
p63 is a prosurvival factor in the adult mammary gland
during post-lactational involution, affecting PI-MECs
and ErbB2 tumorigenesis
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In embryogenesis, p63 is essential to develop mammary glands. In the adult mammary gland, p63 is highly expressed in the
basal cell layer that comprises myoepithelial and interspersed stem/progenitor cells, and has limited expression in luminal
epithelial cells. In adult skin, p63 has a crucial role in the maintenance of epithelial stem cells. However, it is unclear whether p63
also has an equivalent role as a stem/progenitor cell factor in adult mammary epithelium. We show that p63 is essential in vivo for
the survival and maintenance of parity-identified mammary epithelial cells (PI-MECs), a pregnancy-induced heterogeneous
population that survives post-lactational involution and contain multipotent progenitors that give rise to alveoli and ducts in
subsequent pregnancies. p63þ /� glands are normal in virgin, pregnant and lactating states. Importantly, however, during the
apoptotic phase of post-lactational involution p63þ /� glands show a threefold increase in epithelial cell death, concomitant
with increased activation of the oncostatin M/Stat3 and p53 pro-apoptotic pathways, which are responsible for this phase. Thus,
p63 is a physiologic antagonist of these pathways specifically in this regressive stage. After the restructuring phase when
involution is complete, mammary glands of p63þ /� mice again exhibit normal epithelial architecture by conventional
histology. However, using RosaLSL-LacZ;WAP-Cre transgenics (LSL-LacZ, lox-stop-lox b-galactosidase), a genetic in vivo labeling
system for PI-MECs, we find that p63þ /� glands have a 30% reduction in the number of PI-MEC progenitors and their
derivatives. Importantly, PI-MECs are also cellular targets of pregnancy-promoted ErbB2 tumorigenesis. Consistent with their
PI-MEC pool reduction, one-time pregnant p63þ /� ErbB2 mice are partially protected from breast tumorigenesis, exhibiting
extended tumor-free and overall survival, and reduced tumor multiplicity compared with their p63þ /þ ErbB2 littermates.
Conversely, in virgin ErbB2 mice p63 heterozygosity provides no survival advantage. In sum, our data establish that p63 is an
important survival factor for pregnancy-identified PI-MEC progenitors in breast tissue in vivo.
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During embryonic development the transcription factor and
p53 homolog p63 is absolutely essential for stratified epithelial
morphogenesis, including limb buds, skin and mammary
gland (a major skin appendage).1 Moreover, in adult skin and
some other stratified epithelia p63 is highly expressed in basal
stem cells where it is required as a master proliferative/
differentiation andmaintenance factor.2–4 Owing to early post-
natal lethality of global p63� /� mice, it has been difficult to
analyze the role of p63 during adult tissue homeostasis.
Specifically, the functional role of p63 in adult breast has only
begun to be explored and virtually no in situ studies exist,
except for basic p63 immunohistochemistry data.
Themammary gland is a unique structure of ducts and acini

composed of basal (myoepithelial) and luminal epithelial cells,
which undergoes major changes throughout life.5,6 Initially,
the mammary epithelium forms in embryogenesis and under-
goes allometric growth until puberty. Next, in response to sex

hormones the epithelial tree undergoes major expansion and
branching to fill the entire mammary fat pad and, in virgins,
cycles with estrus. During pregnancy, massive cell prolifera-
tion and differentiation leads to the formation of alveoli, the
milk-producing structural units.6 After lactation is complete
and pups are weaned, post-lactational involution takes place,
where the mammary gland returns to its nonlactating state,
resembling again a virgin gland. Involution is regulated by
environmental (milking or suckling) and hormonal factors, and
has two distinct phases. During early involution, the now
obsolete secretory epithelial cells get shed into the alveolar
lumen where they undergo apoptosis.7,8 This is followed by
late involution (structural remodeling) when excessive cellular
components (epithelial, myoepithelial, endothelial and
basement membrane) are removed and replaced by adipose
tissue.7 During lactation, the mammary epithelium is
maintained by prosurvival signals (e.g., Akt and Jak2/Stat5),
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which are subsequently inactivated in involution (e.g., by
leukemia inhibitory factor (LIF), Stat3 and TGFb3 signaling).
In addition, pro-apoptotic proteins (e.g., Bax and p53) are
activated during the apoptotic phase of involution.7,8

It has long been known that p63 is required for fetal
mammary gland development, as p63 knockout (KO) mice
lack mammary epithelium altogether.1 However, whether p63
also has a role in adult mammary has only begun to be
elucidated. p63 protein exists in two major isoforms. TAp63
contains the N-terminal transactivation (TA) domain, whereas
DNp63 lacks this TA domain, but retains a second internal TA
domain.9 In addition, differential splicing at the C-terminus
produces a-, b- (long) and g- (short) isoforms.10 In the
epidermis, abundantly expressed DNp63a protein is the
predominant isoform and exerts its critical pro-proliferative/
maintenance function in skin stem cells.10–15 Selective
genetic ablation of all DNp63 isoforms14 or of the long
p63a/b isoforms (Wolff et al.16 and references therein) closely
reproduces the phenotypes of global p63� /� mice. In
contrast, TAp63 mRNA and protein, expressed at nearly
undetectable levels in the skin, has a fine-tuning role in
keratinocyte differentiation15 and helps maintain adult skin
stem cells.17

