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family member, p107 in controlling stem cell expan-

sion in the mammalian brain. Adult p107-null mice
had elevated numbers of proliferating progenitor cells in
their lateral ventricles. In vitro neurosphere assays revealed
striking increases in the number of neurosphere forming
cells from p107~'~ brains that exhibited enhanced capacity
for self-renewal. An expanded stem cell population in
p107-deficient mice was shown in vivo by (a) increased

I Iere we show a novel function for Retinoblastoma

numbers of slowly cycling cells in the lateral ventricles;
and (b) accelerated rates of neural precursor repopulation
after progenitor ablation. Notch1 was up-regulated in
p107 "~ neurospheres in vitro and brains in vivo. Chromatin
immunoprecipitation and p107 overexpression suggest that
p107 may modulate the Notch1 pathway. These results
demonstrate a novel function for p107 that is distinct from
Rb, which is to negatively regulate the number of neural
stem cells in the developing and adult brain.

Introduction

The discovery of stem cells in the adult mammalian brain has
generated great potential for therapeutic strategies to facilitate
brain regeneration after injury (Reynolds and Weiss, 1992).
Currently, the use of stem cells as a therapeutic tool is con-
founded by our lack of knowledge in the regulation and
expansion of the stem cell pool. To expand or maintain the
stem cell pool, stem cells can undergo self-renewing cell
divisions whereby one or both daughter cells are stem cells
(Morrison et al., 1997). Stem cells also undergo differentiative
divisions, where one or both daughter cells are progenitor
cells, having the potential to differentiate into neurons,
astrocytes, or oligodendrocytes (Reynolds and Weiss, 1992;
Morrison et al., 1997). Although recent studies have demon-
strated that the Notch-signaling pathway is necessary for
self-renewing stem cell divisions (Nakamura et al., 20005
Ohtsuka et al., 2001; Hitoshi et al., 2002), the mechanism
regulating whether the cell undergoes a self-renewing versus
differentiative division is poorly understood, particularly in
the adult brain.
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Cell cycle genes have been found to play an important role
in brain development. For example, the retinoblastoma tumor
suppressor protein (Rb) has been shown to regulate the
terminal mitosis of committed neuroblasts, such that embryos
lacking pRb exhibit enhanced neuroblast proliferation, ectopic
cell division, and enlarged brains (Clarke et al., 1992; Jacks
et al., 1992; Lee et al., 1992; Ferguson et al., 2002; Mac-
Pherson et al., 2003; Wu et al., 2003). The Rb family con-
sists of three closely related proteins, pRb, p107, and
p130, characterized by a pocket domain that interacts with
proteins such as the E2F family of transcription factors
(Ferguson and Slack, 2001; Stevaux and Dyson, 2002).
Considerable evidence suggests that Rb family proteins have
overlapping functions, which is best exemplified by studies
examining mice with targeted Rb mutations (Clarke et al.,
1992; Jacks et al., 1992; Lee et al., 1992; Lee et al., 1994).
Whereas Rb deficiency results in embryonic lethality (Clarke
et al., 1992; Jacks et al., 1992; Lee et al., 1992) mice defi-
cient in either p107 or p130 develop normally on a C57BL/6
genetic background (Cobrinik et al., 1996; Lee et al., 1996).
In contrast, when p107- or p130-null mice are interbred
with mice carrying a null mutation for Rb, the phenotype is

Abbreviations used in this paper: CNS, central nervous system; Rb,
retinoblastoma.
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exacerbated, indicating that p107/p130 can partially substi-
tute for pRb (Lee et al., 1996; Lipinski and Jacks, 1999).
Biochemical studies suggest that Rb family members have
distinct binding preferences and exhibit tissue specific ex-
pression patterns (Ewen et al., 1992; Faha et al., 1992;
Lees et al., 1992; Li et al., 1993; Lipinski and Jacks, 1999;
Stevaux and Dyson, 2002). In the developing brain, pRb is
expressed in both dividing precursor cells and in postmi-
totic neurons. In contrast, the expression of pl07 is re-
stricted to the ventricular zone, and becomes rapidly down-
regulated at the onset of differentiation (Gill et al., 1998;
Callaghan et al., 1999; Ferguson and Slack, 2001), whereas
p130 exhibits highest expression in postmitotic neurons
(Jiang et al., 1997; Yoshikawa, 2000). Although p107 has
distinct binding preferences and tissue-specific distribu-
tion, no biological role, which is unique from Rb, has been
identified.

Because p107 is highly expressed in the germinal zone with
a pattern distinct from Rb, the goal of this study was to deter-
mine whether p107 may play a unique role in neural precur-
sor cell regulation. In the present study, we report that p107
has a distinct role from pRb, specifically in regulating the
neural precursor population with stem cell characteristics.

Results

p107 is highly expressed in cells of the embryonic
ventricular zone and of the subependyma in adult mice
At the present time, little is known regarding the genes that
regulate the neural stem cell population or the transition
from stem cell to progenitor cell. Unlike other Rb family
proteins, the expression of pl107 is restricted to the neural
precursor cells in the ventricular zone (Jiang et al., 1997).
Due to its unique expression pattern, we asked whether
p107 was also expressed in the neural precursor population
in adults. In situ hybridization revealed p107 mRNA expres-
sion in a few select cells along the lateral ventricles of adult
wild-type mice (Fig. 1 a). In vitro examination of p107 pro-
tein expression by Western analysis showed that p107 is ex-
pressed in neural precursor cells from wild-type embryonic
day 10 and adult neurospheres (Fig. 1 d). Because p107 ex-
pression is maintained in the adult neural precursor popula-
tion, we questioned whether it may have a specific role in
precursor cell regulation.

