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Abstract

The tumor suppressor protein p53 (Trp53) and the cell cycle inhibitor p27 KiP1 (Cdknb1) have
both been implicated in regulating proliferation of adult subventricular zone (aSVZ) cells. We
previously reported that genetic ablation of Trp53 (Trp53 ~-) or Cdknb1 (p27 KiP1~-) increased
proliferation of cells in the aSVZ, but differentially affected the number of adult born neuroblasts.
We therefore hypothesized that these molecules might play non-redundant roles. To test this
hypothesis we generated mice lacking both genes (Trp53 7~;p27 KiP17=) and analysed the
consequences on aSVZ cells and adult neuroblasts. Proliferation and self-renewal of cultured
aSVZ cells were increased in the double mutants compared with control, but the mice did not
develop spontaneous brain tumors. In contrast, the number of adult-born neuroblasts in the double
mutants was similar to wild-type animals and suggested a complementation of the p27 KiP1=/~
phenotype due to loss of Trp53. Cellular differences detected in the aSVVZ correlated with cellular
changes in the olfactory bulb and behavioral data on novel odor recognition. The exploration time
for new odors was reduced in p27 KiP1~~mice, increased in Trp53 7~ mice and normalized in the
double Trp53~~;p27 KiP1 7= mutants. At the molecular level, Trp53 7~ aSVZ cells were
characterized by higher levels of NeuroD and Math3 and by the ability to generate neurons more
readily. In contrast, p27 KiP1 7~ cells generated fewer neurons, due to enhanced proteasomal
degradation of pro-neural transcription factors. Together, these results suggest that p27 ¥iP1 and
p53 function non-redundantly to modulate proliferation and self-renewal of aSVZ cells and
antagonistically in regulating adult neurogenesis.
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Introduction

Adult neural stem cells (aNSCs) continuously generate new neural cells and contribute to
brain homeostasis, which is important for olfaction, plasticity and neural regeneration
following brain damage. Due to the ability of aNSCs to proliferate and differentiate along
different lineages, there have been a number of studies addressing their therapeutic potential
after brain injury and their tumor-forming properties (Recht et al., 2003; Picard-Riera et al.,
2004). Controlled expansion of multi-potential cells followed by differentiation along the
desired cellular lineage represents a highly desirable outcome for therapeutic applications.
Conversely, proliferative advantage coupled with impaired differentiation is associated with
neoplastic transformation. There are two niches of aNSCs in the brain located in the
subventricular zone (SVZ) and subgranular zone of the hippocampus (Doetsch et al., 1999;
Doetsch, 2003; Seri et al., 2004). Three distinct cell subtypes have been classified in the
SVZ, based on ultrastructural and molecular criteria (Doetsch et al., 1997). Type B cells
resemble astrocytes and are considered the bona fide aNSCs because they are capable of
slow proliferation, multi-potentiality and self-renewal (Doetsch et al., 1999). Type C cells
are the transient-amplifying precursors that give rise to type A cells which differentiate into
oligodendrocytes (Menn et al., 2006) or the migratory neuroblasts. Type A cells born in the
SVZ migrate along the rostral migratory stream (RMS), giving rise to olfactory bulb (OB)
interneurons (Lois et al., 1996) where they integrate within physiological neural networks
and mediate memory of new odors and exploratory behavior of novel odors (Magavi et al.,
2005).

Two cell cycle regulators that control cell cycle exit and cell fate decisions of aNSCs are
p27 KiPl and p53 (Doetsch et al., 2002; Gil-Perotin et al., 2006). p27 KiPL is a cyclin-
dependent kinase inhibitor, encoded by the Cdknbl gene and initiates exit from the cell
cycle. p53 is a sequence-specific DNA-binding transcription factor encoded by the gene
Trp53, and induces apoptosis or cell cycle arrest in response to genotoxic stress, thus
blocking the transmission of DNA mutations to progeny cells (Sherr & Roberts, 1995). We
have previously shown that mice lacking the N-terminal portion of p27 KiP1 due to deletion
of the first exon of Cdknbl, have more transit-amplifying progenitors and fewer neuroblasts
compared with wild-type littermates (Doetsch et al., 2002). We also showed that loss of
Trp53 provided a proliferative advantage to the adult SVZ (aSVZ) populations and, in
association with their rapid differentiation, resulted in an increased number of new neurons
and oligodendrocytes (Gil-Perotin et al., 2006; Li et al., 2008). As CDKNBL1 and TP53 are
two critical regulators of the cell cycle, they are expressed in the SVZ and their mutations
are often detected in adult human tumors, we reasoned that crossing Trp53 7~ and

p27 KiPl~~mice might lead to a transformed phenotype. Here we report the phenotype of
mice lacking both genes (i.e. Trp53~~;p27 KiP1 =~ compound mutants), and suggest a non-
redundant role of these two molecules on the proliferation of aSVZ cells and an antagonistic
effect on the generation of adult neuroblasts.

Materials and methods

Animals

All animal experiments were performed in accordance with guidelines approved by the
Mount Sinai School of Medicine Animal Care Committee. All the experiments were
performed in 8- to 12-week-old mice obtained by crossing B6.129S2-Trp53t™m1Ty)/]
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heterozygous (i.e. Trp53*+/~) from Jackson Laboratories and p27 KiP1 breeding pairs (Fero et
al., 1996). Mouse genotypes were confirmed by tail-clipping and PCR using primers 5’-
ACAGCGTGGTGGTACCTTAT-3' (ImRo36), 5-TATACTCAGAGCCGGCCT-3'
(ImR037) and 5'-TCC TCGTGCTTTACGGTATC-3' (neo), yielding a fragment of 375 bp
in Trp53*+/* and 525 bp in Trp53~~ mice, and 5-TGGAACCCTGTG-CCATCTCTAT-3'
(MgK3), 5-CCTTCTATGGCCTTCTTGACG-3' (Neo-1) and 5'-
GAGCAGACGCCCAAGAAG-3' (MgKS5) yielding a fragment of 500 bp in p27 KiP1+/+ and
1000 bp in p27 KiP1~ = mice.

SVZ dissection

The SVZ was dissected from coronal slices of 2 mm thickness, anteriorly defined by the
presence of the anterior commissure and posteriorly defined by the rostral opening of the
third ventricle. A strip of tissue (100 um wide; 2-4 mm long) was cut along the lateral wall
of the lateral ventricle from the region below the corpus callosum to the ventral tip of the
lateral ventricle, as previously described (Lois & Alvarez-Buylla, 1993).

