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p63 Antagonizes p53 to Promote the Survival of Embryonic
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The molecular mechanisms that regulate survival of embryonic neural precursors are still relatively ill-defined. Here, we have asked
whether the p53 family member p63 plays any role during this developmental window, focusing on the embryonic cerebral cortex. We
show that genetic knockdown of p63 either in culture or in the embryonic telencephalon causes apoptosis of cortical precursors and newly
born cortical neurons, and that this can be rescued by expression of �Np63, but not TAp63 isoforms. This cortical precursor apoptosis is
the consequence of deregulated p53 activity, since both basal precursor apoptosis and that induced by loss of p63 are rescued by
coincident genetic silencing of p53. Finally, we demonstrate that the third p53 family member, �Np73, does not regulate survival of
cortical precursor cells, but that it collaborates with �Np63 to ensure the survival of newly born cortical neurons. Thus, the balance of
�Np63 versus p53 determines the life versus death of embryonic cortical precursors, a role that these p53 family members may well play
in other populations of developing and/or adult neural precursors.

Introduction
The cerebral cortex develops from a pool of precursor cells that
sequentially generates neurons and then glial cells (Miller and
Gauthier, 2007). Some of these precursors undergo cellular apo-
ptosis from embryonic day 12 (E12) to E18 (Blaschke et al., 1996,
1998; Thomaidou et al., 1997) potentially as part of a cell death
program that acts both to restrict the number of precursor cells to
determine brain size, and as a correction mechanism to ensure
the survival of only those cells that differentiate appropriately
(Voyvodic, 1996; Haydar et al., 1999; Kuan et al., 2000; Buss et al.,
2006). However, although it is clear that key enactors of apoptosis
such as caspase 3 (Kuida et al., 1996) and caspase 9 (Hakem et al.,
1998; Kuida et al., 1998) are required for death of developing CNS
precursors, the mechanisms that regulate this cell death period
are not well understood.

Potential insights into the underlying mechanisms come from
the period of naturally occurring neuronal death, which has been
extensively studied. In this regard, the p53 tumor suppressor and
its related family members p63 and p73 have been shown to
determine the life versus death of developing peripheral sympa-

thetic neurons as they compete for limiting amounts of target-
derived nerve growth factor (NGF) (Slack et al., 1996; Aloyz et al.,
1998; Pozniak et al., 2000; Jacobs et al., 2005; Miller and Kaplan,
2007). p63 and p73 are expressed as full-length isoforms contain-
ing a transactivation (TA) domain (termed TAp63 and TAp73)
or as truncated isoforms that lack the TA domain (termed �Np63
and �Np73) that function, at least in part, as naturally occurring
dominant-inhibitory p53 family members (Jacobs et al., 2006).
Both TAp63 and �Np63 are expressed in cortical precursors,
cortical neurons and in vivo in the cortex of embryonic, postnatal,
and adult brains (Jacobs et al., 2005). Importantly, this family has
been implicated in regulation of the survival and maintenance of
CNS neurons, with p53 functioning as a cell death protein, and a
naturally occurring truncated form of p73, �Np73, as a major
survival protein that prevents neuronal apoptosis and neurode-
generation (Jacobs et al., 2006; Wetzel et al., 2008). However,
whether or not this family regulates neural precursor cell survival
is still an open question. One clue that they might comes from
p53�/� mice that display a partially penetrant embryonic lethal-
ity as a consequence of aberrant neural hypertrophy, a phenotype
that might be explained by decreased precursor cell apoptosis
(Armstrong et al., 1995; Sah et al., 1995). Concomitant ablation
of p53 can also rescue neural apoptosis induced by the deletion of
pRb (Macleod et al., 1996) possibly through E2F1 (Tsai et al.,
1998), of E3 ubiquitin ligase Mdm4 (Migliorini et al., 2002), and
of DNA repair proteins DNA Ligase IV (Frank et al., 2000) and
XRCC4 (Gao et al., 2000). Finally, p53 is essential for neural
precursor apoptosis in response to genotoxic stress (Akhtar et al.,
2006a,b). However, whether p53 is essential for neural precursor
apoptosis during normal development and/or how its activity
might be regulated are still open questions.

Here, we have asked whether the p53 family plays a role in
regulating neural precursor survival, and demonstrate that
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�Np63 is essential for the survival of embryonic cortical precur-
sors and newly born cortical neurons, a role that it plays by an-
tagonizing the proapoptotic actions of p53. Moreover, we dem-
onstrate that �Np73 does not regulate survival of cortical
precursor cells, but that it collaborates with �Np63 to ensure the
survival of newly born postmitotic cortical neurons. Thus, the
p53 family plays a key role in determining the life versus death of
embryonic cortical precursors, a role that it might play through-
out the developing CNS.

Materials and Methods
Animals and in utero electroporation. p63 fl/fl mice (Mills et al., 2002) were
maintained through homozygous breeding pairs in a C57BL6 back-
ground. p73 �/� mice were a gift from Dr. Frank McKeon (Harvard
University, Cambridge, MA) (Yang et al., 2000). In utero electroporation
was performed on E13–14 CD1 or p63 fl/fl mice using a square electropo-
rator CUY21 EDIT (TR Tech) delivering five 50 ms pulses of 50 V with
950 ms intervals per embryo (Paquin et al., 2005; Bartkowska et al., 2007;
Gauthier et al., 2007). The embryos were injected with nuclear enhanced
green fluorescent protein (EGFP) expression plasmid driven from the
EF1�-promoter at a 1:3 ratio with nonsilencing shRNA, p63 shRNA,
control plasmid, or Cre recombinase, for a total of 4 �g of DNA per
embryo and 0.05% trypan blue as a tracer. When both p63 shRNA and
p53 shRNA were coelectroporated, DNA was mixed at a ratio of 1 pEF-
EGFP:3 p63 shRNA:3 p53 shRNA for a total of 7 �g per embryo. Embry-
onic brains were dissected in ice-cold HBSS, fixed in 4% PFA at 4°C for
24 h, cryoprotected, and cryosectioned coronally at 16 �m. This study
was approved by The Hospital for Sick Children’s Animal Care Commit-
tee, and use was in accordance with Canadian Council on Animal Care
guidelines.

