/
c-Trp53�/� nulliparous female mice at 8-week intervals
up to 52 weeks. The overall ductal structure showed no
difference in branching or alveologenesis between the
two groups (Figure 1A). Proliferation rates were also sim-
ilar for both genotypes at 36 weeks (Figure 1B). Sporadic
hyperplastic foci were seen in BALB/c-Trp53�/� mice
(Figure 1C), but the incidence was too low to compare
between the groups. Thus, heterozygosity for Trp53 did
not increase proliferation or the appearance of precan-
cerous lesions.

LOH for Trp53 is observed frequently in breast cancers
and is also observed in 90% of spontaneous mammary
tumors from BALB/c-Trp53�/� mice.37 In this panel, well
differentiated lesions such as mammary intraepithelial
neoplasias (MINs) retained the wild-type allele of Trp53,
whereas poorly differentiated adenocarcinomas had
nearly complete LOH.37 To explore the timing of Trp53
LOH, two transplantable hyperplastic lines (PH1b and
PH2) derived from BALB/c-Trp53�/� mice35 were trans-
planted into cleared mammary fat pads in BALB/c-
Trp53�/� hosts. The PH outgrowths displayed abnormal
ductal morphologies in the recipient glands and later
developed into invasive carcinomas with a latency of 16
to 26 weeks. Despite the Trp53 heterozygous status of
the PH lines, eight of nine of the resulting tumors lost the
wild-type allele of Trp53 (Figure 2). These results sug-
gested that complete loss of Trp53 is not necessary to
establish premalignant lesions such as hyperplasias or
MINs, but LOH is strongly associated with the transition
into invasive tumor.

Pathological and Genetic Alterations Associated
with BALB/c-Trp53�/� Mammary Tumors

We next explored whether mammary tumorigenesis in
BALB/c-Trp53�/� mice follows a restricted set of patho-
logical or molecular pathways. The histological features
of the total 28 spontaneous mammary lesions collected
ranged from intraepithelial neoplasia to invasive carcino-
mas (Figure 3, A–H). Because collections were focused
on large palpable lesions, the majority of tumors were
poorly differentiated invasive ductal adenocarcinomas. A
minority of tumors (2 of 28) underwent transdifferentiation
into adenosquamous carcinoma or had focal squamous
differentiation. A complete summary of tumor character-
istics is provided in Table 1.

Deregulation of ER� and PR expression was observed
during progression of the mammary gland lesions in
BALB/c-Trp53�/� mice. Individual ER�- and PR-positive
cells are distributed in normal ducts throughout Trp53�/�

mammary glands (Figure 4, A–C). An increase in clusters
of ER�- and PR-positive cells was detected in ductal
hyperplasias from BALB/c-Trp53�/� mice (Figure 4,
D–F). Expression of ER� and PR was retained in the
majority of early lesions (MINs; Figure 4, G–I) but lost in
most invasive carcinomas (Figure 4, M–O). In this panel,
3 of 27 malignant tumors were ER��/PR� (Figure 4, J–L).
The expression of ovarian steroid receptors during
tumorigenesis in BALB/c-Trp53�/� mammary tissues
mimics the pattern during progression of human breast
cancers.39

Selected oncogenic alterations may collaborate with
loss of p53 to stimulate progression of tumors in specific
cellular compartments, yielding tumors with distinct phe-
notypes. Her2/Neu expression was examined because
Her2/Neu is commonly overexpressed in human breast
cancers, often in conjunction with mutations in p53.40

Similar to levels in breast cancers, levels of Her2/Neu
protein were elevated in 36% (8 of 22) of the BALB/c-
Trp53�/� mammary tumors. The Her2/Neu protein seemed
to be active because it was phosphorylated (Figure 5).