Immunohistochemistry and immunocytochemistry

For immunocytochemical and immunohistochemical procedures, a detailed description of
the primary antibodies and references related to their specificity is presented in Table 1.
Additional controls for immunocytochemistry included incubation with only the secondary
antibody and, in some cases, pre-incubation with blocking peptide. Immunoreactive cells
were analysed using a fluorescence microscope (Leica, Heerbrugg, Switzerland) and images
were captured using a Hamamatsu CCD camera interfaced with a computer and processed as
previously described (He et al., 2007). Confocal images were captured with a Zeiss 710
microscope.

TUNEL in vivo

Trp53*/* and Trp53 7~ mice were perfused with 4% paraformaldehyde. Brains were
removed, cryopreserved in 30% sucrose and sectioned. Sections were treated with 100%
ethanol/acetic acid (2:1) for 10 min at —20 °C, washed three times in PBS and processed
with Apoptag® Plus Fluorescein In Situ Detection kit (Chemicon, Temecula, CA, USA)
according to the manufacturer’s instructions.

Immunoprecipitation and western blotting

Whole-cell lysates were prepared from the OB and SVZ of p27 KiP1~7/~and Trp53 7~ mice
in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1% NP-40, 1.0 mM EDTA, 10%
glycerol, 1 mM dithiothreitol, 1 mM PMSF). The SVZ was dissected as described above.
The brain areas were homogenized and debris was centrifuged. Between 1 and 2 mg of post-
nuclear supernatant was pre-cleared with 20 uL of protein G sepharose (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and normal rabbit IgG for 1 h at 4 °C. Two
micrograms of mouse anti-Ngn2 (for immunoprecipitation we used antibody N6286 from
Sigma-Aldrich, St Louis, MO, USA) was added to the pre-cleared supernatants and rocked
overnight at 4 °C. The immune complexes were captured using 20 uL of protein G
sepharose for 1 h and washed four times with lysis buffer. Pelleted complexes were boiled in
Laemmli sample buffer, electrophoresed and immunoblotted with anti-p27 KiP1 1: 200
(sc-4091, Santa Cruz Biotech), anti-Ngn2 1: 200 (kindly provided by Dr Y. Ma, Harvard
University, Boston, MA, USA) or rabbit anti-p53 1: 1000 (Novacastra, Newcastle, UK)
antibodies. The experiment was independently replicated using a rabbit polyclonal p27Kirl
antibody (Santa Cruz, sc-528) for immunoprecipitation followed by western blotting with
rabbit Ngn2 antibody (Millipore, AB5682). The specificity of the p27XiP1 antibody was
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validated using purified recombinant p27 protein (Santa Cruz, sc-4091) and brain lysates
from knockout mice. Three different anti-Ngn2 antibodies were used to verify specificity.

Electron microscopy

For the quantification of individual cell types, ultrathin (60 nm) sections were cut with a
diamond knife, stained with lead citrate and examined under a JEOL 1010 transmission
electron microscope (Tokyo, Japan). The number of profiles corresponding to each different
cell type was counted along the ventricular wall of the anterior horn of the SVZ following
the criteria described by Doetsch et al. (1997). The dorsolateral corner of the SVZ was
excluded from the analysis, because the high density of cells did not allow an accurate
quantification. Graphical exploration of our data indicated that we could safely assume
homogeneity of variance and normal distribution. Thus, we used a Student’s t-test to analyse
the differences in cell number in the SVZ. All reported probabilities were two-tailed.
Significance level for the rejection of the null hypothesis was set at P = 0.05.

Thymidine labeling and autoradiography

Mice were injected with 50 L of 6.7 mCi tritiated thymidine (3[H]-Thy, GE Healthcare,
Piscataway, NJ, USA) as previously described (Doetsch et al., 2002). One hour after
injection, mice were perfused with 0.9% saline followed by Karnovsky’s fixative (2%
paraformaldehyde and 2.5% glutaraldehyde). Heads were removed and post-fixed in the
same fixative overnight, and the brains were dissected, washed in 0.1 M phosphate buffer
and cut into 200-um vibratome sections. Sections were post-fixed in 2% osmium tetroxide
and embedded in araldite (Durcupan, Fluka, St Louis, MO, USA). Semithin sections (1.5
um) were processed for autoradiography (Doetsch et al., 2002). Ultrastructural identification
of 3[H]-Thy-positive cells was conducted in five sections (one every 7.5 um), of the same
region of the SVZ which lies immediately posterior to the optic chiasm. Fifty 3[H]-Thy+
cells per genotype were identified (200 cells in total). Average counts were calculated and
extrapolated per mm?2,

Neurosphere cultures

Cells were collected from the SVZ dissected from wild-type, p27 KiP1 == Trp53~~and
Trp537~;p27 KiP1 =~ mice in Petri dishes containing Pipes buffer (20 mm PIPES, 25 mM
glucose, 120 mM NaCl, 0.5 mM KCI, pH 7.4). After digestion with papain, cells were
dissociated and resuspended in Neurobasal medium (supplemented with B27, 2 mM L-
glutamine, Antibiotic/Antimycotic), all from Gibco BRL (Invitrogen, Carlsbad, CA, USA),
and 2 ug/mL heparin (Sigma). Equal numbers of cells (10 000 cells/cm? for experiments at
high density, 1000 cells/cm? for experiments at low density) were plated and kept in
medium containing 20 ng/mL recombinant mouse receptor-grade epidermal growth factor
(Millipore) and 10 ng/mL basic fibroblast growth factor (Peprotech, Rocky Hill, NJ, USA).
The number of primary neurospheres was counted after 7 days. For the differentiation
studies, the primary neurospheres were mechanically dissociated and the cells were then
plated in poly-ornithine-coated chamber slides without mitogens in the presence (or
absence) of 1% fetal bovine serum (FBS) and B27 supplement. Self-renewal was calculated
by dissociating individual secondary and tertiary neurospheres into single-cell suspensions
and transferring them into individual wells of a 96-well plate and counting the total number
of neurospheres generated after 5 days.

Treatment of SVZ cultured cells with MG132

The proteasome inhibitor MG132 was purchased from Calbiochem and dissolved to 100
mM in ethanol and diluted to working concentrations of 0.5 and 5.0 uM. These
concentrations were chosen on the basis of a defined 1Cs of 100 nM and previous reports
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on the toxicity of the molecule in neuroblasts at concentrations of 10 M and higher (Sun et
al., 2006). Treatment with the inhibitor was carried out for 6 h as previously reported
(Andela & Rosier, 2004; Rane et al., 2004). Cultured aSVZ cells were allowed to form
neurospheres for 7 days and then dissociated and re-plated on poly-ornithine-coated
chamber slides and kept in differentiation conditions for 1 or 3 days. For the MG132
treatment, 5.0 M was added to the medium on day 1 or day 3 of differentiation for 6 h and
the cells were then fixed and stained. The experiment was performed in duplicate in three
separate experiments.

