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Introduction

The p63 and p73 gene products were first identified based 
on their structural similarity to the p53 tumor suppressor.1,2 
Moreover, the structural homology between p63 and p73 is even 
higher than with p53. Unlike p53, however, each of its cous-
ins is required for specific aspects of organ and tissue develop-
ment. Mice with a targeted deletion of all isoforms of p63 are 
born without skin and show absent or severely truncated limbs.3 
Accordingly, various point mutations and small deletions in the 
DNA-binding and C-terminal domains of human p63 result in 
the EEC/AEC syndromes characterized by defects in skin, skin 
appendages and malformations of hands and feet.4 In contrast, 
mice lacking all isoforms of p73 display severe defects in the 
development of the central nervous system (CNS) with 100% 
penetrance.5 They are characterized by progressive cortical hypo-
plasia with ensuing ex vacuo hydrocephalus, present already in 
one third of animals at birth,6 hippocampal dysgenesis with loss 
or truncation of the lower blade of the neurogenic dentate gyrus,6 
thinning of the neurogenic subventricular zone in the forbrain 
and loss of the Cajal-Retzius neurons.7 Importantly, as recently 
established, this defect is largely due to p73’s role as an essential 

the ancient p53 paralogs p63 and p73 regulate specific tissue formation, cell survival and cell death via their tA and ΔN 
isoforms. targeted disruption of the p73 locus leads to severe defects in the development of the central nervous system 
(CNS), and p73 has recently been shown to be an essential regulator of neural stem cell maintenance and differentiation 
in both embryonal and adult neurogenesis. In contrast, global p63-/- mice lack skin and limbs. Moreover, p63 is 
detectable in embryonic cortex. It has previously been proposed to also play critical pro-death and pro-survival roles 
in neural precursors of the developing sympathetic and central nervous system, respectively, based on experimental 
overexpression and siRNA-mediated knockdown of p63.

Here we perform an extensive analysis of the developing central nervous system in global p63-/- mice and their wild-
type littermates. Brain and spinal cord of embryos and newborn mice were assessed in vivo for neuroanatomy, histology, 
apoptosis, proliferation, stemness and differentiation, and in vitro for self-renewal and maturation in neurosphere assays. 
None of these analyses revealed a detectable phenotype in p63-/- mice. Hence, despite the profound impact of p63 on 
the development of stratified epithelia and limbs, p63 is completely dispensable for proper development of the central 
nervous system. thus, despite their strong homology, the non-overlapping tissue specificity of p63 and p73 functions 
appears more pronounced than previously anticipated.

While p73 is essential, p63 is completely 
dispensable for the development  
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regulator of neural stem cell self-renewal and maintenance in 
both embryonal and adult CNS neurogenesis.6,8,9 Moreover, as 
shown by isoform-specific knockout mice, ΔNp73 can specifi-
cally act as a pro-survival factor of differentiated mature postmi-
totic neurons in discrete regions of the brain.10,11 Furthermore, 
p73-/- mice exhibit increased apoptosis of sympathetic neurons of 
the autonomic nervous system in the superior cervical ganglion.12

p63 and p73 are closely related, and the corresponding genes 
appear to have separated by gene duplication during evolution.13 
Two classes of p63 with six different isoforms due to alternative 
promoters and C-terminal splicing have been described. The 
transcriptional activation domain-containing TAp63 isoforms 
can act pro-apoptotically, while the ΔNp63 isoforms can act 
anti-apoptotically, similarly to the TA and ΔN isoforms of p73. 
This raises the question whether p63 has a similar central role 
in neural development as does p73. Indeed, in the case of sym-
pathetic neurons of extracranial ganglia, a specific truncation 
of the α/β region of the C-terminal tail of the p63 gene (the 
hypomorphic Brdm2 allele) resulted in decreased developmen-
tal apoptosis in vivo, generating superior cervical ganglia with 
increased numbers of neurons.14 Likewise, cultured sympathetic 
wild-type neurons, which are reported to predominantly express 
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wild-type (WT) littermates between stages E15 and P0 [n (E15) 
= 4, n (E17/18) = 2, n (P0) = 3 mice per genotype]. No anatomic 
differences were noted upon gross inspection of embryonic and 
newborn brains. Brains and spinal cords were fixed and paraf-
fin embedded and corresponding coronal (brain) and transverse 
spinal sections were stained with H&E. No difference in brain 
histology was seen, neither within the cortical and subcortical 
layers nor in the neurogenic subventricular zone, which houses 
neural stem and progenitor cells that migrate up to the cortex 
(fig. 1a–c). Likewise, the architecture of the spinal cord did 
not differ between WT and p63-/- mice (fig. 1d). The identity of 
the p63KO mice used in this study was verified by the phenotype 
(lack of skin) and genotype (PCR) (sup. fig. 1a and b). Thus, 
we conclude that p63 plays no apparent role in the development 
of the central nervous system. This finding is in complete agree-
ment with an independent concomitant recent report from the 
Meyer lab7 but not with the idea that p63 is required for survival 
of neural precursors in the brain.19

