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p73 deficiency results in impaired self renewal and
premature neuronal differentiation of mouse neural
progenitors independently of p53

L Gonzalez-Cano™®, M Herreros-Villanueva'®, R Fernandez-Alonso', A Ayuso-Sacido?, G Meyer®, JM Garcia-Verdugo? A Silva®,
MM Marques® and MC Marin**

The question of how neural progenitor cells maintain its self-renewal throughout life is a fundamental problem in cell biology with
implications in cancer, aging and neurodegenerative diseases. In this work, we have analyzed the p73 function in embryonic
neural progenitor cell biology using the neurosphere (NS)-assay and showed that p73-loss has a significant role in the
maintenance of neurosphere-forming cells in the embryonic brain. A comparative study of NS from Trp73—/—, p53KO,
p53KO0;Trp73—/— and their wild-type counterparts demonstrated that p73 deficiency results in two independent, but related,
phenotypes: a smaller NS size (related to the proliferation and survival of the neural-progenitors) and a decreased capacity to
form NS (self-renewal). The former seems to be the result of p53 compensatory activity, whereas the latter is p53 independent.
We also demonstrate that p73 deficiency increases the population of neuronal progenitors ready to differentiate into neurons at
the expense of depleting the pool of undifferentiated neurosphere-forming cells. Analysis of the neurogenic niches
demonstrated that p73-loss depletes the number of neural-progenitor cells, rendering deficient niches in the adult mice.
Altogether, our study identifies TP73 as a positive regulator of self-renewal with a role in the maintenance of the neurogenic
capacity. Thus, proposing p73 as an important player in the development of neurodegenerative diseases and a potential

therapeutic target.
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The mammalian neocortex develops from a pseudostratified
epithelium composed by neuroepithelial cells.! During develop-
ment these cells and their derivative progenitor will give rise
to neurons, astrocytes and oligodendrocytes while maintain-
ing their self-renewal capacity. During development of the
mammalian central nervous system (mCNS), the self-renewal
of neural stem cells (NSCs) and progenitors occurs either by
symmetric cell divisions, which generate two undifferentiated
cells with the same fate,? or by asymmetric divisions, giving
rise to one progenitor and one cell that differentiates into a
neuron.® NSCs are multipotential and self-renewing, whereas
neural progenitor cells (NPC) have more restricted renewal
and differentiation ability.4 Here, the term NPC will be used to
include both neural stem and progenitor cells. Self-renewal
and cell fate choice of NPC are coordinately controlled in a
stage-dependent manner, but the mechanisms underlying
such coordination remain poorly understood. Signals that
regulate stem cell maintenance and fate specification will
influence the final number of neurons and glia formed during
mCNS development.® Such signals would be determinant for

the appropriate architecture of the neurogenic-niches in the
adult brain and thus, the maintenance of the neurogenic
capacity.

In adult mammalian brain NSCs are localized in two
regions: the subventricular zone (SVZ) and the subgranular-
cell layer zone (SGZ) of the dentate-gyrus in the hippo-
campus. NPC from the embryonic and mature mCNS can be
propagated in vitro as clonal aggregates denoted neuro-
spheres (NS).>” The NS assay represents a serum-free,
selective culture in which most cells within the differentiation
process rapidly die, whereas NPC respond to mitogens, divide
and form NS that can be dissociated and replated to generate
secondary spheres.® In a similar way, NPC from olfactory bulb
(OB) of E14.5 embryos have been demonstrated to be derived
from the neuroepithelium, and form NS that preserve their
self-renewal ability and multipotency.®'°

Some of the pathways that are necessary for self-renewal
appear to regulate processes like proliferation, apoptosis
or differentiation.®'" In somatic cells, p53-family members
are deeply involved in the regulation of these processes. This
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family is constituted by the transcription factors p53, p73 and
p63. The dual nature of these genes resides in the existence
of TA and DN variants. The TA-proteins are transactivation
competent, inducing cell cycle arrest, apoptosis, senescence
and differentiation.’® Oppositely, the DN isoforms lack the
transactivation domain and can act as dominant-negative
repressors of p53 and TAp73, abrogating their ability to induce
growth suppression in many cell types.''* This family has
been implicated in regulation of the survival and maintenance
of CNS mature neurons and neuronal precursors, with p53
functioning as a cell death protein, and DNp73 and DNp63 as
major survival proteins preventing apoptosis in post-mitotic
neurons and embryonic cortical precursors, respectively.'s~1”
Deficiency of p73 in the Trp73—/— mice, which lacks all p73
isoforms, leads to multiple neurological abnormalities inclu-
ding hippocampal dysgenesis,'® denoting the relevance of
p73 function in neural development and suggesting a possible
role in neurogenesis. However, the role of p73 in the biology of
NPC has never been addressed.

