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Cyclin-dependent kinase 5 (Cdk5) plays a key role in the development of the mammalian nervous system; it phosphor-
ylates a number of targeted proteins involved in neuronal migration during development to synaptic activity in the
mature nervous system. Its role in the initial stages of neuronal commitment and differentiation of neural stem cells
(NSCs), however, is poorly understood. In this study, we show that Cdk5 phosphorylation of p27Kip1 at Thr187 is crucial
to neural differentiation because 1) neurogenesis is specifically suppressed by transfection of p27Kip1 siRNA into Cdk5�/�

NSCs; 2) reduced neuronal differentiation in Cdk5�/� compared with Cdk5�/� NSCs; 3) Cdk5�/� NSCs, whose differ-
entiation is inhibited by a nonphosphorylatable mutant, p27/Thr187A, are rescued by cotransfection of a phosphorylation-
mimicking mutant, p27/Thr187D; and 4) transfection of mutant p27Kip1 (p27/187A) into Cdk5�/� NSCs inhibits differen-
tiation. These data suggest that Cdk5 regulates the neural differentiation of NSCs by phosphorylation of p27Kip1 at
theThr187 site. Additional experiments exploring the role of Ser10 phosphorylation by Cdk5 suggest that together with
Thr187 phosphorylation, Ser10 phosphorylation by Cdk5 promotes neurite outgrowth as neurons differentiate. Cdk5
phosphorylation of p27Kip1, a modular molecule, may regulate the progress of neuronal differentiation from cell cycle
arrest through differentiation, neurite outgrowth, and migration.

INTRODUCTION

Cyclin-dependent kinase 5 (Cdk5), a unique member of the
cyclin-dependent kinase family is a multifunctional kinase
whose principal activities are restricted to the nervous and
muscular systems where its activators, p35 and p39, are
specifically expressed (Tsai et al., 1994; Tang et al., 1995;
Ohshima et al., 1996; Philpott et al., 1999). Cdk5 is essential
for neuronal survival and migration and regulates synaptic

transmission (Dhavan and Tsai, 2001; Grant et al., 2001;
Cheng and Ip, 2003; Kesavapany et al., 2004).

Studies relating Cdk5 activity to embryonic corticogenesis
have yielded mixed results, however. Though neurons do
differentiate in the Cdk5�/� mouse and form an initial
cortical preplate, all subsequent postmitotic neurons fail to
migrate normally into their respective cortical layers (Ohs-
hima et al., 1996). This suggests neuronal migration as the
target of Cdk5 activity (Ayala et al., 2007). In Xenopus neu-
rogenesis, Cdk5/p35 activity is induced after expression of
neural differentiation transcription factors, neurogenin and
neuroD, consistent with its role in migration rather than
early neural commitment (Philpott et al., 1999). A more active
role for Cdk5 has been proposed in preventing cell cycle reen-
try in postmitotic neurons to protect neurons from cell death
(Cicero and Herrup, 2005). A comparison of the E16.5 cortical
neurons in Cdk5�/� and Cdk5�/� mice showed that a greater
number of Cdk5�/� neurons persisted in the cell cycle com-
pared with Cdk5�/� neurons. Here, it is suggested that control
of cell cycle exit is a site of Cdk5 regulation independent of its
kinase activity; rather its action is correlated with its subcellular
localization (Zhang and Herrup, 2008). According to this
model, neurons are protected from cell cycle reentry when
Cdk5/p35 is localized in nuclei bound to p27Kip1 in the absence
of kinase activity. Under stress, Cdk5 transfers into the cyto-
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plasm, neurons reenter the cell cycle to undergo a delayed
apoptosis (Zhang et al., 2010).

Adult neurogenesis is also dependent on Cdk5 activity. A
conditional knockout (KO) of Cdk5 in the dentate gyrus
(DG) of adult hippocampus inhibits granule cell neurogen-
esis, results in fewer immature DG neurons without affect-
ing the level of cell proliferation (Lagace et al., 2008). Sur-
vival of newly generated granule cells seems to be a major
function of Cdk5 activity in the subgranular zone (SGZ) of
the adult hippocampus. In a related study, stem cell/pro-
genitors from adult rat and mouse brains, a mixed popula-
tion of proliferating NSCs and neuroglial progenitors, pre-
sumed to be derived from hippocampus, displayed no
difference in proliferation or differentiation whether Cdk5
was overexpressed or down-regulated (Jessberger et al.,
2008). Heterogeneity of this population, however, tends to
confound this conclusion because the identity of cells trans-
fected was unknown. On the other hand transfection of
proliferating SGZ cells with dominant negative Cdk5 in situ
indicated that Cdk5 was essential for growth and matura-
tion of dendritic processes and spines that correlated with
abnormal migration patterns. In the adult, as in the embryo,
it seems that neuronal migration, maturation, and survival
are targets of Cdk5 activity.

The question still arises as to whether Cdk5 is a positive
regulator of neural differentiation by modulating cell cycle
exit or by regulation of proneural gene expression. Most
studies of embryonic and adult neurogenesis deal with het-
erogeneous populations of ventricular zone (VZ or SVZ)
cells, a mixture of noncommitted NSC and proliferating
neuroglial progenitors (some multipotential, others lineage
restricted), a situation difficult to interpret (Lillien, 1998a,b).
Ideally, experiments carried out with pure populations of
noncommitted NSCs with and without Cdk5 should pro-
vide a more unambiguous test of early events in neuronal
differentiation. Hence, our approach to studying Cdk5 in
neural fate determination from NSCs at the ventricular zone
is to isolate a homogeneous population of uncommitted
NSCs from the early E13 telencephalon of Cdk5�/� and
Cdk5�/� mice and compare their progression from prolif-
eration to differentiation in vitro. Using this strategy, it
should be possible to identify some of the key molecular
players as they are expressed during the transition from cell
cycle exit to generation of postmitotic neurons. To test this
hypothesis, it was first necessary to isolate a homoge-
neous population of uncommitted cells from the early
telencephalon that meets the rigorous criteria defining
true NSCs (Reynolds and Rietze, 2005). This was success-
fully accomplished by a fluorescence-activated cell sorting
(FACS) protocol using a negative selection procedure
with a set of antibodies specific for neuronal and glial cell
surface epitopes (Maric et al., 2000, 2003; Maric and
Barker, 2004).

Mammals express three members of the Cip/Kip family
that regulate cell cycle exit: p21Cip1, p27Kip1, and p57Kip1

(Sherr and Roberts, 1999). A series of recent studies have
implicated p27Kip1 in regulation of neurogenesis in several
ways, from cell cycle arrest, to cell fate determination and
neuronal migration (Ohnuma et al., 1999; Nguyen et al.,
2006b,c, 2007 Kawauchi et al., 2006). It has been suggested
that the modular nature of p27Kip1 in which N- and C-
terminal domains exercise different but overlapping roles
may account for coupling these events of neurogenesis
(Nguyen et al., 2006b). The coordination of these multiple
pathways is poorly understood, although evidence is ac-
cumulating that Cdk5 phosphorylates p27Kip1 at Ser10
and Thr187, with the former site shown to play a role in

neuronal migration (Kawauchi et al., 2006). Because the
role of phosphorylation at the Thr187 site was not further
studied, we used the FACS procedure (Maric et al., 2003,
2007) to isolate homogeneous populations of uncommit-
ted NSCs from Cdk5�/� and Cdk5�/� mouse telenceph-
alons at E13 and explored whether Cdk5-mediated phos-
phorylation of p27Kip1 at Thr 187 does, in fact, play a role
in the initial stages of neuronal differentiation. The
present study shows that Cdk5-mediated phosphoryla-
tion of the cell cycle inhibitor, p27Kip1, at Thr187 in the
C-terminal domain, together with phosphorylation of
p27Kip1at Ser10, is correlated with cell cycle exit and with
the progression to neuronal differentiation, neurite out-
growth, and migration.