p107~’~ mice exhibit increased levels of neural
precursor cells

To ask whether p107 regulates the neural precursor popula-
tion in vivo, we first determined if the absence of p107 af-
fected the number of progenitor cells in the adult brain. The
cell cycle time of neural progenitor cells in the adult brain
has been estimated to be 12.7 h (Morshead and van der
Kooy, 1992). Therefore, to assess the number of constitu-
tively proliferating progenitor cells in adult brains, a series
of BrdU injections was given over 10.5 h. Adult p107 ™"~
brains had 50% more constitutively proliferating cells
(32,044 *+ 2,605 cells) than littermate controls (21,480 =+
1,902 cells) as determined by BrdU labeling (Fig. 2, a—c).
Based on these results, we questioned whether p107 might
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Figure 1. p107 is expressed in neural precursor cells. In situ
hybridization with an antisense riboprobe for p107 revealed (a) p107
mRNA expression only within a small population of cells in the
lateral ventricles of wild-type mouse brains, and (b) the absence
of p107 mRNA expression in brains from p107~/~ mice. (c) A p107
sense riboprobe was used as a control on wild-type mouse brains.
(d) Western blot analysis revealed high levels of p107 expression in
neural precursor cells from embryonic day 10 and adult wild-type
neurospheres. p107-S, p107 sense probe. Bar, 50 um.

affect the expression of genes involved in the regulation of
the neural precursor population.

Enhanced Notch signaling in p107 '~ mice

The Notch signaling pathway has been previously shown to
regulate the neural stem cell pool (Hitoshi et al., 2002). To
determine whether Notch signaling was affected in p107~'~
neural precursor cells, we first examined expression of
members of the Notch-signaling pathway including Notchl,
Delta-likel, Hes1, and Hes5. In situ hybridization revealed
that pl107-deficient embryo brains expressed strikingly
higher levels of Notchl (Fig. 3, a and b) as well as its
ligand, Delta-likel (Fig. 3, c and d) and downstream target
Hesl (Fig. 3, e and f). In contrast, no difference was ob-
served in the level of the Hes5 mRNA signal, also a down-
stream target of Notch (Fig. 3, g and h). To determine
whether there was increased Notch activation, activated
Notch was assessed by Western analysis using an antibody
directed against the cleaved intracellular fragment (Robey
et al., 1996). Consistent with higher levels of Notchl ex-
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Figure 2. Enhanced progenitor cell numbers in adult p107-null
mice. Short-term (10.5 h) BrdU application revealed a 1.5-fold
increase in the number of constitutively proliferating progenitor cells
in adultp107~"~ mice versus p107*'~ (a-c). Bar, 200 pum. Significance
at *P < 0.01.

pression, p1077/7 precursor cells exhibited a clear enhance-
ment of both full-length (260 kD) and activated Notch1
(120 kD; Fig. 4 a).

Because p107 has been shown to interact primarily with
E2F transcription factors, we examined the Notchl gene for
E2F consensus sequences. Putative E2F binding sites were
detected in the first two introns and 3’ sequences of the
mouse Notchl gene. To determine whether p107 may regu-
late Notchl, chromatin immunoprecipitations were per-
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Figure 3. Enhanced expression of members of the Notch signaling
pathway. Higher levels of Notch1T mRNA and its signaling compo-
nents, Delta-like 1 and Hes1, in p107~"~ mice than its wild-type
littermates. In situ hybridization was performed on embryonic day
14 p107~"~ and wild-type littermates using riboprobes for Notch'
(a and b), Delta-like1 (c and d), Hes1 (e and f), and Hes5 (g and h).
Note higher in situ hybridization signals for Notch1, Delta-likeT,
and Hes1 were consistently observed in p107 ™"~ mice versus their
wild-type littermates (n = 3 per genotype). Bar, 200 pm.
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Figure 4. Higher levels of activated
Notch1 in p107 '~ neurospheres.

(a) Western analysis of protein lysates
from E10 neurospheres revealed p107 /"~
neurospheres had higher levels of both
full-length Notch1 (~260 kD) and the
activated intracellular domain of Notch1
(160 kD). (b) Examination of the Notch1
gene revealed E2F binding sequences
within the first two introns and 3’ region
where p107 might potentially interact.
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Increased numbers of neurosphere-forming cells in p107~/~ embryos and adult mice. (a) The telencephalic neuroepithelia of day

10 embryos from p107~~ and Rb™":p107 "~ generated significantly more neurospheres than wild-type and heterozygote controls. E10 p107~/~
mice on (b) pure Balb-C or (c) pure C57BI/6 backgrounds also generated more primary neurospheres than controls indicating that p107 affects
the number of neurosphere forming cells independent of mouse strain. (d) The ventricular subependyma of adult p107~"~ mice generated
significantly more primary neurospheres than wild-type controls. (e) E10 wild-type and p107~/~ neural precursors cells were plated across a
dilution series from high to low concentrations such that at each concentration 10,000 cells were plated. After 7 d, counts of the total number
of neurospheres formed per dilution revealed p107~'~ cultures consistently produced more neurospheres than wild-type cultures. Note plating
density only affected neurosphere number at the highest cell density 5 cells/l™". Significance at *P < 0.05 and **P < 0.01.

formed using a pl07 antibody on fixed chromatin from
neurosphere cultures. Using four sets of PCR primers for
E2F sites in (a) intron 1, (b) intron 2, and (c and d) two E2F
sites in the 3" regulatory region. We found p107 binding to
E2F sites in intron 1 of the Notchl gene (Fig. 4, b and ¢).
These results demonstrate that p107 binds to Notch1 regu-
latory sequences on native chromatin, suggesting an interac-
tion between p107 and the Notchl pathway.