In this work, we analyzed p73 function in embryonic
NPC biology using the NS assay, and demonstrate that p73
is a positive regulator of self-renewal in a p53-independent
manner. This self-renewal impairment is later on reflected
in a developmental retardation of the neurogenic niches and
a significant depletion of the precursor pool of the SVZ and
SGZ of P15-Trp73—/— mice, ultimately resulting in defective
neurogenic niches.

Results

Loss of p73 impairs cellular self-renewal. To address
whether TP73 ablation affected the biology of embryonic
NPC, we used the NS assay.”'® We utilized primary NS
cultures obtained from OBs of Trp73—/— and WT E14.5
embryos. NPC in vivo are positive for the neuroepithelial-
marker Nestin.2° In our in vitro assay, OBs cultures in the
presence of mitogens form NS that express Nestin
(Figure 1a). Analysis of p73-isoforms expression revealed
that both, TA and DNp73, were expressed under proliferating
conditions, with TAp73 being significantly more abundant
than DNp73 (Figure 1b). These cell cultures were succes-
sively dissociated and reseeded at clonal density generating
new NS capable of producing a differentiated progeny
(Figure 1c, Supplementary Figure 1A), demonstrating their
self-renewal and multipotency capacities. Moreover, TAp73
expression is upregulated during the differentiation process
(Supplementary Figure 1B). The frequency of primary
neurosphere-forming cells (NFC) represents the content of
NPC in a given tissue.?'2® We observed that four times
more cells were required to form primary NS from the
Trp73—/— neurogenic tissue, than from WT (1/125 cells in
WT (0.8%) versus 1/500 cells in Trp73—/— (0.2%), Supple-
mentary Figure 1C), suggesting that lack of p73 produces a
depletion of NFC in the neurogenic tissue. Interestingly,
when we compared NS cultures, we consistently observed a
decrease in the size and number in the Trp73—/— (named
p73KO from now on) NS in 60% of the analyzed embryos
(Figure 1c—e). The diameter of p73KO-NS was significantly
reduced compared with that of WT cells (Figures 1c and d).
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To rule out the possibility that the observed phenotype was
limited to a defect in the transient amplifying (TA) population,
we performed long-term population analysis, for up to 10
passages, under clonal cultures conditions,® and the size of
the newly formed NS was evaluated at each subculturing
step. The phenotype observed in the p73KO-NS was
maintained, and even intensified, through the successive
passages, indicating that the effect of p73 loss was not
merely affecting the TA population, but rather the pool of
NPC, the only capable of generating new NS (Figure 1c,
NS-P8). The NS size reduction suggests that the net cell
growth within the NS, which reflects the sum of cell divisions
from self-renewing NSC and NPC, was impaired.

The formation of new NS after each successive passage
has been widely used as a quantitative measure of the self-
renewing activity of neural stem cells.”?*2% We used this
in vitro assay to examine how p73 loss affects this parameter
in our cultures. To that purpose, dissociated tissue cells were
seeded under serial clonal dilution and the number of NS
formed in each passage was quantified. We arbitrarily
assigned 100% to the NS formed in the WT cultures. We
observed a highly significant decrease in the number of NS
formed in p73KO cultures (Figure 1e). This difference was
maintained in consecutive passages. The decrease in the
number and size of newly formed NS in each passage in the
p73KO cultures suggests a successive loss of NFC, and
signals p73 as a positive regulator of NPC self-renewal.