MATERIALS AND METHODS

Antibodies
Anti-Cdk5 (J-3, C-8), anti-p35 (C-19), anti-His, and anti-Myc were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho (P)-p27Kip1 (T187)
and total (T)-p27Kip1 antibodies were also obtained from Santa Cruz Biotechnol-
ogy. Phospho-p27(Ser10) antibody was purchased from Zymed-Invitrogen
(Carlsbad, CA). Anti-TuJ1 was obtained from Promega (Madison, WI); anti-BrdU
was obtained from Novus Biologicals (Littleton, CO); anti-GFAP and anti-nestin
were purchased from Millipore (Billerica, MA); �-actin was purchased from
Invitrogen. Anti-NF-M antibody was obtained from Biocompare (San Francisco,
CA). Secondary horseradish peroxidase– conjugated antibodies were ob-
tained from GE Healthcare (Little Chalfont, Buckinghamshire, United
Kingdom). Secondary fluorescence-conjugated Oregon Green and Texas
Red antibodies and Lipofectamine (2000) were purchased from Invitrogen.

Cell Preparation, Flow Cytometric Analysis, and Cell
Sorting
Experiments were performed on embryos recovered from timed pregnant
Cdk5�/� and Cdk5�/� mice. Dissociated cell suspensions from Cdk5�/�

and Cdk5�/� embryonic day 13 (E13) telencephalic tissues were used as
primary sources of uncommitted NSCs. Cells were surface-labeled using a
cocktail of lineage-specific surface markers for identifying early and late
neuroglial and glial progenitors (CD15/LeX/SSEA-1, CDw60/9-O-acetylated
GD3/Jones, A2B5, and O4) and for differentiating postmitotic neurons (teta-
nus toxin fragment C/TnTx, cholera toxin B subunit/CnTx). Lineage negative
NSCs were then isolated by preparative FACS protocol using a negative
selection program, as previously described (Maric et al., 2003, 2007; Maric and
Barker, 2004, 2005).

Cell Culture
Sort-purified Cdk5�/� and Cdk5�/� NSCs were plated at clonal density (1 �
103 cells/cm2) in a Neurobasal/B27 medium, which was supplemented with
10 ng/ml human recombinant basic fibroblast growth factor (bFGF ; Intergen,
Purchase, NY). In this medium cells were proliferated and expanded. With-
drawal of bFGF after 24 h and 5 d in culture tested the potential of these cells
to differentiate into neuronal, astroglial progenitors, and postmitotic neurons.
They were identified using classical markers �-III tubulin (Tuj1), glial fibril-
lary acidic protein (GFAP), and neurofilament (NF-M), respectively (Maric et
al., 2003).

Bromodeoxyuridine Labeling of E13 Brains In Situ
Acute pulse labeling of bromodeoxyuridine (BrdU) was carried out in time
pregnant dams (50 mg/kg body weight of the animal). After 24 h the embryos
were genotyped and fixed with 4% PFA overnight and cryopreserved for
another 4 h in 30% sucrose. Eight-micrometer-thick sections were taken from
E13 Cdk5�/� and Cdk5�/� embryos and immunostained for BrdU incorpo-
ration as previously described (Shukla et al., 2005).

Preparation of Primary and Secondary Neurospheres
Both primary and secondary neurosphere preparation and immunostaining
was carried out as described by Mishra et al. (2006) with modification. Tissue
from telencephalon of E13 embryos recovered from timed pregnant Cdk5�/�

and Cdk5�/� mice were homogenized to prepare neurospheres. Mouse mAb
was applied to immunodetect dividing cells using intermediate filament
Nestin (1:50, clone 401; Chemicon, Temecula, CA).

Immunocytochemistry
Immunocytochemistry was performed largely as previously described
(Zheng et al., 2005). All fluorescent images were observed using 63� oil
immersion objective on a Zeiss LSM-510 laser-scanning confocal micro-
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scope (Thornwood, NY). Images were combined using Zeiss LSM 510
image software and managed in Adobe Photoshop.

Immunoprecipitation
Whole-cell lysates were incubated with antibodies for 1–2 h at 4°C on a
rotating wheel, followed by 1-h incubation with protein A/G agarose beads.

Beads were subsequently centrifuged and washed, and the protein was eluted
and subjected to immunoblotting.

Immunoblotting
Western blot analysis was performed as described previously (Zheng et al., 2002).

Figure 1. Sorting and characterization of Cdk5�/� and Cdk5�/� NSCs. Telencephalic dissociates from E13 Cdk5�/� and Cdk5�/� mice
were surface-labeled using a cocktail of surface markers identifying the neuronal or neuroglial progenitor lineages (see Materials and Methods).
(A) FACS analysis of unsorted cells reveals that uncommitted lineage-negative NSCs (Lin� NSCs) comprise the majority (�88%) of total cells
(see bottom left quadrant in each bivariate plot) in E13 telencephalic dissociates of both Cdk5�/� (left) and Cdk5�/� mice (right). (B) FACS
analysis of sorted neural stem cells from Cdk5�/� and Cdk5�/� revealed 99% pure population (see bottom left quadrant in bivariate plot).
(C) Acute pulse-labeling of NSCs with BrdU revealed that the majority (�60%) of these cells are actively proliferating in both Cdk5�/� and
Cdk5�/� mice. (D) An aliquot of the sorted Cdk5�/� and Cdk5�/� NSCs was expanded with bFGF (10 ng/ml) for 3 d in culture, and the
cells were cumulatively labeled with BrdU for 24 h and then immunostained for nestin expression and BrdU incorporation. The great majority
of cells are nestin� (a and b) and BrdU� (c and d), demonstrating that both Cdk5�/� and Cdk5�/� NSCs efficiently self-renew in the presence
of bFGF. (E) The bar graph quantifies the % of cells expressing BrdU staining after 3 d of expansion in bFGF. WT and Cdk5�/� NSCs are
nearly 100% BrdU� after 24 h of cumulative labeling.
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Transfections and Kinase Assays
Transfections were performed with Lipofectamine 2000 (Invitrogen) reagents
according to a previously published report (Li et al., 2002), and kinase assays
were performed according to previously published methods (Li et al., 2002).

Small Interfering RNA Preparation and Transfections
The small interfering RNA (siRNA) sequences used for targeted silencing of
p27Kip1 (5�-aagtacgagtggcaagaggtg-3�) were recommended by the siRNA sup-
plier (Xeragon, Germantown, MD). Transfections of p27Kip1 siRNA for endoge-
nous gene targeting were carried out as previously described (Zheng et al., 2007).