Cell cultures and transfections. E12–E13 cortical precursors, from CD1
or p63 fl/fl mice, were cultured in Neurobasal R (Invitrogen-21103) me-
dium supplemented with 40 ng/ml FGF2 (Promega), 2% B27 supple-
ment (Invitrogen), 1% penicillin-streptomycin (Invitrogen), and 500 �M

L-glutamine on 4 well chamber slides (Nunc) coated with 2% laminin
and 1% poly-D-lysine (BD Biosciences) as described previously
(Barnabé-Heider and Miller, 2003; Barnabé-Heider et al., 2005) at a
density of 150,000 cells/well for four-well chamber slides. Culture me-
dium was not changed for the duration of the experiment. For transfec-
tions, 1–2 h after plating, 1 �g of DNA and 1.5 �l of Fugene 6.0 (Roche)
mixed with 100 �l of Opti-MEM (Invitrogen) were incubated at room
temperature for 45 min and added to the cultures. The sequence for p63
shRNA, p53 shRNA, and nonsilencing control are as described previ-
ously (Cam et al., 2006). The sequence used for �Np73 shRNA was
5�-AACTCTCAGTCCGCACGCC. The Cre recombinase (Cre) expres-
sion plasmid was from Dr. C. C. Hui (The Hospital for Sick Children,
Toronto, ON, Canada) and the human �Np63� and TAp63� expression
plasmids were from Dr. Meredith Irwin (The Hospital for Sick Children,
Toronto, ON, Canada). The human and murine �Np63� and TAp63�
proteins are 99% homologous (Yang et al., 1998).

Reverse transcriptase-PCR analysis. Cortices were dissected from E12.5
embryos and Trizol (Invitrogen) was used to isolate RNA according to
the manufacturer’s protocol. RNA was treated with DNase (Fermentas)
to avoid contamination with genomic DNA. A sample of RNA was sub-
jected to PCR with GAPDH primers (Jacobs et al., 2005) to ensure the
absence of genomic DNA. Reverse transcription was performed using
RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas)
primed with random hexamers, according to manufacturer’s instruc-
tions. �Np73 expression pattern were obtained using primers specific to
its N-terminal region (Walsh et al., 2004).

Quantitative reverse transcriptase-PCR. HEK 293 cells were transfected
with TAp73 or 5�UTR containing �Np73 cDNA and specific shRNA vectors
against each isoform or a scrambled sequence using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. Total RNA was ex-
tracted 48 h after transfection using Trizol reagent (Invitrogen) and RNeasy
kit (QIAGEN). cDNA for quantitative reverse transcriptase (RT)-PCR was
prepared using SuperScript III First-Strand Synthesis SuperMix (Invitro-
gen). Real-time PCR was performed according to the manufacturer’s speci-

fications using Chromo4 Real-Time PCR Detection System (Bio-Rad) and a
Platinum Quantitative PCR Super-Mix-UDG (Invitrogen). Samples were
analyzed in triplicate and were normalized to �-actin for each reaction. The
primers used for TAp73 were 5�-AGTTCTCTAGAGCCAGACA and 5�-
CAAATTGAACTGGGCCATG, for �Np73 were 5�-CTACCATGC-
TTTACGTCGG and 5�-CTGCCCATCTGGTCCAT. The primers for
�-actin were as previously published (Keyes et al., 2005; Wetzel et al., 2008).
All PCR products were single bands with predicted molecular weights.

Immunfluorescence, Western blots, and antibodies. Immunocytochem-
istry and immunohistochemistry were performed as previously de-
scribed (Barnabé-Heider et al., 2005; Gauthier et al., 2007). The primary
antibodies used were mouse anti-GFP (1:1000; Invitrogen), rabbit anti-
GFP (1:500; Millipore Bioscience Research Reagents), rabbit anti-cleaved
caspase 3 (1:500; Cell Signaling Technology), mouse anti-Ki67 (1:200;
PharMingen), mouse anti-HuD (1:200, Invitrogen), mouse anti-�III-
tubulin (1:800; Covance), rabbit anti-phospho-histone-H3 (1:1000; Up-
state) and mouse 4A4 anti-p63 (1:200, Santa Cruz Biotechnology). The
secondary antibodies (Jackson ImmunoResearch) used were indocarbo-
cyanine (Cy3)-conjugated goat anti-mouse and anti-rabbit IgG (1:400),
FITC conjugated anti-mouse and anti-rabbit IgG (1:200), dichlorotria-
zinyl amino fluorescein-conjugated streptavidin (1:1000), and Cy3-
conjugated streptavidin (1:1000). To assess the efficacy of p63 shRNA to
knockdown overexpressed p63, HEK293 cells were cotransfected with
mouse �Np63� and either nonsilencing shRNA or p63 shRNA. Two
days later, 30 �g of protein lysate was run on SDS-PAGE, and Western
blots were performed as described previously (Barnabé-Heider et al.,
2005). The primary antibodies (Santa Cruz Biotechnology) were mouse
4A4 anti-p63 (1:200), rabbit anti-GFP (1:1000; Millipore Bioscience Re-
search Reagents), and rabbit anti-Erk (1:3000). Secondary antibodies
were HRP-conjugated goat anti-mouse or anti-rabbit (1:10,000; Boehr-
inger Mannheim).

Quantification and confocal analysis. Microscopy of cultured cortical
precursors was performed using a Zeiss Axioplan2 upright microscope
equipped with fluorescence optics. Analysis of cultured cortical precur-
sors was performed by scoring �200 transfected cells per condition per
experiment in at least eight randomly selected fields spanning the culture
well. Images were acquired with Northern Eclipse software (Empix) us-
ing a Sony XC-75CE CCD video camera. For all analyses, at least three
independent culture experiments were performed at different times with
comparable results. For quantification of immunocytochemistry on tis-
sue sections, brains were chosen with a similar anatomical distribution of
EGFP expression. Images of the electroporated dorsal telencephalon at
the level of the developing hippocampus were taken and covered the
ventricular zone (VZ), sub-VZ (SVZ), and cortical plate of each coronal
section. Only those brains that were electroporated within this area were
selected for analysis. A total of two to seven sections were analyzed per
animal and three or more embryos were analyzed per condition. Images
represented a mean of four scans taken with a 40� objective and were
analyzed using a Zeiss Pascal confocal microscope and the manufactur-
er’s software. The actual numbers of sections and cells counted are indi-
cated in the figure legends. For definition of cellular location within
electroporated cortices, the VZ, SVZ, and cortical plate were delineated
using Hoechst 33258 staining to define cell density, and HuD and Ki67-
immunostaining to define proliferative and neuronal layers, as described
previously (Bartkowska et al., 2007; Gauthier et al., 2007). Image acqui-
sition was performed using Northern Eclipse Software (Empix) with a
Sony-XC-75CE CCD video camera. Error bars indicate SEM, and statis-
tics were performed using either the Student’s t test or one-way ANOVA,
as appropriate.