RNA extraction and quantitative real-time qPCR

Freshly dissected SVZ regions (n = 3 for each genotype) were homogenized in Trizol®
reagent. RNA was isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). Then, 1.5
19 of total RNA was reverse-transcribed and amplified using SuperScript® and random
hexamers (Invitrogen). The linear phase of logarithmic amplification was used for
quantification and cycle number was compared between triplicate samples. SYBR green was
used on an ABI prism machine according to the manufacturer’s instructions. The primers
used were as follows: Math3 forward, 5'-ATTCAGGGCTCGAAGAGTCA-3’; Math3
reverse, 5-TTCCTTTGCCAGTCGAAGAGT-3’; NeuroD forward, 5'-
GCGAGATCCCCATAGACAACAT-3'; NeuraoD reverse, 5'-
CATTAAGCTGGGCACTCATGAC-3..

Odor recognition test

The social odor recognition experiments were performed as previously described (Spinetta
et al., 2008; O’Dell et al., 2010; Monaghan et al., 2010). During learning/habituation, each
mouse was presented in the home cage with four small wooden spheres (2.5 cm diameter),
three of which were highly familiar (i.e. had been recently taken from that same animal’s
home cage and therefore were laden only with self-odors) and one of which was taken from
the cage of a different mouse (novel odor donor). Three 1-min trials were conducted for
thorough habituation to novel odors. The odor recognition test was carried out 24 h later, at
which time the mouse was presented with a novel odor-laden sphere (which it had explored
for the first time on the day before and designated as ‘habituated odor’) together with a
sphere laden with a brand new social odor taken from a new mouse’s cage (designated
‘novel odor’) and two highly familiar spheres again from the target mouse’s home cage.
Normal mice have intact overnight memory for the habituated odor and thus spend less time
exploring it compared with the novel odor (Spinetta et al., 2008; modified from Ma et al.,
2008). Memory impairment would lead to statistically equal time exploring the recently
habituated and the novel odor sphere. No interest in any particular stimulus would be
represented as 25% on each odor sphere, and (using time rather than percentage time) no
exploration at all would indicate non-specific deficits (this did not occur in this study).

Long-term BrdU incorporation and olfactory bulb cell counts

Mice received a total of five BrdU injections (dose 50 mg/kg body weight) every 2 h for a
total of 10 h. Two weeks later they were perfused with saline, followed by fixation in 4%
paraformaldehyde. After cryopreservation, the OBs were sectioned and processed for double
immunofluorescence, using antibodies specific for BrdU (anti-rat ab6326; Abcam,
Cambridge, MA, USA) and for NeuN (anti-mouse MAB377; Millipore Inc., Billerica, MA,
USA). The optical dissector method was performed to count cells and the results are
expressed as number of cells per volume unit (mm3).
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Statistical analysis

Results

Graphs were constructed and data analysed using GraphPad Prism 5.0 software (La Jolla,
CA, USA). After assessing the homogeneity of variance with the Levene’s test and
graphically, one-way analysis of variance (ANOVA) followed by a Dunnett’s multiple-
comparison test were used to determine statistical differences following quantification of
cell types by transmission electron microscopy and mitoses, for amplification, size and self-
renewal rates of neurospheres. The Mann-Whitney U-test was used for in vitro
quantifications of glial fibrillary acidic protein (GFAP) and TuJ1. Independent two-tailed t-
tests were used to determine statistical differences in 3[H]-Thy incorporation, BrdU-NeuN
expression in vivo in the OB, and to analyse differences in NeuroD and Math3 levels by
gPCR and for the proteasome inhibitor experiments. The odor recognition data were
analysed using a t-test on the difference scores by calculating the difference of mean score
for a novel odor relative to the habituated odor, compared with Trp53*+*;p27 KiP1+/* mice.
All results were considered statistically significant at P < 0.05.

The goal of our study was to determine the functional consequences of Trp53 and p27 Kirl
loss in the adult SVZ. We had previously characterized the phenotype of mice lacking the
first exon of Cdknbl (Doetsch et al., 2002) or mice lacking Trp53 (Gil-Perotin et al., 2006).
In the present study we crossed mice with a complete deletion of Cdknb1 (p27 KiP1 7~ mice)
with those lacking Trp53 (Trp53~~ mice) to generate the Trp53 7 ~;p27 KiP1 =7~ double
mutants. These mice were phenotypically normal. They did not display any overt
neurological signs nor did they develop brain tumors. To better characterize the effect of
deletion of both Cdknbl and Trp53 on aNSCs, we analysed the SVZ in 9- to 12-week-old
Trp537~;p27 KiPl 7~ mice and compared it with single mutants and wild-type littermates.

The cell cycle regulators p53 and p27 KiPl differentially regulate the number of aSVZ cells

Toluidine blue staining of semithin sections revealed hyperplastic changes in both the
Trp53 7~ and the Trp53~ ~—;p27 XiP1 7= double mutants (Fig. 1B-D), although none of the
mice developed spontaneous tumors. To determine the total number of cells in each aSVZ
subpopulation, we performed electron microscopic analysis of tissue sections of the adult
SVZ from the different genotypes of mice (Fig. 1E and F). The numbers of A, B, C and E
cells was determined based on their distinct morphologies, as we have previously described
(Doetsch et al., 2002). Briefly, A cells (neuroblasts) were identified by their elongated
morphology, scant dark cytoplasm, abundance of free ribosomes and microtubules oriented
along the longitudinal axis of the cells. Type B cells (SVZ astrocytes) were characterized by
multiple processes that intercalate amongst other cells, thick bundles of intermediate
filaments, and glycogen granules and dense bodies in the cytoplasm and gap junctions. Type
C cells (transit-amplifying progenitors) were defined as more electron-dense than type B
cells and more electron translucent than A cells (Doetsch et al., 1997). E cells were
ependymal cells lining the lumen of the ventricles. The number of type A neuroblasts in
Trp53 7~ mice (mean + SD, 118.9 + 7.6 cells/mm?) was greater than in wild-type, but was
lower in p27 KiP1=~mice lacking the entire Cdknb1 gene (26.6 + 4.88 cells/mm?) than wild-
type littermates (67.6 + 0.42 cells/mm?2; ANOVA: d.f. = 3; d.f. = 9, F = 52,005, P = 0.000;
Nc = 3, Nps3 = 3, Np27 = 5, Npp7ps3 = 2). This was consistent with our previous findings in
mice lacking only the N-terminal portion of the p27 KiP1 molecule (Doetsch et al., 2002).
The Trp53~~;p27 KiP1~7~mice had similar numbers of A neuroblasts (67.8 + 8.1 cells/mm?)
to wild-type, suggesting a genetic complementation of the Cdknbl deletion by loss of Trp53
in regulating the generation of adult neuroblasts from the aSVZ. A significantly greater
number of B cells detected in the aSVZ of Trp53~~ mice (97.4 + 6.78 cells/mm?2; ANOVA:
d.f.=3;d.f. =9, F= 3,96, P = 0.047) compared with wild-type mice (78.6 £ 0.02 cells/
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mm?2). The number of C cells was not statistically higher in Trp53 7~ mice (ANOVA: d.f. =
3;d.f.=9, F=1,779, P = 0.221) than wild-type (30.8 + 2.11 cells/mm?), but was increased
in p27 KiP1=7~mice (41.9 + 3.78 cellssmm?, P < 0.05) and to a higher degree in the
Trp537~;p27 KiPl 7~ double mutants (43.7 % 0.1 cells/mm?2, P = 0.001). Together these data
suggest that p27 KiP1 and p53 differentially modulate the number of aSVZ cells in distinct
subpopulations and that deletion of both genes results in the expansion of the stem cell and
transit-amplifying compartments.