To assess whether p107 directly regulates Notchl expres-
sion, we used recombinant adenoviral vectors to express
pl07 protein in Notchl-expressing HEK 293 cells. En-
hanced expression of p107 resulted in down-regulation of
Notchl protein and activity (Fig. 4 d). These data support
the interpretation that p107 affects stem cell self-renewal by
regulating self-renewing divisions through interactions with

the Notch1-signaling pathway.

p107 regulates the number of neurosphere-forming cells
Considering p107~'~ mice have enhanced Notch activity and
Notch has been previously shown to regulate stem cell num-
bers, we asked whether the increased progenitor population in
p107~"~ mice may result from an expansion in the size of the
neural stem cell pool. To estimate the size of the neural stem
pool at different stages of development, we used the in vitro
neurosphere assay (Reynolds and Weiss, 1992), which identi-

fies stem cells according to their (a) multipotentiality and (b)
self-renewal capacity (Potten and Loeffler, 1990). Each neuro-
sphere that exhibits these characteristics is believed to arise
from a single neural stem cell (Reynolds and Weiss, 1992).
Embryonic day 10 mice with the following genotypes: Rb™/~,
p107~"~, Rb/p107 compound-null (Rb~"":p107~'"), dou-
ble heterozygotes (Rb*/~:p107"'7), and wild-type littermates,
were assayed for neurosphere-forming cells. Cultures from
p107~~ and Rb™'":p107 '~ embryonic telencephalic neu-
roepithelia generated significantly greater numbers of pri-
mary neurospheres relative to control lictermates (Fig. 5 a).
In contrast, the number of neurospheres in Rb™'" cultures
was not significantly different from wild-type or double het-
erozygote cultures. This experiment was reproduced with in-
bred Balb-C and C57Bl/6 mice (Fig. 5, b and c) to confirm
that this was not due to strain effects. Our results show
therefore, that p107 regulates the number of neurosphere-
forming cells in the embryonic brain, a function that is dis-
tinct from Rb.

Because stem cell properties and frequency differ as devel-
opment proceeds, we asked whether p107 may regulate the
number of neurosphere-forming cells in adult brains. Adult
p107~"" cultures exhibited a dramatic effect resulting in a
twofold increase in the number of primary neurospheres
generated (Fig. 5 d). Taken together, these results demon-
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Figure 6. p107 '~ and wild-type neurospheres possess
properties consistent with neural stem cells. (a) E10 and
(b) adult p107~"~ neural stem cells show a higher rate of
self-renewal than wild-type littermates when cultured in
the presence of bFGF alone. Neurospheres from wild-
type (c—e) and p107-null (f~h) mice are multipotent and
differentiate into: (c and f) neurons (Blll-tubulin, green),
(d and g) astrocytes (GFAP, red), and (e and h) oligodendro-
cytes (O4, red). Bar, 50 um. Significance at *P < 0.05.
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strate that p107 controls the number of neurosphere-form-
ing cells in the developing and adult brain.

To assess whether the effect of p107 on the number of
neurosphere-forming cells was cell autonomous or non-
cell autonomous, cells were plated along a dilution curve.
10,000 cells were plated at each cell density and 1 wk after
plating the total number of neurospheres formed at each cell
density was counted. If the total number of neurospheres
changed with increasing cell density one would interpret a
non-cell autonomous effect, whereas if the total number of
neurospheres formed was similar across the dilution range
one would expect a cell autonomous effect. Our results show
that independent of cell density, p1077/7 cultures consis-
tently produced more neurospheres than wild-type cultures
(Fig. 5 e). Inidal plating densities ranging from 0.3125 to
2.5 cells/pl™" resulted in a mean of 114 neurospheres/
10,000 cells in cultures from p107 '~ neural precursors ver-
sus 50 neurospheres/10,000 cells in cultures from wild-type
neural precursors. Considering that across the four lowest
dilutions there was no difference in the total number of neu-
rospheres formed in p107 '~ cultures, the effect of p107 on
the number of neurosphere-forming cells appears to be cell
autonomous.

Neurospheres are derived from stem cells

Whereas neurospheres may arise from progenitor cells as
well as stem cells, progenitor-derived neurospheres fail to
self-renew (Chiasson et al., 1999). Two characteristics that
distinguish a neural stem cell from a progenitor cell are: (a)
self-renewal capacity; and (b) multipotentiality. Consistent
with a role in stem cell regulation, p107-deficient neuro-
spheres exhibited an enhanced self-renewal capacity. Specifi-
cally, embryonic p107 ™'~ primary neurospheres produced

99 * 12 secondary neurospheres in contrast to 68 = 3 by
wild-type neurospheres (Fig. 6 a). This was even more strik-
ing in the adult, where a twofold increase was observed with
p107~'" neurospheres producing 83 * 12 secondary neu-
rospheres in contrast to 47 * 6 generated by wild-type neu-
rospheres (Fig. 6 b). Thus, adult and embryonic p107~'~
neurospheres produced significantly more secondary
neurospheres, consistent with enhanced self-renewing cell
divisions.