Results
�Np63 is essential for survival of cultured cortical precursor
cells and newly born neurons
To ask whether p63 is important for the development of neural
precursor cells, we studied primary murine E12–13 cortical pre-
cursors, a system we have previously characterized (Toma et al.,
2000; Ménard et al., 2002; Barnabé-Heider and Miller, 2003;
Barnabé-Heider et al., 2005; Bartkowska et al., 2007; Gauthier et
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al., 2007). During plating in FGF2, these
precursor cells are virtually all dividing,
nestin-positive cells that sequentially gen-
erate neurons at 1 d in vitro (DIV), and glia
at 5– 6 DIV. The increase in differentiated
cells is accompanied by a decrease in pro-
liferating precursor cells.

We previously showed that p63 is ex-
pressed as both TA and �N variants in cor-
tical precursors, in newly born cortical
neurons, and in vivo in the embryonic cor-
tex (Jacobs et al., 2005). To ask whether
p63 plays a role in regulating cortical pre-
cursors, we knocked down p63 mRNA us-
ing a previously described shRNA that tar-
gets all of the full-length and truncated
isoforms (Cam et al., 2006). We confirmed
the efficacy and specificity of this shRNA
by cotransfecting HEK293 cells with con-
structs encoding p63 shRNA and either
murine �Np63� or GFP. Western blot
analysis using a pan-p63 antibody showed
that p63 levels, but not GFP levels, were
reduced by p63 shRNA 48 h after transfec-
tion (Fig. 1A), in good agreement with
previous data showing that this p63
shRNA specifically targets p63 but not p53
or p73 (Cam et al., 2006). We then co-
transfected freshly plated E12–13 cortical
precursor cells with EGFP and either p63
shRNA or nonsilencing shRNA and ana-
lyzed p63 levels immunocytochemically
with an antibody to all isoforms of p63 at 2
DIV. This analysis revealed that the p63
shRNA caused an increase in the propor-
tion of cells with no or low detectable p63
staining (73 � 3% vs 42 � 2% for p63
shRNA vs nonsilencing shRNA, p � 0.01)
(Fig. 1B).

We next asked whether this knock-
down of p63 affected cell survival. Cortical
precursors were cotransfected with plas-
mids encoding EGFP and either p63

Figure 1. p63 is essential for the survival of cultured murine embryonic cortical precursor cells. A, Western blot analysis for
�Np63� (top) and GFP (bottom) in lysates of HEK293 cells cotransfected with plasmids expressing �Np63� (top) or GFP
(bottom) plus p63 shRNA, or a control, nonsilencing (NS) shRNA for 48 h. In the top panel, both bands are �Np63�. Blots were
reprobed for Erk 1/2 to ensure equal protein loading. B, Immunocytochemistry for all isoforms of p63 (red) and EGFP (GFP, green)
in cultured precursors cotransfected with plasmids encoding nuclear EGFP and p63 shRNA for 48 h, indicating no or low (thin
arrow) or basal levels (thick arrow) of p63 expression. Note the lower levels of p63 in the transfected (green) cells. C, Fluorescence
micrographs of cortical precursor cultures cotransfected with plasmids encoding EGFP and nonsilencing (NS) shRNA or p63 shRNA,
and then analyzed at 2 d for EGFP (green, GFP), and cleaved caspase-3 (red, Casp 3). Cells were counterstained with

4

Hoechst 33258 (blue) to show all nuclei. The bottom panel
shows the merges. Arrows denote double-labeled and arrow-
heads single-labeled cells. Note the apoptotic morphology of
the nucleus of the p63 shRNA-transfected cell shown in the
right panels. D, Left bars, Quantification of the percentage of
EGFP-positive cells positive for cleaved caspase-3 in cultures
similar to those in C. Right bars, p63 fl/fl cortical precursors
were cotransfected with plasmids encoding EGFP and control
vector (Con) or Cre recombinase (Cre) and analyzed and quan-
tified as shown in C. Results in both cases are pooled from
three independent experiments each. E, Quantification of the
proportion of EGFP-positive cells displaying condensed frag-
mented nuclei as detected using Hoechst 33258 in experi-
ments similar to those in C. The left pair shows the percentage
of apoptotic cells in one representative experiment, whereas
the right pair shows pooled data from three independent ex-
periments expressed as fold-change relative to nonsilencing
shRNA-transfected cells. Error bars indicate SEM. *p � 0.05;
**p � 0.01, Student’s t test. Scale bars, 10 �m.
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shRNA or nonsilencing shRNA, and apo-
ptosis was assessed 2 d later by immuno-
staining for EGFP and cleaved caspase-3
(Fig. 1C) (Bartkowska et al., 2007). Quan-
tification revealed that p63 knockdown re-
sulted in a twofold increase in the propor-
tion of cells that were positive for cleaved
caspase-3 (Fig. 1D). Similar results were
obtained by counting the percentage of
EGFP-positive cells with condensed, apo-
ptotic nuclei as monitored by staining with
Hoechst 33258 (Fig. 1E). To confirm these
results, we took advantage of p63 fl/fl mice
(Mills et al., 2002), in which exons com-
mon to both TA and �N isoforms are
flanked by lox P sites. Initially, we con-
firmed that Cre expression in p63 wt/wt cor-
tical precursors did not alter cell survival
(data not shown). Then, we cotransfected
p63 fl/fl cortical precursor cells with plas-
mids expressing EGFP and Cre, and as-
sessed survival 2 d later. As observed with
p63 shRNA, acute p63 genetic ablation re-
sulted in a twofold increase in cleaved
caspase-3-positive cells (Fig. 1D), con-
firming the p63 shRNA data.