To further analyze the overall growth of the p73KO cells, we
determined ratios of cell production after 5 days in vitro (DIV)
relative to number of cells plated. Growth ratios in the p73KO
cultures were significantly lower than in WT (Figure 1f).
Analysis of cellular proliferation and death rates demonstrated
that p73 loss affected the net cell growth of the culture, without
altering the cell cycle progression (Figure 1g). Consistently,
there were no significant differences in the expression levels
of the cell cycle inhibitor and negative regulator of self-
renewal, p21“P* neither in the expression of the positive self-
renewal regulator and promoter of cell proliferation, Bmi1l
(Figure 1h). We detected an increase in cell death (Figure 1i).
Accordingly, levels of the proapoptotic p53 target gene Noxa
were significantly upregulated in p73KO cultures (Figure 1j).

p73 regulates self-renewal independently of p53, but it is
necessary for the enhanced self-renewal caused by p53
deficiency. The role of p73 in the developing nervous
system has been defined on the basis of DNp73 function as
an antiapoptotic protein that antagonizes p53 proapoptotic
actions, and potentially TAp63."5'7 As the Trp73—/— mice
lack all the isoforms,'® the absence of the pro-survival
DNp73 function could result in a compensatory p53
activation, which may account for the enhanced apoptosis
as well as Noxa enhanced expression in the p73KO cells, and
even the impaired self-renewal observed in the p73KO-NS
cultures. To address this issue, we analyzed the role of p53
in NS cultures, in the context of p73 deficiency, using the
double mutant: p53KO; Trp73—/—mice (named DKO from
now on). We observed that, although p53KO cultures
presented larger NS (Figures 2a and b, P<0.0005),
reflecting its enhanced self-renewal,?®?” and the p73KO-NS
were smaller (P<0.0005), the DKO cells generate NS with a
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Figure 1 p73 deficiency impairs cellular self-renewal and increases cell death without affecting cell cycle progression. (a—f): Successive passages of E14.5 neurospheres
of the indicated genotype cultured under clonal proliferation conditions. (a) Confocal microscopy images (10 x) of NS of the indicated passage immunostained with anti-Nestin
antibody. (b) qRT-PCR of TA- and DNp73 expression in WT-NS. (c) Bright-field photographs (10 x ) of NS passages (P2-P8). (d) Graphical representation of NS size (P2).
(e) NS self-renewal assay. Quantification of new NS was performed after 4DIV at the indicated passages. We assigned 100% to the number of WT NS. (f) NS (P2) cellular
kinetics after 5DIV. (g) FACS cell cycle analysis determined by propidium iodide (PI) staining, (h) qRT-PCR analysis of p21°?" and Bmitexpression, (i) cell death measured by
the Annexin-V binding assay and (j) gqRT-PCR analysis of Noxa in P2-NS cultures under proliferating conditions. Representative histograms and percentages from triplicate
experiments are shown. The analyses were performed with data from two independent experiments with at least three embryos of each genotype (*P<0.05, **P<0.01,

5P (,005)

size closer to WT-NS. Up to this point, the data suggested
that the reduced size in p73KO-NS could be indeed because
of a p53-compensatory activation, as elimination of p53
almost rescues the size phenotype. Nevertheless, the DKO
NS were considerably smaller than those formed by p53KO
cells (P<0.0005, Figures 2a and b), indicating that p73 loss

hampered the effect of p53 deficiency, and implying that p73
function was necessary for the enhanced growth of the
p53KO-NS. Cell cycle analysis of these cultures revealed
that in DKO cells p53 deficiency significantly inhibited the
basal apoptosis detected in the p73KO cultures, whereas
enhancing cellular proliferation (significant increase in

w
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Figure 2 p73regulates self-renewal independently of p53, but it is necessary for the enhanced self-renewal observed in p53KO NS cultures. (a-h): NS (P2) cultures of the
indicated genotypes under proliferating conditions. (a) Bright-field microphotography (10 x ) and (b) diameter quantification, (¢) FACS-PI cell cycle analysis, (d) gRT-PCR of
p21P" and Noxa expression, (€) confocal microscopy images (20 x ) of p-His-3 immunostaining and (f) its quantification. (g) Cellular kinetics of NS (P2) of the indicated
genotype after 5DIV. (h) Self-renewal assay: NS (P2) cells were seeded at different clonal cell densities in proliferating media from 0.6-5 cells per ul, and the formed NS were
counted after 4DIV. The Trp73—/—, p53 + /— littermates showed the same phenotype as the Trp73—/— mice (data not shown). The analyses were performed with data from
two independent experiments with at least three embryos of each genotype (*P<0.05, **P<0.01, ***P<0.005)

