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Research article

The p63/p73 network mediates
chemosensitivity to cisplatin in a biologically
defined subset of primary breast cancers

Chee-Onn Leong,! Nick Vidnovic,! Maurice Phillip DeYoung,' Dennis Sgroi,’2 and Leif W. Ellisen’

"Massachusetts General Hospital Cancer Center and Harvard Medical School, Boston, Massachusetts, USA. 2Department of Pathology,
Massachusetts General Hospital, Boston, Massachusetts, USA.

Breast cancers lacking estrogen and progesterone receptor expression and HER2 amplification exhibit dis-
tinct gene expression profiles and clinical features, and they comprise the majority of BRCA1-associated
tumors. Here we demonstrated that the p53 family member p63 controls a pathway for p73-dependent
cisplatin sensitivity specific to these “triple-negative” tumors. In vivo, ANp63 and TAp73 isoforms were
coexpressed exclusively within a subset of triple-negative primary breast cancers that commonly exhibited
mutational inactivation of p53. The ANp63a isoform promoted survival of breast cancer cells by binding
TAp73 and thereby inhibiting its proapoptotic activity. Consequently, inhibition of p63 by RNA interfer-
ence led to TAp73-dependent induction of proapoptotic Bcl-2 family members and apoptosis. Breast cancer
cells expressing ANp63o. and TAp73 exhibited cisplatin sensitivity that was uniquely dependent on TAp73.
Thus, in response to treatment with cisplatin, but not other chemotherapeutic agents, TAp73 underwent
c-Abl-dependent phosphorylation, which promoted dissociation of the ANp63a,/TAp73 protein complex,
TAp73-dependent transcription of proapoptotic Bcl-2 family members, and apoptosis. These findings define
P63 as a survival factor in a subset of breast cancers; furthermore, they provide what we believe to be a novel
mechanism for cisplatin sensitivity in these triple-negative cancers, and they suggest that such cancers may

share the cisplatin sensitivity of BRCAI-associated tumors.

Introduction
The identification of novel cancer subtypes promises to provide
more specific, more effective, and less toxic therapies. Global gene
expression profiling has uncovered previously unrecognized sub-
sets of human breast cancer, including the “triple-negative” or
“basal-like” subset characterized by alack of estrogen receptor (ER)
and progesterone receptor (PR) expression, the absence of HER2
amplification, and the expression of basal epithelial markers (1, 2).
Triple-negative breast cancers are the most common subtype aris-
ing in patients harboring germline mutations in the breast cancer
predisposition gene breast cancer 1, early onset (BRCAI). Both BRCAI-
associated and the more common sporadic triple-negative tumors
share similar gene expression profiles (3, 4). More importantly,
both are refractory to commonly used chemotherapeutic agents
and as a result are associated with a relatively poor prognosis (1).
Therefore, identification of new therapeutic options for patients
with these tumors is an important goal. While some reports have
suggested that BRCAI-associated triple-negative tumors exhibit
particular sensitivity to cisplatin chemotherapy (5), it is unknown
whether a common mechanism for cisplatin sensitivity is shared
between sporadic and BRCAI-associated triple-negative tumors.
The pS53-related transcription factor p63 is an essential regulator
of mammary epithelial development. In both mice and humans,

Nonstandard abbreviations used: BRCA1, breast cancer 1, early onset; ER, estrogen
receptor; MTT, methyl thiazolyl tetrazolium; ANp63, p63 lacking the N-terminal
transactivation domain; PARP-1, poly(ADP-ribose) polymerase-1; PI, propidium
iodide; PR, progesterone receptor; QRT-PCR, real-time quantitative RT-PCR; RNAi,
RNA interference; SCC, squamous cell carcinoma; shRNA, small hairpin RNA; TAp63,
P63 containing the N-terminal transactivation domain.
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mutation or inactivation of p63 leads to failure of early mammary
development as well as severe developmental abnormalities of the
skin, limbs, and other ectoderm-derived tissues (6, 7). In the adult
breast, p63 expression is restricted to the basal myoepithelial cell
layer, which is known to contribute to proliferation, differentiation,
and polarity of mammary epithelia (8, 9). However, expression of
p63 is not detectable in the majority of invasive breast carcinomas,
consistent with the fact that most breast tumors exhibit a luminal,
rather than a basal, epithelial phenotype (2, 10). Nevertheless, previ-
ous studies have suggested that a fraction of invasive ductal breast
carcinomas express p63 protein, with reports ranging from 0%-30%
of cases (11-14). The importance of p63 in mammary development
and its potential expression in a subset of breast cancers therefore
suggest a possible role for p63 in breast cancer pathogenesis.

Like p53 and the related protein p73, p63 is a sequence-specific
DNA-binding factor that regulates transcription of critical down-
stream target genes. All 3 p53 family members possess a highly
homologous DNA-binding domain, through which they regu-
late both shared and distinct subsets of transcriptional targets
(15). Expression from 2 distinct p63 promoters produces protein
isoforms that either contain or lack the N-terminal transactivation
domain (TAp63 or ANp63, respectively). Differential mRNA splic-
ing also gives rise to multiple C-terminal variants (16). The pre-
dominant p63 isoform expressed in most epithelial cells, ANp63ai,
exhibits properties of both a transcriptional activator and a repres-
sor (17). A tumor-specific role for ANp63a in epithelial cells is sup-
ported by the observation that ANp63a. is overexpressed in up to
80% of primary squamous cell carcinomas (SCCs) of the head and
neck, lung, and esophagus (18-22). Our recent work demonstrates
thatin head and neck SCC, ANp63a. promotes tumor cell survival
through repression of p73-dependent apoptosis (23, 24).
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Figure 1

Coexpression of ANp63 and TAp73 in triple-negative primary breast tumors. (A) Overexpression of p63 in primary microdissected invasive
breast carcinomas relative to specimen-matched normal luminal epithelia. The ratio of tumor/normal p63 mRNA was determined by QRT-PCR.
(B) Nuclear p63 protein correlated with p63 mRNA expression, as assessed by immunohistochemistry of representative tumors from A. Photo-
micrographs demonstrate low and high expression of p63 mRNA. Original magnification, x100. (C) TAp73 was overexpressed in ER/PR-nega-
tive tumors. Shown is QRT-PCR for TAp73 in 14 ER-positive and 23 ER/PR-negative primary breast carcinomas. Statistical significance was
analyzed using both a mean-value approach (ER-positive, 0.373 + 0.126; ER/PR-negative, 1.381 + 0.303; P = 0.0172, 2-way Student’s t test)
and a binning approach whereby tumors exhibiting p73 expression more than 2-fold the mean of the sample set were categorized as high and
the rest as low (P = 0.0309, Fisher’s exact test). (D) Expression of TAp73 correlated with ANp63 overexpression (P = 0.0107, Fisher’s exact
test) and with p53 mutation (P = 0.0257, Fisher’s exact test) in ER/PR-negative primary breast carcinomas. Levels of ANp63 were determined
by QRT-PCR, and p53 mutation was determined by cDNA sequencing. Note that TAp73/ANp63 coexpression was not observed in HER2-over-

expressing tumors as assessed by QRT-PCR.