These findings indicate that p63 is an
important survival protein for cortical
precursor cells and/or for cortical neurons
that have differentiated in these cultures
over the first 2 d. To distinguish these two
possibilities, we cotransfected cortical pre-
cursors with plasmids encoding EGFP and
p63 shRNA or nonsilencing shRNA, and
3 d later immunostained them for the
neuron-specific protein �III-tubulin. We
then counterstained these cultures with
Hoechst 33258 to detect condensed, apo-
ptotic nuclei, and quantified apoptotic
neurons (�III-tubulin-positive) versus
apoptotic precursors (�III-tubulin-
negative). This analysis demonstrated that
p63 knockdown resulted in an 	2-fold in-
crease in the death of both cortical precur-
sor cells and newly born cortical neurons
(Fig. 2A–C).

We have previously shown that TAp63
isoforms are death proteins for postmi-
totic neurons (Jacobs et al., 2005), whereas
others have shown that �Np63 isoforms
are prosurvival proteins for non-neural
cell types (Liefer et al., 2000; Cheng et al.,
2006; Carroll et al., 2007; Borrelli et al.,
2009). To ask which of these two isoforms
promotes cortical precursor survival, we
initially overexpressed murine �Np63�
versus TAp63� in cortical precursors and
measured cell survival 2 d later. Immuno-
staining for EGFP and cleaved caspase-3
revealed that, whereas �Np63� had no ef-
fect on the basal levels of survival, TAp63�
increased the number of apoptotic cells,
indicating that it is a death protein in cor-

Figure 2. �Np63 is essential for survival of cortical precursors and newly born cortical neurons. A, Fluorescence micrographs of cortical
precursorculturescotransfectedwithplasmidsencodingnuclearEGFPandnonsilencing(NS)shRNAorp63shRNAandthenanalyzedat3d
for EGFP (green, GFP),�III-tubulin (�III tub, red), and counterstained with Hoechst 33258 (blue) to show all nuclei. The right panels show
the merges. Arrows denote double-labeled cells. Note that the�III-tubulin-positive cell transfected with p63 shRNA is dying, as indicated
bytheapoptoticnuclearmorphology.B,C,QuantificationofEGFP-positive,�III-tubulin-positive(neurons),andnegative(precursors)cells
with condensed, fragmented nuclei (as monitored by Hoechst staining) relative to nonsilencing (NS) shRNA-transfected cells in experi-
ments similar to those shown in A. Graphs in B show percentage apoptotic cells from one representative experiment, whereas those in C
show pooled data from three independent experiments expressed as fold-change relative to nonsilencing shRNA-transfected cells. D, E,
CorticalprecursorcellswerecotransfectedwithplasmidsencodingnuclearEGFPandcontrolvector(control),murine�Np63�orTAp63�,
and analyzed immunocytochemically at 2 d for EGFP and cleaved caspase 3 (CC3). Graphs in D show percentage cleaved caspase-3
(CC3)-positive-transfected cells from one representative experiment, whereas those in E show pooled data from three independent
experiments expressed as fold-change relative to nonsilencing shRNA-transfected cells. F, G, Cortical precursor cells were cotransfected
withplasmidsencodingnuclearEGFPplusnonsilencing(NS)shRNAorwithEGFPplusp63shRNAandeitherhuman�Np63�(h�Np63�)
or human TAp63� (hTAp63�) and analyzed immunocytochemically at 2 d for EGFP and cleaved caspase 3. Graphs in F show percentage
cleaved caspase-3 (CC3)-positive-transfected cells from one representative experiment, whereas those in G show pooled data from three
independent experiments expressed as fold-change relative to nonsilencing shRNA-transfected cells. Error bars indicate SEM. #p�0.05;
##p � 0.001, Student’s t test; *p � 0.01, ANOVA; n.s., not significant. Scale bar, 50 �m.
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tical precursors (Fig. 2D,E), as it is in other
cell types. We then asked which of these
two isoforms would rescue the enhanced
cell death seen with p63 shRNA. To do
this, cortical precursor cells were trans-
fected with EGFP, p63 shRNA, and with
human �Np63� or human TAp63� (both
of which would not be targeted by the mu-
rine shRNA). Immunostaining of these
cultures 2 d later for cleaved caspase-3
demonstrated that human �Np63� res-
cued the increased apoptosis caused by
murine p63 shRNA, whereas TAp63� en-
hanced the level of cell death (Fig. 2F,G)
Together, these data argue that it is �Np63
isoforms that are essential for cortical pre-
cursor cell survival.

p63 is important for survival but not
proliferation in the embryonic cortex
in vivo
To ask whether p63 is important for sur-
vival in the embryonic cortex, as it is in
culture, we performed in utero electropo-
ration to genetically manipulate murine
cortical precursors in vivo (Barnabé-
Heider et al., 2005; Paquin et al., 2005; Bar-
tkowska et al., 2007; Gauthier et al., 2007).
We previously showed that 24 h after elec-
troporation of E13–14 embryos, the ma-
jority of electroporated cells reside in the
VZ/SVZ and that 	85% of these cells are
proliferating precursors (Paquin et al.,
2005). Over the subsequent 4 d, many of
the electroporated cells differentiate into
neurons, at which point they migrate out
of the VZ/SVZ into the cortical plate. Of
those precursors that remain, some differ-
entiate into astrocytes and oligodendro-
cytes during the early postnatal period.