the absence of p63 in the developing central nervous sys-
tem does not increase apoptosis. p63 was previously reported 
to modulate the rate of spontaneous apoptosis in neuronal 
cells, both in extracranial sympathetic ganglia14 and in cerebral 
neurons.19 We therefore assessed the number of spontaneous 
apoptotic cells in brain and spinal cord of WT and littermate 
p63-/- mice at stages E15, E18 and P0 with two different assays. A 
small fraction of cells stained positively for activated cleaved cas-
pase 3 and by TUNEL. However, the proportion of positive cells 
did not vary between mice regardless of p63 status and assay (fig. 
2a and b). Similar findings were obtained in the spinal cord 
(fig. 2c). Together, this strongly argues that the developmental 
apoptotic rate in the central nervous system is not affected by  
p63.

normal proliferation of neural precursors in the vZ/svZ 
of the brain and in the spinal cord of p63-/- mice. Next, we 
asked whether p63 influences the rate of proliferation in the neu-
rogenic niche of the CNS. To this end, we immunostained sec-
tions of brain and spinal cord of p63-/- and WT littermates at 
E15 and P0 for Ki67, a marker of DNA replication. However, no 
difference in number or distribution of Ki67-positive cells within 
the ventricular and subventricular zone (VZ/SVZ) was found 
(fig. 3a and b). This was confirmed by quantitative image anal-
ysis (fig. 3c). No difference was seen in the spinal cord either 
(fig. 3d). These results are in agreement with those obtained by 
in utero electroporation of p63shRNA.19 We conclude that p63 
does not affect the proliferation of neural cells in the developing 
brain.

p63 does not influence the stemness of neural progenitors. 
CNS development depends on the availability and commitment 
of neural stem cells and in mice is complete at the time of birth. 
We therefore tested whether the absence of p63 affects the abun-
dance of neural stem and progenitor cell populations located in 
the neurogenic niche around the lateral ventricles. Sections from 
brain and spinal cord of P0 mice were immunostained with spe-
cific early lineage markers to detect particular cell subsets. They 
included Sox2 transcription factor20) expressed in neural stem 
cells of the VZ; Tbr2 transcription factor21,22) expressed in the 

TAp63, were driven into apoptosis upon high ectopic overexpres-
sion of TAp63γ. Conversely, ectopic overexpression of ΔNp63α, 
β or γ each rescued sympathetic neurons from NGF withdrawal-
induced cell death. Thus, in developing sympathetic neurons an 
essential pro-apoptotic role was ascribed to the transactivating 
TAp63γ isoform,14 perhaps balancing the anti-apoptotic pro-sur-
vival function of N-terminally truncated ΔNp63 and/or ΔNp73 
isoforms, which are coexpressed in mature neurons.2,7,12,14

From these findings it was proposed that p63 is a general and 
essential developmental regulator of all neuronal cells, particu-
larly in the CNS.15-18 In support of this notion, a recent experi-
mental study describes an essential anti-apoptotic pro-survival 
function of ΔNp63 in neural precursor cells in the developing 
CNS of mouse embryos.19 However, this study relied entirely 
on a strategy of shRNA-mediated knockdown of p63 in wild-
type neurons. It used a small hairpin RNA to common exons of 
p63 for in utero electroporation into the brains of E13 wild-type 
embryos and transfection into cultured cortical precursors to 
achieve a reduction of p63 levels in neuronal cells. In this system 
that targets all p63 isoforms, it was reported that GFP-positive 
cells (used as marker for transfected cells), specifically stem and 
differentiating cells that migrate to the upper layers of the cor-
tex, were drastically reduced in numbers when p63shRNA was 
co-transfected compared to control shRNA. This reduction in 
cell numbers was getting more profound over time from E13/14 
to E16/17, suggesting that cell survival decreased in response to 
removal of p63.19 However, a potential pitfall of this experimen-
tal system is that it relies on transient transfections into neurons 
and the delicate developing brain. This constitutes a considerable 
stress, and thus may not represent the proper cell conditions and/
or interfere with normal development of the CNS. Indeed, these 
results were challenged by the observation from us and others 
that the brain of p63-/- mice did not display gross anatomical 
malformations at birth.7