Roles for p53 and p27 KiP1in the regulation of proliferation and clonal expansion of aSVZ

cells

To define the consequences of ablating either one or both genes on proliferation of aSVZ
cells, we used pulse incorporation of 3[H]-Thy followed by autoradiography and quantified
the total number of 3[H]-Thy+ aSVZ cells in animals of distinct genotypes (Fig. 2A).
Although we detected a higher number of 3[H]-Thy+ aSVZ cells in Trp53 7, p27 Kipl /-
and Trp53 7 ~;p27 KiP17—mice compared with controls, only the Trp53~~mice showed
statistically significant differences (t-test: d.f. = 3, t =)4,607, P = 0.019). To further
characterize the proliferative capacity of the aSVZ cells, we counted the number of mitotic
figures by electron microscopy (Fig. 2B). The number of mitoses in Trp53~ ~mice (1.5 +
0.22 mitoses/mm?2) was similar to that detected in p27 KiP1~7~mice (1.56 + 0.31 mitoses/
mm?2) and was almost two-fold higher than the number of mitoses detected in wild-type
mice (0.84 + 0.11 mitoses/mm?). Interestingly, in Trp53~ ~;p27 XiP2 7~ mijce the number of
mitoses was even higher, but not additive (1.82 + 0.02 mitoses/mm?) being in all cases
significantly higher than in wild-type littermates (ANOVA: d.f. = 3; d.f. = 8, F = 14,365, P
=0.001; nc = 3, Nps3 = 3, Npp7 = 3, Nps3pz7 = 3). Therefore, deletion of two critical cell cycle
regulators did not result in additive or synergistic effects on proliferation and suggested that
p53 and p27 KiPL converge on a common regulatory pathway of proliferation.

Population dynamics in the SVZ is regulated by an equilibrium between self-renewal,
proliferation, survival and differentiation. We therefore systematically analysed whether
lack of Trp53 or Cdknbl affected each of these properties. Self-renewal was measured by
the ability of aSVZ cells to form neurospheres that can be serially passaged (Fig. 2C). At
high plating density (10 000 cells per well) the Trp53~7~aSVZ displayed a significantly
higher number of neurospheres compared with wild-type (t-test: d.f. =6,t=—-3,45,P =
0.018), while the increased number of neurospheres detected in cultures from mice lacking
p27 Kipl == or hoth Trp53 7 ~;p27 KiP1~~was not statistically significant (Fig. 2D). Because
self-renewal encompasses the property of clonogenic expansion, which is retained after
serial passages, we tested the ability of individual spheres to form neurospheres after
dissociation into a single cell suspension and re-plating in 96-well plates (Fig. 3). In this
case we detected a clear difference between cells from the double knockouts and those from
single mutants in secondary (Fig. 3B) and tertiary (Fig. 3D) passages. It is worth mentioning
that neurospheres from mice with distinct genotypes were characterized by differences in
size that became more evident with serial passages (Fig. 3). While neurospheres from
Trp53~~, p27 KiP1~ = or from Trp53 7 ~;p27 KiP1~~ mice were larger than wild-type during
the first passage (Figs 2C, and 3A, C and E), at the second passage only the neurospheres
derived from Trp537~;p27 KiP1~~aSVZ cells (average size = 442.89 + 29.58 um, P =
0.001) were twice as large as those derived from wild-type cells (average size = 200.69 +
32.03 um) and this difference persisted after repeated passages of the cells (t-test: d.f. = 12, t
=5.605, P =0.00011). These results are consistent with the results of the cell counts,
supporting an increase of both stem cell and transit-amplifying progenitors only in the
double mutants.

Eur J Neurosci. Author manuscript; available in PMC 2012 October 1.
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Distinct roles for p53 and p27 KiP1in the generation of adult neuroblasts from aSVZ cells

To further define the role of these molecules in neurogenesis, we dissociated aSVZ cells
from mice of the four distinct genotypes, plated them on laminin substrate and cultured them
in chemically defined medium, in the absence of mitogens for 7-10 days to allow
differentiation (Fig. 4). After culturing these cells in vitro in differentiating conditions, we
noted significant differences in the ability to generate neuroblasts (Fig. 4A). While wild-type
aSVZ cells grown in these conditions typically generated 19 + 1% TuJ1+ neuroblasts, we
detected a statistically significant increase of neuroblast generation in cells lacking Trp53
(62 £ 4.1%; Mann-Whitney U-test: Z = —2,309, P = 0.029, n¢ = 4; nps3 = 4) and a
statistically significant decrease in cells from mice lacking p27 KiP1 (5 + 0.97%; Mann—
Whitney U-test: Z = —2,309, P = 0.029, n¢ = 4; nyp7 = 4) (Fig. 4B). Notably, the
differentiation of Trp537~; p27 KiPL~7~cells led to a number of neuroblasts (20 + 3.1%;
Mann-Whitney U-test: Z =—0,577, P = 0.686, n¢ = 4; Nys3,07 = 4) equivalent to that of wild-
type, thereby suggesting that the concomitant loss of p27 KiP1 with Trp53 prevents the
increase in neurogenesis. The number of GFAP+ glial cells, in contrast, was not statistically
different among aSVZ cells from distinct genotypes (Fig. 4C and D), although the
morphology of astrocytes generated from Trp53 7 ~;p27 KiP1~~cells was characterized by
thin and long cytoplasmic processes that were not observed in any other genotype (Fig. 4C).
These data suggested that p53 and p27KiP1 play distinct and opposing roles in neurogenesis.