We therefore performed in utero elec-
troporation at E13–14 with plasmids en-
coding a nuclear EGFP and either p63
shRNA or nonsilencing shRNA and ana-
lyzed the cortex 1 and 3 d after electropo-
ration. Immunocytochemistry for EGFP
at 1 d revealed that, as previously reported
(Paquin et al., 2005), virtually all of the
electroporated cells were localized to the
VZ/SVZ in both control and p63 shRNA-
electroporated brains (Fig. 3A). However,

Figure 3. p63 is necessary for survival of neural precursors and newly born neurons within the embryonic cortex. Murine
cortices were electroporated at E13/14 and analyzed 1–3 d later. A, Fluorescence micrographs of coronal sections through cortices
cotransfected with EGFP and nonsilencing shRNA (NS; left) or p63 shRNA (right) at 1 d after electroporation. Sections were
immunostained for EGFP (GFP). Note that the vast majority of transfected cells are localized to the VZ/SVZ region adjacent to the
ventricles. M, Meninges; V, ventricle. B, Fluorescence micrographs as in A but at 3 d after electroporation. Note that in the control,
nonsilencing shRNA-electroporated cortex, many transfected cells are located within both the cortical mantle and the VZ/SVZ at
this time point. V, Ventricle; CM, cortical mantle. C, Wild-type cortices were electroporated with plasmids encoding nuclear EGFP
and nonsilencing shRNA (NS) or p63 shRNA, or p63 fl/fl cortices were electroporated with EGFP plus control empty vector (Con) or
Cre recombinase (Cre), and the number of EGFP-positive cells within the entire cortex was quantified either 1 d later at E14 –15,
or 3 d later at E16 –17. In all cases, results were pooled from three independent electroporations. For the left pair of bars, n 
 at
least 6 animals per condition, 3–5 sections/embryo, for a total of 29 sections (7131 cells) and 24 sections (7125 cells) for
nonsilencing and p63 shRNAs, respectively. For the middle pair of bars, n 
 7 and 5 embryos with 2–7 sections/embryo, for a total
of 32 sections (13,294 cells) and 18 sections (2103 cells) for nonsilencing and p63 shRNAs, respectively. For the right pair of bars,
n 
 4 and 3 embryos with 2– 4 sections/embryo for a total of 12 sections (4875 cells) and 10 sections (1217 cells) for control and
Cre-electroporated cortices, respectively. D, Quantification of sections similar to those in B for the number of EGFP-positive-
transfected cells in the CM (left pair) and VZ/SVZ (right pair) at 3 d after electroporation. For the left pair, n 
7 and 5 embryos with

4

2–7 sections/embryo, for a total of 32 sections (5189 cells)
and 18 sections (494 cells) for nonsilencing and p63 shRNAs,
respectively. Results were pooled from three independent
electroporations. For the right pair, n 
 5 and 4 embryos with
2–7 sections/embryo for a total of 18 sections (2963 cells) and
15 sections (1357 cells) for nonsilencing and p63 shRNAs, re-
spectively. Results are pooled from two independent electro-
porations. Error bars indicate SEM. *p � 0.05; **p � 0.01;
#p � 0.0001, Student’s t test; n.s., not significant. Scale bar,
100 �m.
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by 3 d, many fewer EGFP-positive cells were present within the
cortices that were electroporated with p63 shRNA (Fig. 3B).
Quantification of cell numbers at these two time points revealed
that similar numbers of EGFP-positive cells were present at 1 d
(E14 –15) in both conditions but that by 3 d at E16 –17, there were
threefold to fourfold fewer cells in cortices electroporated with
the p63 shRNA (Fig. 3C). This decrease in cell numbers was ob-
served both in the cortical mantle and in the VZ/SVZ (Fig. 3D),
suggesting that, as seen in culture, p63 knockdown led to death of
both cortical precursors and newly born cortical neurons. To
confirm these results, we electroporated a plasmid expressing Cre
recombinase into the lateral ventricles of E13/14 p63 fl/fl embryos
and counted the number of EGFP-positive cells 3 d later. As
observed with p63 shRNA, acute Cre recombinase-mediated p63
ablation resulted in 	3-fold fewer EGFP-positive cells (Fig. 3C).

Although these findings suggest that p63 silencing causes en-
hanced cell death in vivo as it does in culture, an alternative ex-
planation is that it decreases cell number by decreasing precursor
proliferation. To address this possibility, cultured cortical pre-
cursors were transfected with p63 shRNA, and cells were immu-
nostained 2 d later for the proliferation marker Ki67 (Fig. 4A).
This analysis demonstrated that p63 knockdown had no effect on
precursor proliferation (Fig. 4B). Similar results were obtained
when cultured p63 fl/fl cortical precursors were transfected with
Cre recombinase for 2 d (Fig. 4B). To confirm that p63 silencing
also did not affect precursor proliferation in vivo, we performed
immunocytochemistry for Ki67 on sections of cortices that were
electroporated either 1 or 3 d earlier with p63 versus nonsilencing
shRNAs. Confocal microscopy demonstrated that the percentage
of Ki67-positive cells was similar in cortical precursors expressing
p63 shRNA versus nonsilencing shRNA at both time points (Fig.
4C–E). Similar results were obtained when electroporated corti-
ces were immunostained for a second marker of cell division,
phosphohistone H3, at 3 d after electroporation (4 � 1% vs 5 �
1% for nonsilencing vs p63 shRNA, respectively; p � 0.05). Pre-
viously, we used this marker to show reduced proliferation in
embryos electroporated with shRNA against TrkB (Bartkowska
et al., 2007). Thus, p63 is essential for survival of cortical precur-
sors and newly born neurons in vivo as it is in culture.

Coincident silencing of p53 rescues precursor cell death
resulting from p63 knockdown
One way that the �Np63 and p73 isoforms support cell survival is
by antagonizing the proapoptotic effects of p53 (Liefer et al.,
2000; Lee et al., 2004; Jacobs et al., 2006; Pietsch et al., 2008). We
therefore determined whether this was the case for p63 and cor-
tical precursors. Initially, we asked whether p53 knockdown
would affect basal levels of cortical precursor survival. Cultured
precursors were cotransfected with plasmids encoding EGFP and
a previously described p53 shRNA (Cam et al., 2006), and the
percentage of EGFP-positive, cleaved caspase-3-positive cells was
determined 2 d later. This analysis demonstrated that p53 knock-
down had no effect on the low level of cell death present in these
cultures (16 � 2% vs 15 � 2% in nonsilencing vs p53 shRNA
transfected cells, respectively; p � 0.05). We then asked whether
p53 knockdown would rescue the increased apoptosis seen when
p63 was silenced. Precursors were cotransfected with EGFP, p63
shRNA, and either p53 shRNA or nonsilencing shRNA. Immu-
nocytochemistry for cleaved caspase-3 2 d later demonstrated
that p53 knockdown completely rescued the apoptosis induced
by p63 shRNA (Fig. 5A–C), suggesting that �Np63 regulates sur-
vival of cortical precursor cells by antagonizing a p53-dependent
pathway.