These disparate results raise the need to reassess the precise 
role of p63 in neural cell fate in a clean in vivo system that is not 
experimentally manipulated, i.e., in p63-/- mice. Here we ana-
lyze in detail whether the ablation of all isoforms of p63 affects 
CNS development. We assess neuroanatomy, tissue histology and 
quantify morphologic parameters and markers for apoptosis and 
proliferation, neural stemness and differentiation. This is flanked 
by in vitro examination of primary neurospheres derived from 
p63-proficient or p63-deficient brains. In all cases, the absence of 
p63 affected neither CNS development nor the fate and numbers 
of neural cells. We conclude that p63 is not required for any of 
the steps that lead to the formation of a normal brain and spinal 
cord.

Results

normal development of brain and spinal cord in p63-/- embryos. 
Neurogenesis is the process by which newborn neurons are cre-
ated from neural stem cells (NSC). In mouse development it starts 
around day E11 and is completed at birth. To assess the require-
ment of p63 in neurogenesis, we first did a careful histologic anal-
ysis of the CNS from p63-/- mice lacking all isoforms and their 
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difference in self-renewal capacity between genotypes was found 
(fig. 4c). Moreover, regardless of p63 status, both populations 
lost their capability to generate neurospheres at passage 16, indi-
cating a depletion of stem cells after the same time span (fig. 4c). 
FACS analysis of dissociated neurospheres confirmed an undis-
turbed cell cycle profile for p63-/- NSCs compared to WT NSCs, 
further underpinning the absence of a proliferative defect (fig. 
4d). In addition, the size distribution of neurospheres did not 
differ between genotypes (fig. 4e). Moreover, p63p73 double 
knockout mice show an identical brain phenotype to p73 knock-
out mice. This data further confirms that p63 plays no role in 
CNS development and does not act as a modifier of p73 function 
in neurogenesis (sup. fig. 2). Thus, we conclude that in contrast 
to the crucial stem cell role of p63 in stratified epithelia,26 p63 
is not required for maintaining the pool of stem and progenitor 
cells in the central nervous system, supporting our in vivo data.

p63 does not influence the in vivo differentiation and matu-
ration of neural cell lineages during cns development. Finally, 
we determined whether p63 plays a role in the differentiation and 

intermediate progenitor cells of the SVZ; Nestin, an intermediate 
filament of radial glia cells23 and Olig2, a transcription factor of 
oligodendrocyte progenitors.24 However, no difference in expres-
sion pattern or cell distribution could be observed between WT 
and p63-/- littermates (fig. 4a). Spinal cord also failed to show 
any difference (fig. 4b).

To further assess stemness of neural cells, we performed in 
vitro neurosphere assays. Three-dimensional neurospheres con-
sist primarily of Nestin-positive neural stem cells (NSC) and pro-
genitors derived from a single cell.25 Although the neurosphere 
assay might not completely reflect the in vivo developmental pro-
gression, it is a highly informative tool that allows the quantita-
tive study of long-term self-renewal of NSCs. Single cells from 
E15 brains of p63-/- and WT littermates were grown in defined 
serum-free suspension cultures to form spheric cell clusters. These 
clusters were serially passaged every five days by dissociation with 
accutase, mechanical trituration and resuspension into single 
cells, followed by clonal neurosphere regeneration. At the end 
of each passage spheres were counted. However, no significant 

Figure 1. p63-/- mice display normal histology of the brain and spinal cord. (A–C) Corresponding coronal sections of p63-/- and wild-type (Wt) litter-
mate mouse brains at stage e15, e17 and p0. Mayer’s hematoxylin and eosin (H&e) staining. No structural differences were observed between the two 
genotypes. SVZ, subventricular zone; Cx, Cortex. (D) transverse sections of the cervical spinal cord from p63-/- and Wt littermate mice. H&e staining. 
Again p63-/- mice show normal development.
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newly born post-mitotic cells in the developing CNS in vivo and 
in vitro.