S-phase and decrease in G1, compared with WT and dependent (Figure 2d). Furthermore, the mitotic index of
p73KO) (Figure 2c). Consistently, p21“°P" and Noxa clonally formed NS quantified by anti-phospho-Histone-3
expression were repressed in the DKO cells, demonstrating staining supported these results, as p53KO and DKO-NS
that the regulation of these genes in NPC was p53 had a significantly elevated mitotic index than WT, whereas
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the p73KO-NS had not (Figure 2e and f). It is important to
underline that in the absence of p53, lack of DNp73 does not
result in apoptosis. However, despite the enhanced
proliferation rate and low apoptosis of DKO cultures, they
showed an overall growth rate similar to the p73KO-NS, failing
to attain p53KO growth rate (Figure 2g). This data reinforces
the idea that p73KO effect in NPC was not simply due to a
decrease in the proliferation rate or enhanced apoptosis.

The in vitro self-renewal assay revealed that p53KO cells
formed significantly more NS than their WT counterparts,
whereas p73KO cultures had significantly less NS, in all
conditions analyzed (Figure 2h). However, p73 loss in the
DKO cells abrogated the effect of p53 deficiency, as the
number of NS formed in the DKO was similar to those of WT
cultures, but significantly less than the observed in the
p53KOs with functional p73. This was surprising, as NS
obtained from the OB of p53KO mice embryos are enriched in
NFC and have enhanced self-renewal.2® Therefore, our data
indicates that these features in p53KO cultures were
dependent upon p73 functional integrity.

p73 deficiency results in premature neuronal
differentiation under proliferating conditions and faster
kinetics of the differentiation process. Self-renewal and
differentiation are cardinal features of stem cells. A tight
regulation of the facultative use of symmetric versus
asymmetric divisions by stem cells is crucial for maintaining
self-renewal capacity. It has been documented that under
proliferating culture conditions, NSCs in vitro are fast dividing
Nestin-positive cells that clonally give rise to great numbers
of Nestin-positive NPC and divide symmetrically to produce
equivalent progeny.?® As shown in Figures 3a and b, p73
deficiency resulted in a reduction of Nestin-positive cells in
NS under proliferating conditions, suggesting that these NS
contained a reduced number of undifferentiated NPCs.
Intriguingly, a closer observation of p73KO and DKO cells
(Figure 3c) revealed pairs of cells that resembled daughter
cells with different nuclei size and asymmetric distribution
of Nestin (p73KO: 1.4%+0.002 and DKO: 4.1%+0.16,
P<0.003 and P<0.02 compared with WT, respectively).
However, WT and p53KO cultures presented few asym-
metric cell pairs (0.6% +0.009 and 0.5% #*0.1, respec-
tively), consistent with the notion that under proliferating
culture conditions, WT-NPC divide symmetrically. Thus,
impaired NS formation in the p73KO cells could reflect
fewer symmetric divisions in these cells.

Increasing the number of asymmetric divisions would lead
to a decrease in the pool of undifferentiated NPC and to an
increase in the number of differentiated cells, with the
concomitant impairment of self-renewal, whereas promoting
a symmetric mode of division, like in p53KO cultures,?® would
result in enhanced self-renewal by keeping the NPC in an
undifferentiated state. In accordance with this model, the
analysis of the spontaneous neuronal differentiation in NS
after 3DIV under proliferating conditions revealed that the
p73KO and DKO NSs frequently contained multiple Tuj-1-
positive cells (Figure 3d, Supplementary Figure 2A). These
cells showed various long and branched neurite exten-
sions, congruent with a more mature neuronal phenotype
(Supplementary Figure 2B). This was surprising, as the clonally
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newly-formed NS were kept under proliferating conditions and
analyzed after only 3DIV, conditions at which the WT and
p53K0O NSs showed seldom Tuj-1-positive cells. Furthermore,
few Tuj-1-positive cells detected in the latter cultures had short
lamellipodia or short unbranched processes. This data
indicates that p73 deficiency was prompting a premature
neuronal differentiation and thus hindering the maintenance of
the embryonic NPC undifferentiated population.