In human andmurine breast immunohistochemistry,DNp63
protein is highly expressed in the nuclei of basal myoepithelial
cells, similar to other stratified epithelia.2,18–20 In addition,
TAp63 protein was reported in luminal cells in a few human
samples.13 This is consistent with DNp63 expression in sorted
CD29high/CD49fhigh (integrins b1/a6, marking basal and stem
cells) and TAp63 expression in CD29low/CD49flow (marking
luminal and progenitor cells) mouse mammary epithelial cells,
respectively.21 Loss of epithelial p63 expression correlates
with invasion and can be used as a prognostic marker in
breast and prostate cancer.22 However, the biological role of
p63 in healthy adult breast only begins to be elucidated.
To this end, in primary adult human breast epithelial cells
DNp63 was shown to be required for maintenance of the
myoepithelial (CD10positive) compartment.23 Indeed, DNp63
silencing in CD10positive cells induces luminal markers (CK18
(cytokeratin 18) and CD24), but reduces basal markers (CK14
(cytokeratin 14) and CD29/CD49f) as well as proliferation.
Conversely, forced DNp63 expression in CD10negative cells
confers a basal phenotype and increases proliferation. This
essential role of DNp63 in the balance between basal and
luminal breast compartments is regulated by p63’s antagonistic
interaction with Notch signaling, which is active in luminal
cells.23 In addition, humans born with frameshift mutations in
exons 13 and 14 of p63 (corresponding to the p63 a- and
b-isoforms) can develop Limb-mammary syndrome, which
includes nipple and mammary gland hypoplasia,24 strongly
suggesting an essential role of p63 in adult human breast.
To fully understand the role of p63 in adult breast in health

and disease, pregnancy and lactation needs to be studied, as
complete mammary differentiation (i.e., milk production) only
occurs right after pregnancy. Moreover, both in humans and
mice pregnancy strongly influences mammary tumori-
genesis.25,26 During pregnancy, p63 is also expressed in the
basal cell layer,20 again with DNp63 predominating.27 More-
over, Ihh signaling is enhanced and likely contributes to the
expansion of DNp63negative progenitors to allow mammary

gland ‘elaboration’.21 In addition, cytopoplasmic p63 protein is
detected in a small fraction (B0.1%) of cells isolated from
human breast milk, which increases to almost 100% in both
adherent and non-adherent cells after 5 days in culture.28 On
cell adherence, p63 translocates to the nucleus (which
coincides with the expression of cell cycle arrest protein
14-3-3s), followed by loss of p63 expression and differentia-
tion into CK14positive (basal) and CK18positive (luminal) cells.
On 14-3-3s knockdown, p63 expression is prolonged and
proliferation is enhanced.28 These circumstantial data
suggest that p63 is expressed in human mammary stem/
progenitor cells and serves to maintain their undifferentiated,
highly proliferative state. Similarly, block of Notch signaling in
mouse mammary gland during pregnancy stimulates p63
expression in luminal cells and increases the number
of p63positive basal cells, which coincided with their
hyperproliferation.29

Altogether, these data point to p63 as an important
maintenance/proliferation factor of the basal epithelial com-
partment, where mammary stem/progenitor cells are known
to reside.30,31 However, whether p63 indeed regulates any of
the multiple types of adult mammary stem/progenitor cells
in vivo was unknown.32–34 Here we answer this question with
a yes for parity-identifiedmammary epithelial cells (PI-MECs),
a pregnancy-identified heterogeneous population that
survives post-lactational involution and contain multipotent
progenitors that give rise to alveoli and ducts in subsequent
pregnancies.34 Moreover, p63 was shown to be a major
regulator of cell adhesion in nontransformed human mam-
mary MCF10A cells in vitro, consistent with the juxtaposition
of basal cells to the basement membrane and their high
expression of cell adhesion molecules.35 Indeed, ablation of
all p63 isoforms caused MCF10A detachment, downregula-
tion of adhesion molecules and death by apoptosis and
anoikis, which could be rescued by DNp63a (but not by
TAp63g) or by certain DNp63 target genes.35 This suggests
that p63 might regulate cell detachment and apoptosis during
mammary gland involution in vivo. Here we also show this to
be the case. Lastly, we show that indirectly, bymaintaining the
size of the PI-MEC pool, p63 promotes pregnancy-promoted
ErbB2 oncogenesis.