Discussion

Here we report that the absence of p63 does not detectably influ-
ence neurogenesis in the developing mouse brain and spinal 
cord. Our conclusion is based on extensive side-by-side analy-
ses of global p63KO mice and their WT littermates, including 
neuroanatomy and histology from E15 to birth, cell proliferation 
and survival, stemness of neural progenitors and their ability to 
undergo proper differentiation in vivo and in vitro. Our data 
indicate that p63 plays no discernable role in embryonic CNS 
neurogenesis and the maintenance of newborn postmitotic cells 
in the perinatal period. The absence of a CNS phenotype in 
p63KO mice establishes that p63 is not required for brain and 
spinal cord development. Alternatively, it is possible that the 
absence of p63 can be completely compensated by other molecu-
lar pathways. Of note, an independent concomitant immunohis-
tochemical study on p73KO and p63 KO mice also concludes 
that p63 is dispensible for CNS development. Global p63-/- mice, 
which express normal levels of p73, were found to lack any brain 
malformations and exhibit normal numbers of Cajal-Retzius  
cells.7

maturation of neural stem cells into the three different lineages of 
neurons, astrocytes and oligodendrocytes. To this end, we used 
specific differentiation markers. P0 brains were immunostained 
for NeuN (neuronal nuclei27) and MAP2 (microtubule-associ-
ated protein28), both staining differentiated neurons. Astrocytes, 
which are most prominent in the region surrounding the corpus 
callosum, were identified by GFAP glial fibrillary acidic protein.29 
In each case, the p63 status did not affect the distribution and 
intensity of these markers in brain (fig. 5a) and spinal cord 
(fig. 5b). Moreover, whole-mount immunofluorescence staining 
of neurospheres from WT and littermate p63-/- brains confirmed 
these in vivo findings and revealed that NSCs are able to dif-
ferentiate into all three lineages in vitro. These included neurons 
identified by NeuN and Tuj1 (neuronal class III beta-tubulin30) 
expression, astrocytes by GFAP expression and oligodendrocytes 
by CNP 2',3' cyclic nucleotide 3' phosphodiesterase expression.31 
Again, neither intensity nor distribution of these markers were 
affected by the p63 status (fig. 5c and d). Moreover, in dif-
ferentiation assays of neuronal cell cultures prepared from E18 
cortex, which show single neurons and their arborization more 
clearly, no differences were seen for the neuronal marker MAP2  
(fig. 5e).

Taken together, we have to conclude that p63 does not influ-
ence the number or differentiation of neural progenitors and of 

Figure 2. the developing central nervous system of p63-/- mice does not exhibit increased apoptosis. (A) Corresponding coronal brain sections from 
p63-/- and Wt littermate embryos were assayed by immunohistochemistry to detect cleaved Caspase 3 (e18), or stained by tUNeL (p0) to visualize 
spontaneously apoptotic cells. (B) Quantification of cleaved Caspase 3 levels in the ventricular and subventricular zones (VZ/SVZ) and cortical plate 
(not shown) of p63-/- embryos versus Wt littermates at the indicated stages. the percentage of positively stained areas were quantified in brain sec-
tions of 2–5 animals per genotype and embryonic stage. At least three coronal sections per animal were analyzed per data point. error bars represent 
the standard deviation (SD) of the mean. No significant difference was found between the genotypes (Student’s t-test). (C) Immunohistochemical 
analysis of cleaved Caspase 3 in spinal cord at stage e18 revealed no difference in the number of apoptotic cells.
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rather than complete knock-out properties.32-34 In any case, given 
our results, a putative pro-apoptotic function of p63 in sympa-
thetic neurons can clearly not be generalized to neurons and glia 
of the developing CNS.

Consistent with our results, p63 expression in the developing 
CNS is scant. By PCR amplification, TAp63 and ΔNp63 iso-
forms can be detected on the mRNA level in murine embryonic 
cortex.14 However, these mRNA levels are very low, since in-situ 
hybridization with a specific p63α probe in E14.5 embryos did 
not detect any signal in brain and spinal cord, while it readily 
detected p63 signals in the corresponding stratified epithelia of 
the same embryos (genepaint.org; Set ID EB555). In sharp con-
trast and consistent with the phenotype of knockout mice, p73 
mRNA is highly expressed in developing CNS and readily detect-
able by in-situ hybridization (genepaint.org; Set ID EB1922; 
reviewed in ref. 3). p63 protein expression in the developing 
mouse CNS is also very scant and limited to a subpopulation 
of p73-expressing Cajal-Retzius (CR) neurons, albeit expressed 
at much lower levels than p73. CR cells occur in the marginal 
zone of the developing cortex (cortical hem), a transient signaling 
center at the interface of the cortex and the choroid plexus. This 
zone is the origin of most CR cells that typically express Reelin. 