To confirm the effect of these cell cycle regulators on newly generated adult neuroblasts in
the SVZ, we performed staining of tissue sections from mice of the four different genotypes,
with an antibody specific for the neuronal marker doublecortin (Fig. 5). In agreement with
the in vitro TuJ1 data and the quantitative electron microscopic determination, we detected
an increased area of double-cortin immunoreactivity in Trp53 7~ and a decreased area in
p27 Kipl 7= compared with wild-type. The pattern of immunoreactivity in

Trp537~;p27 KiP1 7~ \as similar to wild-type (Fig. 5A and B) and similar results were also
obtained in immunohistochemical experiments using antibodies specific for TuJ1. Thus, the
immunohistochemical data were consistent with the cell counts by electron microscopy and
with the cell culture experiments.

p27 Kipl=/— mice exhibit defects in novel odor recognition that are rescued by deletion of

Trp53

It has been previously shown that adult-born neuroblasts in the SVZ migrate to the OB,
where they integrate in cellular networks responsible for the familiarization to novel odors
(Magavi et al., 2005). As Trp53~~, p27 KiP1 7~ and Trp53~~;p27 KiP1 7~ mice showed
differences in the number of adult-generated neuroblasts, we asked whether differences in
adult neurogenesis in Trp53~~ or p27 XiP17=mice would affect the number of cells in the
OB and modulate odor-seeking behavior or odor recognition. To determine whether the
increased neurogenesis detected at the level of the anterior SVZ resulted in the generation of
new neurons in the OB and potentially modulate olfactory behavior, we performed a long-
term BrdU experiment. Briefly, mice of the four different genotypes were injected with
BrdU (five doses within 10 h) and then the OBs were analysed 2 weeks later. The humber of
BrdU/NeuN+ cells was quantified using the optical dissector method and revealed a similar
trend as the reported cell counts in the SVZ, although it did not reach statistical significance
(Fig. 6A and B). The mean number of BrdU/NeuN+ cells in the p27 XiP2 7~ mice was 22.54
+5.68 cells/mm3, lower than the value for wild-type mice (29.59 + 8.45 cells/mm3). For
Trp53 7~ mice the mean of 50.41 + 4.84 cells/mm3 was greater than that of the wild-type
and the double mutant Trp53 7 ~;p27 KiP1 7~ had intermediate numbers (37.25 + 7.39 cells/
mm?3). To translate these cellular data in behavioral terms, we conducted experiments on
odor recognition and the results were analysed by investigators blind to the genotype. We
detected overnight memory impairment in p27 KiP1~~mice that failed to show a relative

Eur J Neurosci. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gil-Perotin et al.

Page 9

decrease in the percentage of time exploring a previously habituated social odor (0.46 +
0.07% exploration time; t-test: d.f. = 9, t = —2,99, P = 0.021) and increased amount of time
exploring a novel odor (0.29 + 0.09% exploration time; t-test: d.f. = 10, t = 2,602, P = 0.033)
relative to wild-type siblings (habituated odor: 0.20 + 0.05% exploration time; novel odor:
0.56 + 0.05% exploration time) (Fig. 6D). Meanwhile, Trp53 7~ mice showed normal
memory, and even a trend towards a relative increase in novel odor exploration, relative to
wild-type animals, which did not reach significance (Fig. 6D). Importantly, in p27KiP1~~
mice the exploration time towards habituated and novel odors was increased relative to that
of highly familiar home-cage odor spheres (used as controls for non-specific odors).
Therefore, we conclude that memory impairment rather than a non-specific impairment of
odor exploration was the likely cause of the observed behavior. Thus, there were no
detectable differences between time spent exploring a novel odor and a habituated odor,
consistent with memory impairment. However, there was no statistically significant
difference in the Trp53~ ~;p27 XiP1 7~ mice compared with normal littermates (Fig. 6D),
suggesting that p53 and p27 KiP1 have at least partially opposing roles in the regulation of
OB interneuron formation, ultimately affecting novel odor-seeking behavior.

Trp53 loss-of-function results in precocious transcriptional activation of neurogenic genes
while p27 Kipl stabilizes Ngn2 and increases its protein levels to promote neurogenesis

Because Trp53 deletion rescued the neurogenic deficit of p27 KiP1 7~ mice we investigated
whether this effect could be simply explained in terms of increased survival or also due to
additional effects on the transcriptional regulation of neurogenesis. We previously reported
that p27 KiP1~7—mice have increased apoptosis, while no significant difference in
physiological apoptosis was detected between wild-type and Trp53~~mice (Gil-Perotin et
al., 2006). In agreement with the hypothesis that ablation of Trp53 compensated for the
increased death in the p27 KiP1~7~mutants (16 + 0.1), the number of TUNEL-positive cells
per surface area in the SVZ of Trp53~ ~;p27 KiP17~mice (1.4 + 0.2) was similar to that
measured in wild-type animals (data not shown). These results were also consistent with the
similar number of pyknotic nuclei detected in wild-type, Trp53 7~ and Trp53 7 ~;p27 KiP1 =/~
by electron microscopy (data not shown).

We reasoned that a positive effect of Trp53 deletion on adult SVZ neurogenesis could be
best evaluated by precocious detection of proneural genes in cultured cells. For this reason,
Trp53 7~ SVZ cells were maintained in differentiating conditions for 1, 3 and 7 days and
then harvested for immunocytochemistry and mRNA isolation. TuJ1 staining revealed the
presence of several TuJ1+ cells as early as after 3 days in differentiating conditions (Fig.
7A). The appearance of these neuroblast markers was accompanied by the detection of
higher transcript levels of the proneural genes at 3 days in vitro, including NeuroD and
Math3, in Trp53 7~ (NeuroD: 0.38 + 0.01; t-test: d.f. = 4; t = —5.613; P = 0.019; Nps3 = 3;
Math3: 0.72 + 0.01; t-test: d.f. 4; t = —34.7; P < 0.001) compared with wild-type (NeuroD:
0.17 £ 0.03; Math3: 0.15 £ 0.013) (Fig. 7B and C). These data suggested that p53 activity
negatively regulated the expression of neurogenic basic Helix-Loop_helix transcription
factors.

