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ABSTRACT

During neurogenesis, cell cycle regulators play a pivotal
role in ensuring proper proliferation, cell cycle exit, and
differentiation of neural precursors. However, the pre-

cise role of cyclin-dependent kinases (Cdks) in these
processes is not well understood. We generated Cdk2

and Cdk4 double knockout (DKO) mice and found a
striking ablation of the intermediate zone and cortical
plate in mouse embryonic brain. When neural stem cells

(NSCs) were isolated and analyzed, DKO NSCs prolifer-
ated comparable to wild type as Cdk1 now binds to

cyclin D1 and E1 and assumes the role vacated by the
loss of Cdk2 and Cdk4 in phosphorylating Rb. Although

compensation was sufficient for the maintenance of self-
renewal and multilineage potential, DKO NSCs dis-
played an altered cell cycle profile and were more prone

to neuronal differentiation. This was manifested in vivo
as a marked reduction in S-phase length and an

increased tendency for neurogenic divisions that pre-
vented proper expansion of the basal progenitor pool.
Our data thus demonstrate the induction of neurogenic

divisions in the absence of critical mediators of G1/S
transition—Cdk2 and Cdk4, and highlight their evolu-

tionary importance in the determination of cortical
thickness. STEM CELLS 2012;30:1509–1520

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

The formation of the central nervous system (CNS) is an
intricate process requiring a tightly regulated balance between
proliferation of neural stem cells (NSCs) and their differentia-
tion into various cell types including astrocytes, neurons, and
oligodendrocytes. Proliferation is associated with symmetric
cell division where each NSC generates two identical daugh-
ter stem cells. Conversely, differentiation involves either
asymmetric cell division where each NSC generates a daugh-
ter stem cell and a differentiated cell or symmetric cell divi-
sion where each NSC generates two differentiated cells [1].
During neurodevelopment, an increasing proportion of NSCs
switch from proliferative to differentiative divisions, thereby
contributing to the emergence of a multilayered cortex and
ultimately establishing the size of the adult brain [2]. Under-
standing the factors that govern the mode of division is the
key to resolving numerous neurological disorders that are
commonly linked to either a proliferative or a differentiative
defect.

One of the factors believed to play a crucial role in influ-
encing the cell’s decision to proliferate or differentiate is the
length of G1 [2–4]. Other than being a gap period in which
cell growth occurs, G1 is also a critical time when cells inte-
grate signals from their environment that will determine the
mode of division and shape their eventual fate. As such, G1
represents a ‘‘window of opportunity’’ where cells can be

responsive to extrinsic differentiation cues [5, 6]. It is known
that NSCs maintain a short G1 early on in neurodevelopment,
presumably to shield against differentiating stimuli and pre-
serve a self-renewing state. However, cell cycle remodeling
occurs as development proceeds and the length of G1
increases as NSCs gradually adopt more specified identities
[1, 2, 7, 8]. Neurogenesis ultimately results in a complete
shut down of the cell cycle and the generation of postmitotic
neuronal or glial cells.

Progression from G1 into S-phase was originally
believed to be controlled by specific interphase cyclin-de-
pendent kinase (Cdk)/cyclin complexes. In particular, Cdk4/
6 and Cdk2 together with their respective cyclin partners
phosphorylate and inactivate Rb, thereby relieving its repres-
sion of the E2F family of transcription factors and allowing
the transcription of genes necessary for driving the G1/S
transition. However, recent work on mutant mice has pro-
vided novel insights into the regulation of the mammalian
cell cycle. For example, Cdk4 knockout mice survive into
adulthood but are smaller in size due to a slight delay in cell
cycle progression [9, 10]. Similarly, Cdk2 knockout mice are
viable and do not display any appreciable phenotypes apart
from meiotic defects in germ cells [11, 12]. These observa-
tions imply that interphase Cdks are functionally redundant
and can compensate for the absence of one another [13–15].
Indeed, concurrent loss of Cdk2 and Cdk4 resulted in embry-
onic lethality at around E15 due to heart defects [16]. Pri-
mary mouse embryonic fibroblasts (MEFs) isolated from
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double knockout (DKO) embryos are characterized by exten-
sive Rb hypophosphorylation, severely compromised prolif-
eration, and premature senescence. These defects in DKO
MEFs are rescued by deleting Rb [17] or p53 [18]. More
importantly, the ability of DKO embryos to develop until
midgestation suggests that the stem cells are still capable of
productive divisions even in the absence of Cdk2 and Cdk4
[15].