We then asked whether this was also the case in vivo; cortices
were coelectroporated with plasmids encoding EGFP, p63
shRNA, and either nonsilencing shRNA or p53 shRNA, and the
number of EGFP-positive cells were counted 3 d later. As pre-
dicted, p63 shRNA reduced the total number of EGFP-positive
cells relative to nonsilencing shRNA and silencing of p53 rescued
the loss of cells seen with p63 shRNA (Fig. 5D,E). However,
silencing of p53 also apparently increased transfected cell survival
over the normal basal levels (Fig. 5E). These data suggest that p53
regulates precursor cell survival in vivo, even when p63 levels are
normal. To ask whether this was the case, we coelectroporated
cortices with EGFP and either nonsilencing shRNA or p53
shRNA. Quantification of the number of EGFP-positive cells 3 d
later confirmed that silencing of p53 increased the number of
cortical precursor cells (Fig. 5E). Thus, precursors normally die
via p53, and p63 promotes precursor survival by antagonizing
this p53-dependent cell death.

�Np73 and p63 collaborate to promote survival of newly
born neurons but not cortical precursor cells
Our data indicate that �Np63 is necessary for the survival of at
least a subpopulation of cortical precursors and newly born cor-
tical neurons, and we have previously shown that �Np73 is es-
sential for the survival and maintenance of postnatal cortical neu-
rons (Pozniak et al., 2002). To clarify the precise stages at which
these two family members act, we silenced one versus the other in
cultured cortical precursors. �Np73 mRNA is robustly expressed
in newly born neurons of the cortical plate (Yang et al., 2000), but
lower levels of �Np73 are also expressed in the cortex at E12.5, a
time point when it is almost completely composed of neural pre-
cursors (Fig. 6A). We therefore first designed an shRNA that
would selectively knockdown �Np73, but not TAp73 isoforms.
This shRNA was cotransfected with a �Np73 expression con-
struct that included the �Np73 5�UTR (which is targeted by the
shRNA) into HEK293 cells, and the levels of �Np73 mRNA were
quantified. Quantitative RT-PCR demonstrated that 48 h after
transfection, the �Np73-specific shRNA was able to knockdown
�Np73 mRNA (1 � 0.3 vs 0.5 � 0.2 in nonsilencing vs �Np73
shRNA transfected cells, respectively; p � 0.05). We then co-
transfected cortical precursors with EGFP and �Np73 shRNA or
p63 shRNA, and immunostained these cultures for EGFP and
cleaved caspase-3 2 d later. This analysis demonstrated that
�Np73 knockdown had no effect on precursor cell survival,
whereas p63 knockdown decreased survival, as predicted (Fig.
6B,C). We next asked whether �Np73 knockdown had any effect
on survival of newly born neurons; cultures were cotransfected
with EGFP and �Np73 shRNA, and 3 d later, after substantial
numbers of neurons were generated, were immunostained for
EGFP and the neuronal marker �III-tubulin. This analysis con-
firmed that �Np73 knockdown had no effect on the survival of
cortical precursors, but that it did increase the number of apo-
ptotic neurons by 	2-fold (Fig. 6D–F).

These data indicate that p63, but not p73, is important for
cortical precursor survival, but that both �Np63 and �Np73 sup-
port the survival of newly born cortical neurons. To ask whether
the two collaborate to support neuronal survival, we cotrans-
fected cultured cortical precursor cells with shRNAs for p63 and
�Np73, and immunostained them 3 d later for �III-tubulin and
cleaved caspase-3. Quantification of these experiments demon-
strated that coincident silencing of �Np73 and p63 increased
neuronal apoptosis relative to silencing of p63 alone (Fig. 6G).
Thus, �Np63 and �Np73 collaborate together to promote the
survival of newly born neurons.
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Discussion
The results from this study support three major conclusions.
First, our experiments genetically manipulating p63 levels indi-
cate that �Np63 promotes the survival of cortical precursor cells
and newly born neurons in vitro and in vivo, an unexpected role
for p63 in the embryonic neuroepithelium. These manipulations
do not, however, affect precursor proliferation, indicating that
the observed increase in apoptosis is a primary consequence of
decreased p63 levels. Second, the acute genetic knockdown of p53
indicates that, surprisingly, p53 normally functions in the devel-
opmental apoptosis of cortical precursors, and that �Np63 pro-
motes precursor survival by antagonizing p53. Finally, our exper-
iments demonstrate that �Np73 is not essential for cortical
precursor survival, but that, as we have shown previously
(Pozniak et al., 2002; Wetzel et al., 2008), it promotes the survival
of postmitotic cortical neurons, a function that it subserves dur-
ing embryogenesis by collaborating with �Np63. Together, these
data indicate that the balance of �Np63 versus p53 determines
the life versus death of embryonic cortical precursors, and sug-
gests that these p53 family members may well play a similar role
in other populations of developing and/or adult neural
precursors.

The number of precursor cells in the developing cortex is
determined by the rate and extent of precursor cell proliferation,
and by programmed cell death, both of which are required to
generate the correct cell types and appropriate brain size. Precur-
sor cell survival during embryogenesis is regulated by secreted
factors that support cell survival and by proapoptotic mecha-
nisms that eliminate cells with genomic instability or with errors
in differentiation (Voyvodic, 1996; Haydar et al., 1999; Kuan et
al., 2000; Buss et al., 2006). With regard to extracellular factors,
CPG15 (Putz et al., 2005), erythropoietin (Yu et al., 2002), BDNF
(Barnabé-Heider and Miller, 2003), and ephrins (Depaepe et al.,
2005) have all been shown to promote the survival of cortical
precursor cells. These environmental cues ultimately regulate a
number of well characterized proapoptotic proteins, including
caspase-3 (Kuida et al., 1996), caspase-9 (Kuida et al., 1996),
Apaf-1 (Cecconi et al., 1998; Yoshida et al., 1998), bax, and bak
(Lindsten et al., 2000, 2003), all of which play important prodeath
roles in the embryonic brain. The importance of these apoptotic
mechanisms is exemplified by mouse models of Down syndrome,
where enhanced, deregulated apoptosis of precursor cells and
neurons leads to microcephaly (Bambrick and Krueger, 1999;
Haydar et al., 2000; Seidl et al., 2001; Kadota et al., 2002).