It was previously reported that p27 KiP1 regulates the stability of the neurogenic transcription
factor Ngn2, by direct binding and protection from proteolytic degradation (Nguyen et al.,
2006). Because p27 KiP17=mice were characterized by lower numbers of adult-generated
neuroblasts in the SVZ, we investigated whether a similar event could occur in aSVZ cells.
Ngn2 expression was validated by real-time PCR, chromatin immunoprecipitation using
RNApol Il antibodies (data not shown) and western blot analysis (Fig. 7D).
Immunoprecipitation of protein extracts from the SVZ and OB of wild-type animals using
antibodies specific for the N terminus of Ngn2, followed by western blot analysis with
antibodies specific for p27 KiP1 or for p53, revealed the presence of a protein complex
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between Ngn2 and p27KiP1, which was confirmed also by performing reverse
immunoprecipitation with p27 KiP1 antibodies, followed by western blot analysis with
antibodies specific for the N-terminal domain of murine Ngn2 (Fig. 7D). When the
experiment was repeated with antibodies specific for Mash1 and p27 KiP1, no complex was
detected (data not shown). These data suggested the possibility that SVZ cells lacking

p27 KiPl might have impaired ability to form neuroblasts due to proteasomal degradation of
Ngn2. To test this hypothesis, we cultured SVZ cells from p27 KiP1~~and wild-type mice in
differentiation conditions for 1 or 3 days in the presence of the proteasome inhibitor MG132
and assessed the number of TuJ1+ neuroblasts. In the presence of MG132, cells lacking

p27 KiPl generated the same number of neuroblasts as wild-type cells after 3 days in vitro
(control wild-type: 0.4 + 0.02; p27 KiP1=/=: 0.1 + 0.08; t-test: d.f. = 4; t = 3,18; P = 0.048;
Nwt = 3; Npa7 = 3; MG132 wild-type: 0.38 + 0.1; p27 KIPL7~: 0.45 + 0.08; t-test: d.f. 4; t =
—0.551; P = 0.612; nyt = 3; npp7 = 3) (Fig. 7E). Thus, the proteasome inhibitor MG132
restored the number of TuJ1-positive neurons in p27 KiP1 == cultures, suggesting that, in
physiological conditions in aSVZ cells, p27 KiP1 might serve a protective role towards Ngn2
protein stability and favor neurogenesis.

Discussion

Role of p53 and p27 KiP1 in modulating the properties of SVZ cells

This study addresses the role of the cell cycle regulators p27 KiP1 and p53 in modulating
proliferation and differentiation of adult neural stem cells residing in the SVZ (Doetsch et
al., 2002; Gil-Perotin et al., 2006). The rationale for such a study is based on the previous
detection of mutations of the genes coding for p53 (TRP53) and p27 KiP1 (CDKNB1) in
human cancers (van Meyel et al., 1994; Rasheed et al., 1994; Park et al., 2004; Temme et
al., 2010) and their expression pattern in the SVZ, a germinal region of the adult brain,
where adult neural stem cells reside (Morrison et al., 1997; Doetsch et al., 1999; Johansson
et al., 1999; Mirzadeh et al., 2008). aSVZ cells are pluripotent cells with the ability to
differentiate into neurons, astrocytes and oligodendrocytes. These cells are characterized by
the clonogenic property of self-renewal and by the ability to grow in suspension, as
aggregates of undifferentiated cells called neurospheres (Reynolds et al., 1992). Because of
these properties, it has been proposed that these cells could be the cell-of-origin of brain
tumors in the adult population. We have previously reported that prenatal exposure to N-
ethyl-N-nitrosourea was also responsible for the induction of glioblastoma multiformes in
mice lacking Trp53 (Gil-Perotin et al., 2006), and hypothesized that mutation or loss of the
two critical cell cycle regulators p53 and p27 KiP1 could provide a selective proliferative
advantage to the SVZ cell population and possibly also affect the ability of these cells to
differentiate, thereby rendering them more susceptible to cancer formation.

In this study we show that genetic deletion of both Trp53 (coding for p53) and Cdknbl
(coding for p27 KiP1) did not result in increased tumorigenic potential of SVZ cells, but
provided a better understanding of the regulation of the population dynamics in terms of
self-renewal and neurogenesis.

Role of p53 and p27 KiP1 in modulating adult neurogenesis

An interesting observation, however, was the detection of a genetic complementation on
neurogenesis. We had previously reported that mice lacking the first exon of Cdknbl
(Kiyokawa & Koff, 1998) and therefore characterized by loss of the N-terminal portion of
p27 Kipl were characterized by a defective number of type A SVZ cells or neuroblasts
(Doetsch et al., 2002). Possible reasons for decreased numbers of neuroblasts included:
decreased generation, increased cell death, dispersal, or a combination of these three events.
In our previous study we reported increased apoptosis in the SVZ of these mice (Doetsch et
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al., 2002), although we could not exclude the other two possibilities. Because mice retained
the C-terminal domain of p27 KiP1 and this region of the molecule is capable of interacting
with the actin cytoskeleton (McAllister et al., 2003), we reasoned that dispersal could at
least partly explain why we detected fewer neuroblasts in the SVZ. For this reason, in this
study we entirely focused our analysis on p27 KiP1~~mice with a complete deletion of the
gene (Mullen et al., 1992). The fact that also mice lacking p27 XiP1 showed decreased
neuroblast numbers strongly supported the idea that p27 KiP1 modulated adult neurogenesis.
We have also previously reported that Trp53~~mice had an opposite phenotype,
characterized by the presence of increased neuroblasts (Gil-Perotin et al., 2006). Consistent
with the opposite phenotype of Trp53 7~ and p27 XiP1 7~ mice, double mutant
Trp537~;p27 KiP1 =~ mice had a number of neuroblasts equivalent to wild-type mice. The
opposing effect of loss of Trp53 or Cdknbl on neurogenesis is supported by considerable
evidence, including immunohistochemical, ultrastructural and behavioral data. It is worth
mentioning that aSVZ newly born neuroblasts have been shown to migrate to the OB, where
they integrate into pre-existing neural networks and play a critical role in odor habituation
(Magavi et al., 2005), a form of olfactory memory elicited after exposure to novel odors.
When blindly assessed for exploratory time of novel and habituated odors, mice of the four
distinct genotypes showed significant differences in behavior that correlated with the
number of adult born neuroblasts.

The Trp53 7~ mice showed a trend of spending more time on the novel odor compared with
habituated or familiar odors, in agreement with a greater number of newly born neurons in
the OB. In contrast, the p27 XiP17—mice spent a similar amount of time exploring the novel
and the habituated odor, as if unable to acknowledge the fact that the odor had been
previously presented. Furthermore, this group showed clear memory impairment and a
reduced number of newly born neuroblasts in the OB.

This defective memory was partially restored in the Trp53 7~ p27 KiP1 =~ double mutant
mice, which were also characterized by a similar number of newly born neuroblasts to wild-
type. Together, these data suggest that p53 and p27 KiP1 might have opposing roles in adult
neurogenesis and this could explain the partial complementation of the novel odor-seeking
behavioral phenotype, detected in the double knockout mice.