Through our studies seeking to determine the role of p63 in
human breast cancer, we have uncovered a p63-dependent tumor
survival pathway that directly mediated cisplatin sensitivity spe-
cifically in triple-negative tumors. We found that ANp63 and
proapoptotic TAp73 isoforms were coexpressed exclusively within
this tumor subset in vivo. Breast tumor cells coexpressing ANp63
and TAp73 exhibited sensitivity to cisplatin, but not to common
chemotherapeutic agents used for breast cancer treatment, as a
result of phosphorylation-dependent dissociation of TAp73 from
ANp63a and subsequent transcription of proapoptotic effectors.
Together these results identify a p73-dependent pathway for spe-
cific chemosensitivity in a biologically defined subset of refrac-
tory breast cancers.

Results

TAp73 and ANp63 are coexpressed in a biologically defined subset of
primary invasive breast carcinomas. Previous studies of p63 expres-
sion in breast carcinoma have relied almost exclusively on
immunohistochemistry, which is relatively insensitive and only
roughly quantitative. In order to perform quantitative assess-
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ment of p63 levels, we initially used a panel of breast tumor speci-
mens that have been extensively characterized by laser-capture
microdissection and microarray-based gene expression profiling
(25). These specimens allowed us to compare p63 expression
levels in specimen-matched normal luminal epithelial cells and
invasive carcinoma cells. We directly examined p63 expression
by real-time quantitative RT-PCR (QRT-PCR) in 27 matched
normal epithelium/invasive tumor pairs. While most tumors
exhibited p63 expression levels that were equal to or lower than
the matched normal epithelia, we found that p63 was expressed
at more than 2-fold the level of matched normal epithelia in
S of 27 specimens (Figure 1A). To confirm that these results
reflected p63 expression within malignant cells, we performed
immunohistochemistry for p63 in specimens exhibiting both
low and high p63 levels. Consistent with the results from QRT-
PCR, we observed nuclear expression of p63 protein specifically
in malignant epithelial cells from specimens showing p63 mRNA
overexpression, but not from those showing low or no expression
(Figure 1B). Thus p63 mRNA and protein are expressed in a sub-
set of primary breast tumor cells in vivo.
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Endogenous p63 is required for survival in breast cancer cells. (A) Knockdown of endogenous p63—induced PUMA, NOXA, and PARP-1 cleav-
age, as assessed by immunoblot of the indicated cells 72 hours after infection with lentiviral sShRNA vectors targeting 2 distinct p63 sequences
(p63si-1 and p63si-2) or a nonspecific sequence (si-NS). None of these effects were observed in MCF-7 cells, which do not express abundant p63.
(B) Apoptotic morphology following lentiviral p63 knockdown in HCC-1937 cells. Photomicrographs were taken 72 hours after lentiviral sShRNA
infection. Original magnification, x100. (C) Apoptosis was observed following endogenous p63 knockdown, as assessed by annexin V/PI staining
of unfixed cells 72 hours following infection with the indicated lentiviral ShRNA vectors. Percentages indicate apoptotic cells (annexin V—positive
and/or Pl-positive). (D) Apoptosis following p63 inhibition was specific to breast cancer cells expressing abundant p63. Shown are results of
annexin V/PI staining for 3 independent experiments. Error bars represent SD. (E) PUMA and NOXA were induced following p63 knockdown. RNA
was prepared 72 hours following lentiviral infection and assayed by QRT-PCR for the indicated genes. Error bars represent SD for 2 independent

experiments, each performed in duplicate.

Given the distinct functional properties of N-terminal TAp63
and ANp63 isoforms (16), we next examined expression of these
forms of p63, as well as the related gene p73, in primary breast
carcinomas. We identified a group of primary invasive breast
carcinoma specimens from which frozen tissue was available for
preparation and analysis of unamplified RNA. Of note, all tumors
were removed prior to any radiation, hormonal, or chemotherapy
treatment. We used isoform-specific QRT-PCR to directly assess
levels of TAp63, ANp63, TAp73, and N-terminally truncated p73
isoforms ANp73 and AN’p73 (hereafter referred to as ANp73) in
these samples. In order to compare the level of each isoform rela-
tive to the others, we used cDNA templates to generate standard
curves for each isoform (see Methods). To ensure that our findings
reflected gene expression within malignant cells, samples under-
went histopathologic analysis and were found to contain no more
than 5% ductal carcinoma in situ (DCIS) or normal epithelia.

In a series of 37 such tumor specimens, the most striking finding
of our examination was the overexpression of ANp63 (more than
2-fold the mean value of the sample set) and its statistically signifi-
cant association (P < 0.05, Fisher’s exact test) with overexpression
1372
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of TAp73 isoforms in a subset of breast carcinomas lacking ER
and PR expression (Figure 1, C and D). Overexpression of TAp73
in particular was highly associated with ER/PR negativity (Figure
1C). To validate the correlation between mRNA and protein levels
of TAp73 and ANp63, we compared QRT-PCR values to the respec-
tive protein levels determined by Western blot analysis in a panel
of breast cancer cell lines. We obtained #? values greater than 0.9
for both TAp73 (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI30866DS1) and
ANp63 (data not shown). In contrast to the relatively high expres-
sion of TAp73, ANp73 isoforms were expressed at very low levels,
with a mean fold ratio of TAp73/ANp73 mRNA in the sample set
greater than 70:1, consistent with prior reports (26). In addition,
TAp63 isoforms were expressed at substantially lower levels than
ANp63 isoforms in most of the specimens and were not associated
with TAp73 expression (data not shown). Thus, TAp73 and ANp63
are selectively co-overexpressed within a subset of ER/PR-negative
primary breast tumors.