Cdk5 and Cdk2 Activity Assay
Two hundred micrograms of protein was immunoprecipitated for each sam-
ple by anti-Cdk2 and anti-Cdk5 antibody. The immunoprecipitated protein
was resuspended in 50 �l of kinase buffer (20 mM HEPES, pH 7.2, 25 mM
�-glycerol phosphate, 5 mM EGTA, 1 mM sodium orthovanadate, 1 mM DTT,
7.5 mM MgCl2, and 50 �M ATP) containing 10 �Ci of (�-32P)ATP (3000
Ci/mmol; Amersham, Piscataway, NJ) and incubated for 1 h at 30°C. Reaction
was stopped by adding 15 �l of 4� NuPAGE SDS sample buffer. Samples
were boiled for 5 min, and incorporation of radioactive phosphate was
determined by 10% NuPAGE. Analysis of the dried gel was performed using
a PhosphoImager (Molecular Dynamics, Piscataway, NJ).

RESULTS

Cdk5�/� and Cdk5�/� NSCs Exhibit Similar Proliferation
Patterns
To investigate the role of Cdk5 in neural differentiation during
early corticogenesis, we isolated NSCs from Cdk5�/� and
Cdk5�/� mouse embryos at E13 using a negative selection
sorting strategy against a multitude of surface markers
(CD15/LeX/SSEA-1, CDw60/9-O-acetylated GD3/Jones,
A2B5, O4, TnTX, CnTx). We have also used this strategy
previously, to identify the lineage-restricted and differenti-
ating progeny of NSCs (Maric et al., 2003, 2007; Maric and
Barker, 2004, 2005). Before sorting, these lineage-negative
NSCs comprised �88% of E13 telencephalic dissociates, and
there was no significant difference in the enumeration of
these cells between Cdk5�/� and Cdk5�/� mice (Figure
1A). After sorting, NSCs from Cdk5�/� mice were more
than 99% pure, as revealed by their lack of surface markers
used for sorting (Figure 1B). Pulse-labeling the telencephalic
dissociates with BrdU for 2 h, revealed that both Cdk5�/�

and Cdk5�/� NSCs were equally proliferative (Figure 1C).
This proliferative potential was retained even after culturing
the NSCs for 3 d with bFGF as revealed by cumulative BrdU
labeling for 24 h (Figure 1, D and E). Under these permissive
growth conditions, most of the NSCs were maintained in an
undifferentiated state, as revealed by nestin expression (Figure
1D). These results suggest that Cdk5 is not essential for the
proliferation and self-renewal of NSCs.

Consistent with these results on NSCs, in situ proliferation
of cortical neurons was examined in E13 embryos. Pregnant
dams were injected with BrdU, and Cdk5�/� and Cdk5�/�

embryos were fixed, sectioned, and examined with BrdU
antibody (Figure 2, A and B). The extent of BrdU cortical
labeling was similar in Cdk5�/� and Cdk5�/� brains. A
further test of the equivalent self renewal properties of wild-
type (WT) and KO cells was examined in a neurosphere
assay using cells isolated from E13 WT and KO telenceph-
alons. Neurosphere assay was based on a published protocol
(Reynolds and Weiss, 1992). In both WT and KO, primary
and secondary neurosphere expression was similar (Figure
2, C–F), further supporting the equivalent self-renewal po-
tential of KO and WT neuronal progenitors.

Cdk5 Is Required for Differentiation of NSCs
We next determined whether Cdk5 might modulate neuro-
genesis. Both Cdk5�/� and Cdk5�/� NSCs were cultured in
the absence of bFGF for 4–6 d and prepared for immuno-

cytochemical (ICC) analysis using antibodies to �III tubulin
(TuJ1) and GFAP, a marker for astroglial progenitors (Figure
3A). The results show that the Cdk5�/� NSCs produced
75% TuJ1-positive neurons and 50% GFAP-positive glia,
compared with 35% TuJ1-positive neurons and 80% GFAP-
positive glia in the Cdk5�/� NSCs (Figure 3, B and C). These
data suggest that the preferred default differentiation of
Cdk5�/� NSCs is primarily in the direction of astroglia,
although a smaller percentage of cells do show the neuronal
phenotype. Expression of neurofilament NF-M (Figure 3, D
and E), a marker of more differentiated neurons, confirmed
that neuronal differentiation of Cdk5�/� NSCs is signifi-
cantly reduced. To further confirm the difference in pheno-
typic expression in cortices of WT and KO brains, the ex-
pression of additional neuronal and glial phenotypic

Figure 2. Self renewal of E13 cortex is equivalent in Cdk5�/� and
Cdk5�/� brains. (A and B) In situ incorporation of BrdU into E13
telencephalons of Cdk5�/� and Cdk5�/� mouse brains is equiva-
lent. After intraperitoneal (i.p.) injection of BrdU into pregnant
dams, embryos were fixed and sectioned. Immunodetection of BrdU
incorporation into cortices revealed no difference between Cdk5�/�

and Cdk5�/� brains. Scale bar, 20 �m. (C–F) Neurospheres from
Cdk5�/� and Cdk5�/� E13 telencephalons were generated accord-
ing to published procedures (Reynolds and Weiss, 1992). (C and D)
In the presence of growth factors, dissected and dissociated telen-
cephalons gave rise to primary neurospheres after 5 d in culture and
were stained with nestin. (E and F) Primary neurospheres were
dissociated and subpassaged to generate secondary neurospheres.
After 7 d in culture secondary neurospheres from Cdk5�/� and
Cdk5�/� were immunopositive for nestin. All scale bars, 10 �m.
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markers were examined in brain lysates (telencephalon)
from Cdk5�/� and Cdk5�/� E13 embryos. Western blots of
neuronal and astroglial antigenic markers were obtained
showing greater expression of neuronal markers (Tuj1) in
WT brains compared with the robust expression of GFAP in
Cdk5�/� brain lysates (Figure 3F), a result consistent with
the ICC phenotypic expression of WT and KO NSCs illus-
trated in Figure 3, A–C. The results suggest that in the
absence of Cdk5, the default expression of differentiation is
strongly in favor of a glial phenotype.

Apoptosis of Cdk5�/� and Cdk5�/� NSC Is Similar
It is possible that the decreased production of the neuronal
phenotype in Cdk5�/� NSCs reflects an increased level of
apoptosis in that population. Initially, we compared the per-
centage of apoptotic cells with hypodiploid DNA content and
the cell cycle kinetics in Cdk5�/� and Cdk5�/� NSCs using
propidium iodide staining and flow cytometry, which showed
that both the cell cycle and apoptotic patterns of the two
populations were virtually identical (Figure 4A). This suggests
that the decreased neurogenic potential as revealed by lesser

TuJ1-positive cells in Cdk5�/� cultures was not due to a se-
lective increase in numbers of apoptotic cells after 4–6 d of
proliferation in culture. The more relevant question is whether
the induction of differentiation by withdrawal of bFGF induces
more cell death among the differentiating Cdk5�/� NSCs,
particularly those committed to a neuronal phenotype. To test
this possibility, Cdk5�/� and Cdk5�/� NSCs were cultured in
the absence of bFGF for 4–6 d and then analyzed for apoptosis
using the TdT-mediated dUTP nick end labeling (TUNEL)
assay. In the absence of bFGF, there was no increased cell death
in Cdk5�/� NSCs, compared with Cdk5�/� NSCs; the per-
centage of cell death in the two populations was virtually
identical (Figure 4B). This suggests that Cdk5�/� NSCs show
no preferred cell death as compared with Cdk5�/� and that the
reduced number of neural progenitors is due to a failure in neural
differentiation in the absence of Cdk5 (Figure 4, A and B).