Our findings are inconsistent with the previous notion that 
p63 is an essential pro-survival regulator of neural development 
of the CNS. This view was based on an experimental system that 
relied on in utero electroporation of p63shRNA into wild-type 
embryonic brains and transfection into cultured neuronal pre-
cursors to knock down p63 levels.19 We propose that the trans-
fected cells used in that assay system may have died due to a 
non-specific stress response that resulted from the transfection 
procedure and/or co-expression of fluorescent marker proteins. 
However, while p63 is clearly not required for survival of neural 
cells in a normally developing brain, it is quite possible that p63 is 
capable of attenuating such a stress response, which could explain 
the dramatic in vivo effects seen upon its knockdown.

Our results are also in some contrast with the previous pro-
posal of an essential pro-apoptotic p63 function in developing 
sympathetic neurons of the autonomic nervous system.14 While 
sympathetic neurons clearly depend on p73,12 it is possible that 
they, in contrast to CNS neurons, also differentially depend on 
p63 to undergo normal developmental apoptosis. This study, 
however, awaits confirmation in a complete p63 knockout mouse, 
since the reported experiments used the p63 Brdm2 mouse, 
which harbors a partial exon 10'–14 deletion with hypomorphic 

Figure 3. Normal proliferation of neural precursors in the VZ/SVZ of the brain and in spinal cord of p63-/- mice. (A and B) Immunohistochemical analy-
sis of brain (A) and spinal cord (B) to visualize the proliferating population of neural precursors. tissues from p63-/- embryos and Wt littermates at the 
indicated stages were stained for Ki67. VZ/SVZ, ventricular zone, subventricular zone (C and D). (C) For quantitation, a digital mask was derived from 
images of Ki67-stained VZ/SVZ of corresponding brain sections using the image analysis software Image J.39 (D) Ki67 positive cells in the VZ/SVZ of Wt 
and p63-/- littermates at e15 and p0 were quantified. the percentage of positively stained areas (as determined in C) was quantified in 2–5 animals per 
genotype per embryonic stage. Four coronal sections per animal were analyzed per data point. error bars represent the SD of the mean. No significant 
difference was found between the genotypes (Student’s t-test).
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seen in a few rare cells whose cycling status remained unknown.7 
In human cortex at gestational week eight, p63 protein was also 
only detected in Reelin-expressing CR neurons covering the 
developing cortex as faint nuclear staining. Here, p63 was lim-
ited to the medial cortex adjacent to the cortical hem, with stain-
ing becoming undetectable toward the lateral areas. Again, as in 
mice, the human p63 signal in CR cells was fainter than the p73 
signal, and much less intense than the strong p63 signal in the 

Immunohistochemistry of E12.5 brains shows that p73 is highly 
expressed in all CR cells in the prospective neocortex and that a 
large proportion of p73-positive CR cells are also positive for p63, 
however, with lower signal intensity than p73.7 Thus, the propor-
tion of p73 to p63 proteins in CR neurons is reflected in their 
relative mRNA levels. In addition, p73 protein is expressed in 
a subset of cycling progenitors of the neurogenic subventricular 
zone (SVZ) at P5. In contrast, p63 and p53 expression was only 