Results

p63 in the mammary gland inhibits cell detachment
during early post-lactational involution. p63 is essential
for the initial formation of mammary buds during embryo-
genesis.1 p63 protein is expressed in the adult mammary
gland of wild-type (WT) mice at all stages of pregnancy,
lactation and involution (Figure 1a). p63 protein is strongly
expressed in the basal cell layer during all analyzed stages
and weakly in the luminal layer at day 18 of pregnancy
(Figure 1a). The DNp63a isoform is predominant (Figure 1b
and Supplementary Figure 1A), and at the mRNA level both
DNp63 and TAp63, as well as C-terminal isoforms p63a and
p63g, are also detected, as previously reported21 (Figure 1c).
To determine whether p63 also has a functional role in the
adult mammary gland, we made use of p63þ /� mice
(p63� /� mice die at birth) and compared them with their
p63þ /þ littermates. Analysis of gross mammary gland

Prosurvival role of p63 in adult mammary gland
AR Yallowitz et al

646

Cell Death and Differentiation



morphology and glandular epithelial structures showed that
p63þ /� mammary glands are normal during puberty,
pregnancy and active lactation (Figures 2a-c and
Supplementary Figures 1B-D). Moreover, p63þ /� females
have litter sizes comparable to their WT sisters and are
competent to nurse their pups normally (data not shown).
This indicates that p63 does not have a major role in the
mammary gland before and during lactation.
Importantly, however, during early post-lactational involu-

tion p63þ /� glands exhibit increased alveolar epithelial cell
detachment, with more cell shedding into the distended lumen
than in the littermate controls (Figures 2d, e and g). This trend
was present already at day 1 of involution when p63þ /�
mammary glands exhibited 1.8 times more shed cells on
average, although it did not reach statistical significance.
At day 3 of involution, many more shed cells are apparent in
p63þ /� mammary glands, on average about three times
more than in their p63þ /þ littermate controls (Po0.05,
Figures 2e and g). Yet, after involution is complete after

6 weeks, the overall morphology and epithelial structures in
p63þ /� glands are again indistinguishable from WT
littermates (Figure 2f and Supplementary Figure 1E, also
see Figure 5a). These data indicate that p63 has a specific
role during the time window of early involution where it
counteracts excessive cell death. Moreover, it suggests that
p63might suppress apoptosis, the principlemechanism of cell
death at this stage.

p63 suppresses pro-apoptotic pathways during early
involution. The hallmark apoptosis of early involution is
known to be mediated by two principal pathways.7,8,36 First,
activated Stat3 is a central mediator of apoptosis at this
stage.7,37,38 Second, p53, which induces apoptosis in a
transcription-dependent and -independent manner,39 has
also been strongly implicated in the regulation of mammary
involution.37,40–42 Both of these pathways are enhanced in
p63þ /� mammary glands. Indeed, two phosphoactivated
forms of Stat3 (p-Ser727 and p-Tyr705) are upregulated,

Figure 1 p63 expression in the mouse mammary gland during pregnancy, lactation and early involution. p63 protein is expressed in the adult mammary gland of WT mice
in all stages. (a) Immunohistochemistry with pan-p63 H137 antibody detects p63 mainly in the basal cell layer at all stages analyzed. At day 18 of pregnancy, few luminal cells
are stained as well (arrows), which was previously described for the TAp63 isoform using isoform-specific antibodies and cell sorting.13,21 Similar results were obtained with
pan-p63 4A4 antibody (not shown). Note that in lactation day 1, the cytoplasmic staining is nonspecific, as it was also seen when only secondary antibody was used. Images on
the right are enlargements of the boxed areas in the corresponding images on the left. (b) Immunoblot analysis with 4A4 antibody shows that DNp63a is the predominant
isoform in the mammary gland. Protein lysates of Phoenix E cells transfected with TAp63a (lane 1) or DNp63a (lane 2) plasmids are isoform-specific controls (see also
Supplementary Figure 1A). (c) p63a, p63g, DNp63 and TAp63 mRNAs are detected by reverse transcriptase (RT)-PCR in the virgin mammary gland. cDNA prepared in the
absence of RT was used as a negative control. HPRT was a positive control
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whereas total Stat3 is unchanged (Figures 3a and b). Stat3
phosphorylation during involution is initiated by the inter-
leukin-6 homologs LIF (signaling through the LIF receptor)
and oncostatin M (OSM, signaling through its receptor OSM
receptor (OSMR)/gp130 and EGFR).38 Thus, we tested
whether p63 – being a transcription factor – regulates mRNA
expression of components of these pathways. Indeed, OSM
(but not OSMR, EGFR or LIF) mRNA is upregulated in
p63þ /� glands at both day 1 and day 3 of involution
(Figure 3c). This provides a mechanistic link for the observed
p63-mediated suppression of pStat3 in WT glands. On the
other hand, there is a known negative interplay between
Stat3 and its prosurvival homolog Stat5.16 pStat5 is essential
in the mammary gland during the prior stages of pregnancy
and progressively declines during lactation and early involu-
tion.38,43 pStat5 is activated by upstream Neuregulin/ErbB
signaling.44,45 In agreement, at involution day 1 neuregulin 1
and 2 (NRG1 and NRG2) genes are repressed in p63þ /�
glands, but no longer at day 3 when their expression has
declined even in WT glands (Figure 3d). The observed
NRG1/2 downregulation likely contributes to pStat3 activa-
tion in p63þ /� mammaries via suppression of pStat5.
As a second pro-apoptotic mechanism, p53 protein is

stabilized in the p63þ /� glands compared with that in WT
littermates (Figures 3a and b). In addition, there is a tendency
in p63þ /� glands for upregulated p21 protein, which is
a p53 target gene (Supplementary Figure 2A). However,

this difference was not statistically significant (data not shown),
which can be due to high p21 levels already present during
lactation (Supplementary Figure 2A, lane 1). With regard to
p53 in the p63þ /� background, we considered the
possibility that it might be stabilized nonspecifically as a
compensatory mechanism between family members.46