Cellular and molecular mechanisms underlying the effect of p53 and p27 KiP1in
modulating adult neurogenesis

One of the simplest explanations of the compensatory effect on neuroblast number in the
SVZ of Trp537~;p27 KiP1~~ mice compared with Trp53~~ or p27 KiP1 7~ mice was
survival. This interpretation was supported by the detection of fewer apoptotic cells in the
SVZ of Trp537~;p27 KiPl~~ mice compared with p27 KiP1~7~mice. However, the in vitro
data in cultured SVZ cells and studies in embryonic neural precursors lacking Trp53
(Armesilla-Diaz et al., 2009) or p27 KiP1 (Nguyen et al., 2006) suggested the possibility that
p53 and p27 KiP1 might also directly modulate the transcriptional effectors of the neurogenic
program, independent of survival.

For p27 KiPl jt was previously reported that it modulates neurogenesis in the developing
brain by binding with its N terminus to the neurogenic transcription factor Ngn2 and
regulating its stability by protecting it from ubiquitination (Nguyen et al., 2006). However,
immunohistochemical studies in the neonatal SVZ (Roybon et al., 2009) and genetic fate-
mapping studies in the adult brain, using mice genetically engineered to express the reporter
green fluorescent protein from the endogenous Ngn2 locus (Brill et al., 2009), suggested a
much more restricted expression of Ngn2 to specific subpopulations of neurons. Our study
suggests an interaction between p27 KiP1 and the transcription factor Ngn2 also in protein
extracts from the aSVZ and OB. This interaction was identified using a co-
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immunoprecipitation approach of protein lysates and different antibodies specific for the N-
terminal region of the murine Ngn2. It is important to mention that we obtained successful
co-immunoprecipitation only when we used affinity-purified antibodies that were raised
against the amino acids 86-98 of mouse Ngn2, while other studies reporting
immunocytochemical identification of Ngn2 cells used a goat antibody raised against human
Ngn2. When we conducted a sequence homology analysis between human and murine
Ngn2, we noted that the highest level of homology occurs in the central region of the
molecule, which corresponds to the basic Helix-Loop_helix transcription factor and DNA-
binding motif. Therefore, the antibodies used in our immunoprecipitation studies were
directed towards the N terminus of the murine Ngn2, which is also the least conserved
region between the two species. In addition, it is important to mention here that the co-
immunoprecipitation technique would have enriched the detection of the two interacting
molecules, as the studies required at least 1-2 mg of protein lysates prepared from several
pooled tissues. Thus, we believe that the differences between our results and those obtained
by other studies (Brill et al., 2009; Roybon et al., 2009) are not contradictory but rather
reflect the different use of distinct techniques and reagents. Additional evidence to support
the functional relevance of the interaction between Ngn2 and p27 KiP1 was provided by the
results in cells cultured from wild-type and p27 XiP2 7= mice. It had been proposed that in
the embryonic brain, the interaction with p27 KiP1 protects Ngn2 from proteasomal
degradation (Nguyen et al., 2006). As we detected a similar interaction in the adult SVZ, we
reasoned that we could rescue the low numbers of neuroblasts in p27 KiP1 7~ cultures by
incubating them in the presence of the proteasome inhibitor MG132. Indeed, p27 KiP1 7~
SVZ cultures treated with MG132 had a similar number of neuroblasts to wild-type SVZ
cultures during the first 3 days in differentiation conditions. It is worth noting that the effect
of the proteasomal inhibitor was more evident at the early time points and is consistent with
the stabilization of neurogenic factors that are needed during the early stages of the
neurogenic program of transcription.

The evidence that p53 function negatively affects neurogenesis is consistent with the results
of a large number of studies, including our previous reports in the adult SVZ (Gil-Perotin et
al., 2006). It was previously reported that suppression of p53 activity in fetal cerebellar
neurons accelerates their terminal differentiation (Ferreira & Kosik, 1996) and in
neurospheres from fetal OB favors neuronal differentiation (Armesilla-Diaz et al., 2009). It
is also consistent with the phenotype of transgenic mice expressing a truncated but
transcriptionally active form of p53, which are characterized by a reduced number of neural
stem cells in the SVZ and reduced neurons in the OB (Medrano et al., 2009). Because loss
of Trp53 rescued the decreased neurogenic phenotype observed in p27 Kip1~~mice and
p27 Kirl affected protein stability of neurogenic transcription factors, in this study we asked
whether additional neurogenic molecules could be affected by p53. We detected precocious
expression of NeuroD and Math3 in cultured Trp53 7~ cells, a finding that is consistent with
previous reports in a clonal astrocyte progenitor cell line derived from p53-deficient fetal
brains (Horiuchi & Tomooka, 2005), and that resulted in a precocious generation of TuJ1-
positive cells. Thus, we suggest that p53 and p27 KiP1 differentially modulate neurogenesis
by regulating the neurogenic transcriptional network (Fig. 8). However, we cannot exclude
the possibility that additional pathways are modulated by p53, as a recent report has
suggested the potential involvement of the Notch pathway (Roybon et al., 2009). Overall it
is highly likely that global knockout of transcriptional regulators might affect neurogenesis
cell-autonomously by modulating the neurogenic transcriptional network, and non-
autonomously by modulating the availability of extrinsic factors.

In conclusion, we have identified p53 and p27 KiP1 as two important regulators of aSVZ cell
proliferation and adult neurogenesis.
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ANOVA analysis of variance

aNSCs adult neural stem cells

asvz adult subventricular zone

GFAP glial fibrillary acidic protein

Ngn2 Neurogenin 2

OB olfactory bulb

RMS rostral migratory stream

Svz subventricular zone
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Fig. 1.

Functional antagonism between p27XiP1 and p53 in regulating the number of neuroblasts in
the adult SVZ. (A-D) Semithin sections of the SVZ of wild-type (A), Trp53 7~ (B),

p27 KiPl==(C) and Trp53 7 ;p27 KiP1~~ (D) mice stained with toluidine blue. Note the
difference in thickness of the cellular layer in Trp53 7~ (B) and in Trp53 7 ~;p27 KiPl 7= (D)
mice compared with wild-type (A) and p27 KiP1 7= (C). Scale bar = 25 um; Iv, lateral
ventricle. (E) Bar graph of the average number of SVZ cells identified in the SVZ of mice of
the indicated genotypes per unit length (wild-type n =5, Trp53~7~n =5, p27 KiPl7—p = 4,
Trp537~;p27 KiPl == = 4) *p < 0,05, ***P < 0.001, compared with wild-type for each cell
type, using one-way ANOVA followed by Dunnett’s multiple-comparison test.
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Fig. 2.