Figure 4. Normal development of neural and glial progenitors in p63-/- brain and spinal cord. (A and B) Corresponding brain (A) and spinal cord  
(B) sections from p63-/- mice and Wt littermates at the indicated stages were analyzed by immunohistochemistry for markers of neural stem and pro-
genitor cells (Sox2,21 stem cells, located in the VZ; tbr2,22,23 intermediate progenitor cells, located in the SVZ; olig2, oligodendrocyte progenitors;25 Nes-
tin, radial glial cells,24 located throughout VZ/SVZ as well as cortex of brain, projections throughout white and grey matter of spinal cord). For olig2, 
a close-up is shown to visualize the accumulation of positively stained cells around the inferior horn of the lateral ventricle. the spinal cord shows an 
even dispersion of olig2 positive cells within the white and grey matter. Using the same quantitation method as in Figures 2 and 3, no differences 
could be detected between p63-proficient and -deficient mice in cell number and staining intensities.. *Lateral ventricle. (C) In vitro neurosphere assay 
to quantitate long-term self-renewal of neural stem cells. primary neural stem cells (NSCs) were derived from the forebrains of e15 littermate embryos 
with different p63 status. Single cells were seeded in triplicate at clonal density and grown in suspension culture with defined medium. After five 
days, newly formed neurospheres were counted, dissociated into single cells and reseeded. No significant difference between genotypes is present 
(Student’s t-test). After 15 serial passages, Wt and p63-/- cells both stopped proliferating. (D) Flow cytometry analysis of the cell cycle distribution of 
neural stem and progenitors. Accutase-digested neurospheres were prepared for propidium iodine staining and analyzed. Values are means ± SeM 
of five separate experiments. (e) Neurosphere Collagen Assay from e15 forebrains. Freshly isolated cells from two mice per genotype were seeded at 
clonal density (2,500 cells per sample) in triplicate as in (C). After 16 days, newly formed neurospheres were counted and classified according to size. 
No significant difference in size distribution was found between genotypes (Student’s t-test).
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others recently reported in references 6, 8 and 9. Analyzing global 
p73KO mice with the same criteria used in the p63 study here, 
we found that p73 is critically required for neural stem cell main-
tenance in vivo as well as in vitro in neurosphere assays.6 Thus, 
although both genes are derived from the same ancestor, their 
products closely related13 and their CNS expression very similar, 
these studies reveal a fundamental functional difference between 
p63 and p73 in CNS development. While it cannot be excluded 

skin. Both for human and mouse the important question, which 
p63-isoform, TA or ΔN, is expressed in CR cells could not be 
answered. At any rate, however, in contrast to p73 p63 expres-
sion seems to be a rather accessory feature of CR cells without 
functional relevance.7

Despite some low level expression of p63 in CR cells, the lack 
of a detectable p63 function in the developing CNS is in stark 
contrast to the essential role of p73 in neurogenesis that we and 

Figure 5. Normal differentiation of neural cell lineages during CNS development in p63-/- mice. (A and B) Brain (A) and spinal cord (B) sections from 
p63-/- and Wt littermate embryos were immunostained for the differentiation markers NeuN (cortical neurons27), MAp2 (neuronal microtubule-asso-
ciated protein28) and GFAp (astrocytes;29 note the primary location in the area surrounding the corpus callosum). p63-/- mice display normal staining 
patterns for neurons and astrocytes in brain and spinal cord. *Lateral ventricle; cc, corpus callosum. (C and D) In vitro differentiation of neurospheres 
derived from e15 forebrains. NSC cells were seeded into differentiation medium. After 5 days neurospheres were stained for markers NeuN (neurons27), 
GFAp (astrocytes29), CNp (oligodendrocytes31) and tuj1 (neurons30). Nuclei were counterstained with DApI. No differences in differentiation patterns 
were present among genotypes. (e) primary neuronal cell cultures isolated from the cortex of e18 littermates were immunostained for the neuronal 
marker MAp2.28 No difference in MAp2 positivity was present among genotypes.
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brain sections, subsequent immunohistochemistry was mainly 
done at the level of the lateral ventricles and basal ganglia ante-
rior to the hippocampus. Spinal cord sections were obtained at 
the level of heart and lung.

Immunohistochemistry. Immunohistochemistry was per-
formed on 1 μm paraffin sections. After antigen retrieval by 
microwave boiling for 15 min in 10 mM citrate buffer pH 6.0, 
sections were incubated for 16 hrs at 4°C with the following anti-
bodies: cleaved Caspase 3 (1:200, Cell Signaling, 5A1E, #9664); 
glial fibrillary acidic protein (1:1,000, GFAP, Abcam, ab7260); 
Ki67 (1:25, Dako, TEC-3, M7249); microtubule-associated pro-
tein (1:400, MAP2ab, Thermo Scientific, AP20, MS-249-S); 
Nestin (1:50, Millipore, rat-401, #MAB353); NeuN, neuronal 
nuclei (1:300, Millipore, A60, MAB377); Olig2, oligodendro-
cyte transcription factor 2 (1:500, R&D systems, AF2418); Sox2 
(1:1,000, Chemicon international, AB5603) and Tbr2 (1:1,000, 
Chemicon, AB9618). After applying a biotinylated secondary 
antibody (GE Healthcare, 1:200) and Extravidin-Peroxidase 
(Sigma-Aldrich, E2886, 1:1,000), sections were stained with 
3,3'-diaminobenzidine (DAB) and counterstained with hema-
toxylin. TUNEL-staining on 1 μm paraffin sections was done 
in a humidified chamber. After permeabilizing the tissue with 50 
μg/ml proteinase K (Sigma, P6556), an in-situ end labeling mix 
(Roche, terminal desoxynucleotide transferase) was applied. For 
detection of the hybridization product, an anti-digoxigenin anti-
body coupled to alkaline phosphatase (Roche, cat no 1093274) 
was used. The sections were stained with 5-Brom-4-Chlor-3-
Indolyl-Phosphat/Nitro Blue Tetrazolium chloride (BCIP/NBT; 
Roth) and counterstained with nuclear fast red (Merck). Images 
were acquired on a Zeiss Axio Scope MAT with AxioVision Rel. 
4.8 software.