Given that p63 and p73 may also exhibit functional interactions
with p53, we next examined the mutational status of p53 in these
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tumors by cDNA sequencing (Supplemental Table 1). Among the 7
tumors exhibiting overexpressed TAp73, 5 of 7 harbored missense
or nonsense mutations in p53, while only 3 of 16 tumors lacking
TAp73 overexpression exhibited mutant p53 (P = 0.0257, Fisher’s
exact test; Figure 1D). This statistically significant finding suggests
alink between pS53 inactivation and TAp73 overexpression, which is
in agreement with a prior report suggesting an association between
p73 and mutant pS3 expression in primary breast carcinomas (27).
As noted above, breast tumors characterized by the absence of
both ER/PR expression and HER2 overexpression appear biologi-
cally and clinically distinct (1, 10). We therefore assessed HER2
mRNA expression in the tumor set by QRT-PCR, using a clinically
validated cutoff value for HER2 overexpression of greater than
10-fold the mean normal level (28), and found that no tumors
exhibiting co-overexpression of TAp73 and ANp63 overexpressed
HER?2 (Figure 1D). Together these findings demonstrate that over-
expression of TAp73 and ANp63 is restricted to a subset of ER/PR/
HER2-negative primary breast carcinomas that commonly exhibit
mutation of p53. These tumors may therefore represent a distinct
biologic subtype with particular phenotypic properties.
Requirement of p63 for survival in breast cancer cells. To study the
potential functional contribution of p63 and p73 in breast cancer
cells, we next examined their expression in human tumor-derived
breast carcinoma cell lines. Consistent with our findings in prima-
ry breast tumors, we found that a subset of breast cancer cell lines
expressed ANp63a, the major p63 isoform expressed in normal
epithelia (16). Several cell lines, including MCF-7, exhibited low
levels of ANp63a mRNA and protein, while other lines, includ-
ing HCC-1937, MDA-MB-468, and T47D, expressed substantially
higher levels of ANp63a. (Figure 2A and Supplemental Figure 1).
As in primary breast tumors, TAp73 was coexpressed with ANp63
in these cell lines (Supplemental Figure 1). Also consistent with
our findings in primary tumors, 2 of 3 tumor-derived cell lines
we identified as coexpressing ANp63 and TAp73, HCC-1937 and
MDA-MB-468, exhibited a triple-negative phenotype and muta-
tional inactivation of pS3. Furthermore, HCC-1937 is a BRCAI-
associated triple-negative tumor cell line, while MDA-MB-468 is a
triple-negative tumor cell line expressing wild-type BRCAI (29).
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Figure 3

Survival of breast cancer cells is promoted by p63
through repression of TAp73-dependent apoptosis.
(A) PARP-1 cleavage, PUMA and NOXA induc-
tion, and apoptosis induced by p63 knockdown
were TAp73 dependent. Pools of cells expressing
a TAp73-targeted shRNA (TAp73si) or the control
vector were then infected with a p63-directed lenti-
viral shRNA or control, and lysates were harvested
at 72 hours for immunoblot and IP/immunoblot (for
p73). (B) Morphologic features of apoptosis were
TAp73 dependent. Shown are photomicrographs
of representative fields of cells treated as in A and
harvested 72 hours following p63 knockdown. Origi-
nal magnification, x100. (C) Rescue from apoptosis
following ablation of TAp73 but not TAp63. Quanti-
tation of apoptosis by annexin V/PI staining of cells
treated as in A and harvested 72 hours following
p63 knockdown. Error bars represent SD for 3 inde-
pendent experiments.

To study the function of endogenous p63, we recently developed
an efficient system for lentiviral-based RNA interference (RNAI).
These viruses express small hairpin RNA (shRNA) species that
are processed to siRINAs. We tested the effect of endogenous p63
knockdown by lentiviral RNAi in breast cancer cells that express
endogenous ANp63a. As a control for the specificity of our shRNA
species, we tested the effect of 2 independent p63-directed shRNAs.
As an additional control, we also examined the effects of express-
ing these shRNAs in MCF-7 (Figure 2A) and Saos-2 cells (data not
shown), both of which express little or no endogenous p63.

We first demonstrated efficient knockdown of p63 expression
by lentiviral RNAi in HCC-1937 and T47D cells, both of which
express endogenous ANp63a. We routinely achieved greater than
75% knockdown of p63 mRNA and protein within 48-72 hours of
lentiviral infection in these cells, as assessed by QRT-PCR and West-
ern analysis, respectively (Figure 2A and Supplemental Figure 2).
In contrast, infection with the control lentivirus or a nonspecific
shRNA did not affect endogenous p63 levels. Inhibition of p63 in
both these p63-expressing breast cancer lines induced obvious cell
death associated with nuclear blebbing characteristic of apoptosis
(Figure 2B). These morphologic changes were not observed fol-
lowing infection of these cells with either control lentivirus, nor
were they observed following p63-directed RNAI in either MCF-7
or Saos-2 cells (Supplemental Figure 2 and ref. 24).

To confirm whether p63 loss induced apoptosis, we performed
Western analysis for cleavage of poly(ADP-ribose) polymerase-1
(PARP-1), a specific hallmark of apoptotic cell death. PARP-1 cleav-
age was observed specifically in response to p63 knockdown, not
following control lentiviral infection. Furthermore, PARP-1 cleav-
age was observed in HCC-1937 and T47D cells, but not in MCF-7
cells, which do not express endogenous p63 (Figure 2A). To quan-
titate apoptotic cell death, we assayed annexin V/propidium iodide
(annexin V/PI) staining of unfixed cells by FACS analysis. This
assay detects both early apoptotic (annexin V-positive, PI-nega-
tive) and late apoptotic (annexin V-positive, PI-positive) cells (30).
Prominent annexin V/PI staining correlated with PARP-1 cleavage
and with morphologic features of apoptosis and was induced spe-
cifically in response to p63 knockdown only in cell lines expressing
Volume 117 1373
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Figure 4

TAp73 mediates cisplatin sensitivity in breast cancer cells expressing TAp73 and ANp63. (A) Inhibition of TAp73 induced resistance specifically
to cisplatin. Dose-response curves (MTT cell viability assay) of cells expressing the control vector or a TAp73-directed lentiviral shRNA 5 days fol-
lowing treatment with cisplatin (Cis), doxorubicin (Dox), or paclitaxel (Tax). Little or no effect of TAp73 knockdown was observed in MCF-7 cells.
Error bars show SD for 3 independent experiments. (B) TAp73 mediated selective proapoptotic target gene induction in response to cisplatin.
QRT-PCR analysis of the indicated genes in HCC-1937 cells as in A 6 hours after cisplatin treatment (at ICo, 6.6 uM). (C) TAp73 expression
conveyed specific cisplatin sensitivity to normal basal mammary epithelial cells. MCF-10A cells were infected with a retrovirus encoding TAp73f3
or the control vector, followed by quantitative dose-response analysis as shown in A (P < 0.01, 1-tailed Student’s t test). TAp73p increased
sensitivity (i.e., decreased the 1Cso) only for cisplatin. Error bars show SD for 3 independent experiments.

endogenous ANp63a (Figure 2, C and D). Together these findings
demonstrate that specific inhibition of endogenous p63 induces
apoptosis in breast cancer cells in which it is expressed.