Our data suggest, but does not conclude, that p73
deficiency may lead to a bias towards asymmetric cell
divisions, increasing the population of NPC, ready to
differentiate into neurons, and thus exhausting the pool of
undifferentiated NFC. If this hypothesis is correct, we would
expect an enhanced rate and a faster kinetics of the
differentiation process in p73KO-NS grown under conditions
supporting progressive neuronal differentiation. Under these
conditions,” WT and p73KO cells differentiated into astrocytes
and neurons after 8DIV, and oligodendrocytes were detected
after 10DIV (Supplementary Figures 3A and 3B) with no
significant differences in the total Tuj1™ cells after 5DIV or
8DIV (Figure 4b upper panel). However, despite the identical
conditions, we found a significantly higher percentage of large
branching neurons (Tuj1™ cells with long neurite extensions
(Tuj1* NE)) at all the time points analyzed in the p73KO-NS,
suggesting an advanced stage in the differentiation process,
(Figure 4a and b; lower panel and Supplementary Figure 3C).
This supports the idea that p73 deficiency induces a
premature onset of differentiation. When we compared the
differentiation potential of p73KO, p53KO, DKO or WT-NS
after 3- or 5DIV with differentiation media, we observed that
either p53- or p73-deficient NS generated higher number of
Tuj1*-NE cells compared with WT, confirming that p73 and
p53 single-deficiency results in premature neuronal differ-
entiation. Nevertheless, the combined deficiency in the
DKO-NSs produced more neurons with mature phenotype
than p53 or p73 single loss (Figures 4c and d), suggesting an
additive effect. It is important to highlight that p53 control of
neurogenesis and gliogenesis has been proposed to be
independent of its regulatory pathways of self-renewal.?® We
analyzed if there was a cross-talk in the regulation of cell
decision fate between p73 and p53. Strikingly, although lack
of p53 hinders astrocytic differentiation, DKO cells showed a
stronger GFAP staining and a mature astrocytic phenotype in
a number similar to WT or p73KO cell, but with significantly
higher number of differentiated cells than the p53KO
cultures (Figure 4d), suggesting that absence of p73, rescues
p53 uncoupling of neuronal fate. At a further stage of
differentiation, p73KO and DKO cells displayed neurons
with a clear mature phenotype with multiple branched long
neurites (Figure 4e), whereas the Tuj1*-WT, and even
the p53KO0O, displayed yet an immature phenotype, corrobor-
ating that p73 deficiency resulted in enhanced rate and
faster kinetics of the differentiation process independently
of p53.

If lack of p73 produces a premature differentiation and,
in this way, depletes the pool of embryonic NPC during
development, it is reasonable to expect that p73 deficiency will
result in defective neurogenic-niches in the adult mice. To
address this, we scored the 5-bromo-2-deoxyuridine (BrdU)-
positive cells, which identify proliferating NSC and NPC in the

o
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Figure 3 p73 deficiency results in premature neuronal differentiation under proliferating conditions. (a-e): NS (P2) cultures of the indicated genotypes under proliferating
conditions (PM). (a) Confocal microscopy images (60 x ) immunostained with the antibodies: Nestin (a—c), Tuj1-TxRed (neurons) and p-His-3-FITC (mitotic marker) (d).
(b) Quantification of Nestin-positive cell in (a). (c) Magnification of boxes marked in (a) showing different nuclei size and asymmetric Nestin distribution. The p53KO pair
depicted represents a symmetric distribution with similar nuclei size. (e) Quantification of Tuj1 * cells in (d). The analyses were performed with data from two independent

experiments with at least three embryos of each genotype (**P<0.01, ***P<0.005)

SVZ, and found a significantly lower number of proliferating
cells in Trp73—/— mice (Figures 5a and c). Quantification of
p-His-3-positive cells in the same region confirmed this result
(Figures 5b and d). Moreover, assessment of p-His-3-positive
cells in the SGZ also showed a severe depletion of the proli-
ferating compartment in Trp73—/— mice (Figures 5e and f).
A morphological analysis of the neurogenic-niches at
electronic microscopy level exposed profound abnormalities
in the architecture along the SVZ of the Trp73—/— mice.