Image analysis and quantification. Image analysis and quan-
tification of immunohistochemistry was achieved by custom-
made scripts using the ImageJ software39 (National Institutes 
of Health, rsbweb.nih.gov/ij), and data analysis was performed 
using the ‘R’ statistical computing language (www.r-project.org). 
For quantification of cleaved Caspase 3 and Ki67 positive cells, 
3–6 coronal brain sections per animal were analyzed by calcu-
lating the percentage of the positively stained area above a pre-
defined threshold in relation to the entire area imaged.

neurosphere assays. Forebrains were harvested from E15 
WT and p63 mice, and dissociated into single cells by tritura-
tion and digestion with accutase. Cells were plated in standard-
ized condition at 105 cells/60 mm dishes/5 ml NeuroCult® 
NSC Basal Medium (Mouse) with proliferation supplements 
and EGF (all from StemCells Techn. Inc.,), following the 
manufacturer’s instructions. Neurospheres were allowed to 
form for 5 days (this was considered passage 0), and passaged 
every 5 days. Passage 3 neurospheres were dissociated with 
accutase and replated in triplicates at 105 cells/60 mm dishes/5 
ml medium to monitor regeneration of new neurospheres from 
single cells. At the end of each passage, the number of neuro-
spheres and total number of cells were assessed. Subsequently, 
105 dissociated cells were replated in triplicates and so on. Results 
shown are representative of independent litters (n = 3 WT and  
n = 4 KO).

that p73 might be capable to substitute for p63 in this organ, p63 
is incapable of replacing p73. This is all the more surprising since 
p63 and p73 proteins are capable of forming heterotetramers,35 
strongly suggesting that they could regulate each other even in a 
situation where one of them has no function on its own. The fact 
that p63 has no obvious function in normal brain development 
but nonetheless is expressed,7 taken together with a pro-survival 
effect of p63 apparent in electroporated embryonic brains,19 
leaves open the possibility that p63 might have some protective 
role during neurogenesis when it takes place under the specific 
condition of stress.

p63-/- mice are not viable after birth and therefore a purely 
developmental model. Thus, it remains unclear whether p63 
plays an important role as prosurvival maintenance factor of 
mature postmitotic neurons in the adult brain or stem cell factor 
in adult neurogenesis. Moreover, it remains unclear whether p63 
plays a role in pathologic conditions of neurodegeneration, cere-
bral ischemia or aging. These questions will need to be addressed 
by long-lived conditional p63 knockout models. At least TAp63 
isoform-specific KO mice were not reported to display gross cere-
bral abnormalities.36,37 On the other hand, in contrast to peri-
natal mouse brain, adult human cortex expresses high levels not 
only of p73 but also p63 protein in neurons of all neocortical 
layers, the hippocampal dentate hilus and Ammons’ horn,7,38 sug-
gesting a maintenance role for both p63 and p73 in adult brain.

In sum, our study further supports the concept that p63 and 
p73 functions are each highly specific for different subsets of 
organogenesis within the body. While p63 drives morphogenesis 
in striated epithelia, p73 is a key driver of central nervous system 
organogenesis. Despite its specific expression in CR cells of the 
developing cortex, p63 is completely dispensable in normal brain 
and spinal cord development.

Materials and Methods

mouse strains. This study was approved by the Göttingen 
University Animal Care Committee, and use was in accordance 
with institutional guidelines. p63-/- mice with a targeted dele-
tion of the common Exons 6–8 generated by F. McKeon3 and 
enriched for the SV129 genetic background for more than seven 
generations, were maintained through interbreeding the het-
erozygotes. For staged embryos, the day of the vaginal plug was 
designated E0. Global p63+/- and global p73+/- mice5 were also 
interbred to generate p63p73 double knockout mice.