To begin to address the mechanism by which p63 inhibition
induces apoptosis of breast cancer cells, we first assayed expression
of proapoptotic genes known to be regulated by p53 family mem-
bers. We observed substantial induction of PUMA and NOXA, but
not of BAX, p53AIP1, or FAS, coincident with p63 knockdown in
HCC-1937 and T47D cells (Figure 2, A and E). Induction of both
PUMA and NOXA was a specific effect of p63 inhibition, as nei-
ther gene was induced following control shRNA lentiviral infec-
tion in these cells, nor were they induced by p63-directed shRNA in
MCF-7 or Saos-2 cells, which do not express endogenous ANp63a.
(Figure 2A, Supplemental Figure 2, and data not shown).

Apoptosis following p63 inhibition depends on endogenous p73. ANp63o.
has been hypothesized to function as an inhibitor of its proapop-
totic paralogs p53 and TAp73 (16, 17, 24, 31). Neither HCC-1937
nor T47D cells express wild-type p53, demonstrating that the p63-
dependent survival effect in these cells is not mediated through
repression of p53 function (32). In contrast, both cell lines expressed
TAp73 isoforms (Figure 3A and Supplemental Figure 3), and we and
others have previously demonstrated that TAp73 is a direct tran-
scriptional activator of PUMA, implying a potential contribution
1374

The Journal of Clinical Investigation

htep://www.jci.org

of TAp73 to induction of PUMA and cell death following inhibi-
tion of p63 (24, 33). In order to determine whether PUMA induction
and apoptosis following loss of p63 were mediated by TAp73, we
inhibited TAp73 in HCC-1937 cells by expressing a lentiviral ShRNA
construct that we have previously shown to be a potent and specific
inhibitor of this isoform, followed by brief drug selection (24). We
confirmed knockdown of p73 mRNA and protein by QRT-PCR and
IP/Western blot analysis, respectively, in these cells compared with
control vector-infected cells (Figure 3A and Supplemental Figure 3).
We then quantitated cell death following p63 knockdown in the
TAp73-inhibited cells compared with that of control cells. As an
additional control, we also generated cells expressing an shRNA
directed against TAp63. Only inhibition of TAp73 consistently
abrogated PUMA induction, PARP cleavage, and cell death follow-
ing knockdown of ANp63a. in HCC-1937 cells (Figure 3). Similar
results were observed in T47D cells (Supplemental Figure 3). These
data suggest that ANp63a, when present in breast cancer cells, pro-
motes cell survival by inhibiting the proapoptotic activity of transac-
tivating isoforms of p73. As discussed below;, this inhibition involves
direct binding of ANp63a. to TAp73 (see Dissociation of the p63/p73
complex is induced by cisplatin treatment).

TAp73 mediates specific cisplatin sensitivity in breast cancer cells exhib-
iting ANp63/TAp73 expression. Expression of p73 has recently been
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Cisplatin induces dissociation of the ANp630/TAp73 complex. (A) Quantitative binding of
TAp73to ANp63a in HCC-1937 cells and dissociation following cisplatin treatment. Left, IPs of
control or cisplatin-treated cultures (IC, for 6 hours); right, corresponding post-IP supernatants
(Sup). IP for either p63 or p73 resulted in complete immunodepletion of TAp73 (lanes 11 and
12). Following cisplatin treatment, less TAp73 was associated with ANp63a. (lanes 3 and 7),
resulting in detectable “free” TAp73 in the depleted post-IP supernatant (lanes 11 and 15).
Note the absence of change in ANp63a. or TAp73 protein levels following cisplatin treatment
(lanes 2, 6, 10, and 14). Controls demonstrated these antibodies to be non—cross-reactive (ref.
24 and data not shown). (B) MDA-MB-468 cells showed quantitative ANp63a/TAp73 binding
similar to that of HCC-1937 cells and partial dissociation following cisplatin treatment. Cells
were treated as in A. Left, IP product; right, post-IP supernatant. Note the decrease in TAp73
associated with ANp63a. following cisplatin treatment (lanes 3 and 7),
ANp63a. or TAp73 protein levels (lanes 10 and 14). HCC-1937 cells expressed TAp73a (A),

while MDA-MB-468 cells expressed both TAp73a and TAp73p (B).

identified as a potential contributor to chemosensitivity in a variety
of contexts (34-38). Because TAp73 is expressed in triple-negative
breast cancer cells but functionally repressed by ANp63a, we asked
whether chemotherapy exposure might promote escape from this
repression and thereby allow TAp73 to mediate chemosensitiv-
ity. To directly assess the contribution of TAp73 to chemosensi-
tivity, we first tested the effect of ablating endogenous TAp73 by
lentiviral RNAI prior to chemotherapy treatment. We examined
HCC-1937 and MDA-MB-468, 2 triple negative cell lines that
coexpress ANp63 and TAp73. As a control we examined MCF-7,
an ER-positive, p63-negative breast cancer line that did not exhibit
p63-dependent survival (Figure 2). Pools of cells stably expressing
the TAp73-directed lentivirus or the vector control were generated
(Supplemental Figure 4). We first tested chemosensitivity to doxo-
rubicin or paclitaxel, 2 of the most commonly used agents for treat-
ment of early-stage breast cancer (39). Knockdown of TAp73 had
less than a 2-fold effect on the ICs for either drug as assessed by
quantitative cell viability assay (Figure 4A). In contrast, TAp73 abla-
tion induced marked cisplatin resistance in both triple-negative cell
lines: the ICs for cisplatin was increased by more than 10-fold in
each of these cell lines following TAp73 inhibition (Figure 4A and
Supplemental Figure 4). In MCF-7 cells, TAp73 was not a mediator
of sensitivity to cisplatin or other chemotherapeutic agents (Figure
4A). These findings suggest that TAp73 is a mediator of cisplatin
sensitivity in breast cancer cells expressing ANp63 and TAp73.