Cell Death and Disease

Assessment of the different proliferating cellular subpopula-
tions of the SVZ — astrocyte-like type-B cells (NSC), type-C
cells (transit amplifying progenitors) and type-A (neuroblast)®°
— confirmed our BrdU data, revealing that p73 deficiency
resulted in a reduction of type-C and A cells (Figures 5g
and h). Furthermore, type-B cells, as well as type-A and
-C cells, presented an immature morphology similar to those
in newborn mice; however, the number of type-B cells was
comparable with WT.
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Figure 4 Lackof p73 results in enhanced rate and faster kinetics of the differentiation process. (a—): NS (P2) cultures at the indicated DIV under differentiating conditions
(DM) immunostained with the antibodies: Tuj1-TxRed (neurons) or GFAP-FITC (astrocytes). (a) Confocal microscopy images (40 x ) and (b) quantification of Tuj1 * cells in
(a) either total Tuj1 * (b, upper panel) or with neurite (Tuj1 ™ -NE) extensions four times bigger than the cell body diameter (b, lower panel). (c) Confocal microscopy images
(40 x , upper panel and 20 x , lower panel) and (d) quantification of Tuj1 *-NE and GFAP-positive cells in (c). (e) Confocal microscopy images (60 x ). The analyses were
performed with data from three independent experiments with at least three embryos of each genotype and representative images are shown (*P<0.05, **P<0.01,

“**P<0.005)
Discussion

Learning about the mechanisms that regulate the coordinated
control of proliferation and differentiation of tissue-specific
stem cells is critical to understand development, cancer and
neurodegeneration. In this work, we have analyzed the effect
of p73 deficiency, and its functional interaction with p53, in
embryonic NPC using the Ns assay. Our data reveal that p73
loss results in a depletion of the cells capable of forming NS

(NSC and NPC) contained in the neurogenic tissue of the
embryos. Furthermore, this effect was maintained in vitro
where lack of p73 resulted in impaired net cell growth,
decreased capacity to form new NS under clonal conditions
(self-renewal) and enhanced apoptosis without altering the
cell-cycle progression.

The role of p73 in the developing nervous system has been
defined as a rheostat for survival versus death.'®'” As the
Trp73—/— mice lack all p73 isoforms, it was possible that an

~
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anti-p-Histone-3 (b, d and f) and the positive cells scored (¢, d and f). Magnifications of the area included in the white squares in e are depicted in the inserts (100 x ). (g) Panel
of the cellular analysis of the Trp73—/— and WT mice by electron microscopy of SVZ showing the differential morphology of Type B (B), Type C (C), Type A (A) and:
Ependymal cells (E). In the p73KO the cells corresponding to C and A are not marked as such as they both look alike with morphological features corresponding to more
immature cells. (h) Bar graph of the average number of SVZ Type A/C cells identified per unit length in WT and Trp73—/— mice (*P<0.05, **P<0.01, ***P<0.005)

exacerbated p53 activity, due to the lack of the prosurvival
DNp73 function, could be accounted for the enhanced
apoptosis and the impaired self-renewal observed in
p73KO-NS. In apparent agreement with this view, the
elevated apoptotic rates of the p73KO-NS disappeared in
the DKO cultures, demonstrating that, indeed, the apoptosis
observed in the p73KO cells was p53 dependent, probably
through the regulation of target genes like Noxa. Hence,
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we confirm that p53 negatively regulates NSC self-renewal
through the regulation of proliferation and survival. In this
context, DNp73 is required to downregulate p53 activation of
these pathways and its absence results in elevated apoptosis.
Surprisingly, our data indicated that the NFC enrichment
and the enhancement of the self-renewal capacity of the
p53-deficient NPC, were dependent upon p73 functional
integrity. Therefore, lack of p73 results in two independent,



but related, phenotypes: a smaller neurosphere size (related
to the proliferation and survival of the NPC) and a decreased
capacity to form new NS (self-renewal). The former seems to
be the result of p53 compensatory activity, whereas the latter
is p53 independent and not because of a defect in cell cycle or
apoptosis regulation.