P27Kip1 Is a Target of Cdk5 Phosphorylation during
Neural Differentiation
Because it has already been demonstrated that p27Kip1 is a
target of Cdk5 phosphorylation at sites Ser10 and Thr187

Figure 3. Comparison of the differentiation potential of Cdk5�/� and Cdk5�/� NSCs. Aliquots of the sorted WT and Cdk5�/� NSCs were
cultured with bFGF (10 ng/ml) for 3 d, and then bFGF was removed from the culture medium followed by an additional 5 d of culture. The
cells were subjected to immunocytochemistry with anti-GFAP and TuJ1 antibodies. (A) ICC expression patterns of Cdk5�/� (a–c) and
Cdk5�/� (d–f), respectively. (B) Bar graph shows the percent of TuJ1 staining cells in each population. (C) Percent of GFAP staining cells in
each population obtained from A. (D) Western blots of Cdk5�/� and Cdk5�/� NSC lysates showing expression of Cdk5 and the
neurofilament NF-M. (E) Densitometry analysis of NF-M/actin obtained from Figure 2D. (F) Western blots of lysates derived from Cdk5�/�

and Cdk5�/� forebrains (cerebella and brain stem removed) to show additional neuronal and glial phenotypic markers.
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(Kawauchi et al., 2006), with phosphorylation at the former
site involved in modulating neuronal cell migration, we first
determined whether p27Kip1 is also involved in neural dif-
ferentiation of NSCs in our system. In a microarray analysis
of proliferating Cdk5�/� NSC cultured with or without
bFGF for 4–6 d after neural differentiation was initiated, we
noted that all cell cycle genes were down-regulated except
for p27Kip1 (Supplemental Table 1). This correlated with a
significant up-regulation of neuronal cytoskeletal and synaptic
protein genes, suggesting that these events may be causally
related. We first wanted to address, does Cdk5 directly phos-
phorylate p27Kip1? To do this we have performed an in vitro
kinase assay using immunoprecipitated p27Kip1 from E16 brain
lysate. We confirm that Cdk5 phosphorylates p27Kip1 in vitro
using a standard kinase assay with active Cdk5/p35 and ra-
dioactive ATP. In the absence of any recombinant p27Kip1, we
used instead a p27Kip1 IP of an E16 WT brain lysate as a
substrate. The radioautograph shows that p27Kip1 is phosphor-
ylated in the presence of Cdk5/p35 (Figure 5A).

Because phosphorylation of Ser10 in p27Kip1 has already
been implicated in neuronal migration, we decided to use a
site directed mutagenesis approach to analyze the role of
Thr187 phosphorylation. It is noteworthy that the site is
conservatively maintained in a comparison of three verte-
brate species, rat, mouse, and human (Figure 5B) and has a
perfect Cdk5 consensus sequence. To investigate whether
Thr187 is the target site for Cdk5 phosphorylation, we com-
pared phosphorylation of the WT peptide GTVEQTPKKPGLR
with two mutant peptides, GTVEQAPKKPGLR where
Thr187 was mutated to Ala (T187A, M1) and a related mu-
tant peptide GAVEQTPKKPGLR, where Thr183 was mu-
tated to Ala (T183A, M2). We performed an in vitro kinase

assay with Cdk5 immunoprecipitates to check phosphory-
lation (Figure 5C). Cdk5 robustly phosphorylated WT
p27Kip1 peptide and the M2(183A) mutant peptide, but not
the mutant M1(Thr187). We confirmed this reduced phos-
phorylation using roscovitine, a Cdk5 specific inhibitor, and
the results suggested that Thr187 is one of the target sites
phosphorylated by Cdk5. To examine further how Cdk5 ac-
tivity is necessary for phosphorylation of p27Kip1 at Thr187
during neural differentiation, we compared the expression and
phosphorylation state of p27Kip1 of E16 cortical neurons from
Cdk5�/� and Cdk5�/� grown 5 d in culture using an anti-
body specific for p27Kip1 phosphorylated at Thr187 (Figure 5,
D–F). Cdk5�/� and Cdk5�/� cells exhibited similar levels of
total p27Kip1 protein expression (Figure 5D), but Cdk5�/� cells
showed a decrease in the expression levels of p27Kip1 phos-
phorylated at Thr187 (Figure 5, D–F). These findings suggest
that Thr187 of p27Kip1 is a Cdk5 specific site for phosphoryla-
tion during neural differentiation.

Colocalization of Cdk5/p35 with p27Kip1

To investigate whether p27 is associated with Cdk5 and p35
in postmitotic neurons, E18 mouse cortical neurons from a
Cdk5�/� mouse brain were grown in culture for 7 d, and
then fixed and prepared for ICC analysis (Figure 6A). The
expression of p35, Cdk5, and p27Kip1 was determined using
specific antibodies. P35 and Cdk5 were visualized by a
rhodamine-labeled secondary antibody (Figure 6A, a and b),
whereas p27Kip1 was labeled with an FITC antibody (Figure
6A, c and d). In Figure 6A, g and h, the overlap indicates that
p27Kip1 does in fact colocalize with Cdk5/p35 in mature
neurons. To confirm this, lysates of Cdk5�/� NSCs after 5-d

Figure 4. The extent of apoptosis is similar in cultured
Cdk5�/� and Cdk5�/� NSCs. After sorting, aliquots of
NSCs were cultured for 3 d in bFGF (or without bFGF)
and prepared for a TUNEL assay to determine the ex-
tent of apoptosis. (A) Using propidium iodide to mea-
sure total DNA content, a flow cytometric histogram
analysis shows that the levels of apoptotic (hypodip-
loid) cells is similar in both NSC populations (compare
M1 values). Peak of diploid G0/G1 cells, S-phase cells,
and small peak of tetraploid G0/M cells are also similar,
indicating no appreciable difference in cell cycle kinetics
between Cdk5�/� and Cdk5�/� NSCs. (B) Bar graph
shows the percent of TUNEL-positive cells of Cdk5�/�

and Cdk5�/� cultures after assay normalized to the
Cdk5�/� control.
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bFGF withdrawal were immunoprecipitated with Cdk5 or
with p35 and control antibodies and were detected by West-
ern blot with p27Kip1 antibody (Figure 6B). We found that
p27Kip1 was coimmunoprecipitated with both Cdk5 and p35
but not with the control antibody. The reciprocal immuno-
precipitation of Cdk5�/� NSC lysate with antibody to
p27Kip1 pulls down Cdk5 and p35, although the negative
IgG control showed some expression (Figure 6C). This is
consistent with the ICC data and confirms in vivo colocal-
ization of the active kinase with its specific substrate,
p27Kip1.