Figure 2. Loss of heterozygosity during mammary tumorigenesis in BALB/
c-Trp53�/� mice. The proportions of wild-type (WT) and null (NULL) alleles
in tumors were determined by Southern blot hybridization and were com-
pared with the ratios for tail DNAs from mice that were homozygous for the
wild-type allele or heterozygous (Trp53�/� and Trp53�/�, respectively).
Reductions in the wild-type allele below 50% (indicated by the dashed line)
were considered significant loss of heterozygosity. The transplanted ductal
hyperplasias (PH1b and PH2) used for transplantation retained the wild-type
allele at levels equivalent to tail DNA controls. However, tumors developing
from the hyperplasias showed severe loss of heterozygosity in all cases
except for MT6577.
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Although protein levels were elevated, they were not
associated with amplification of the Her2/Neu gene as
determined by Southern blot (data not shown). Recent
findings have suggested that p53 regulates Notch1 re-
ceptor activities, although the effect seems to differ among
tissues.41,42 Activated Notch1 expression was identified in
BALB/c-Trp53�/� mammary tumor (Figure 5). Levels of
activated Notch1 varied among BALB/c-Trp53�/� mam-

mary tumors but were independent of histopathological
types or expression of other biomarkers. These results
reveal the heterogeneous molecular alterations among
mammary tumors from BALB/c-Trp53�/� mice.

Although all mammary tumors exhibited highly invasive
phenotypes, distant metastases were not detected dur-
ing the observation period up to 14 months. The meta-
static potential of these mammary tumors could be

Figure 3. Histological characterization of BALB/c-Trp53�/� mammary lesions. Mammary lesions from BALB/c-Trp53�/� mice showed diverse histological
features including intraepithelial neoplasia (MIN, V05, A) ductal adenocarcinoma (V03, B) adenocarcinoma with acinar morphology (V23, C) adenocarcinoma with
squamous differentiation (V01, D) carcinosarcoma (V08, E) solid sheets of tumors with little stroma (V26, F) adenocarcinoma with strong stromal reaction (V13,
G) and adenocarcinoma with spindle cell feature (V28, H). Scale bars � 20 �m.

Table 1. Features of Spontaneous Mammary Tumors from BALB/c-Trp53�/� Mice

Sample Tumor type Latency (wk)
LOH %
WT/Null PR ER Her2/Neu K8/18 K5 K6

V01 Adenocarcinoma 30 12.6 � � � � � �
V02 Adenocarcinoma 30 Lost null

signal
� � � � � �

V03 Adenocarcinoma 40.7 5.9 � � � � � �
V04 Adenocarcinoma 46.7 8.8 � � � � � �
V05 MIN 47.1 64.9 � � � � � �
V06 Adenocarcinoma 46.3 1.4 � � � � � �
V07 Adenocarcinoma 48.9 7.7 � � NA � � �
V08 carcinosarcoma 49.1 NA � � NA � � �
V09 Adenocarcinoma 42 10.2 � � � � � �
V10 Adenocarcinoma 42 4.5 � � � � � �
V11 Adenocarcinoma 53.9 46 � � NA � � �
V12 Adenocarcinoma 53.9 28.2 � � NA NA NA NA
V13 Adenocarcinoma 52 NA � � NA � � �
V14 Adenocarcinoma 39.7 8.2 � � � � � �
V15 Adenocarcinoma 50.4 54.8 � � � � � �
V16 Adenocarcinoma 50.4 NA � � NA � � �
V17 Adenocarcinoma 50.9 8.2 � � � � � �
V18 Adenocarcinoma 47.4 0 � � � � � �
V19 Adenosquamous

carcinoma
50.1 28.6 � � � � � �

V20 Adenocarcinoma 52.9 40 � � � � � �
V21 Adenocarcinoma 47.1 12.8 � � � � � �
V22 Adenocarcinoma 48.1 29.7 � � � � � �
V23 Adenocarcinoma 47.9 8.7 � � � � � �
V24 Adenocarcinoma 50.4 15.5 � � � � � �
V25 Adenosquamous

carcinoma
48.6 34.1 � � � � � �

V26 Adenocarcinoma 40.7 7.4 � � � � � �
V27 Adenocarcinoma 49.1 44.7 � � � � � �
V28 Adenocarcinoma 48.7 29.7 � � � � � �

NA, not available.
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masked, as mice were sacrificed because of large mam-
mary tumors or coincident lymphomas. To further ad-
dress the metastatic potential of the mammary tumors,
tumor fragments from eight of the primary BALB/c-
Trp53�/� mammary tumors (V01, V02, V06, V07, V09,
V14, V20, and V22) were transplanted into mammary fat
pads that had been cleared of endogenous epithelium in
BALB/c-Trp53�/� hosts. The tumor outgrowths were re-

sected to allow longer periods of observation. The tumor
outgrowths retained the histological features of the pri-
mary tumors. In the case of the V09 tumor, both primary
tumors and outgrowths after transplantation expressed
ER� (Figure 6, A–D). Although the tumor transplants ex-
pressed ER� at levels greater than those of the endoge-
nous epithelium, their growth was unaffected by ovariec-
tomy (Figure 6E) and no metastases were observed.

Figure 4. Expression of estrogen and progesterone receptors in mammary tissues and tumors. Consecutive sections were stained with either H&E (H.E.) or
antibodies detecting estrogen receptor � or progesterone receptor. Preinvasive lesions (hyperplasias and MIN) retained expression of the steroid hormone
receptors, whereas expression in tumors was variable. A–C: Mammary duct. D–F: Ductal hyperplasia. G–I: Mammary intraepithelial neoplasia (V05). J–L:
ER��/PR� mammary adenocarcinoma (V09); M–O: ER��/PR� mammary adenocarcinoma (V13). Arrowheads indicate entrapped mammary duct. Scale bars �
20 �m.
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Among tumors that resembled the “triple-negative”
breast cancers, none of the four tumor outgrowth lines
formed metastases (V01, V02, V06, and V22). Two out-
growth lines, V07 (ER��/PR�) and V20 (ER��/PR�, Her2/
Neu�), formed metastases in the lungs (Figure 6F).

Origins of Mammary Tumors

To investigate cellular origins, tumors from BALB/c-
Trp53�/� mice were stained for markers of basal and
luminal epithelial lineages (cytokeratins 5 or 8/18, respec-

tively). A mixture of cells expressing either K5 or K8/18
(Figure 7A) was observed in 62% of the tumors, but
coexpression of K5 and K8/18 in individual cells was rare.
Both of the K5-positive cells and K8/18-positive cells
were pleomorphic and disorganized and were found in
large quantities within each tumor. Only luminal cytoker-
atins were detected in 26% of tumors (Figure 7D),
whereas 11% of the tumors expressed only K5-positive
cells (Figure 7G). Tumors were also stained with cytoker-
atin 6 (K6) because it was found to be preferentially
expressed in mammary stem/progenitor cells43 and ex-
panded in mammary tumors originating from progenitor
cells.44–46 None of the K8/18 only-positive tumors con-
tained K6-positive cells (Figure 7, E–F), whereas all of the
double-positive tumors and K5-positive tumors showed
K6-positive cells (Figure 7, B and C, H and I). As the
majority of tumors contained both luminal and basal cell
lineages, it seems that tumors most often originate within
the population of bipotent progenitors.