The reduction of Nestin-positive cells in p73KO and
DKO-NS, and the observation that p73-deficient NS growing
under proliferative conditions contained multiple Tuj1™ cells
suggested a defective maintenance of the undifferentiated
state, which is central to stem/progenitor cells. This, together
with the decrease of newly formed NS in each passage in
p73KO and DKO cultures, directed us to hypothesize that
p73 deficiency may lead to a bias towards asymmetric cell
divisions and, in this way, impair self-renewal. The role of p53
in the regulation of self-renewal divisions has been widely
documented,®! however, there was no data on the possible
function of p73 in this process. However, very recent reports
have been published®®3* that are in-line with our results,
providing an independent confirmation of p73 involvement in
neuronal stemness.

Our differentiation studies demonstrated that loss of p73 did
not abolish NS multipotency, but rather accelerated the
appearance of Tuj1™ cells with long and branched neurite
extensions, congruent with a mature neuronal phenotype.
These data connote that p73 deficiency is releasing the
constraints that keep the embryonic NPC undergoing sym-
metric, proliferative division, thus, hampering their self-
renewal and producing a premature differentiation. Although
p73 functional integrity seem to be required for the enhance-
ment of the self-renewal capacity of p53-deficient NPCs, the
effect of p53 and p73 deletion over premature differentiation
seems to be additive. Therefore, p73 and p53 regulation of
self-renewal and differentiation should imply independent, yet
interconnected pathways. This is supported by the observa-
tion that p53 deficiency on cell fate determination is restored
by p73 depletion in DKO cells, implying a cross-talk between
these genes in the regulation of this process. Altogether, our
work has revealed a novel p53-independent function of p73,
which regulates NPC self-renewal through the regulation of
cellular differentiation and proposes that this regulation is at
the base of p73 function in neuronal development.

Alterations in the mechanism that promotes or inhibits the
differentiation of the embryonic NPC, like p73 deficiency does,
would eventually deplete the pool of embryonic NSC,
rendering deficient neurogenic-niches in the adult mice.
Supporting this hypothesis, the Trp73—/— and TAp73—/—
mice models exhibited profound hippocampal dysgenesis,
demonstrating that p73, and TAp73 in particular, was critical
for the development and maintenance of the hippocampus,
one of the neurogenic NSC pools.® Our data reveals that p73
deficiency slows down the development of both the SVZ and
the SGZ niches, depletes the number of proliferating cells,
and thus, renders deficient neurogenic-niches in the adult
mice. Impairment in neurogenesis may compromise the
extent of plasticity of the hippocampus and their associated
neural circuits leading to enhanced neuronal vulnerability and
functional detriment. Recent evidence suggests that neuro-
genesis is impaired in animal models of Alzheimer’s disease
(AD), in both subventricular and subgranular zones.®®
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In AD, compromised neurogenesis has been proposed to
take place earlier than the onset of hallmark lesions or
neuronal loss, and may have a role in the initiation and
progression of the disease. In this context, p73 loss could
become a risk factor for these ailments. This is consistent with
reports indicating that p73 is essential to prevent neuro-
degeneration during aging, and that p73 heterozygosity may
be a susceptibility factor for AD."” Thus, p73 could be an
important player in the development of neurodegenerative
diseases and therefore a relevant target for study.

Materials and Methods

Mice husbandry and dissection of brain tissues. Animal experiments
were conducted in agreement with European and Spanish regulations for the
protection of experimental animals (Council Directive 86/609/CEE and RD-1201/
2005, respectively) with the appropriate institutional committee approval. Mice
heterozygous for Trp73 on a mixed background C57BL/6 x 129/svJae'® were
backcrossed to C57BL/6, at least five times, to enrich for C57BL/6 background. To
obtain the double Trp73; p53 Knockout mice (DKO), heterozygous animals for
Trp73 were crossed with p53 KO mice;” then, Trp73 +/—; p53 +/— mice were
inter-crossed to obtain the DKO animals. Mice were genotyped as described
before. 838

In vivo analysis. Perfusion and BrdU incorporation analysis in postnatal 15-day-
old mice (P15): BrdU (Sigma-Aldrich, St. Louis, MO, USA) was administered at
150 mg/kg intraperitoneally in pulse injections every 2 h during 8 h. Animals were
anesthetized with ketamin/medetomidin before transcardial perfusion. Animals were
perfused with PBS, 0.1 M and subsequently with 4% paraformaldehyde (Merck,
Darmstadt, Germany). After perfusion, brains were dissected, post-fixed for 24 h in
4% PFA solution at 4°C, and immersed in 30% sucrose. At this point, tissues were
stored at —80°C. Coronal sections of 30 um were obtained using a Microm HM-450
sliding microtome, and p-His-3 and BrdU immunohistochemistry (IHC) was
performed as described before.?”