Multipotentiality was assessed after differentiation of
neurospheres by immunohistochemistry with antibodies to
identify neurons (BIII-tubulin), astrocytes (glial fibrillary
acidic protein), and oligodendrocytes (O4 antigen; Fig. 6,
c—h). Individual differentiated neurospheres from wild-type
(Fig. 6, c—e) and p107-null brains (Fig. 6, f~h) at embryonic
(Fig. 6, c~h) and adult ages (unpublished data) generated all
three cell types, indicating that these neurospheres arose
from a multipotent cell. These results, in combination with
the demonstrated self-renewal capacity suggest that neuro-
spheres in both p107~'~ and wild-type cultures originate
from stem cells.

p107 regulates neural stem cells in vivo

Studies have shown that, in vivo, adult neural stem cells are
relatively quiescent and cycle very slowly at ~15 d, in con-
trast to constitutively proliferating cells that have a cell cy-
cle time of 12.7 h (Morshead and van der Kooy, 1992; Rey-
nolds and Weiss, 1992; Morshead et al., 1994, 1998). To
assess the neural stem cell pool in vivo, we used two ap-
proaches that exploited their slow cell cycle kinetics: (a)
BrdU labeling of slowly dividing cells; and (b) assaying
the regenerative response after [’H]thymidine progenitor
ablation.
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Figure 7.
dividing neural precursor cells in the adult brain. (a—c) Long-term
BrdU labeling revealed a significantly larger population of slowly
dividing cells in adult p107-null mice than controls. 4 wk after
BrdU injections, the slowly dividing cells in the ventricular sub-
ependyma of adult control and p107~'~ mice retain their BrdU
label. Bar: (a and b) 100 wm. Significance at *P < 0.05.

p107-deficient mice have higher numbers of slowly

Slowly dividing cells in the ventricular subependyma of
adult brains were labeled with BrdU over 12 h, and examined
4 wk later. After 4 wk, the rapidly cycling progenitor cells will:
(a) dilute out the label (cell cycle <24 h); (b) undergo apopto-
sis; or (c) differentiate and migrate away from the ventricular
zone into the cortical plate. Thus, the only cells that retain the
label in the ventricular zone are the slowly cycling neural stem
cells. This assay has been previously shown to correlate well
with the neurosphere assay (Morshead et al., 1998). p107-null
brains had significantly more BrdU-positive cells in the ven-
tricular subependyma than lictermate controls (Fig. 7, a—c).
Thus, based on previous studies, these slowly proliferating
cells are considered to represent the stem cell population.

As a second indication of the size of the stem cell popula-
tion, we asked whether p107-deficient mice exhibited en-
hanced progenitor regeneration after ablation. Application
of high doses of [’H]thymidine kills actively dividing cells
but not the slowly cycling stem cells. A 12-h treatment of
[PH]thymidine, therefore depletes the rapidly proliferating
progenitors whereas the majority of stem cells would be un-
affected. To measure the rate of regeneration, cycling cells
were labeled with BrdU over a 10.5-h time course to label all
proliferating cells in the germinal zones. Consistent with an
expanded stem cell pool, p107-deficient mice revealed a sig-
nificant increase in the rate of progenitor regeneration (Fig.
8, a and b). Quantification of BrdU-labeled cells revealed
120% more BrdU-positive cells in the ventricular sub-
ependyma of p1077/7 mouse brains (8,918 *= 876) versus
pl107*'~ controls (7,689 = 973; Fig. 8 ¢). Thus, in vivo
studies measuring (a) slowly proliferating cells and (b) pro-
genitor regeneration are consistent with results obtained
from the in vitro neurosphere assay suggesting an expanded
neural stem cell pool in the absence of p107.
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Figure 8. Enhanced regeneration of constitutively proliferating

progenitors in p107-null mice. After a [*H]thymidine kill of the
proliferating progenitors, significantly greater numbers of BrdU-

labeled cells were found along the lateral ventricle subependyma
of p107~"~ mice versus p107*~ mice indicative of recruitment of
a larger number of stem cells in p107’/’ mice (a—c). Bar: (a and b)
200 pm. Significance at *P < 0.05.

Does an increase in the size of the progenitor cell
population result in enhanced neurogenesis?
Neurogenesis occurs constantly in the adult olfactory sys-
tem, in which newly committed progenitor cells originating
from the subependyma of the lateral ventricles migrate along
the rostral migratory stream to the olfactory bulb (Corotto
et al., 1993; Luskin, 1993; Lois and Alvarez-Buylla, 1994;
Lois et al., 1996). The enhanced numbers of progenitor cells
along the ventricle in adult p107~'~ mice led us to question
whether there may be increased olfactory neurogenesis. Adult
mice received intraperitoneal injections of BrdU to label
newly born progenitor cells and 4 wk later were killed.
New neurons in the olfactory bulb were identified by dou-
ble labeling with BrdU and the neuronal marker, NeuN
(Shingo et al., 2003). The numbers of new neurons and
BrdU-positive cells in the olfactory bulb did not differ be-
tween p107 '~ and wild-type mice (Table I). These results
suggest that despite an increase in the neural precursor
pool in p1077/7 mice, neurogenesis was not increased in
the olfactory bulb.

To account for this apparent discrepancy, we assessed
whether there was a higher rate of apoptosis in p107~'~
mouse brains. TUNEL-positive cells within the ventricular
subependyma were counted in every 10th section through
the brains of adult wild-type and p107~/~ mice. Counts re-
vealed that adult pl107-null mice had significanty more

Table I. Neurogenesis in the olfactory bulb of p107~'~ mice

BrdU™ BrdU and NeuN™
Control 128 £ 19 58 +9
p1077/ 135+ 13 61+6

Counts of periglomerular cells (BrdU) and periglomerular neurons (BrdU
and NeuN) in the olfactory bulb 4 wk after BrdU injections.
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Figure 9. Increased apoptosis in p107 '~ brains. To determine
whether the enhanced numbers of progenitor cells in the ventricle
was maintained by apoptosis, TUNEL staining was performed on
coronal sections through the lateral ventricles. p107~"~ mice had
significantly more TUNEL-positive cells throughout the ventricle
subependyma than wild-type littermates. Significance at *P < 0.05.

apoptotic cells (1,250 = 46) within the ventricular sub-
ependyma compared with wild-type controls (1,065 * 15;
Fig. 9). These findings suggest that the greater numbers of
progenitor cells in p107 '~ mice and the enhanced numbers
of neurospheres in vitro are controlled in vivo by a higher
rate of apoptosis. Furthermore, these results show that the
larger progenitor cell pool in p107-null brains cannot be at-
tributed to a reduction in progenitor cell death.