To further explore the p73-dependent pathway induced by cispla-
tin, we next examined expression of candidate apoptotic effector
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We previously reported that normal basal
mammary epithelial cells express ANp63a.
but little or no TAp73 (9). The findings
described above predict that ectopic TAp73
expression in such normal cells should
enhance cellular sensitivity to cisplatin. To
test this possibility we expressed TAp73
ectopically in MCF-10A, a nontransformed,
nontumorigenic breast epithelial cell line
that expresses relatively high levels of
ANp63abutlittle orno TAp73 (9). MCE-10A
cells were stably infected with a retrovirus
encoding TAp73p, followed by brief drug
selection (Supplemental Figure 4). Ectopic
TAp73p expression significantly increased
the sensitivity of MCF-10A cells to cisplatin (P < 0.01; Figure 4C
and Supplemental Figure 4), even though it did not affect their
baseline cell proliferation or viability (data not shown). This effect
was highly specific, as TAp73f expression did not significantly
enhance sensitivity to either doxorubicin or paclitaxel (Figure 4C).
Together these data suggest that TAp73, which is normally inac-
tive in breast cancer cells due to its coexpression with ANp63a, is
activated to induce a cell death pathway specifically in response to
cisplatin treatment, resulting in chemosensitivity to this agent.

Dissociation of the p63/p73 complex is induced by cisplatin treatment.
We next sought to determine the mechanism by which cisplatin
treatment induced specific p73 activation in breast carcinoma
cells. In SCCs endogenous ANp63a binds to TAp73, which we
and others have shown to be sufficient for repression of TAp73-
dependent transcription (24, 31). To determine whether this same

despite no change in

mechanism was operative in breast carcinoma cells, we tested for
ANp630/TAp73 interaction by coimmunoprecipitation of the
respective endogenous proteins. In both HCC-1937 and MDA-
MB-468 cells, endogenous TAp73 was immunoprecipitated
by p63-directed antisera; similarly, endogenous ANp63a was
immunoprecipitated following IP for p73 (Figure 5, A and B). Fur-
thermore, in both cell lines ANp63a was in molar excess relative to
TAp73, and we observed that IP for either p63 or p73 yielded the
same mass of p73 and essentially depleted p73 from the post-IP
supernatant (Figure 5, A and B). These observations suggest that
the vast majority of TAp73 is complexed to ANp63c. in breast can-
cer cells under normal growth conditions.
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A IP p73 B IP p73 p63/p73 dissociation and for the specific chemosen-
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» o ad published data indicate that Y99 is the major site of
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- «TAp73p S lation at this site is critical for activation of p73 in

- — response to DNA damage (38, 42, 43). Therefore,

p73 N I t -_—T :TAp73a p73 > - we first compared the effects of expressing either
1:30—1937 MD:A-JB-LZS;S g HCC-1937 MDA-MB-468  wild-type TAp73a or the site-specific Y99F mutant
TAp730 in MCF-10A cells. As noted above, these

Figure 6 cells express endogenous ANp63a. but not TAp73.

Cisplatin treatment specifically induces c-Abl-dependent p73 phosphorylation.
(A) TAp73 is tyrosine phosphorylated in response to cisplatin but not doxorubicin.
Immunoprecipitated p73 was probed for anti-phosphorylated tyrosine (p-Tyr) by
immunoblot 6 hours following control or cisplatin (Cis) or doxorubicin (Dox) treat-
ment (both at IC7). The same blot was then stripped and reprobed for total p73 pro-
tein. HCC-1937 cells expressed TAp73a, while MDA-MB-468 cells expressed both
TAp73c and TAp73p. (B) Induction of c-Abl-dependent TAp73 phosphorylation fol-
lowing cisplatin treatment. Cells were pretreated with imatinib (Ima; 1 uM for 2 hours)
or vehicle control as indicated and then treated with cisplatin and analyzed as in A.

As noted above, we observed TAp73-dependent transcription
of proapoptotic effector genes within several hours of cisplatin
treatment, absent any change in ANp63a. or TAp73 protein levels
(Figure 4B and Figure 5, A and B). We therefore sought to explain
how cisplatin treatment allows TAp73 to escape ANp630-medi-
ated repression. Remarkably, we observed substantial dissociation
of the ANp630/TAp73 complex 6 hours following cisplatin treat-
ment, as assessed by coimmunoprecipitation for either endog-
enous protein (Figure 5, A and B). These findings were confirmed
by examining the immunodepleted post-IP supernatants: little or
no residual p73 was detected following depletion for p63 in the
basal state; in contrast, “free” TAp73 was readily detectable follow-
ing cisplatin treatment (Figure SA). Notably, these findings were
highly reproducible in both HCC-1937 and MDA-MB-468 cells
(Figure 5B). While we did observe a decline in ANp63a protein
expression beginning at 12 hours, consistent with prior reports
(40), our findings suggest that dissociation of the ANp63/TAp73
complex contributes to cisplatin-induced TAp73 activation.

TAp73 is phosphorylated in a c-Abl-dependent manner specifically fol-
lowing cisplatin treatment. Previous studies have implicated phos-
phorylation of p73 in its activation following DNA damage (35,
37, 38). Therefore, to uncover the molecular events leading to
TAp73 dissociation and activation, we examined p73 phosphory-
lation following chemotherapy treatment. In both HCC-1937 and
MDA-MB-468 cells we observed tyrosine phosphorylation of p73
— which was maximal at 6 hours — in response to cisplatin treat-
ment, but not doxorubicin treatment (Figure 6A). Of note, this
phosphorylation coincided temporally with TAp73-dependent
transcription (Figure 4B) and with dissociation of the ANp63/
TAp73 complex (Figure 5). Given these previous studies linking
c-Abl to activation of p73, we next tested whether phosphoryla-
tion was c-Abl dependent using the well-established c-Abl kinase
inhibitor imatinib (41). Pretreatment of cells with imatinib result-
ed in substantial inhibition of p73 phosphorylation following
cisplatin treatment (Figure 6B). These findings suggest that p73
is phosphorylated in a c-Abl-dependent manner specifically fol-
lowing cisplatin treatment.