Electron microscopy analysis: P15 mice were perfused with 0.9% PBS,
1% heparin, followed by 2% paraformaldehyde/2.5% glutaraldehyde solution (PFA/
GA, Electron Micoscopy Sciences, Hatfield, PA, USA) and post-fixed in PFA/GA
overnight. Sections of 50 um were cut on a vibratome (Leica VT-1000, Wetzlar,
Germany), embedded in araldite (Durcupan, Fluka, Hatfield, PA, USA). Semi-thin
sections (1.5 um) were cut with a diamond knife and stained lightly with 1% toluidine
blue. The block with semi-thin sections was cut in ultra-thin (0.05 um) sections with a
diamond knife, stained with led citrate and examined under a Fei Tecnai spirit
electron microscopy. Pictures were taken with Soft Image System (Morada,
Olympus, Tokyo, Japan) camera. For quantification purposes, three mice for each
group were used and serial sections corresponding to the same SVZ region
(separated by 250 um) were chosen and examined under a FEI Tecnai Spirit
electron microscopy using established protocols and criteria.%

Primary culture of NPCs. To initiate each independent embryonic culture,
the OBs of at least three different E14.5 embryos were dissected out, and
mechanically dissociated, as previously described.”® Cells were seeded (2 x 10*
cells/ml) in NS complete medium (Supplementary Table 1). For each passage,
spheres formed after 4 days in vitro (DIV) were enzymatically dissociated with
Accutase (Stem Cell Technologies, Vancouver, BC, Canada) and reseeded in
complete medium. Cellular viability was assessed by trypan blue exclusion. To
determine the size and number of NS, cells were seeded at clonal density (2 cells
per ul). For clonogenic and limiting dilution assays, NS were disaggregated and
seeded in flat bottom 96-well plates at log? dilutions with a cell concentration from
500-1 cell per well. After four DIV the number of NS was determined (three
independent experiments with at least three embryos of each genotype for each
one). Statistical analyses were performed using the Student’s two-tailed t-test.

Differentiation assays were performed seeding the NS in 15mm coverslips
covered with poli-L-oritine (Sigma), in differentiation medium (Supplementary
table 1) and incubated for 3, 5 or 8 days.

Flow cytometry assays. Cell cycle analysis was performed as described
before®® using single cell suspensions obtained from enzymatically disaggregated
NS. Samples were analyzed by flow cytometry in a CyAn ADPy (Beckman Coulter,
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Brea, CA, USA), and data were analyzed using Summit v4.3 (Dako, Glostrup,
Denmark). For Annexin-V Binding Assay, NS were enzymatically disaggregated
and labeled according to the manufacturer’s instructions (BD, San Jose, CA, USA).

RNA isolation and real-time RT-PCR analysis. Total RNA from P2
NS was extracted with TRI reagent (Ambion, Austin, TX, USA) and cDNA was
prepared using SuperScript Il First-Strand Synthesis System (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The expression of cell cycle
and apoptosis markers was detected by real-time PCR in a StepOnePlus real-time
PCR system (Applied Biosystems, Carlsbad, CA, USA) using FastStart Universal
SYBR Green Master (ROX) (Roche, Basel, Switzerland). Primer sequences were
obtained from Primer bank Database®*“° (http://pga.mgh.harvard.edu/primerbank/
index.html) and are indicated in the Supplementary Table 2. The PCR conditions
were previously described.®*40

Immunocytochemistry. IHC was performed as described before? using the
following antibodies: polyclonal-GFAP (1:400, Neomarkers, Labvision, Fremont,
CA, USA), monoclonal-GFAP (1:100, Millipore, Billerica, MA, USA), Ill-$-Tubulin/
Tuj-1 (1:1000, Covance, Princeton, NJ, USA), O4 (1:50), phospho-Histone-3 (1:100
Millipore) or Nestin (1:100, BD, Billerica, MA, USA). Images were obtained with
Nikon Eclipse TE2000 confocal microscope. Statistical analysis (Student’s two-tailed
t-test) was performed using triplicates from three independent experiments.
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