In summary, our results with in vitro neurosphere assays
together with our in vivo assays strongly support a role for
pl07 in regulating the number of neural stem cells in the
brain. This enhanced rate of stem cell self-renewal is regu-
lated in vivo by increased apoptosis of p107-deficient pro-
genitor cells, which likely functions to maintain homeostasis
in the regulation of neurogenesis and brain size.

Discussion

The results of this study demonstrate that p107 plays a role
in regulating the expansion of the stem cell population in
the embryonic and adult mammalian brain. This is evident
in vitro by enhanced numbers of primary neurospheres in
p107-null cultures and in vivo by a larger population of
slowly dividing precursor cells in adult p107-null mice. This
was further supported in vivo by a more rapid regeneration
of the progenitor pool after ["H]thymidine ablation of pro-
liferating progenitors. Enhancement of neural stem cell
numbers in pl07~'" mice is attributed to a greater self-
renewal capacity, as demonstrated by secondary neurosphere
production as an assay of self-renewing divisions. Increased
stem cell self-renewal in the absence of pl07 was further
supported by deregulation of the Notch signaling molecules
and activation of the Notch pathway. These studies demon-
strate a novel role for p107 that is distinct from other Rb
family members, and may represent a potential therapeutic
strategy for stem cell activation.
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p107 '~ mice have an expanded population of stem cells
Our initial observations revealed that p107-deficient brains
exhibit greater numbers of proliferating progenitor cells in
the lateral ventricles, which led us to question whether this
phenotype could arise from enhanced levels of neural stem
cells. As there are no definitive markers of neural stem cells,
we used the in vitro neurosphere assay for a quantitative as-
sessment of neural stem cell numbers. Our results showed a
significant increase in the number of neurosphere-forming
cells from p107 '~ mouse brains during development and in
adults. Even when neural precursors were plated along a di-
lution curve, p107_/_ cultures consistently produced more
neurospheres than wild-type cultures. Importantly, p107_/_
cultures produced on average 114 neurospheres/10,000 cells
at high plating densities of 2.5 cells/pl™" and at the lowest
plating density of 0.3125 cells/pl™". This suggests that the
effect of p107 on the number of neurosphere-forming cells
is due to a cell autonomous mechanism.

Recently, limitations of the neurosphere assay have shown
that neurospheres can arise from progenitor cells as well as
stem cells, however progenitor-derived neurospheres fail to
self-renew (Chiasson et al., 1999). This issue was addressed
by the demonstration of the self-renewal capacity and muldi-
potentiality of both wild-type and p107~'~ neurospheres.
Due to a lack of markers to specifically identify neural stem
cells, we used two in vivo assays that can distinguish stem
cells from progenitors by exploiting their slow cell cycle ki-
netics. First, long-term BrdU labeling revealed significantly
greater numbers of slowly cycling stem cells in adult p107 ="~
brains. Consistent with this, a second assay was used whereby
p107-deficient brains exhibited an enhanced rate of progeni-
tor repopulation after ["H]thymidine ablation. In these ex-
periments, the loss of progenitors resulted in the recruitment
of stem cells into the cell cycle to repopulate the damaged
ventricular zone. Consistent with an expanded stem cell
pool, p107-deficient adult brains revealed an enhanced rate
of progenitor repopulation. Taken together, our quantitative
in vitro neurosphere assay and in vivo findings demonstrate
that p107-deficient brains contain expanded stem cell pools
that persist into adulthood.

p107 controls self-renewing stem cell divisions

p107 may regulate neural stem cell number in the brain by
regulating the type of cell division. The formation of sec-
ondary neurospheres from a single primary neurosphere is
indicative of a self-renewing stem cell division (Reynolds
and Weiss, 1996). Higher numbers of secondary neuro-
spheres generated, indicate that p107-deficient neural stem
cells underwent a higher proportion of self-renewing or sym-
metric cell divisions leading to an expansion of the stem cell
pool. As p107 appears to have a cell autonomous effect on
self-renewing stem cell division, we examined whether there
were differences between p107~'" brains and wild-type
brains with regards to the Notch signaling pathway. Previ-
ous studies have shown that Notch signaling enhances stem
cell self-renewal and thereby maintains cells in a proliferative
mode (Chen et al., 1997; Hitoshi et al., 2002). This is best
exemplified in the brains of Notchl and Hesl-null mice,
which exhibit depleted stem cell numbers with reduced self-

$002 ‘1 48q0300 uo 610 gol-mmm wol) papeojumod


http://www.jcb.org

860 The Journal of Cell Biology | Volume 166, Number 6, 2004

renewing capacity (Nakamura et al., 2000; Ohtsuka et al.,
2001; Hitoshi et al., 2002). Consistent with more self-
renewing cell divisions, p1077/7 brains had higher levels of
expression of members of the Notch1-Hes signaling pathway
together with enhanced Notch1 activity, as demonstrated by
higher levels of activated Notchl intracellular domain and
its downstream target, Hesl. Furthermore, chromatin im-
munoprecipitation demonstrated binding of p107 on E2F
consensus sites of Notchl regulatory sequences, and p107
overexpression resulted in down-regulation of Notchl pro-
tein and activation, both suggesting that Notchl may be
regulated by p107. Taken together these data support a role
for p107 in regulating self-renewing neural stem cell division

through enhanced Notch1 activity.