Phosphorylation of TAp73 Y99 is essential for dissociation of the p63/
p73 complex and for cisplatin sensitivity. We next sought to determine
whether c-Abl-dependent phosphorylation of p73 was required for
1376
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Stable retroviral expression of TAp73 did not affect
baseline proliferation or viability of MCF-10A cells
(data not shown). As predicted, ectopic wild-type
TAp73 was strongly phosphorylated in response to
cisplatin treatment in MCF-10A cells, while YO9F
TAp73 underwent little detectable phosphorylation
(Figure 7A). Furthermore, while IP for both wild-type
and Y99F TAp73 coimmunoprecipitated abundant
ANp63a at baseline, cisplatin induces substantial
dissociation of ANp63a only from wild-type, but
not YO9F, TAp73 (Figure 7A). The same result was evident follow-
ing IP for p63 under these same conditions: dissociation of wild-
type TAp73 from ANp63a. was observed with 6 hours of cisplatin
treatment, while essentially no dissociation of YOOF TAp73 was
observed (Figure 7A). Finally, although wild-type TAp73 expres-
sion significantly increased sensitivity of MCF-10A cells to cispla-
tin treatment (P < 0.01), YO9F TAp73 had licttle, if any, effect on
cisplatin sensitivity (Figure 7B). Of note, these findings are in con-
trast to another point mutant we tested, Y121F TAp73, which still
underwent substantial phosphorylation and dissociation from
ANp63a and still induced cellular sensitivity following cisplatin
treatment (data not shown). Together these observations demon-

A B 100 -
TAp73cc  WT  Y99F P <001
Cs - + - +
DE3 W - 801
R
O | P73 we————— 2 601
o 3
p-Tyr ‘ 3 <«TAp73a g 40
R
™ | P73 - a—— 204
‘
Sy 0-
P Vector WT Y99F
TAp73a
Figure 7

TAp73 phosphorylation at Y99 is required for cisplatin-induced
ANp63a/TAp73 dissociation and cell death in MCF-10A cells. (A)
Wild-type or YO9F TAp73a were expressed in MCF-10A cells via ret-
rovirus. Lysates from either cisplatin-treated or untreated cells were
halved and subjected to IP for either p63 or p73, followed by immu-
noblots as shown. Wild-type TAp73a was tyrosine phosphorylated
and dissociated from ANp63a following cisplatin treatment (1 uM,
6 hours), while Y99F TAp73a remained unphosphorylated and bound
to ANp63a. Note there was no change in the total level of retroviral
TAp73a or endogenous ANp63a following cisplatin treatment. (B)
TAp73 Y99 phosphorylation was required to convey cisplatin sensitiv-
ity. MCF-10A cells described in A were treated with cisplatin (1 uM) for
5 days, and cell viability was assessed by MTT. Error bars show SD
for 3 independent experiments.
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A HCC-1937 Figure 8
Vehicle Ima Cis Cis + Ima Imatinib treatment blocks ANp630/TAp73 dissociation, TAp73-
- 3 = 2 o = 3O -3 © dependent transcription, and cell death induced by cisplatin.
PSS 2 2% QG 2 % % g & g ¢ g 25 g (A) Imatinib attenuated dissociation of ANp63c and TAp73. In
left blots (control), cells were treated with imatinib (1 uM for 8
p73 - - — W W 1ours) or vehicle control; in right blots, cells were pretreated with
imatinib (1 uM for 2 hours) or vehicle control, then treated with
p63 * * * * cisplatin (ICyo for 6 hours) prior to IP for p63 or p73. Dissociation
of TAp73 and ANp63a following cisplatin treatment (compare
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(B and C) TAp73-dependent proapoptotic transcription required
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® ‘3'8 Discussion
20 We have defined a specific pathway that mediates cisplatin
13 ] sensitivity through activation of the proapoptotic p53 family
HCC-1937 MDA-MB-468

strate that phosphorylation of TAp73 at Y99 is essential for disso-
ciation of the ANp630/TAp73 complex and for chemosensitivity
following cisplatin treatment.

TAp73 dissociation, proapoptotic transcription, and cell death induced by
cisplatin are c-Abl dependent. Given that Y99 is the major site for c-Abl
phosphorylation of TAp73 (38, 42, 43), our data point to c-Abl as
a critical kinase required for escape of TAp73 from ANp63a-medi-
ated repression. To further substantiate this hypothesis, we asked
whether imatinib could inhibit TAp73 activation and the result-
ing proapoptotic program induced by cisplatin. First, we examined
dissociation of the ANp630/TAp73 complex. Consistent with our
model, pretreatment of cells with imatinib substantially blocked
dissociation of the endogenous ANp63a,/TAp73 complex induced
by cisplatin in breast cancer cells (Figure 8A). Second, to deter-
mine whether imatinib could inhibit proapoptotic transcription
induced by cisplatin, we assayed cisplatin-induced transcription of
NOXA, which we had shown to be TAp73 dependent, with or with-
out imatinib pretreatment. Indeed, pretreatment blocked induc-
tion of NOXA at 6 hours following cisplatin treatment in both
HCC-1937 and MDA-MB-468 cells (Figure 8, B and C). This effect
correlated with the ability of imatinib to block ANp630/TAp73
dissociation at this same time point (Figure 8A). Of note, imatinib
treatment had no effect on baseline NOXA expression in either cell
line (data not shown). Finally, imatinib treatment led to a substan-
tial rescue from cell death induced by cisplatin in both HCC-1937
and MDA-MB-468 cells (Figure 8D). Imatinib treatment did not
affect cell proliferation in either cell line at the dose used in these
assays (data not shown). Taken together, these results demon-
strate that cisplatin induced death in breast cancer cells expressing
ANp63a and TAp73 through a TAp73-mediated pathway involv-
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member TAp73 in breast cancer cells. Under normal growth

conditions, survival of these cells depends upon the presence

of ANp63a, which functions to repress the proapoptotic
activity of TAp73 through direct physical interaction. Either inhi-
bition of ANp63a expression by RNAI or dissociation of TAp73
from ANp63a by cisplatin treatment led to TAp73-dependent
transcription of the same proapoptotic effector genes, followed by
apoptosis. The specificity of this pathway for cisplatin, but not
other chemotherapeutic agents, involved phosphorylation of p73
in a c-Abl-dependent manner, which promoted dissociation of the
TAp73/ANp63a. complex and was required for activation of the
p73-dependent apoptotic program. The presence of this pathway
in breast cancers in vivo is strongly supported by our observation
TAp73 was co-overexpressed with inhibitory ANp63 exclusively in
a subset of triple-negative primary breast carcinomas.