However, p53 upregulation is specific, as it is not upregulated
in any prior or later stage other than early involution, and is not
even upregulated in homozygous p63� /� mouse embryonic
fibroblasts (Supplementary Figure 2B). Furthermore, as a
prominent readout of apoptosis during involution,7 enhanced
cleavage of caspase 3 is observed in p63þ /� mammary
glands (Figures 3a, b and 4a). In addition, fluorescence-
activated cell sorting (FACS) shows an increased incorpora-
tion of propidium iodide (PI) marking dead cells in both
CD24low (myoepithelial) and CD24high (luminal) mammary
epithelial cells.47 Specifically, there is a 45% increase in total
CD24positive/PIpositive cells in p63þ /� glands (P¼ 0.002) at
involution day 3 (Figures 4b and c). In contrast, there is no
change at day 1 (Figure 4c). Altogether, these data indicate
that in adult mammary glands p63 acts as a counteracting
prosurvival factor during the apoptotic phase of post-
lactational involution, opposing the physiological cell death
mediated by the pro-apoptotic Stat3 and p53 pathways.

p63 promotes survival of PI-MEC progenitor cells after
mammary gland involution. After involution is complete at

Figure 2 p63 is required in the mammary gland to inhibit epithelial cell death during the apoptotic phase of involution. (a) Whole-mount carmine staining of mammary
glands from 12-week-old virgin mice. Representative images from a sister pair are shown. (b–f) Hematoxylin and eosin staining of mammary glands at indicated stages.
(d and e) Bottom images are enlargements of the boxed areas in the top images, for number of analyzed animals see g. (g) Quantification of cells shed into the alveolar lumen
at days 1 and 3 of involution. Mean±S.E.M. N, number of animals analyzed (one mammary gland per animal), *Po0.05. (see also Supplementary Figure 1A)
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6 weeks post lactation, p63þ /� and p63þ /þ mammary
glands had regained comparable epithelial structures
(Figures 2f and 5a and Supplementary Figure 1E), sug-
gesting that p63 has no role in late-stage involution that is
marked by tissue remodeling. However, as p63 is a major
regulator of stem/progenitor cells in the epidermis and
other stratified epithelia, we wanted to test whether p63
heterozygosity also affects specific pools of mammary
stem/progenitor cells after involution. An important type of
mammary progenitors that are greatly affected by preg-
nancy and are traceable in vivo are the PI-MECs.34,48,49

Although in virgin mice PI-MECs comprise only 0.8–4% of
mammary epithelial cells, they increase to 20–30% after
pregnancy and differentiate into milk-producing alveolar
cells that express late milk protein genes.48,50 However,
unlike other differentiated epithelial cells that get eliminated
by shedding, a significant pool of PI-MECs survives post-
lactational involution in vivo to give rise to new alveoli
in subsequent pregnancies.49,51 Moreover, PI-MECs can

self-renew and give rise to fully functional mammary
glands in transplantation studies, which establishes them
as true pregnancy-related mammary stem cells.49–52

PI-MECs can be readily identified in situ using the
transgenic RosaLSL-LacZ;WAP-Cre reporter mouse (LSL-
LacZ, lox-stop-lox b-galactosidase), as the whey acidic
protein (WAP) promoter is specifically and only temporarily
activated in late pregnancy to drive Cre expression. This
removes the upstream Lox-Stop-Lox codon and perma-
nently activates LacZ only in the surviving PI-MEC cells
and their progeny.49,50,52 We used this system to test
whether p63 heterozygosity affects PI-MECs and their
survival after involution. Again, there was no difference
during pregnancy and lactation (data not shown). However,
after complete involution p63þ /� ;RosaLSL-LacZ;WAP-Cre
mammary glands exhibited on average 30% lower LacZ
expression – marking PI-MECs and their progeny – than
matching p63þ /þ ;RosaLSL-LacZ;WAP-Cre glands (Figures
5b and c; combining 8 independent experiments with a total

Figure 3 p63 suppresses pro-apoptotic pathways during early involution. (a and b) Immunoblot analysis of apoptosis-related proteins in whole mammary glands at day 3 of
involution. Two representative experiments out of four (a) and quantification from all four independent experiments analyzing a total of seven p63þ /þ and five p63þ /� mice
(b) are shown. Mean±S.E.M., *Po0.05. L10, lactation day 10, serves as a negative control for apoptosis. (c and d) Upregulation of oncostatin M (OSM), but not other known
activators of pStat3, as well as downregulation of NRG1 and NRG2, known activators of the ErbB/pStat5 axis, in p63þ /� compared with p63þ /þ mammary epithelial cells.
qRT-PCR analysis was done on mammary epithelial cells freshly isolated from littermate females at day 1 and day 3 of involution. Mean±S.E.M., *Po0.05, **Po0.01
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of 13 p63þ /� and 13 p63þ /þ animals, 2 mammary
glands per mouse). We confirmed that LacZ exclusively
stained epithelial cells by sectioning representative glands,
which again showed a significant reduction in LacZpositive

cells in the end buds and terminal ducts of p63þ /� glands
(Figure 5c, insets). Together with the enhanced apoptosis
of p63þ /� epithelial cells during the apoptotic phase
of involution, these data indicate that the physiological role
of p63 in adult mammary gland is to promote survival of
PI-MECs in post-parous mammary glands.