Stem cell-related genes were shown to be enriched in
aggressive breast cancers and have been suggested to
reflect the origins of cancers within the progenitor cells of
the breast epithelium.47 Therefore, expression of a panel
of 84 stem cell-related genes was profiled in tumors that
expressed either mixed luminal and basal keratins (V06
and V22) and tumors expressing only luminal keratins
(V07 and V14). Distinct differences were observed for
nine genes (Figure 8A, top panel). N-cadherin (Cdh2)
was elevated 22-fold in the mixed keratin tumors com-
pared with normal mammary epithelial organoids, whereas
the luminal-only keratin tumors showed a fourfold decrease
compared with the normal mammary epithelial organoids.
Expression of Krt15 was also specifically elevated in the
mixed keratin tumors along with cyclins D2 and E1
(Ccnd2 and Ccne1). However, the overwhelming majority
of genes showed similar patterns in both the tumors with
mixed keratins as well as the tumors with luminal-only
keratins (Figure 8A, bottom panel). Although it is not
surprising that both sets of tumors had elevations in
proliferation-associated genes (Figure 8, A–I) compared
with the normal mammary epithelium, levels of cytokines
and growth factors were decreased (Figure 8A, II). Both
Notch and Wnt pathways have been implicated in main-
tenance of mammary stem cells.48–50 In both sets of
tumors, ligands and receptors for Notch and Wnt were
increased, indicating that signaling through these path-
ways is increased dramatically compared with the normal
mammary epithelium (Figure 8A, V and VI). Therefore,
there is broad overlap in the signaling pathways found in
the tumors, suggesting a common origin of the tumors
regardless of the pattern of keratins expressed.

Discussion

Although the p53 tumor suppressor pathway is com-
monly disrupted in a variety of cancers, breast tissue
seems to be uniquely sensitive to the proper functioning
of this pathway to prevent tumors. Heritable mutations in
the TP53 gene have been linked to Li-Fraumeni syn-

Figure 5. Expression of Her2/Neu and Notch1 oncogenes in mammary
tumors. Western analysis using anti-Her2/Neu, anti-phospho-Her2/Neu
(p-Her2/Neu) antibodies, and antibody against intracellular domain of
Notch1 were used to examine expression in tumors. Nulliparous mammary
tissue (N) from Trp53�/� mice was used for comparison. Lysates from A431
cells and mouse splenocytes cells (stimulated with CD3 and CD28) were used
as positive controls (P) for Her2/Neu and Notch1, respectively.

Figure 6. Outgrowths from transplanted tumor fragments. ER�� adenocar-
cinoma V09 (A and B) fragments were transplanted into mammary fat pads
that had been cleared of endogenous epithelium in BALB/c-Trp53�/� hosts.
The tumor outgrowth in recipient BALB/c wild-type mouse remained ER��

adenocarcinoma (C and D). Half of the recipient mice were ovariectomized
(OVX) when tumors were palpable. Tumor growth (E) was compared be-
tween the ovary intact group and OVX group. Metastasis was seen in mice
bearing transplants of tumor fragment from the V07 tumor (F). Scale bars �
20 �m.
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drome, and breast cancer is the most common tumor
type in women.9,11 Somatic mutation of TP53 is also
common in sporadic breast cancers1,2 and may initiate
tumorigenesis by pathways similar to those in Li-Fraum-
eni syndrome. Similar to patients with Li-Fraumeni syn-
drome, BALB/c-Trp53�/� mice exhibit a prevalence of
mammary tumors as well as lymphomas and sarcomas.31

The slow onset of mammary tumors allowed detailed
analysis of the cellular targets and molecular events lead-
ing to mammary tumors. Although deficiency in p53 has
been associated with impaired cell cycle control and
apoptosis, there was no detectable difference in prolifer-
ation rates within the mammary epithelium of Trp53�/�

and Trp53�/� mice (Figure 1). In contrast, both basal and
radiation-induced apoptosis in the mammary epithelium
were decreased with Trp53 gene dosage.12 Therefore,
haploinsufficiency with respect to apoptosis, not prolifer-
ation, is associated with the susceptibility to mammary
tumors in BALB/c-Trp53�/� mice. Haploinsufficiency in
p53-mediated apoptosis has been observed in the invo-
luting prostate of mice,51 and the pro-apoptotic role of
p53 seems to be critical for suppression of lymphomas,
whereas cell cycle checkpoint function was dispens-
able.26 Thus, a decrease in p53 dosage was suggested
to be sufficient to initiate breast tumors.52 However, in our
study, the diminished spontaneous apoptosis in Trp53�/�

mammary epithelium did not lead to a discernible in-
crease in preneoplastic lesions compared with that in
the Trp53�/� mice. The glands were normal with re-
spect to ductal branching and alveologenesis. There-
fore, Trp53 haploinsufficiency alone did not permit initia-
tion of preneoplasia.