Breast tumors that lack ER/PR expression and HER2 amplifi-
cation are among the most refractory of human breast cancers,
because they cannot be treated with effective hormonal or HER2-
targeted therapies. Microarray-based gene expression profiling
has revealed that most triple-negative breast carcinomas express
proteins associated with mammary basal and/or myoepithelial
cells, including basal cytokeratins S and 6 (4, 10). The fact that
ANp63 is highly expressed exclusively in basal cells of the normal
mammary gland is therefore consistent with our data and those
of others (44), that ANp63 was expressed in a subset of triple-
negative primary tumors. Notably, we also assayed p63 expres-
sion in premalignant DCIS specimens. We found that p63 was
overexpressed relative to normal luminal epithelia in only 2 of 39
specimens (data not shown). Thus, p63 is expressed in a subset of
primary breast carcinomas, and its expression is restricted largely
to invasive disease. While ANp63 is abundantly expressed in nor-
mal basal epithelia, we reported previously that p73 is expressed
at very low levels in normal basal and luminal epithelia of the
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epidermis and mammary gland (9, 23). In breast cancers, we show
here that proapoptotic TAp73 isoforms were overexpressed pref-
erentially in tumors that exhibited overexpression of inhibitory
ANp63. Specifically, 32% (6 of 19) of the triple-negative tumors we
examined exhibited ANp63 overexpression and detectable TAp73
expression, with all but one of these showing high-level TAp73
expression. One implication of these findings is that tumor-spe-
cific expression of TAp73 in triple-negative breast cancers might
contribute to particular sensitivity of these tumor cells rather
than normal cells to cisplatin chemotherapy.

Previous studies have suggested that p73 may be an important
mediator of the response to chemotherapy and other forms of
DNA damage in tumor cells (34-38). We found that TAp73 was
expressed but was physically associated with ANp63a. in triple-
negative breast tumor cells, and we and others have demonstrat-
ed that ANp63a potently inhibits the transcriptional activity of
TAp73 (24, 31). However, despite the presence of ANp63a, we
found that these cells exhibited cisplatin sensitivity that was medi-
ated through TAp73-dependent transcription of proapoptotic
effector genes. Furthermore, we observed that TAp73-dependent
transcription was initiated in the absence of any change in the lev-
els of TAp73 or ANp63a. proteins. The resolution of this seeming
paradox was provided by our finding that phosphorylation of p73
functioned to promote dissociation of the ANp63/TAp73 com-
plex, leading to activation of TAp73-dependent transcription.

Recent studies have uncovered several kinase pathways that
might contribute to activation of p73 following cisplatin treat-
ment. These include AKT-dependent coactivator recruitment
(45, 46), Chk1/2-dependent induction of p73 mRNA (47), and
c-Abl-dependent phosphorylation (35, 37, 38). We provide sev-
eral lines of evidence to suggest that the phosphorylation of p73
we observed is required for transcription and cell death induced
by cisplatin and is mediated by the c-Abl kinase. First, previous
reports have documented that TAp73 Y99 is the major site of p73
phosphorylation by c-Abl and that phosphorylation at this site is
critical for activation of p73 in response to DNA damage (38, 42,
43). We found that the YO9F TAp73 mutant was virtually inactive
in undergoing phosphorylation, in dissociating from ANp63a, and
in sensitizing cells to death following cisplatin treatment. Second,
we find that imatinib, a specific inhibitor of c-Abl activity, blocks
cisplatin-induced ANp63a/TAp73 dissociation, TAp73-dependent
target gene induction, and cell death. Finally, our findings are sup-
ported by previous work showing the ability of imatinib to inhibit
the p73-dependent response to DNA damage (48). Of note, our
data also imply that in breast cancer cells this TAp73-dependent
mechanism is specific for platinum-based chemotherapy, which is
unique in triggering phosphorylation required for ANp63/TAp73
dissociation. In addition, this cisplatin-sensitivity pathway appears
restricted to breast tumors that exhibit a triple-negative pheno-
type, as only these tumors co-overexpress ANp63 and TAp73.

While a detailed understanding of the molecular basis of triple-
negative tumors is lacking, it is now recognized that these tumors
share clinical features and gene expression profiles with tumors
in patients who inherit germline mutations in the breast cancer
predisposition gene BRCAI (2, 3). Notably, of the 2 triple-negative
cells used in this study, HCC-1937 cells express only mutation-
ally inactivated BRCA1, while MDA-MB-468 cells express wild-
type BRCA1 (29). Thus, expression of ANp63 and TAp73 appears
to reflect a functional pathway shared by BRCAI-associated and
sporadic triple-negative tumors. Our finding that this pathway
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mediates cisplatin sensitivity is consistent with recent reports sug-
gesting that breast carcinoma cells derived from BRCAI mutation
carriers exhibit particular sensitivity to cisplatin (5). The poten-
tial benefit of cisplatin treatment for patients presenting with
non-BRCAI-associated triple-negative tumors, who greatly out-
number BRCAI-associated cases, is of substantial clinical interest.
Whether in vitro sensitivity to cisplatin will portend a favorable
clinical response in vivo remains to be determined (49). It is clear,
however, that the efficacy of cisplatin as a breast cancer treatment
is very low in unselected patients who have received prior therapy
(50), underscoring the need to establish a means to identify those
patients who will experience a favorable response.

In summary, this work has identified a molecular pathway that
mediates specific cellular sensitivity of breast cancer cells to cis-
platin chemotherapy. This ANp63/TAp73 pathway appeared to be
restricted to a subset of primary breast cancers that are thought
to be phenotypically similar to BRCAI-associated cancers, which
themselves are thought to exhibit cisplatin sensitivity. These find-
ings suggest that a subset of sporadic triple-negative cancers may
exhibit clinical sensitivity to cisplatin treatment. In addition, it is
likely that the ANp63/TAp73 pathway is relevant in other tumor
types that express these particular proteins. As noted above,
ANp63a is overexpressed in SCCs of the head and neck, lung, and
esophagus (18-22), and we previously demonstrated that ANp63a
functions to repress apoptosis mediated by TAp73 in SCC cells
(23, 24). Consistent with a role for the ANp63/TAp73 pathway in
mediating chemosensitivity, it has been recently reported that the
level of ANp63a in primary head and neck SCCs correlates with
the clinical response of patients to cisplatin chemotherapy (51).
Our findings predict that the presence of an active ANp63/TAp73
pathway may prove to be a useful clinical predictor of cisplatin sen-
sitivity in treatment-refractory breast cancers and other tumors.