p63 heterozygosity reduces tumorigenesis and mortality
in the parous HER2 breast cancer model. HER2-positive
tumors comprise 20–25% of all human breast cancers and
are associated with poor clinical outcome. Using the mouse
model of HER2 breast cancer, mouse mammary tumor
virus (MMTV)-driven ErbB2 (homolog of human HER2/
neu),53 PI-MECs were shown to be cellular targets of
HER2-mediated oncogenesis.54–56 Indeed, ErbB2 tumor-
igenesis in mice increases with parity, and targeted
removal of PI-MECs in vivo reduced tumor incidence in
ErbB2 mice.55–57 Likewise, clinical studies demonstrate
that women during or right after pregnancy (when the
number of PI-MECs is highest) have increased suscep-
tibility for HER2 breast cancer.58,59 Thus, we hypothesized
that p63 hemizygosity would suppress ErbB2-mediated
tumorigenesis as a consequence of a reduced PI-MEC pool.

Indeed, we found that tumor onset was delayed by
over 3 weeks (Po0.05) and the survival was extended by
over 6 weeks (Po0.001) in one-time pregnant p63þ /�
ErbB2 mice compared with their p63þ /þ ErbB2 littermates
(Figure 6a). However, no difference in tumorigenesis or
survival was found between virgin p63þ /� ErbB2 and
p63þ /þ ErbB2 animals (Figure 6b). Of note, as previously
reported, pregnancy itself increased the breast cancer
mortality of p63þ /þ (WT) ErbB2 mice (P¼ 0.041).55

In addition, the number of visible tumor nodules was 58%
lower in one-time pregnant p63þ /� ErbB2 mice compared
with their p63þ /þ ErbB2 sisters (Figure 6c). Taken
together, our data establish p63 as an essential prosurvival
factor of the PI-MEC progenitor pool in adult mammary gland
after pregnancy. Moreover, because of its role as a regulator
of the PI-MEC pool, p63 is indirectly implicated as a factor
promoting HER2 breast carcinogenesis.

Discussion

This study set to define a functional role of p63 in the adult
mammary gland. Our main findings are as follows (see model
Figure 7): (1) p63 (predominantly DNp63a) is expressed in the
adult mammary gland during all physiologic stages, that is,
in the virgin and pregnant state, lactation, post-lactational
early involution and completely involuted gland. Yet, p63
heterozygosity has no effect onmammary gland development

Figure 4 Enhanced apoptosis in p63þ /� mammary glands during early involution. (a) Immunostaining of cleaved caspase-3 in p63þ /þ and p63þ /� mammary
glands at day 1 and day 3 of involution. Bottom images are enlargements of the boxed areas in the corresponding top images. One out of two independent experiments with
similar results is shown. (b and c) FACS analysis of CD24positive cells stained for PI (propidium iodide) at day 1 and day 3 post involution. A representative analysis at day 3 (b)
and quantification from four (day 1) and six (day 3) independent experiments (c) is shown. See also Supplementary Figure 3A for gating before the analysis shown here.
Mean±S.E.M. N, number of animals analyzed, **Po0.01
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ormilk production (Figure 7a). (2) However, a prominent effect
of p63 deficiency appears in the early apoptotic phase of post-
lactational involution, where p63 acts as a prosurvival factor
for mammary epithelium by antagonizing the OSM/pStat3 and
the p53 apoptotic pathways (Figure 7b). (3) Functionally, this
prosurvival role of p63 specifically and strongly affects
PI-MECs (Figure 7b, purple cells), whose pool is reduced in
parous p63þ /� glands after involution is completed,
whereas the overall morphology of the gland is unaffected
(Figure 7c). (4) The reduced PI-MEC pool in parous p63þ /�
mice is likely the cause of their partial protection from HER2-
driven mammary tumorigenesis, revealed by delayed tumor
onset, extended survival and reduced tumor multiplicity, as
PI-MECs are a known tumor-initiating cell type for HER2
breast oncogenesis (Figure 7d). The fact that p63 hetero-
zygosity does not exert tumor protection in virgin HER2
mice also supports the last conclusion, as p63þ /� and
WT virgins are predicted to have similar and very small
(i.e., pre-pregnancy) PI-MEC pools.
DNp63 likely exerts its prosurvival function in the mammary

gland viamultiplemechanisms. First, p63 represses theOSM/
pStat3 axis, known to be the major mediator of apoptosis

during early involution.38 Second, similar to that in other
epithelial systems DNp63 most likely interferes with the pro-
apoptotic activity of p53 or TAp73 that are also expressed in
mammary cells.11,12,22,60,61 Furthermore, DNp63 has been
shown to directly regulate transcription of apoptosis-related
genes. Specifically, together with HDAC1/2 it can suppress
the pro-apoptotic gene PUMA.62 p63 can also activate anti-
apoptotic genes Hsp7063 and the caspase 8 inhibitor FLIP.64