Although TP53 LOH is frequently observed in breast
tumors among patients with Li-Fraumeni syndrome,53 it
has been unclear whether loss of the wild-type allele of
TP53 initiates preneoplasia or whether it accompanies

the transition to invasive cancers. In BALB/c-Trp53�/�

mammary tissues, LOH was prevalent in invasive tumors
but not hyperplasia or MIN. Although rates of LOH in
tumors differ between strains of mice and segregate with
the predisposition to mammary tumors,37 LOH at Trp53
was also observed in K14-cre,Trp53fl/� mice in a mixed
129 � FVB background.54 Therefore, LOH seems to be a
rate-limiting step in the genesis of mammary tumors.
Because p53 plays an important role in responding to
oncogenic stimuli and the DNA damage response, it has
been proposed that p53 function limits growth of preneo-
plastic cells and loss is necessary for progression.55

These results favor a model of carcinogenesis in which
activation of oncogenes stimulate preneoplasia in both
Trp53�/� and Trp53�/� tissues. Although progression is
limited by p53, the proapoptotic activity and double-
strand break repair pathways are impaired in Trp53�/�

tissues, allowing illegitimate mitotic recombination,37

which can abolish the wild-type allele of Trp53 and elim-
inate the rate-limiting step in the tumor progression.

Although the requirement for loss of p53 function
seems uniform, the histological appearance of the tumors
in p53-deficient mice suggests divergent cellular origins.
Oncogene-specific tumor phenotypes have been re-
ported in transgenic mice expressing Her2/Neu or
Ras,56–58 and, thus, the heterogeneity of the tumors may
reflect the collaborating oncogenes. On the other
hand,the tumor phenotypes may depend on the cellular
origins. Selective deletion of Trp53 in basal or luminal
compartments using the Cre recombinase under control
of K14, MMTV, or WAP promoters resulted in heteroge-
neous tumor phenotypes,54,59,60 suggesting that tumors
can arise from both luminal and basal cells. However, the
origins were not definitive because Cre activity was evi-
dent in both the luminal and basal cells in these experi-

Figure 7. Heterogeneous patterns of keratin ex-
pression in mammary tumors from BALB/c-
Trp53�/� mice. Mammary ducts from BALB/c-
Trp53�/� mice expressed cytokeratins normally
with K5 localized to the basal/myoepithelium
and K8/18 restricted to the luminal epithelium.
A: Most of the mammary tumors express a mix-
ture of cells expressing K8/18 (green) with K5
(red). Although both cell populations were sim-
ilarly abundant, cells expressing both luminal
and basal keratins were rare. A smaller number
of tumors have only K8/18-expressing cells (D)
or only K5-expressing cells (G). Serial sections
were also stained for K6, confirming the ex-
panded populations of cells with basal-like cy-
tokeratins among tumors composed of mixed
populations of cells (A and C) and tumors ex-
pressing only K5 (G and I). In contrast, K8/18
only-expressing tumors contain no K6-express-
ing cells (D and F). Although basal-like tumors
contained cells that were positive for K5 and K6,
individual cells do not necessarily express both
(see B versus C, E versus F, H versus I). Scale
bars � 20 �m.