Cdk5 Activity Correlates with Increased p27Kip1

Expression during Neural Differentiation
To determine whether regulation of Cdk5 and its activator,
p35, were related to neural stem cell differentiation, bFGF

was removed from Cdk5�/� NSC cultures for 7 d to initiate
differentiation. Using this strategy, we were able to follow
the timing of the expression of Cdk5, p35, and p27Kip1

during the course of differentiation. Figure 7A shows the
double-labeled ICC assays used to determine the expression
of BrdU (FITC) and Tuj1 (rhodamine) on day 0 (a), day 1 (b),
day 3 (c), and day 7 (d). We observed the appearance of
TuJ1-labeled neurites at day 3 and day 7. Lysates of similar
cultures were used for Western blot analysis, which showed
that endogenous Cdk5 was expressed in bFGF-treated NSC
cultures, that p35 was absent, and that p27Kip1 was weakly
expressed (Figure 7B, lane 1). After removal of bFGF, p35
was expressed weakly only at day 1, and Cdk5 expression
was modestly increased between day 3 and 7. p35, however,
robustly increased from day 1 to day 7, correlating with the
appearance of neurites. p27Kip1 expression also increased

Figure 5. Phosphorylation of p27Kip1 and analysis of peptides derived from p27Kip1 to identify the potential site phosphorylated by Cdk5.
(A) Phosphorylation of p27Kip1 by Cdk5. In the absence of recombinant p27Kip1, we used a p27Kip1 immunoprecipitation (IP) of E16 brain
lysate as substrate for a Cdk5 kinase assay. The radioautograph shows that p27Kip1 is phosphorylated by the active Cdk5/p35 complex. (B)
A diagram of the p27Kip1 protein sequence is shown with its Cdk5-binding domain at the N-terminus. Below, a Cdk5 consensus sequence
is shown within conserved residues 182-194 of p27Kip1 from mouse, rat, and human. Thr187 in p27Kip1 occupies a Cdk5 consensus motif,
TPKK. Two mutants were constructed as shown: mutant 1 with alanine replacing threonine 187 and mutant 2 with an alanine substitution
at threonine 183 as a control. (C) The Cdk5�/� and mutant peptides were used as substrates in vitro kinase assays using Cdk5
immunoprecipitated from brain lysates. The bar graph, based on three experiments, shows the control mutant 2 (183A) exhibited a level of
phosphorylation comparable to a wild-type (WT) peptide, whereas mutant 1 (187A) showed activity equivalent to the roscovitine-inhibited
activity of the WT peptide. (D) Western blots of lysates from E16 Cdk5�/� and Cdk5�/� cultured cortical neurons were probed with
antibodies to p27Kip1 and a specific phospho-p27Kip1, phosphorylated at Thr187. Compared with the WT, a reduced expression of
phospho-p27Kip1 (approximately one-third, as indicated in the bar graph, n � 3) could be detected in the Cdk5�/� lysates, although the
expression of total p27Kip1 was equivalent in both. (E) Densitometry analysis of p-p27(T187) from Cdk5�/� and Cdk5�/� cultured cortical
neurons (F) Immunocytochemical assays of cortical neurons using the phospho-Thr187-p27Kip1 antibody to confirm the absence of expression
in the Cdk5�/� neurons compared with Cdk5�/� neurons. Bar, 10 �m.
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significantly from day 1 to day 7 (Figure 7B). Cdk5 kinase
activity also increased after removal of bFGF, matching the
up-regulation of p35 (Figure 7C). In contrast to Cdk5, Cdk2
kinase activity, a key cell cycle kinase, decreased dramati-
cally after removal of bFGF, presumably reflecting the ki-
netics of p27Kip1 expression (Figure 7D). These data are
consistent with the view that the process of exiting the cell
cycle is tightly coupled to the early stages of neural stem cell
differentiation and the robust expression of p27Kip1.

Cdk5 Phosphorylation of p27Kip1 at Thr187 Correlates
with the Onset of NSC Differentiation
Because Cdk5�/� embryos were limited, sizeable KO NSCs
were not always readily available, making it difficult to
compare the time course of differentiation with the WT
cultures studied above. Instead, we could easily prepare
Cdk5�/� NSCs according to our negative selection proce-
dure and grow these into relatively large proliferating pop-
ulations in the presence of bFGF. Our intent was to transfect
these Cdk5�/� NSC cultures with Cdk5 siRNA as a model
of Cdk5�/� NSCs, recognizing the unlikelihood of com-
pletely down-regulating Cdk5 activity to a level equivalent
to that of a Cdk5�/�. We prepared control nonsilencing and
Cdk5 siRNAs (silencing) sense and antisense sequences,
with Cdk5 siRNA designed against the mouse Cdk5 cDNA
nucleotide sequence spanning base pairs 732–757. The con-
trol nonsilencing sequences were, sense and antisense

5�r(UUCUCCGAACGUGUCACGU)d(TT)3� and 5�r(ACGU-
GACACGUUCGGAGAA)d(TT)-3�, respectively, whereas Cdk5
siRNA sense and antisense sequences were 5�r(CAUGAC-
CAAGCUGCCAGACUAUAAG)d(TT)3� and 5�r(CUUAUAGU-
CUGGCAGCUUGGUCAUG)d(TT)-3�, respectively. The sense
and antisense strands were annealed to create the double-
stranded siRNA at a 20 �M concentration. Final concentrations
(20 nM) of siRNAs were transfected into WT E13 mouse NSCs
(after sorting) using the Lipofectamine 2000 reagent according
to the manufacturer’s (Invitrogen) instructions. After 48-h
transfection, bFGF was removed, and cells were harvested and
lysed at 1, 3, 5, and 7 d for Western blot analyses. Initially we
compared the expression levels and activities of Cdk5 in cul-
tures transfected with control and silencing Cdk5 siRNA (Fig-
ure 8, A and B). The results show that Cdk5 activity was
down-regulated �50% in Cdk5 siRNA-transfected cultures, a
level that is significantly greater than that seen in the Cdk5�/�

cells. Nevertheless, when induced to differentiate in the ab-
sence of bFGF for 7 d, the expression of Cdk5 was significantly
reduced in the Cdk5 siRNA-treated cells compared with con-
trol (Figure 8C), accompanied by a reduction in neurite out-
growth and Tuj1 expression. This correlated with the reduced
expression of phosphorylated p27Kip1 (p-p27Kip1; at Thr187)
and even the total p27Kip1 (Figure 8C). The histogram in Figure

Figure 6. P27Kip1 colocalized and associated with Cdk5 and p35.
(A) Cortical neurons were prepared for immunocytochemistry and
labeled with antibodies to p35 or Cdk5 (rhodamine) together with
an antibody to p27Kip1 (FITC). Colocalization is seen for p27Kip1 and
the Cdk5/p35 complex. Compare a, c, e, and g with b, d, f, and h.
Bar, 10 �m. (B) Cdk5�/� NSC were deprived of bFGF for 5 d and
fixed. NSCs were lysed and used for a p35 immunoprecipitation (IP;
antibody C19) and a Cdk5 IP (C8) and probed with an antibody to
p27Kip1. P27Kip1 coimmunoprecipitates in each case. (C) A reciprocal
IP was carried out on lysates of Cdk5�/� NSCs deprived of bFGF
for 3 d using antibody to p27Kip1. The blots were probed with
antibodies to Cdk5 and p35.