In addition,DNp63awas shown byCarroll et al.35 to be a direct
transcriptional activator of the cell adhesion program in human
mammary nontransformed MCF10A cells and in primary
mouse mammary epithelial cells. This suggests that DNp63a
could also promote cell adhesion, and thus prevent shedding,
during post-lactational involution of the mammary gland.
Indeed, one of the identified DNp63 target genes, integrin a6
(CD49f), is highly expressed in PI-MECs.51,56 The study by
Carroll et al.35 also highlights the crosstalk between p63-
dependent cell adhesion and apoptosis. Specifically, on
DNp63 knockdown MCF10A cells exhibit detachment and
cell death via anoikis and apoptosis, whereas re-expression of
integrin b4 partially rescues both cell adhesion and apoptosis.
In addition, we re-examined the published microarray data35

and found that the pro-apoptotic program triggered in
MCF10A on DNp63 knockdown may also be activated at the
transcriptional level (Supplementary Figure 4). Specifically,
seven out of nine differentially regulated pro-apoptotic genes

Figure 5 Reduction of PI-MECs in p63þ /� mammary glands. (a) Overall
morphology of p63þ /� and p63þ /þ mammary glands at 6 weeks post
involution analyzed by whole-mount carmine staining. Representative images from
7 independent experiments, analyzing 10 p63þ /þ and 12 p63þ /� mammary
glands in total are shown. (b and c) p63þ /þ ;RosaLSL-LacZ; WAP-Cre (p63þ /þ )
and p63þ /� ;RosaLSL-LacZ;WAP-Cre (p63þ /� ) animals analyzed for
b-galactosidase expression in whole mammary glands at 6 weeks post involution.
Quantification from 8 independent experiments, analyzing 13 p63þ /þ and
p63þ /� mice each (two mammary glands per animal) is shown (b). Error bars
represent S.D. and the boxes represent the 95% confidence interval.
(c) Representative images of LacZ-stained mammary glands from a sister pair
analyzed in b. Insets show cross-sections of LacZ-stained mammary glands
counterstained with nuclear fast red

Figure 6 p63 heterozygosity extends tumor-free and overall survival, and
decreases tumor multiplicity in parous ErbB2 animals. (a) Kaplan–Meier curves of
tumor-free survival and overall survival of p63þ /� ErbB2 and p63þ /þ ErbB2
one-time parous females; n, number of animals. (b) No difference in tumor-free and
overall survival of virgin p63þ /þ ErbB2 and p63þ /� ErbB2 females. (c) Tumor
multiplicity at endpoint (time when animal had to be killed) of p63þ /� ErbB2 and
p63þ /þ ErbB2 females impregnated at 20 weeks. Mean±S.E.M.; n, number
of animals
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are upregulated (e.g.,Bax andCaspase 8), whereas all seven
differentially regulated prosurvival genes (e.g., Jak2, Stat5b
and Bcl2) are downregulated. Whether p63 also regulates
adhesion and/or apoptosis at the transcriptional level in
mammary gland in vivo remains to be elucidated (Figure 7b,
question mark).
It is unclear how DNp63 affects shedding of luminal layer

while being expressed predominantly in the basal layer. Most
likely, DNp63 affects luminal cells indirectly by affecting
attachment of underlying basal cells. This is supported by
increased cell death not only in CD24low cells (luminal) but
also in CD24high cells (basal myoepithelial) in p63þ /� glands
(Figure 4b). Consistently, PI-MECs can be found in both the
basal and the luminal sorted compartments.33,51,56 In addi-
tion, we cannot exclude the possibility that TAp63, alone or as
a supporting factor, contributes to epithelial survival during
involution. Indeed, TAp63 is localized in the luminal cells,13,21

which are known to contain PI-MECs and some other
mammary progenitors.33 Moreover, TAp63 has been impli-
cated as a prosurvival factor in adult dermal and epidermal
progenitors.17 Thus, a decrease of TAp63 in p63þ /� post-
lactation glands would be consistent with the observed
decreased survival of PI-MECs. Future studies using iso-
form-specific p63 KO mice will be needed to elucidate the
precise roles of DNp63 and TAp63 isoforms in the adult
mammary gland.

Our study used a haploinsufficient global p63model, with one
remaining functional p63 allele, as p63 KO animals die at birth.
Thus, this model uncovered the most robust functions of DNp63
in the adult mammary gland. Further studies using conditional
global p63KOmice (which are not yet publicly available65)might
uncover additional functions of p63 in the adult mammary gland.

Materials and Methods
Mouse strains. The p63 global KO mouse, a generous gift from F McKeon,
on the enriched 129SVJ background, was previously described.1,66

RosaLSL-LacZ/LSL-LacZ animals were purchased from Jackson Labs (Bar Harbor,
ME, USA) (strain B6.129S4-Gt(ROSA)26Sortm1Sor/J). WAP-Cre transgenic
mice67 were obtained from the NCI mouse repository. p63;RosaLSL-LacZ/þ ;WAP-
Cre females were generated by crossing the RosaLSL-LacZ allele to homozygosity
into the p63þ /� background and then crossing p63þ /� ;RosaLSL-LacZ/LSL-LacZ

animals with WAP-Cre to generate p63þ /� ;RosaLSL-LacZ/þ ;WAP-Cre and p63þ /
þ ;RosaLSL-LacZ/þ ;WAP-Cre female littermates on a mixed C57Bl6-129SVJ
background. A diagram outlining this generation is described in Supplementary
Figure 3B. The MMTV-ErbB2 mouse model with activated ErbB2 (Muller et al.68)
was obtained from Jackson Labs (strain FVB-Tg(MMTV-Erbb2)NK1Mul/J).
Littermate p63-ErbB2 females were on a 50 : 50 129SVJ:FVBN background.