Methods
Primary breast carcinoma specimens. Discarded tissue samples were collected
and processed anonymously under human subjects research protocol 2002-
P-002059/10. This protocol was reviewed and approved by the Human
Research Committee, Partners Healthcare Inc., Boston, Massachusetts,
USA. All samples underwent pathologic review. Microdissected tumor/
normal paired samples were processed as described previously (25). For
isoform-specific analysis, we performed pilot studies on a smaller tumor
group, then selected a larger group of tumors enriched for ER/PR-nega-
tive cases. Initially, 39 primary invasive tumors were evaluated in total, and
2 were excluded due to greater than 5% DCIS and normal epithelia. RNA
was prepared as described below.

Cell lines and plasmids. The human breast carcinoma cell lines MCF-7,
HCC-1937, MDA-MB-468, and T47D were maintained in RPMI 1640
containing 10% FBS, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen). MCF-10A cells were grown in DMEM-F12 (Invitrogen)
supplemented with 5% horse serum, 20 ng/ml EGF, 0.5 ug/ml hydrocor-
tisone, 100 ng/ml cholera toxin, 10 ug/ml insulin, 100 IU/ml penicillin,
and 100 pug/ml streptomycin. Wild-type and mutant TAp73o. plasmids
were generously provided by Z.-M. Yuan (Harvard School of Public
Health, Boston, Massachusetts, USA).

Lentiviral and retroviral production and infection. The shRNA lentiviral
constructs were created by transferring the U6 promoter-shRNA cassette
into a lentiviral backbone, and high-titer amphotrophic retroviral and
lentiviral stocks were generated by cotransfection with packaging vectors
into 293T cells as described previously (24). The targeted sequences for
p63 were 5'-GGGTGAGCGTGTTATTGATGCT-3' and 5'-GAGTGGAAT-
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GACTTCAACTTT-3". The targeted sequence for TAp73, 5'-GGATTCCAG-
CATGGACGTCTT-3', is found within p73 exon 3. Therefore, this shRNA
does not target ANp73 (Supplemental Figure 3) (24).

ORT-PCR analysis. Total RNA from cells was extracted using STAT-60
RNA isolation solution (Tel-Test Inc.) according to the manufacturer’s
protocol. First-strand cDNA was synthesized from total RNA using
random hexamer primers and the SuperScript II system for RT-PCR
(Invitrogen). Gene expression levels were measured by QRT-PCR using
the iQ SYBR Green Supermix reagent (Bio-Rad) and an Opticon real-time
PCR detector system (M] Research). Data analysis was performed using
Opticon Monitor Analysis Software V1.08 (MJ Research). The expression
of each gene was normalized to GAPDH or 2M as a reference. The rela-
tive copy numbers were calculated from an 8-point standard curve gen-
erated from a 10-fold serial dilution of full-length cDNA constructs as
described previously (23). Specific forward and reverse primer sequences
are provided in Supplemental Table 2. The conditions for all QRT-PCR
reactions were as follows: 3 minutes at 94°C followed by 40 seconds at
94°C, 40 seconds at 60°C, and 25 seconds at 72°C for 40 cycles. All PCR
products were confirmed by the presence of a single peak upon melting
curve analysis and by gel electrophoresis. No-template (water) reaction
mixtures and no-RT mixtures were performed on all samples as negative
controls. All experiments were performed in duplicate.

Apoptosis assays. Quantitation of apoptosis by annexin V/PI staining was
performed as described previously (24). Briefly, both floating and attached
cells were collected 72 hours after p63-directed shRNA lentiviral infection.
Apoptotic cell death was determined using the BD ApoAlert annexin V-
FITC Apoptosis Kit (BD Biosciences) according to the manufacturer’s
instructions, and cells were analyzed on a FACSCalibur flow cytometer
using CellQuest Pro software (version 5.1.1; BD Biosciences).

IP and immunoblot analysis. Protein lysates from cells were extracted in
ice-cold lysis buffer (0.75% NP-40, 1 mM DTT, and protease inhibitors in
PBS) with or without phosphate inhibitor I and II (Sigma-Aldrich). For IP
experiments, precleared lysates (2.5 mg) from confluent cells were incu-
bated with either 2.0 ug anti-p63 polyclonal antibody (H-129; Santa Cruz
Biotechnology Inc.) or 1.0 ug anti-p73 monoclonal antibody (Ab-2; CalBio-
chem) for 2 hours at 4°C. The immunocomplexes were precipitated using
protein A or protein G sepharose (Amersham Biosciences), washed 4 times
with lysis buffer, and analyzed by SDS-PAGE. Immunoblots were probed
with the following antibodies: p63 (diluted 1:5,000, 4A4; Sigma-Aldrich);
mouse monoclonal p73 (diluted 1:1,000, Ab-2; CalBiochem); PARP (diluted
1:1,000; Cell Signaling Technology); PUMA (diluted 1:1,000, Ab9645;
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Abcam); B-tubulin (diluted 1:2,500, D-10; Santa Cruz Biotechnology);
NOXA (diluted 1:1,000, Ab13654; Abcam); and phosphorylated tyrosine
(diluted 1:1,000, PY99; Santa Cruz Biotechnology Inc.).

Chemosensitivity assay. Dose-response curves and ICso values were deter-
mined using the methyl thiazolyl tetrazolium (MTT) cell viability assay as
described previously (52). Cells were seeded into 96-well microtiter plates
for 24 hours at a density of 5 x 103 per well. Serial drug dilutions were
prepared in medium immediately before each assay, and viable cell masses
following 3 or 5 days of drug exposure were determined by cell-mediated
MTT reduction. Cell growth as well as drug activity was determined by
measuring absorbance at 550 nm using an Anthos systems plate reader.

Statistics. For gene expression levels measured as continuous variables (Fig-
ure 1), unpaired 2-tailed Student’s ¢ tests were used to evaluate differences
between sample means, and all values were reported as mean + SEM. No
significant deviations from normality were observed. Levels of ANp63 and
TAp73 greater than 2 times the sample mean for each gene (n = 37) were
considered elevated. In order to ensure that our conclusions were robust to
small sample sizes, 2-tailed Fisher’s exact tests were used to derive P values
from the 2 x 2 contingency tables. Unless indicated, multiple comparisons
were not performed, and thus no corresponding compensation was made.
In all cases, a P value less than 0.05 was considered significant.
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