Figure 7. P27Kip1 expression is up-regulated during NSC differen-
tiation. (A) Cdk5�/� NSC were depleted of bFGF and cultured for
7 d to promote neural differentiation. At different time points cells
were assayed immunocytochemically with antibodies to BrdU and
TuJ1 so as to monitor proliferating and differentiating cells. Panels
a–d display a progressive increase in TuJ1 expression in neurites as
cells differentiate. Bar, 50 �m. (B) During the same time course, cells
were lysed and prepared for Western blots using an antibody to
p27Kip1. p27Kip1 expression increased dramatically during the same
time course together with p35 and Cdk5. (C) Cdk5 IPs were pre-
pared from lysates at different times after bFGF depletion and
assayed for kinase activity. The bar graph indicates that Cdk5
activity increases rapidly over the same time course of neural dif-
ferentiation. (D) Cdk2 immunoprecipitations were prepared from
cells over the same time course and assayed for kinase activity.
Decline in activity correlates with cell cycle exit and neural differ-
entiation. Data in C and D represent mean � SEM of three experi-
ments.
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8D quantifies the change in density of p-p27Kip1 expression in
control and siRNA-treated NSC during the 7-d period of in-
duced differentiation. The dramatic reduction of p-p27Kip1 ex-
pression, as a consequence of the reduced Cdk5 activity, is
consistent with the hypothesis that in addition to the up-reg-
ulation of p27Kip1, its phosphorylation by Cdk5 at Thr187 is
necessary for the induction of neural differentiation in NSCs.

p27Kip1 Is Involved in NSC Differentiation into Neurons
Previous reports have demonstrated the key role of p27Kip1

in neural differentiation (Nguyen et al., 2006 a.b.c.; Kawauchi
et al., 2006). In our study, we set out to determine whether
p27Kip1 was indeed involved in differentiation of NSCs. Our
approach was based on the use of a siRNA to knock down
p27Kip1 expression in Cdk5�/� neural stem cells. We di-
rectly transfected the p27Kip1 siRNAs (Sense: 5�-AAGTAC-
GAGTGGCAAGAGGTG-3� and antisense: 5�-CACCTCTT-
GCCACTCGTACTT-3�) into expanded Cdk5�/� NSCs with
Trans Messenger transfection reagent (Qiagen, MD). To
monitor p27Kip1 expression and NSC differentiation, bFGF
was withdrawn for 5 d 72 h after transfection, in order to
promote neural differentiation. The expression of p27Kip1

and NF-M was detected by Western blot analysis of lysates
(Figure 9, A and B). Both p27Kip1 and NF-M expression were
significantly inhibited, consistent with the ICC experiment
in Figure 9C, which shows a reduced population of neurons
expressing p27Kip1 in the presence of p27Kip1 siRNA. These
results are consistent with the view that p27Kip1 is a key
player in NSC neurogenesis (Kawauchi et al., 2006; Nguyen
et al., 2006a) and that Thr187 is a key site of Cdk5 phosphor-
ylation.

p27kip1 Phosphorylated at Thr187 by Cdk5 Is Sufficient for
NSC Differentiation
To directly investigate whether Cdk5 phosphorylation of
p27 at Thr187 is involved in regulating neuronal differenti-
ation of NSC, we transfected hemagglutinin (HA)-tagged
p27 mutant Thr187A or the HA wild-type p27 expression
plasmid into Cdk5�/�NSCs, which were expanded in pres-
ence of bFGF. After removal of bFGF for 3 d, the cells were
double-labeled with anti-TuJ1 and anti-HA antibodies, and
the respective number of double-labeled cells was compared

(i.e., the numbers of HA-transfected cells expressing TuJ1;
Figure 10A, a and b). To further confirm that Cdk5 phos-
phorylation of p27Kip1 at Thr187 plays a critical role in
neuronal differentiation of NSCs, we conducted an experi-

Figure 8. p27Kip1 is decreased during neural dif-
ferentiation in Cdk5 siRNA knockdown of NSCs.
E13 telencephalic NSCs were isolated, induced to
proliferate for 4 d with bFGF, and sorted by nega-
tive selection (see Materials and Methods). After sort-
ing, cells were replated with bFGF and transfected
with control and Cdk5 siRNA. After 48-h transfec-
tion, bFGF was removed and cells were harvested
at days 0 (�bFGF), 1, 3, 5, and 7. Cell lysates were
subjected to Western blotting and kinase assays.
(A) Expression of Cdk5 and histone H1 phosphor-
ylation in control and Cdk5 siRNA-transfected
cells. (B) Autoradiograph and bar graph show that
Cdk5 activity in Cdk5 siRNA-transfected cells is
reduced by more than 50%. (C) A time course of
Cdk5 phosphorylation at Thr187 after removal of
bFGF in both control siRNA and Cdk5 siRNA
cells. The first two panels show the expression of
Cdk5 and p35 respectively; the third panel is the
expression of phosph-p27Kip1 (Thr187), and the
bottom panel represents total p27Kip1. (D) A bar
graph shows a quantitative comparison of p27Kip1

phosphorylation between control and Cdk5
knockdown cells as a ratio of p-p27Kip1 to total
p27Kip1. Data represent mean � SEM of three
different experiments.

Figure 9. Inhibition of neurogenesis by small interfering RNA
(siRNA) of p27Kip1. (A) Expanded populations of Cdk5�/� NSCs
were transfected with the sense and antisense p27Kip1 siRNAs,
respectively, and then deprived of bFGF for 5 d to induce neural
differentiation. Western blots of lysates of each cell population were
probed with antibodies to p27Kip1 and NF-M. Sample blots of three
separate experiments are shown. (B) Bar graphs showing the data
(mean density) from A, quantified from three experiments (means �
SEM). (C) Aliquots of cells treated as in A above were prepared for
immunocytochemistry and stained with antibody to p27Kip1 to con-
firm reduced p27Kip1 expression in cells transfected with p27Kip1

siRNA. Scale bar, 20 �m.
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ment to determine whether neural stem cells prevented from
differentiating, as above, by transfected mutant p27Kip1

(p27/187A) could be rescued by a phosphorylation-mimick-
ing mutant p27/187D. We transfected expanded Cdk5�/�

neural stem cells with a nonphosphorylatable mutant, p27/
187A (His-tag, mut A) or a phosphorylation-mimicking mu-
tant, p27/187D (Myc-tag, mut D), respectively, or with both
p27/187A and p27/187D together (mut D/A). Two days
after transfection, bFGF was removed, and cells were ex-
panded for 5 more days to differentiate. Afterward, cells
were coimmunostained with anti-Myc, anti-His, and Tuj1
antibodies, respectively (Figure 10, B–E). Cells expressing
mut D, were positive for both Myc and Tuj1 and showed
many neurons with well-developed neurite processes (Fig-
ure 10B, a–d). On the other hand, His-positive cells express-
ing only the mutant p27/187A (Figure 10C, e–h) had
blunted neuritic processes, indicating a stalled neuronal dif-
ferentiation. Differentiation was reduced to �20% compared
with the p27/187D control (Figure 10E). Double-labeled
cells, expressing Myc and His, harboring both the mutants,
p27/187D and p27/187A, revealed well-developed neurites
(Figure 10D, i–l). When immunostained with the neuronal
marker, Tuj1, almost all resembled the cells shown in (10Ba),

indicating uncompromised neuronal differentiation; 80% of
double-labeled cells were rescued (10E). These data suggest
that the phosphorylation-mimicking form p27/187D can
rescue the inhibitory effect on neurogenesis by the mutated
p27/187A. Furthermore, these results implicate Cdk5-medi-
ated phosphorylation of the p27Kip1 Thr 187 site as a key
event in neural differentiation of NSC. Because Ser-10 is
phosphorylated by Cdk5 under these conditions, it was
necessary to determine whether Ser10 played any role in the
differentiation process. Accordingly, a set of experiments
were carried out using Ser10A (nonphosphorylatable mu-
tant), and Ser10D (a phospho-mimicking mutant).