For timed pregnancies and involution studies, all females were bred at 12 weeks of
age. For ErbB2 pregnancy studies, p63-ErbB2 females were bred at 12–20 weeks of
age. Plug day was counted as day 0.5 of pregnancy. For timed involution, females
were normalized to eight pups per litter and allowed 7 to 10 days of lactation before pup
removal. Time of pup removal was considered hour zero of involution. p63-ErbB2 mice
were monitored twice weekly and euthanized when the largest palpable tumor reached
2.0 cm. All animals were treated humanely and according to guidelines approved by
the Institutional Animal Care and Use Committee at Stony Brook University.

Whole-mount morphological analysis. All morphological studies were
done using mammary glands 4 or 9 that were flattened on filter paper before
fixation in glass vials. For whole-mount carmine-alum staining, glands were fixed in
4% paraformaldehyde overnight before defatting in acetone (three times 1 h each).
After defatting, glands were rehydrated and stained in carmine-alum (1 g carmine
(Sigma, St. Louis, MO, USA; C1022) with 4.6 g aluminum potassium sulfate
dodecahydrate (Sigma, A7162)) overnight at room temperature and then
dehydrated in ethanol before clearing in xylene and storing in methyl salicylate for
imaging. Images were taken with a Nikon Digital Sight DS Fi-1 camera (Nikon,
Melville, NY, USA) and NIS-Elements F3.0 software (Nikon) through an Olympus
SZ61 microscope (Olympus, Center Valley, PA, USA) for whole-mount images or
through an Nikon Labophot-2 microscope (Nikon) for sections. Shed epithelial cells
were counted in 10–12 non-overlapping fields for each mammary gland at � 10
magnification and the average number of cells per field per gland was calculated.

Histology and immunohistochemistry. Mammary glands were fixed in
formalin, embedded in paraffin and sectioned (5mm). For immunohistochemical
staining of p63 (H-137, Santa Cruz, Santa Cruz, CA, USA; sc-8343) and cleaved
caspase-3 (D175, Cell Signaling, Danvers, MA, USA; 9661), slides were
deparaffinized and boiled in citrate buffer (10 mM, pH 6.0, 35 min) for antigen
retrieval, blocked in 10% goat serum and incubated with primary antibody (1 : 500)
for 2 h at room temperature. After washing, slides were incubated with biotinylated
secondary antibody and HRP-Streptavidin using the Histostain SP Broad
Spectrum kit (Invitrogen, Carlsbad, CA, USA; 959943B) and stained with DAB
substrate with hematoxylin counterstain.

b-Galactosidase (X-gal) staining. X-gal staining was done as
described.49 Briefly, glands were flattened, fixed for 1 h (2% paraformaldehyde,
0.25% glutaraldehyde, 0.01%NP-40 in PBS) and washed two times for 1 h each
(2 mM MgCl2, 0.01% Na-deoxycholate, 0.02% NP-40 in PBS). Glands were
stained for 48 h at room temperature in the dark with 0.5 mg/ml X-gal (Roche,
Indianapolis, IN, USA; 10745740001) in staining buffer (30 mM K3Fe(CN)6,
30 mM K4Fe(CN)6.3H2O, 2 mM MgCl2, 0.01% Na-deoxycholate, 0.02% NP-40,
pH 7.2–7.4 in PBS). After PBS rinse, glands were defatted in acetone (two times
1 h each), rehydrated and cleared in glycerol before imaging.

Images were taken for whole mounts or for sections as described above.
Whole-mount images were reconstructed in Adobe Photoshop. The intensity of
LacZ staining was quantified using the ImageJ (U. S. National Institutes of Health,
Bethesda, MD, USA) software (at 65% of autothreshold in the red channel of RGB

Figure 7 Proposed model, the role of p63 in adult mammary gland. (a) The
mammary glands develop normally in p63þ /� females and have normal structure
and function during pregnancy and lactation. (b) During early involution, p63
antagonizes apoptosis in WT mammary glands by suppressing p53 and pStat3
pathways. Specifically, p63 inhibits expression of OSM, an upstream positive
regulator of pStat3, and activates neuregulins 1 and 2 (NRG1/2) known to activate
the prosurvival pStat5 pathway that can oppose pStat3. In addition, p63 possibly
suppresses other apoptosis-related genes (question mark), besides p53. In p63þ /�
mammary glands, these mechanisms are weakened, leading to increased Stat3
phosphorylation/activation (at Tyr705 and Ser727) and increased p53 activity and,
as a net result, to enhanced apoptosis in PI-MECs and other cell types, including
terminally differentiated milk-producing cells. (c) In late involution, after structural
tissue remodeling WT and p63þ /� mammary glands appear to have an overall
similar morphology by conventional histology. However, the number of PI-MEC
progenitor and derivative cells is significantly reduced in p63þ /� mammary
glands. (d) PI-MECs are known cellular targets of ErbB2 tumorigenesis. As a result,
p63þ /� females bearing activated ErbB2 are more resistant to pregnancy-
enhanced ErbB2-driven mammary carcinoma. Purple, PI-MECs. Green, other
epithelial cell types, including terminally differentiated milk-producing luminal cells
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stack). To normalize for possible differences in processing on different days, the
X-gal intensity of the most stained gland (whether from a p63þ /þ or a p63þ /�
animal) within each simultaneously processed set was set to 100 and the X-gal
intensities in the other glands from the same set were calculated relative to it.