Despite this previous work, the signaling pathways that gov-
ern survival versus death decisions in neural precursors remain
unclear. How does a precursor integrate various survival and
apoptotic cues, and do these cues converge on a central signaling
pathway? One such central, integrative pathway in both central
and peripheral neurons involves the p53 family (for review, see

Jacobs et al., 2006; Miller and Kaplan, 2007). In particular,
�Np73 functions as a major neuronal survival and maintenance
protein (Pozniak et al., 2000, 2002; Walsh et al., 2004), a function
it fulfills at least partially by antagonizing full-length isoforms of
p53 (Aloyz et al., 1998; Pozniak et al., 2000; Lee et al., 2004) and
p63 (Jacobs et al., 2005). The importance of �Np73 has recently
been emphasized by the finding that p73 haploinsufficiency leads
to neuronal degeneration and accumulation of aberrantly phos-
phorylated tau in the brains of aging and Alzheimer’s disease
model mice (Wetzel et al., 2008), phenotypes that are at least
partially caused by dysregulation of JNK activity (Lee et al., 2004;
Wetzel et al., 2008). In contrast, the full-length TAp73 isoform
has recently been shown to be critical not for cell survival, but for
appropriate genesis of the hippocampus (Tomasini et al., 2008).
Thus, positive cues converge on to the prosurvival protein
�Np73, whereas stress signals converge on to the proapoptotic
p53 family members, with the balance between the two ultimately
determining neuronal life versus death. However, �Np73 is pre-
dominantly expressed in postmitotic neurons in the embryonic
brain (Yang et al., 2000), indicating that it likely does not play a
role in neural precursors, a conclusion supported by our findings
here. Instead, we provide evidence that the relevant prosurvival
family member for CNS neural precursors is �Np63. Interest-
ingly, loss of �Np63 has previously been shown to result in apo-
ptosis of epithelial stem cells, but this phenotype was thought to
be secondary to defective proliferation (Senoo et al., 2007) or cell
adhesion (Carroll et al., 2006). Our results raise the intriguing
possibility that �Np63 is a key prosurvival protein in multiple
stem cell populations, and that the dramatic epithelial cell phe-
notypes seen in p63�/� embryos (Mills et al., 1999; Yang et al.,
1999) are at least partially directly attributable to the loss of this
survival activity. Indeed, this has been proposed to be the case in
the embryonic bladder epithelium (Cheng et al., 2006).

Our results indicate that p53 itself plays an important role in
embryonic neural development, functioning as a proapoptotic
protein for neural precursors during normal embryonic develop-
ment. In this regard, previous work has shown that when either
cell cycle regulation or DNA integrity are perturbed, p53 becomes
the major proapoptotic protein in neural precursors, since dele-
tion of p53 is sufficient to rescue the greatly increased apoptosis
seen in mice lacking pRb (Macleod et al., 1996), DNA Ligase IV
(Frank et al., 2000) or XRCC4 (Gao et al., 2000). Moreover, p53 is
clearly important for neural precursor apoptosis induced by
genotoxic stress (Akhtar et al., 2006a,b). However, a role for p53
in neural precursor apoptosis during normal development has
not been previously demonstrated, although it was suggested by
the observation that p53�/� mice exhibit a partially penetrant
phenotype of exencephaly (Armstrong et al., 1995; Sah et al.,
1995), a phenotype also observed after deletion of other key pro-
apoptotic genes such as caspase 3 and caspase 9 (Kuida et al.,