Effect of Cdk5 Phosphorylation of Ser10-p27Kip1 in NSCs
Differentiation
Because Cdk5 phosphorylates both Ser10 and Thr187, in the
experiment above it is likely that Ser10 was phosphorylated
in both expressed mutant proteins. If Ser10 phosphorylation
is implicated in neuronal migration as reported (Kawauchi
et al., 2006), it is possible that Ser10 phosphorylation also
contributes to the process of neuronal differentiation. To
explore the role of Ser10 phosphorylation in neural differ-
entiation, we first examined the effect of Cdk5 siRNA on

Figure 10. Transfection of mutant p27Kip1 (p27/187A) into NSCs inhibits neurodifferentiation. (A) Expanded cultures of Cdk5�/� NSCs
were transfected with HA-tagged plasmids containing WT p27Kip1 (a) or mutant p27Kip1 (p27/187A) (b) then deprived of bFGF for 3 d to
induce neuronal differentiation. In immunocytochemical assays, cells were double-labeled with HA antibody (FITC) to identify p27Kip1-
transfected cells (arrows) and TuJ1 (rhodamine) to mark neurons or neural progenitors (arrowheads). A sample field of cells transfected with
the WT p27Kip1 is compared with a field of cells with the mutant p27Kip1. (B) Cells expressing with the phosphorylation-mimicking form
p27/187D (Myc-tagged) showed many neurons with well-developed neurite processes (a–d); (C) cells expressing the mutant p27/187A
(His-tagged) had blunted neuritic processes (e–h); (D) cells with double expressing mutants p27/187D and A display well-developed TuJ1
stained neurites (i–l), which suggest that the phosphorylation-mimicking mutant 187D rescued the nonphosphorylation-mimetic form, 187A.
(E) NSCs with well-developed neurites reflecting unperturbed neuronal differentiation were counted in order to determine the relative rate
of differentiation in the total cell population. The histogram expresses the neurodifferentiation rate (% of cells with well-developed neurites
as opposed to cells with blunted neurites or no neurites), as obtained from the experiment presented in A–D. Scale bar, 20 �m.
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neurite outgrowth as seen in an ICC of Cdk5�/� NSCs
deprived of bFGF for 3 d (Figure 11A). In cells treated with
Cdk5 siRNA, one can assume that both sites, Ser10 and
Thr187, are poorly phosphorylated compared with controls.
The elaborate TuJ1-stained neurite network seen in the con-
trol siRNA panel above (a and d) is absent in the lower panel
of cells expressing Cdk5 siRNA. Though cell bodies express
TuJ1 weakly (e and h), in the absence of Cdk5 activity,
neurite outgrowth is inhibited and TuJ1 is not expressed in
neurites. The phosphorylation of Ser10 p27Kip1 is seen in cell
bodies and neurites of control cells (Figure 11B, a–c),
whereas cells in which Cdk5 is down-regulated by the
siRNA exhibit a weak expression of p-Ser10 p27Kip1 and no
extensive neurite outgrowth (Figure 11B, d–f). These results
suggest that neural differentiation as defined by TuJ1 expres-
sion and neurite outgrowth may depend on Cdk5 phosphor-
ylation at both sites.

This conclusion was further tested by experiments with
Ser10 mutants, a phosphomimetic Ser10D p27Kip1 and a
nonphosphorylatable Ser10A p27 mutant, both Myc tagged.
Mutants were individually transfected into expanded
Cdk5�/� NSCs followed by 3 d of bFGF withdrawal to
promote neural differentiation (Figure 12). The WT p27Kip1

myc tag–transfected control cells display robust TuJ1 expres-
sion in perikarya and in long neurites (a–c). A similar pat-
tern is observed in cells expressing the Ser10D phospho-
mimicking mutant (d–f). Cells transfected with the Ser10A
nonphosphorylatable mutant, however, are not profoundly
differentiated compared with S10D or WT. p27Kip1-trans-
fected cells, as we can see form short neurites with a reduced
TuJ1 expression (g–i). For each of these mutants, it is likely
that the Thr187 site was phosphorylated, which suggests
that although cells were induced to differentiate with acti-

vation of TuJ1 expression, in the absence of Ser10 phosphor-
ylation in the Ser10A-p27Kip1 mutant, extensive neurite out-
growth with TuJ1 expression did not occur. The data suggest
that phosphorylation of both sites by Cdk5 may be necessary
and sufficient for the full expression of neuronal differenti-
ation.

DISCUSSION

To study the role of Cdk5 in early cortical neurogenesis, we
isolated uncommitted NSCs from the telencephalon of E13
WT and Cdk5�/� mouse brains using a negative selection
cell-sorting strategy previously developed for rat cortical
neurons (Maric et al., 2003, 2007; Maric and Barker, 2004,
2005). Both cell populations proliferated actively for many
generations in the presence of bFGF, were nestin positive,
expressed no surface epitopes characteristic of neural or glial
progenitors and were equally apoptotic. Self renewal of
Cdk5�/� and Cdk5�/� E13 cortex was further confirmed by
BrdU expression and the equivalent formation of secondary
neurospheres. When challenged with bFGF removal, these
cells differentiated into lineage-restricted neuronal progeni-
tors (TuJ1�, NF-M�) and astroglial (GFAP) phenotypes.
These cells meet NSC criteria: they are self-renewing for
many generations and differentiate into neuronal and glial
phenotypes. Cdk5�/� cells, however, exhibited a reduction
in the neurogenic output (TuJ1- and NF-M–positive cells)
compared with Cdk5 WT. This suggested that Cdk5 is es-
sential for neuronal differentiation.

Our data showing Cdk5 phosphorylation of p27Kip1 at
Thr187 in NSC is consistent with previous studies on neural
differentiation. p27Kip1 has been implicated in inducing cell
cycle arrest in promoting neurogenesis in the retina and

Figure 11. Effect of Cdk5 phosphorylation of
p27Kip1 Ser10 in neural stem cell differentia-
tion. (A) E13 WT NSCs were expanded in
bFGF, transfected with control siRNA and
Cdk5 siRNA for 48 h and then deprived of
bFGF for 3 d to differentiate as neurons. Cells
were plated for ICC analysis using TuJ1 ex-
pression as a measure of differentiation. Con-
trol cells are in a–d (top) and Cdk5 siRNA-
transfected cells in e–h (bottom). (B) A similar
sample of transfected cells shows the expres-
sion pattern of phospho-Ser10-p27Kip1 anti-
body in the control cells (a–c, top) and in Cdk5
siRNA-transfected cells (d–f, bottom). Scale
bar, 20 �m.
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developing CNS (Ohnuma et al., 1999; Farah et al., 2000;
Vernon et al., 2003; Vernon and Philpott, 2003). Though
neurons do differentiate and migrate in the p27Kip1 null
mouse (probably compensated by other cell cycle inhibitors
such as p21Cip1), abnormal patterns of cell cycle exit affect
the numbers of mature projection neurons that arise and
populate specific cortical layers (Goto et al., 2004; Gui et al.,
2007).

p27Kip1 plays a dual role in neurogenesis (Ohnuma et al.,
1999; Vernon et al., 2003; Vernon and Philpott, 2003; Nguyen
et al., 2006a,b). Overlapping domains in the N-terminal re-
gion of p27Kip1 independently terminate progenitor cell cy-
cles and determine neuronal cell fate by stabilizing the pro-
neural gene neurogenin2, an upstream bHLH transcription
factor (Nguyen et al., 2006a). Recently, Cdk5 regulation of
neuronal migration has been proposed by virtue of phos-
phorylating p27Kip1 at Ser10, thus stabilizing phospho-
p27Kip1 and regulating actin dynamics (Kawauchi et al.,
2006). The S10 phosphorylation of p27Kip1 by Cdk5 is shown
to stabilize the p27Kip1 protein levels (Kawauchi et al., 2006).