The progenitor population is regulated by apoptosis

In the rodent brain, a proportion of the neural progenitors
arising in the subventricular zone migrate to the olfactory
bulb, where a continual turnover in olfactory neurons takes
place (Corotto et al., 1993; Luskin, 1993; Lois and Alvarez-
Buylla, 1994; Lois et al., 1996). Despite ongoing progenitor
proliferation in the ventricular subependyma of the adult
mammalian brain, there is no increase in brain size. One ex-
planation is that the brain cannot support excessive levels of
precursor cells due to limiting amounts of growth factors.
Thus in the healthy brain, homeostasis is maintained by in-
creasing the rate of apoptosis to compensate for excessive
numbers of neural precursor cells. Indeed, recent studies
have demonstrated ongoing apoptosis in the adult subven-
tricular zone (Biebl et al., 2000; Levison et al., 2000; Lind-
sten et al., 2003). The enhanced pool of constitutively pro-
liferating progenitor cells in p107~'~ mice and the absence
of any changes in olfactory neurogenesis led us to question
whether increases in progenitor cell number would be regu-
lated by a corresponding increase in cell death. Our results
demonstrate that this occurs in the pl07-null brains, in
which increased numbers of TUNEL-positive cells in the
ventricular subependyma were observed. Since apoptotic
cells are only TUNEL positive for ~2 h during the progres-
sion of apoptosis, the number of TUNEL-positive cells is
likely an underestimate of the total number of cells undergo-
ing cell death at a given time (Rossiter et al., 1996). Hence,
these results support the hypothesis that fluxes in the neural
progenitor pool in vivo are tightly regulated by correspond-
ing changes in cell death. Therefore, if p107 is to serve as a
potential therapeutic target to enhance the stem cell popula-
tion in vivo, mechanisms to enhance precursor survival
would also need to be addressed.

p107 has a unique function, distinct from pRb

Previous studies have suggested that, due to sequence simi-
larity, and the nonlethal phenotype of p107-null mice, the
role of p107 overlaps significantly with that of pRb (Lee et
al., 1996). Binding assays have demonstrated that Rb family
members have distinct individual binding preferences. For
example, pRb preferentially binds E2F 1, 2, and 3, whereas
pl07 and p130 bind E2F 4 and 5 (Beijersbergen et al.,
1994; Ginsberg et al., 1994; Hijmans et al., 1995; Vairo et
al., 1995). In addition, both p107 and p130, but not pRb,
interact with cyclinE/cdk2 and cyclinA/cdk2 (Ewen et al.,
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Figure 10. p107 and pRb have distinct roles in neurogenesis. (a)
p107 negatively regulates the neural precursor cell pool by affecting
both self-renewing and differentiative divisions. In contrast, pRb
does not have an effect on the neural stem cell population but rather
negatively regulates proliferation and differentiation of the neural
progenitor population. (b) Temporal expression of Retinoblastoma
family members. p107 expression is highest in the neural precursor
population whereas pRB is expressed in dividing progenitor population
and p130 is expressed in the differentiated population.

1992; Faha et al., 1992; Lees et al., 1992; Li et al., 1993).
Although p107 has been shown to have distinct biochemical
properties from pRb, a separate physiological role for p107
has not yet been demonstrated.

Our results show that p107, but not pRb, is responsible
for the regulation of stem cell self-renewal. This distinct role
for p107 in neural precursor regulation can be largely ac-
counted for by the unique expression pattern of pRb and
pl07 in the brain. p107 is specifically expressed in uncom-
mitted precursor cells and becomes rapidly down-regulated
as cells commence differentiation (Callaghan et al., 1999).
Our previous studies have shown that Rb is up-regulated
and activated as cells initiate differentiation and is required
for terminal mitosis after commitment to a neuronal fate
(Slack et al., 1993, 1998; Jiang et al., 1997; Callaghan et al.,
1999; Ferguson et al., 2000). Finally once differentiation is
complete, p130 is up-regulated and believed to maintain
cells in the differentiated state (Slack et al., 1993,1998; Jiang
et al., 1997; Callaghan et al., 1999; Ferguson et al., 2000;
Fig. 10 b). Hence, temporal regulation of the Retinoblas-
toma family proteins reveals that p107 is expressed in the
uncommitted precursor pool and functions in a unique
physiological role, which is to negatively regulate neural
stem cell self-renewal (Fig. 10 a). This role for p107 in stem
cell regulation may also explain its role in carcinogenesis,
and why in some cases, both Rb and p107 must be absent
for a tumor to develop (Maandag et al., 1994). For example
in mice, neither Rb nor p107 mutations alone lead to retinal
tumors, however, when p107 and pRb are both disrupted,
retinoblastoma-like tumors develop (Maandag et al., 1994).
Progenitor cells deficient in Rb will still have limited cycles
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whereas the absence of p107 will further expand the stem
cell pool and thereby enhance the input of progenitor cells
to promote tumor formation.

In conclusion, our results reveal a unique role for p107 in
neural precursor cell regulation whereby p107 controls the
self-renewal capacity of neural stem cells. This is a novel niche
for p107 that is attributable to its high expression in uncom-
mitted neural precursor cells in the germinal zones. p107 may
therefore represent a potential therapeutic target with which
to expand the stem cell population in the adult brain.

Materials and methods

Mice

Germline p107-null mice were generated previously by LeCouter et al.
(1998) and maintained on SV-129, Balb-C, and C57Bl/6 backgrounds.
Germline Rb-null mice on a C57Bl/6 background strain, originally gener-
ated by Jacks et al. (1992) were obtained from Jackson ImmunoResearch
Laboratories. To generate Rb/p107-deficient embryos, heterozygous (Rb*")
C57BI/6 mice were crossed with p107*~ SV-129 mice to produce double
heterozygous mice for Rb*:p107/~. Double heterozygous mice were
crossed to produce mice deficient for both Rb and p107 (Rb™:p10777),
as well as Rb™", Rb™":p107*"~, p107~"", and wild-type mice. Animals
were genotyped according to standard protocols with primers published
previously for p107 (LeCouter et al., 1998) and Rb (Jacks et al., 1992). For
embryonic time points, the time of plug identification was counted as day
0.5. All experiments were approved by the University of Ottawa’s Animal
Care ethics committee adhering to the Guidelines of the Canadian Council
on Animal Care.