Mammary Tumor Pathways in Trp53�/� Mice 1429
AJP March 2010, Vol. 176, No. 3



ments. A WAP-Cre that is restricted to the luminal epithe-
lium and is pregnancy-dependent to drive activation of a
point mutant of Trp53 (R270H) yielded tumors that were
positive as well as negative for ER�,61 suggesting that
the luminal lineage can yield both ER�-positive and -neg-
ative tumors. Using more extensive immunophenotyping,
we found that 62% of spontaneous mammary tumors in
BALB/c-Trp53�/� mice expressed both luminal and basal
keratins (K8/18 and either K5 or K6) suggesting origin of
the tumors within bipotent progenitors (summarized in
Figure 8B). A smaller fraction of tumors expressed only
luminal or basal keratins. There was no association be-
tween the oncogenes expressed and tumor phenotypes
because Her2/Neu and Notch1 were detected in tumors
with either luminal or basal keratins, whereas the ER�-
positive tumors were positive for both luminal and basal
keratins. Although tumor V09 expresses high levels of
ER� and PR and the phenotype was stable when tumor
fragments were transplanted, its growth was estrogen-
independent (Figure 6). This observation underscores
the challenge of predicting origins or behavior of tumors
on the basis of a limited number of biomarkers.

As the majority of tumors expressed both luminal and
basal keratins, it would seem that tumors initiate most
often within bipotent progenitor cells. It is possible that
progenitor cells may be most susceptible to transforma-
tion, but decreased p53 function may also lead to expan-
sion of the progenitor cell pool. The p53 protein plays a
fundamental role in restricting the pool of stem cells in
embryonic stem cells22,23,62 as well as in adult tissues
including neuronal63,64 and hematopoietic systems.65,66

Loss of p53 allows expansion of cancer stem cells either
through asymmetric division or by promoting phenotypic
plasticity and the acquisition of stem cell characteris-
tics.24,25 Mammary tumors from BALB/c-Trp53�/� mice
showed evidence of activated Wnt and Notch signaling.
Aberrant signaling in these pathways could result in
stem cell expansion and tumorigenesis in mammary
glands.48–50 However, it remains possible that the tumors

Figure 8. Origin of mammary tumors in BALB/c-Trp53�/� mice. A: Expres-
sion of stem cell-related genes in tumor samples differing in keratins ex-
pressed. Expression of stem cell-related genes was examined in tumors
expressing mixed keratins (V06 and V22) and tumors with luminal-only
keratins (V07 and V14). The expression of each gene is expressed as a ratio
compared with the levels in normal mammary epithelium obtained by en-
zymatic digestion. A set of 9 genes are differently expressed between the two
groups (top panel). However, 69 genes showed similar patterns of expres-
sion between the groups (bottom panel). The genes are grouped according
to functions or pathways: I, cell cycle regulators, chromosome modulators,
and cell division-related genes; II, cytokines and growth factors; III, cell
adhesion molecule; IV, embryonic stem cell-related genes; V, notch pathway-
related genes; VI, Wnt pathway related genes; and VII, tissue-specific stem
cell markers. B: Cellular origins of mammary tumors in BALB/c-Trp53�/�

mice. Mammary glands in BALB/c-Trp53�/� mice display normal ductal and
alveolar structures composed of luminal (green) and basal cells (red). Pro-
genitor cells (orange) with a potential to differentiate into both epithelial
lineages also reside in the normal structure. Loss of the wild-type allele of
Trp53 in any of these cells would abolish the rate-limiting step in tumori-
genesis, resulting in invasive mammary tumors. Because the majority of
mammary tumors contain tumor cells expressing luminal and basal markers,
a clonal origin within bipotent cells is suggested as the most common
pathway. For tumors expressing only luminal or basal markers, there could
be two possibilities. They may originate from bipotent progenitors and later
partially differentiate into tumors with single lineage cells or they could
originate within the lineage-restricted cells. The overall similarity of the stem
cell gene expression pattern of tumors suggested the former path.
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initiate within lineage-restricted cells and acquire the
stem cell signature during progression.

Although the tumors seem to initiate most often in
bipotent progenitors, the tumors express a diversity of
histological features and biomarkers. This diversity reca-
pitulates many aspects of human breast cancer. The
panel of 28 transplantable tumors provides a relevant
resource for preclinical testing of therapeutic agents tar-
geting cancer stem cells or oncogenic changes occur-
ring during the progression from locally invasive to met-
astatic breast cancer.
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