We found that neuronal differentiation of Cdk5�/� NSCs,
in the absence of bFGF is dependent on the up-regulation of
p27Kip1and its phosphorylation at Thr187. This correlates
with cell cycle exit as seen in the progressive decline of
Cdc2 activity, and the appearance of TuJ1-positive neu-
rites. In the absence of Cdk5, NSCs exhibit a significant
decrease in TuJ1 and NF-M–positive neurons and p27Kip1

phosphorylated at Thr187. More compelling is the demon-
stration of reduced TuJ1-positive neurons compared with the
Cdk5�/� control, after transfection of Cdk5�/� NSCs with a
mutant, nonphosphorylatable (Thr187A) p27Kip1. Moreover,
such Cdk5�/� NSC, blocked in neural differentiation by a
transfected p27/187A, were rescued when cotransfected

with the phosphomimetic p27/Thr187D mutant; cells exhib-
ited a dramatic improvement in neuronal morphology com-
pared with p27/Thr187A expressing cells, with extended
neurites and intense TuJ1 expression. It would appear that it
is sufficient to provide a phosphorylation-mimicking p27Kip1

Thr 187site in order for NSC to differentiate as neuronal
progenitors. However, because both p27Kip1 mutants in
these experiments possess a phosphorylatable N-terminal
Ser10 site, it is likely that under the conditions of the exper-
iment, this site was also phosphorylated by Cdk5 in all cells
(Kawauchi et al., 2006). Because phosphorylation at the Ser10
site promotes neuronal migration, it was necessary to deter-
mine if this site plays any role in the differentiation process.
Initially we showed that the Ser10 site is indeed phosphor-
ylated by Cdk5 in NSC and promotes outgrowth of TuJ1-
positive neurites. Cells expressing the Ser10A mutant, how-
ever, failed to form extended neurites. Because the Thr187
site on this mutant was phosphorylated, transfected cells
exhibited a low level of TuJ1 expression as if differentiation
had been initiated. Evidently for the formation of fully dif-
ferentiated neurons, both the Ser10 and the Thr 187 site need
to be phosphorylated.

In cycling cells, the levels of p27Kip1 regulate the division
cycle; high levels promote cell cycle exit, whereas low levels
of p27Kip1 characterize proliferating cells. p27Kip1 protein
levels are regulated at translation and at protein turnover.
p27Kip1 is phosphorylated by Cdk2-cyclin E at Thr 187,
which prepares it for ubiquitination via a Skp-2 ligase com-
plex during the S-G1 phase of the cell cycle in preparation
for the next round of replication (Pagano et al., 1995; Sheaff
et al., 1997; Vlach et al., 1997; Montagnoli et al., 1999; Tsvet-
kov et al., 1999). In the G0-G1 phase, however, p27Kip1 phos-
phorylation and degradation are low, which means that

Figure 12. Phosphorylation of Ser10 of p27Kip1 is in-
volved in neurite outgrowth. (A) Cdk5�/� NSCs were
expanded in bFGF for 3 d and then transfected with
Myc-tagged vectors bearing WT p27Kip1 (a–c), phospho-
mimicking p27/10D (d–f) and nonphosphorylatable
mutant the p27/10A (g–i). After removal of bFGF for 3 d
to induce neuronal differentiation, cells were fixed and
prepared for ICC, and immunoprobed with antibody to
TuJ1 and Myc. Scale bar, 20 �m. (B) The histogram
represents % of cells with well-developed neurites as
opposed to cells with blunted neurites or no neurites, as
obtained from four independent experiments.
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p27Kip1 levels are high presumably as cells leave the cell
cycle, a condition one would expect to find in progenitor and
postmitotic neurons. In fact in NSCs, phosphorylated p27/
Thr187 accumulates as cells differentiate into neurons. In
transgenic mice expressing the mutant p27/Thr187A gene,
there are alternative Skp-2 independent pathways for
p27Kip1 degradation that regulate proliferation during de-
velopment (Malek et al., 2001).

In neurons Cdk5 phosphorylates p27Kip1 at both sites,
Ser10 and Thr187 with the former phosphorylation site sta-
bilizing and increasing p27Kip1 protein in the cytoplasm, as
neurons migrate (Kawauchi et al., 2006). In the absence of
Thr187 phosphorylation, as is the case in the p27/Thr187A
mouse transgenic cited above, does Ser10 phosphorylation
compensate by stabilizing p27Kip1 to promote neuronal dif-
ferentiation as well as migration? Our data for NSC in vitro
suggest that this does not occur; only a phosphomimetic
Thr187 mutant (p27/Thr187D) together with Ser10 phos-
phorylated p27Kip1 is sufficient to rescue NSC blocked by the
nonphosphorylatable mutant p27/Thr187A. It appears that
regulation of p27Kip1 in neurons during differentiation dif-
fers fundamentally in vitro and in vivo. But how?

In neurons, in contrast to cell cycle Cdks, Cdk5/35 is
protected from inhibition by p27Kip1 (Lee et al., 1996). This
makes sense because Cdk5/p35 is essential for normal cor-
ticogenesis (Oshima et al., 1996). Because of its multiple
domains, p27Kip1 is implicated in cell cycle exit, differentia-
tion, and migration in neuronal development (Nguyen et al.,
2006a,b). Each domain, N- as well as C-terminal, may re-
quire phosphorylation to launch neurogenesis. If phosphor-
ylation at the Thr187 site is blocked as in the p27/Thr187A
mutant, another site in the C-terminal region may be phos-
phorylated to compensate. In fact, a third proline-directed
phosphorylation site at Ser178 does exist and is phosphory-
latable (Rodier et al., 2001). Hence, in the absence of phos-
phorylation at Thr187, a compensatory phosphorylation at
Ser178, together with the phosphorylation at Ser10, may be
sufficient to initiate neurogenesis. Compensatory phosphor-
ylation at Thr178 may come about only in situ where mito-
gens and other niche factors from radial glial, ependymal,
and endothelial cells, including extracellular matrix, are
known to play a key role in neural differentiation in the
embryo and the adult (Goldberg and Hirschi, 2009; Illes et
al., 2009; Miller and Gauthier-Fisher, 2009; Williams and
Lavik, 2009). Accordingly, in the p27/Thr 187A transgenic in
vivo, we suggest that a combination of niche factors and cell
interactions signal a compensatory phosphorylation in the
C-terminal domain or evoke an alternative pathway to neu-
rogenesis. In the absence of such niche factors, NSCs in
vitro, expressing the p27/Thr187A mutation, do not sig-
nal the compensatory phosphorylation and only respond
positively to the introduction of the phospho-mimetic mu-
tation p27/Thr187D. In cultured NSCs, phosphorylation of
Thr 187 of p27Kip1 by Cdk5, seems to be necessary, and to
promote neural differentiation.
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