For sections, X-gal-stained glands were dehydrated and processed for paraffin
embedding. Sections (6mm) were counterstained with Nuclear Fast Red
(Sigma, N8002). Images were taken using the Nikon Digital Sight DS Fi-1 camera
and NIS-Elements F3.0 software with a Nikon Labophot-2 microscope.

Immunoblot analysis. Mammary glands were minced and resuspended in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% Deoxycholate, 0.1% SDS and 50 mM
Tris HCl, pH 8) with protease inhibitors (Roche) as described. After sonication, the
suspension was spun down and fat was removed before protein quantification.
Immunoblots were performed using 20–60mg of protein. The following antibodies
were used: p63 (4A4, Santa Cruz, sc-8431), p-Stat3 (Ser727, Cell Signaling,
9134), p-Stat3 (Tyr705) (3E2, Cell Signaling, 9138), total Stat3 (124H6, Cell
Signaling, 9139), cleaved caspase-3 (D175, Cell Signaling, 9661), p53 (FL-393,
Santa Cruz, sc-6243) and MAPK2 (Millipore, Billerica, MA, USA; 1B3B9). Band
densities were quantified by ImageJ software.

FACS analysis. For single cell suspension of mammary epithelial cells,
mammary tissue was digested in Collagenase/Hyaluronidase enzymatic cocktail
(Stem Cell Tech, Vancouver, BC, Canada; 07912) at 37 1C for 2 h with shaking
and then digested in 0.05% Trypsin, followed by DNaseI treatment before further
digestion with Dispase (Stem Cell Tech, 07923). The cell suspension was then
treated with Red Blood Cell lysis buffer, rinsed with PBS and passed through a
40-mm mesh after resuspending in Opti-Mem (Invitrogen). Cell clumps were
mechanically disrupted by triturating with a glass pipette and cell numbers were
determined using the Beckman Coulter Z1 Counter (Beckman Coulter Inc., Brea,
CA, USA). For flow cytometry, cells were stained with APC-labeled lineage
markers CD31, CD45 and Ter119 (BD Pharmingen, San Diego, CA, USA) and
FITC-labeled mammary epithelial marker CD24 (BD Pharmingen). After
incubation with the antibodies, cells were washed and stained with PI (Sigma,
P4864) and analyzed with a FACScalibur flow cytometer (BD Biosciences, San
Jose, CA, USA) and Cyflogic (CyFlo Ltd, Turku, Finland) software (v1.2.1).

Reverse transcription PCR. Total RNA was extracted from mammary
epithelial cells (freshly isolated as described above for FACS analysis) using Trizol
reagent (Invitrogen). cDNA was prepared with SuperScript II reverse transcriptase
(Invitrogen). The PCR primers for total p63, DNp63 and TAp63 were previously
described.16 The other primers were: p63a-F 50-CACAGGCAGCTGCACGACT-30,
p63a-R 50-TCATTCTCCTTCCTCTTTGATACGC-30; p63b-F 50-TCCCTCAGCA
CACGATCGA-30, p63b-R 50-ACTTGCCAAATCCTGACAATGC-30; p63g-F
50-TCCCTCAGCACACGATCGA-30, p63g-R 50-GACGTCAGACTGTGTCGGAGC-30;
OSM-F 50-ATGCAGACACGGCTTCTAAGA-30, OSM-R 50-TTGGAGCAGCCAC
GATTGG-30; OSMR-F 50-GCATCCCGAAGCGAAGTCTT-30, OSMR-R 50-GGGC
TGGGACAGTCCATTCTA-30; EGFR-F 50-CCCATGCGGAACTTACAGGAA-30,
EGFR-R 50-TTGGATCACATTTGGGGCAAC-30; LIF-F 50-AACCAGATCAAGAAT
CAACTGGC-30, LIF-R 50-TGTTAGGCGCACATAGCTTTT-30; NRG1-F 50-GCAAA
GAAGGCAGAGGCAAG-30, NRG1-R 50-GGTTCAGCTCATTCCCGTTC-30; and
NRG2-F 50-TCGAAAGGAACCAGCGCTAC-30, NRG2-R 50-CCTCCACCCTCA
CTTTGTTG-30. Real-time PCR was performed using the QuantiTect SYBR Green
PCR kit (Qiagen, Valencia, CA, USA) on an Opticon 2 instrument (MJ Research Inc.,
Foster City, CA, USA) and analyzed with Opticon Monitor software (Bio-Rad,
Hercules, CA, USA). The PCR conditions were: 94 1C for 1 min, 60 1C for 1 min and
72 1C for 1.5 min (40 cycles). Samples were analyzed in duplicates and normalized to
HPRT. Expression of each gene was set to 1 in WT mammary cells.
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