embryo preparation and histology. Pregnant females were 
killed by cervical dislocation. With a Y-cut, the uterus was 
excised to obtain the embryos. Embryos and newborn P0 mice 
were decapitated. After removing the skin of the WT embryos 
to improve fixation and mimic the skinless p63-/- mice, head and 
body were fixed separately in 4% paraformaldehyde for 24 hrs at 
room temperature. After three washes in PBS for 1 hr each, the 
tissue was dehydrated in an ethanol-isopropanol-xylol series and 
paraffin embedded. Coronal sectioning started at the level of the 
eyes and continued up to the hippocampus; transverse sectioning 
of the spinal cord started at the cervical portion. Serial sections 
(1 μm) were stained with Mayer’s Hematoxylin and Eosin. For 
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cell cycle analysis. Neurospheres were collected and digested 
with accutase. After cell washing with ice-cold PBS, cells were 
fixed in 70% ethanol at -20°C at least over night. After cell 
washing with PBS, cells were stained with propidiumiodide 
(PI)-solution [50 μg/ml (Sigma), 20 μg/ml RNase in PBS] 
for 30 min at 37°C. FACS samples were counted with GUAVA 
EasyCyte Plus cytometer (GUAVA Technologies) and analyzed 
with ModFit LT (Verity Software House).

genotyping of p63. WT and p63-/- embryos could easily 
be distinguished by their morphological phenotype. Additional 
genotyping PCR was performed to confirm the p63-/- phenotype 
and to differentiate between WT and p63+/- mice. The following 
primers were used:

p63-fwd: 5'-GGT GCT TTG AGG CCC GGA TC-3' binds 
in Exon 6 of Trp63 gene

p63-Neo: 5'-GAA AGC GAA GGA GCA AAG CTG-3' 
binds in Neo cassette of p63-/- mice

p63-rev:  5'-TTC TCA GAT GGT ACC GCT CC-3' binds in 
Intron 6/7 of Trp63 gene

Primers p63-fwd and p63-rev give rise to a fragment of 550 
bps, specific for WT.

Primers p63-Neo and p63-rev give rise to a fragment of 450 
bps, specific for p63-/-.
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note

Supplemental materials can be found at:
www.landesbioscience.com/journals/cc/article/14859

For Collagen Assays 2,500 cells per sample were seeded 
as single cells in triplicate into 35 mm culture dishes follow-
ing the manufacturer’s instructions (StemCells Techn. Inc.). 
Every 7 days the cultures were replenished with the Complete 
NeuroCult Replenishment Medium. After 16 days, newly formed 
NSCs in solid collagen were counted and classified according to 
diameter size.

differentiation assays. Cells from freshly dissociated neuro-
spheres from E15 forebrains were seeded onto poly-L-Ornithine/
Laminin coated plastic chamber slides in NeuroCult® NSC Basal 
Medium with differentiation supplements (StemCells Techn. 
Inc.,) following the manufacturer’s instructions. After 5–7 days 
differentiated cells were fixed in 4% PFA and processed for 
immunofluorescence.

Primary cell culture. Murine cortex was dissected from E18 
WT and p63-/- brains, meninges removed and the neural tissue 
dissociated into single cells by trypsinization and trituration. 
125,000 cells per well were seeded in Neurobasal Medium (sup-
plemented with Glutamine, apo-Transferrin, Glutathion, Super-
Oxide-Dismutase, B27 and antibiotics) on poly-L-Ornithine/
Laminin coated 8-well chamber slides. Every 3–4 days 50% of 
the medium was exchanged. After 10 days cells were fixed in 4% 
PFA and processed for immunofluorescence.

Immunofluorescence of nscs/single cells. Immuno-
fluorescence was performed using standard protocols. Slides with 
NSCs or single cells were incubated in a humidified chamber 
with primary antibodies at 4°C over night. Next day mouse/rab-
bit secondary antibodies coupled to Alexa-488 (green channel) 
or Alexa-594 (red channel) were applied to the cells for 30 min-
utes at 37°C. Nuclei were counterstained using 4',6-diamidin-
2-phenylindol (DAPI).The following primary antibodies were 
used: GFAP, glial fibrillary acidic protein (1:1,000, Abcam, 
ab7260)NeuN, neuronal nuclei (1:200, Millipore, A60, 
MAB377) Tuj1, neuronal class III beta-tubulin (1:1,000, 
Covance, PRB-435P) CNP, 2',3'-cyclic nucleotide 3'-phospho-
hydrolase (1:500, Millipore, MAB326) MAP2, microtubule-
associated protein (1:400, MAP2a,b, Thermo Scientific, AP20, 
MS-249-S).
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