Tissue fixation and cryoprotection

Pregnant female mice and adult mice were killed with a lethal injection of
sodium pentobarbitol. Embryos were dissected and fixed overnight in 4%
PFA in PBS, pH 7.4. Adult mice were perfused with PBS followed by cold
4% PFA and brains removed. Brains were then fixed overnight in 4% PFA,
cryoprotected in 22% sucrose in PBS, frozen, and 14-um coronal cryosec-
tions were collected on Superfrost Plus slides (12-550-15; Fisher Scientific).

BrdU labeling and immunohistochemistry

To assess neural progenitor and stem cell numbers in adult mice, intraperi-
toneal injections of BrdU (dissolved in 0.007 N/NaOH in 0.9% NaCl; 50
mg/kg ' body mass) were given every 2 h over a 10-h period. Mice were
killed 30 min (progenitor cells) or 4 wk (stem cells) after the last injection
(Tropepe et al., 1997). BrdU detection was performed according to Fergu-
son et al. (2002). BrdU-positive cells were counted in the subependyma of
the lateral ventricles in every 10th coronal cryosection (14 um thick) from
the most rostral crossing of the corpus callosum to the start of the 3rd ven-
tricle (crossing of the anterior commissure). Student’s ¢ test was performed
to compare the mean numbers of BrdU-positive cells and significant differ-
ences assessed at values of a = 0.05.

Immunohistochemical staining was performed to detect BrdU-labeled
cells with a mouse monoclonal anti-BrdU (1:100; 280879; Boehringer),
neurons with anti-BlIl tubulin (mouse monoclonal hybridoma supernatant,
1:50; Caccamo et al., 1989) or NeuN (1:200; MAB377; Chemicon), astro-
cytes with anti-GFAP (rabbit anti-bovine glial fibrillary acidic protein;
1:400; AB986; DakoCytomation), and oligodendrocytes with anti-O,
(1:50; MAB345; Chemicon).

TUNEL staining

Apoptotic cells were detected in coronal sections of the lateral ventricles
from adult wild-type (n = 4) and p107~"~ (n = 4) brains using the TUNEL
as described previously in Ferguson et al. (2002). TUNEL-positive cells
were counted in the subependyma of the lateral ventricles in every 10th
coronal cryosection (14-pm-thick) from the most rostral crossing of the
corpus callosum to the start of the 3rd ventricle (crossing of the anterior
commissure). Student’s t test was performed to compare the mean num-
bers of TUNEL-positive cells and significant differences assessed at values
of a = 0.05.

Western blotting
Protein extracts were isolated from cultured neurospheres in lysis buffer,
run on a 6% SDS-PAGE gel, and transferred to a nitrocellulose membrane
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as described in Ferguson et al. (2000). Immunoblotting was performed
with antibodies directed against the cytoplasmic domain and full-length
Notch1 (07-220; Upstate Biotechnology), p107 (sc-318; Santa Cruz Bio-
technology Corp.), and actin (sc-1616; Santa Cruz Biotechnology Corp.).
Blots were developed by chemiluminescence according to manufacturer’s
instructions (ECL; Amersham Biosciences).

Adenoviral expression of p107

To assess the effect of p107 levels on Notch1 expression, HEK 293 (human
embryonic kidney) cells were infected with recombinant adenoviral vec-
tors expressing GFP (control) or p107 and GFP. HEK 293 cells were plated
in six-well Corning tissue culture dishes at a density of 5 X 10* cells/well
and 24 h after plating cells were infected with three multiplicity of infec-
tion of recombinant adenoviral vectors expressing GFP (control) or p107
and GFP. 16 h after infection, cells were lysed and protein extracts were
run on an SDS-PAGE for Western blot detection of Notch1, p107, and ac-
tin (loading control). The p107 vector was provided by Dr. S. Meloche
(Universite de Montreal, Montreal, Canada) (Makris et al., 2002).

Neurosphere assay

Pregnant female mice were killed on gestation day 10 and the uterine
horns removed and placed in HBSS. Embryos were removed from their
amniotic sacs and their head primordia were dissected at the level of the
first brachial arch according to the procedure of Tropepe et al. (1999). The
epidermal ectoderm was removed and the telencephalic neuroepithelia
dissected and transferred to a 1.5-ml Eppendorf tube containing 400 pl of
serum-free stem cell media with 10 ng/ml™" bFGF and 2 pwg/ml™" heparin
as described previously (Reynolds and Weiss, 1992; Tropepe et al., 1999).
Neuroepithelia were mechanically dissociated and single cells were plated
ata density of 10 cells/pl™" in uncoated 24-well Nunclon plates (four to six
wells per embryo, n = 7 wild type, 5 Rb™~, 6 p107 /", 6 Rb™"":p1077"~, 8
Rb*~:p107%7). Primary neurospheres were counted 7 d after plating and
Student’s ¢ tests were used to compare means with significant differences
assessed at values of a = 0.05.

To obtain neurospheres from adult mice, animals were killed, brains re-
moved, and placed in artificial cerebrospinal fluid (aCSF). The lateral and
medial walls of the lateral ventricles were dissected and then enzymati-
cally and mechanically dissociated as described previously in Tropepe et
al. (1997). Cells were plated as described above for embryonic tissue.