The cell cycle regulators p53 and p27KiP1 both act as negative regulators of cell cycle entry
in the adult SVZ in vivo. (A) Quantification of the total number of cells labeled in the S\VZ
of mice of the indicated genotype, after a fast pulse of 3[H]-thymidine incorporation. (B)
Quantification of the number of mitoses detected by electron microscopy and referred by
surface area. (C) Bright-field appearance of primary neurospheres cultured from the SVZ of
the mice of indicated genotype. Scale bar = 200 um. (D) Number of primary neurospheres
formed after plating freshly dissected SVZ cells at a density of 10 000 cells/mL. *P < 0.05,
**P < 0.01, ***P < 0.001 compared with wild-type for each cell type.
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Fig. 3.

Effect of genetic deletion of Trp53 and/or p27 KiP1 in regulating clonogenic ability of
cultured aSVZ cells. (A) Bright-field images of representative fields of secondary
neurospheres generated from dissociation of single neurospheres into cell suspension. Scale
bar =200 um. (B) Quantification of secondary neurospheres generated after dissociation of
single neurospheres. (C) Bright-field images of representative fields of tertiary neurospheres
generated from dissociation of single neurospheres into cell suspension and replating in low
attachment plates. Scale bar = 200 um. (D) Quantification of tertiary spheres generated from
dissociation of individual spheres. (E) Quantification of the neurosphere size in primary,
secondary and tertiary passages. *P < 0.05, **P < 0.01, ***P < 0.001, compared with wild-
type for each cell type, using t-test.
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Fig. 4.

Antagonistic roles of p53 and p27KiP1 in adult neurogenesis, but not gliogenesis in vitro. (A)
In vitro differentiation of neurospheres generated from animals of the indicated genotype.
After dissociation and replating in chemically defined medium for 7 days, cultures were
stained with antibodies for TuJ1 (green) to identify neuroblasts and with DAPI (blue) to
counterstain nuclei. Scale bar = 50 um. (B) Bar graphs indicating the number of TuJ1+ cells
relative to DAPI+ nuclei. Note the increased number of TuJ1+ cells in Trp53~~and the
lower number in p27 KiP1=~mutants compared with the other genotypes, as previously
described. (C) Confocal image of aSVZ cultured cells isolated from mice of the indicated
genotype, stained with antibodies for GFAP (red), as a marker for astrocytes and stem-like
cells. Note the presence of astrocytes with altered protoplasmic morphology in the Trp53~~
and Trp53 7 ~;p27 KiP1~~animals compared with the other genotypes. Scale bar = 50 xm.
(D) Bar graphs indicating the number of GFAP+ cells relative to the number of DAPI+
nuclei. There was no significant difference in the number of GFAP+ cells among the distinct
genotypes. Statistical differences for B and D were determined using the Mann-Whitney U-
test (**P < 0.01, ***P < 0.001). For interpretation of color references in figure legend,
please refer to the Web version of this article.
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Fig. 5.

Genetic deletion of Trp53 and p27 KiP1 has opposing effects on neurogenesis in vivo.
Confocal image of the adult SVZ (dashed line) from mice of the indicated genotype, stained
with antibodies for doublecortin (green in B) as markers for newly formed neuroblasts.
DAPI (blue) was used as nuclear counterstain (merge, B). Scale bar = 50 um. v, lateral
ventricle. For interpretation of color references in figure legend, please refer to the Web
version of this article.
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Fig. 6.

Differences in odor recognition behavior in mice with genetic deletion of Trp53, p27 KiP1 or
both correlate with the number of adult neuroblasts in the OB. (A) Representative low-
magnification confocal microscopy images depicting the BrdU+ (green)/NeuN+ (red) cells
incorporated in the OB of the four distinct genotypes (nuclear staining DAPI, blue). Scale
bar = 30 um. (B) High-magnification images of the figures shown in A, showing only the
double positive BrdU+ (green)/NeuN+ (red) cells. Scale bar = 10 um. (C) Bar graph of the
number of newly generated neuroblasts per volume unit (cell number/mm3) for each
genotype. (D) Time of exploratory behavior towards habituated odors, novel odors and
familiar odors measured in mice of the indicated genotype. TStatistical significance of the
exploratory behavior towards the habituated odor (P < 0.05); *statistically significant
decreased time spent exploring the novel odor (P < 0.05) by the p27 KiP1~7~mice compared
with wild-type. For interpretation of color references in figure legend, please refer to the
Web version of this article.
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Fig. 7.

Enhanced neurogenesis of Trp53 7~ neurospheres by induction of neuronal basic Helix-
Loop_helix transcription factor genes. p27XiP1 binds neurogenin and promotes its stability to
regulate neurogenesis. (A) Time-course of in vitro neurogenesis of SVZ-derived precursors
isolated from wild-type and Trp53~~ mutants 1, 3 and 7 days in vitro (DIV) after
dissociation and plating in chemically defined medium. Note the higher level of neuroblasts
detected in Trp53~~ cells at the 3-day time point. Scale bar = 50 um. (B and C) qPCR of
NeuroD (B) and Math3 (C) transcript levels in RNA samples isolated from wild-type and
Trp53 7~ dissociated neurospheres after 1, 3 or 7 days in differentiation conditions (DIV1,
DIV3 and DIV?7). The higher transcript levels detected in the Trp53 7~ mutants compared
with wild-type were statistically significant (***P < 0.001, independent two-tailed t-test).
(D) Immunoprecipitation of protein extracts from the OB and the SVZ of wild-type mice,
using antibodies against Ngn2 or p27KiP1 and immunoblotting with antibodies specific for
p27KiPl Ngn2 and p53 proteins. (E) TuJ1-positive cells derived from p27 KiP1~~mice after
differentiation in chemically define medium without mitogens for 1 or 3 DIV in the absence
(ctrl) or presence of 5 uM MG132. *P < 0.05, **P < 0.01, ***P < 0.001 (t-test).

Eur J Neurosci. Author manuscript; available in PMC 2012 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Gil-Perotin et al.

Page 23

) —— [rotmion | —— @)

: 3 A ub,
Ub
ub'
Fig. 8.

Model of the functional interaction between p53 and p27KiPL in modulating the behavior of
adult SVZ cells. We propose a model that includes a similar although not synergistic
interaction between two cell cycle regulators in modulating proliferation and an opposing
role in the regulation of neurogenesis. For p53 the negative regulation of neurogenesis may
be mediated by transcriptional and non-transcriptional targets, while for p27XiP1, the
positive effect on neurogenesis is dependent on the increased stability of Ngn2.
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