4

Figure 4. p63 is dispensable for proliferation of cortical precursor cells in vitro and in vivo. A, Cortical precursors were cotransfected with plasmids encoding nuclear EGFP and nonsilencing (NS)
shRNA or p63 shRNA, cultured for 2 d, and then immunostained for EGFP (green, GFP) and Ki67 (red). Cells were counterstained with Hoechst 33258 (blue). The right panels show the merges. Arrows
denote double-labeled cells. Scale bar, 10 �m. B, Wild-type cortical precursors were cotransfected with plasmids encoding nuclear EGFP and nonsilencing (NS) or p63 shRNA for 2 d before
immunostaining as in A and quantitative analysis (left bars). Alternatively, p63fl/fl precursors were cotransfected with EGFP and Cre recombinase (Cre) or control vector (Con) and analyzed in the same
way (right bars). In both cases, results indicate the percentage of Ki67-positive, transfected cells, pooled from three independent experiments each. C–E, E13/14 cortices were electroporated with
plasmids encoding nuclear EGFP and nonsilencing shRNA (NS) or p63 shRNA and analyzed 1–3 d later. C, Confocal micrographs of coronal sections through cortices immunostained for EGFP (GFP,
green) and Ki67 (Ki67, red) at 1 d. The center right panels show the merges. Arrows indicate transfected, Ki67-positive cells. Areas denoted by the boxes are shown at higher magnification in the right
panels. D, Confocal micrographs as in C but at 3 d after electroporation. E, Quantification of the percentage of transfected, Ki67-positive cells in sections at 1 d (E14 –15) or 3 d (E16 –17) after
electroporation as shown in C, D. In both cases, results are pooled from three independent electroporations. For the left bars, n 
 6 embryos per condition, 3–5 sections per embryo for a total of 29
sections (3525 cells) and 24 sections (3796 cells) for nonsilencing and p63 shRNA-electroporated cortices, respectively. For the right bars, n 
 5 and 6 embryos with 2–5 sections/embryo for a total
of 32 sections (6164 cells) and 18 sections (1115 cells) for nonsilencing and p63 shRNA-electroporated cortices, respectively. Error bars indicate SEM. n.s., Not significant. Scale bar, 50 �m.
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Figure 5. p63 antagonizes a p53-dependent pathway to regulate cortical precursor survival. A, Fluorescence micrographs of cortical precursor cultures cotransfected with plasmids encoding
nuclear EGFP and nonsilencing shRNA, p63 shRNA, or both p63 shRNA and p53 shRNA and immunostained 2 d later for EGFP (green, GFP) and cleaved caspase-3 (Casp 3, red). Cells were
counterstained with Hoechst 33258 (blue). The right panels show the merges. Arrows denote double-labeled cells. Scale bar, 100 �m. B, C, Quantification of the percentage of transfected, cleaved
caspase-3-positive cells in experiments similar to those shown in A. The graph in B is from one representative experiment, whereas that in C shows pooled data from three independent experiments
expressed as fold-change relative to nonsilencing shRNA-transfected cells. D, E, Left bars, E13/14 cortices were electroporated with plasmids encoding nuclear EGFP and nonsilencing shRNA (NS) or
p63 shRNA plus or minus p53 shRNA and analyzed 3 d later. D, Confocal micrographs of coronal sections through cortices immunostained for EGFP (GFP, green) at 3 d. M, Meninges; V, ventricle. Scale
bar, 100 �m. E, Left bars, Quantification of the number of transfected, EGFP-positive cells in sections similar to those shown in D. n 
 at least 3 animals per condition, 3– 6 sections/embryo, for a
total of 18 sections (4805 cells), 13 sections (2162 cells), and 11 sections (6166 cells) for cortices electroporated with nonsilencing shRNA, p63 shRNA, and p63 plus p53 shRNAs, respectively. Results
are pooled from four independent electroporations. E, Right bars, E13/14 cortices were electroporated with plasmids encoding nuclear EGFP and nonsilencing shRNA (NS) or p53 shRNA and
immunostained 3 d later for EGFP. The number of transfected, GFP-positive cells was quantified. n 
 at least 3 animals per condition, 2–5 sections/embryo for a total of 9 sections (4136 cells) and
33 sections (19450 cells) for nonsilencing and p53 shRNAs, respectively. Results are pooled from three independent electroporations. Error bars indicate SEM. *p � 0.05; **p � 0.01 based on
ANOVA, #p � 0.05, Student’s t test.
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1996, 1998; Hakem et al., 1998). In fact, it is likely that p53 me-
diates precursor apoptosis via caspase 3 and caspase 9, as well as
other previously defined p53 targets such as PUMA, Noxa, and
bak/bax, since all of these proteins have been shown to be down-
stream of p53 during genotoxic stress of precursors (Akhtar et al.,
2006a,b). In this regard, our data showing that �Np63 promotes

survival of cortical precursors by antago-
nizing p53 infers that �Np63 promotes
survival by inhibiting the intrinsic cell
death pathways that involve these down-
stream proteins. Interestingly, the finding
that adult SVZ stem cells from p53�/�

mice display enhanced proliferation and
reduced apoptosis (Meletis et al., 2006)
suggests that this may be a role that �Np63
and p53 continue to play in neural precur-
sors throughout their lifetime.

Our data showing that �Np73 is im-
portant for the survival of newly born cor-
tical neurons, but not for cortical precur-
sors, confirms previous work emphasizing
the importance of this protein for neuro-
nal survival (Pozniak et al., 2000, 2002;
Walsh et al., 2004; Wetzel et al., 2008). In
this regard, although our data indicate that
�Np63 collaborates with �Np73 to pro-
mote survival of newly born cortical neu-
rons, it is still unclear whether �Np63 is
important throughout a neuron’s lifetime,
as is �Np73, or whether it only supports
survival during the transition from a pre-
cursor to a postmitotic neuron. One clue
that it might be important in mature neu-
rons comes from p63�/� mice; these ani-
mals display premature aging, including
aberrant circling behavior and reduced
general fitness (Keyes et al., 2005). The
possibility that �Np63 collaborates with
�Np73 to maintain the longevity of ma-
ture CNS neurons becomes increasingly
important in light of the recent demon-
stration that p73 �/� mice display neuro-
degeneration and formation of
phospho-tau filaments reminiscent of
the tangles seen in Alzheimer’s disease
(Wetzel et al., 2008).

The signaling mechanisms that regu-
late the survival of neural precursors are
poorly understood. Here, we have identi-
fied roles for the p53 family members in
embryonic cortical precursors, and sug-
gest that the balance between the different
prosurvival and proapoptotic family
members determines embryonic neural
precursor survival. Whether or not �Np63
plays a similar role in survival of adult neu-
ral stem cells and/or in other populations
of stem cells outside the nervous system is
a key question for the future.
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Pozniak CD, Barnabé-Heider F, Rymar VV, Lee AF, Sadikot AF, Miller FD
(2002) p73 is required for survival and maintenance of CNS neurons.
J Neurosci 22:9800 –9809.

Putz U, Harwell C, Nedivi E (2005) Soluble CPG15 expressed during early
development rescues cortical progenitors from apoptosis. Nat Neurosci
8:322–331.

Sah VP, Attardi LD, Mulligan GJ, Williams BO, Bronson RT, Jacks T (1995)
A subset of p53-deficient embryos exhibit exencephaly. Nat Genet
10:175–180.

6720 • J. Neurosci., May 20, 2009 • 29(20):6710 – 6721 Dugani et al. • p63 Regulates Neural Precursor Survival



Seidl R, Cairns N, Lubec G (2001) The brain in Down syndrome. J Neural
Transm Suppl 61:247–261.

Senoo M, Pinto F, Crum CP, McKeon F (2007) p63 is essential for the pro-
liferative potential of stem cells in stratified epithelia. Cell 129:523–536.

Slack RS, Belliveau DJ, Rosenberg M, Atwal J, Lochmüller H, Aloyz R,
Haghighi A, Lach B, Seth P, Cooper E, Miller FD (1996) Adenovirus-
mediated gene transfer of the tumor suppressor, p53, induces apoptosis in
postmitotic neurons. J Cell Biol 135:1085–1096.

Thomaidou D, Mione MC, Cavanagh JF, Parnavelas JG (1997) Apoptosis
and its relation to the cell cycle in the developing cerebral cortex. J Neu-
rosci 17:1075–1085.
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