To assess whether the effect of p107 deletion on stem cell number was
due to a cell autonomous or non-cell autonomous mechanism, we per-
formed a dilution curve for the neurosphere assay. A fixed number of cells
were plated at five different densities and the resulting total number of
neurospheres were compared after 1 wk. If the number of neurospheres in-
creased with increasing cell density one would interpret this as a non-cell
autonomous effect whereas if there was no difference in the total number
of neurospheres across the different dilutions one would interpret this as a
cell autonomous effect. In this experiment, neurospheres from wild-type
and p107~~ neurosphere cultures were mechanically dissociated to single
cells and 10,000 cells were resuspended in increasing volumes of serum-
free stem cell media so that final cell concentrations were 5, 2.5, 1.25,
0.625, and 0.3125 cells/ul™". Cells were plated in 200 ul volumes in 96-
well plates and with increasing cell dilutions an increasing number of
wells were plated to accommodate the 10,000 cells (Table Il). 1 wk after
plating, the total number of neurospheres were counted for each of the cell
dilutions.

Table 1. Dilution curve for the neurosphere assay

Cells plating Total volume for Number of Number of
density 10,000 cells cells/well wells
cells/ul ml 200 pl 10,000 cells
5.0 2 1,000.0 10
2.5 4 500.0 20
1.25 8 250.0 40
0.625 16 125.0 80
0.3125 32 62.5 160

Initial plating densities in relation to the total volume for 10,000 cells at each
density, the numbers of cells plated per 200 .l well, and total number of wells.
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Self-renewal assay and assessment of multipotentiality

To assess neural stem cell self-renewal, individual primary neurospheres
(7-8-d-old) of similar size (E10 ~200-250 pum, adults ~150-200 pm in di-
ameter) were transferred to a fresh Eppendorf tube containing 200 wl of se-
rum-free media and mechanically dissociated and transferred to individual
wells in a 96-well plate (Tropepe et al., 1999). 7-8 d after plating, second-
ary neurospheres were counted per well (per primary neurosphere). To as-
sess multipotentiality, 7-8-d-old secondary neurospheres were allowed to
differentiate by plating on poly-L-ornithine-coated dishes in media con-
taining 2% serum without FGF-2. A half media change was performed ev-
ery 3 d and cultures were fixed with 4% PFA 10 d after plating for immu-
nohistochemical analysis.

Assessment of progenitor cell regeneration after a [*H]thymidine
kill in adult mice

The [PHlthymidine kill of neural progenitor cells was performed according
to the protocol of Morshead et al. (1994). In brief, mice were given three
injections of [*H]thymidine with one injection every 4 h of 0.8 mCi
injection™" (specific activity 45-55 Ci/mmol~'; ICN Biomedicals). 48 h af-
ter [*H]thymidine injections, mice received five intraperitoneal injections
of BrdU (50 mg/kg ™' body mass; one injection every 2 h) to label dividing
cells. 30 min after the last injection, mice were killed, perfused with 4%
PFA, and tissue was processed for BrdU immunohistochemistry. BrdU-pos-
itive cells were counted as described in the BrdU labeling and immunohis-
tochemistry section.

In situ hybridization

Nonradioactive in situ hybridization and digoxigenin probe labeling was
performed according to protocols described previously (Wallace and Raff,
1999). Antisense riboprobes for Notch1 (and sense), Delta-like 1, HesT,
and Hes5 were generated according to sequences published previously
(Lindsell et al., 1995; Tomita et al., 1996; Gray et al., 1999). Sense and an-
tisense riboprobes for p107 were provided by Drs. Z. Jiang and E. Zacksen-
haus (University of Toronto, Toronto, Canada) (Jiang et al., 1997).

Chromatin immunoprecipitation

The Notch1 gene was analyzed for E2F consensus sequences with Genom-
atix promoter analysis software. Four sets of PCR primers were designed
around four regions of E2F binding sequences, specifically, (a) the 2 E2F
sites in intron 1, (b) the single E2F site in intron 2, (c) 2 E2F sites in 3" re-
gion, and (d) the single E2F site in the 3’-untranslated region of the Notch1
gene (Fig. 4 b). Sequences for each set of PCR primers are as follows for in-
tron 1, forward primer 5’AGTGAGGCGGAAGTGGACGGCA-3', reverse
primer 5'-CTGCGAGATGCCTGCGAACAGG-3’, for intron 2, forward
primer 5'-GCTTGTATCTTAGTATCTGTAT-3" and reverse primer 5'-ACA-
CAGTGACACTGCACCCCT-3’, for the 3" region forward primer 5'-ACAG-
CATGCTCGAGCTGTCCA-3" and reverse primer 5'-AGGAGGAGACTC-
CCCTGTTCCT-3', and the 3’-untranslated region forward primer 5'-
GGGGCAATTCTGGCCATGGCA-3" and the reverse primer 5-GTTTT-
TATACAAAATAAGAGGAC-3'.

Neurospheres were mechanically dissociated using fire-polished glass
pipettes. Chromatin immunoprecipitations were performed according to
manufacturer’s instructions (Transduction Laboratories). A p107 antibody
(Santa Cruz Biotechnologies) was used to immunoprecipitate p107-DNA
complexes. Polymerase chain reaction was performed on the immunopre-
cipitated and control (input) DNA in four separate reactions for each of the
primer sets above.

Microscopy

Sections treated for immunohistochemistry or in situ hybridization were
examined by a Zeiss Axioskop 2 microscope with standard fluorescence
and brightfield/darkfield settings at X5 0.25 or X20 0.50 NA objectives.
Immunohistochemistry of cultured neurospheres were examined on a
Zeiss Axiovert STO0 microscope with standard fluorescence using an X20
0.30 NA objective. Images were captured using a Sony Power HAD 3CCD
color video camera with Northern Eclipse software. Figures were compiled
using Adobe Photoshop 6.0. Manipulations of brightness and intensity
were made equally to all treatment groups.
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