There is cumulative evidence suggesting a pivotal role
for components of the cell cycle machinery in modulating
not just the rate of division but also the type of division
(proliferative vs. differentiative) NSCs undergo [3, 19–24].
In particular, it has been suggested that the concurrent inhi-
bition of Cdk1 and Cdk2 using either chemical treatment
with olomoucine or RNA interference with antisense oligo-
nucleotides was sufficient to induce neuronal differentiation
in PC12 cells in vitro [25]. This implies that Cdk activity is
directly involved in the maintenance of a proliferative state
while suppressing the onset of neurogenesis, and the loss of
Cdk is not a secondary effect of the withdrawal from cell
cycling. Calegari and Huttner substantiated this notion using
olomoucine at a reduced concentration to demonstrate that
the slow down in G1/S transition as a consequence of Cdk
inhibition was sufficient to trigger premature neurogenesis in
a whole mouse embryo culture [26]. In this study, the
lengthening of G1 was purported as a cause, rather than a
consequence, of neuronal differentiation. The same group
went on to demonstrate that Cdk4/cyclin D1 overexpression
alone was effective in preventing G1 lengthening and neuro-
genesis, leading to an expansion of the neural progenitor
population in both the developing and adult mouse brain
[27, 28].

Although previous reports have shown the abrogation of
neuronal differentiation when overexpressing Cdk4/cyclin
D1 complexes, the consequences of the loss of interphase
Cdks in neurodevelopment have not been investigated in
vivo, other than indirectly through the use of chemical
inhibitors. We hypothesize that the loss of crucial inter-
phase Cdks would alter cell cycle kinetics in NSCs and
significantly impact neuronal differentiation. To address
these possibilities, we analyzed knockout mice lacking both
Cdk2 and Cdk4, where we observed a striking ablation of
the intermediate zone (IZ) and cortical plate (CP). When
NSCs were isolated, we found that they retained the ability
to divide even in the absence of Cdk2 and Cdk4. In addi-
tion, we detected increased binding of Cdk1 to cyclin D1
and E1 and elevated Cdk1-associated kinase activities in
DKO NSCs, suggesting that compensation by Cdk1 was the
underlying reason for continued proliferation. More impor-
tantly, DKO NSCs were predisposed toward neuronal dif-
ferentiation that impeded the expansion of basal progenitors
(BPs) in the developing mouse brain. Taken together, our
study highlights the importance of cell-type-specific
responses to the loss of interphase Cdks and demonstrates
a switch from proliferative to neurogenic divisions in NSCs
that have lost Cdk2 and Cdk4 concurrently. Based on these
findings, we propose that interphase Cdks are key regula-
tors that coordinate cell cycle exit and differentiation dur-
ing neurogenesis, a function that is vital for the proper de-
velopment of a multilayered cortex.

MATERIALS AND METHODS

For a detailed description of materials and methods, please refer
to Supporting Information Materials and Methods.

RESULTS

The Ventricular Zone is Retained but the IZ and
CP are Diminished in Cdk2

2/2
Cdk4

2/2
Mouse

Embryonic Brain

Considering the functional redundancy that exists within the
Cdk family [13–15], we decided to explore the consequences
of loss of interphase Cdks in mice lacking both Cdk2 and
Cdk4. Cdk2�/�Cdk4�/� DKO embryos die around E15 due to
heart defects [16]. Hematoxylin and eosin (H&E) staining of
E14.5 histological sections indicated that consistent with a
previous report, DKO embryos are generally smaller than
wild-type (WT) littermates [16]. Of interest to this study are
the various abnormalities seen in the DKO embryonic brain,
including larger hindbrain, thinner neocortex, and enlarged
ventricles (Fig. 1A, 1B). A magnified view of the H&E
stained sections revealed that the cytoarchitecture of the DKO
neocortex appeared to be disrupted as boundaries between the
different layers cannot be readily delineated, unlike in the
WT where a clear progression from the ventricular zone (VZ)
to the marginal zone was easily recognized based on the dis-
tinct morphology and organization of cells residing in each
layer (Fig. 1C, 1D). In an attempt to identify the affected
regions, coronal sections of E13.5 WT and DKO embryonic
brains were probed with antibodies against Sox2 or Musashi 1
(Msi1), NSC markers that specifically stain the rapidly divid-
ing VZ and subventricular zone (SVZ). These two germinal
compartments were relatively unaffected by the loss of Cdk2
and Cdk4 since the thickness of the layers was preserved
(Fig. 1E–1H, 1K). However, double-staining with bIII-tubulin,
a widely used marker for postmitotic neurons [29], revealed
that the IZ and outer CP were diminished by more than 46%
in DKO embryonic brains (Fig. 1E–1H, 1K). This accounted
for the reduction in overall thickness of the DKO neocortex
(Fig. 1E–1H, 1K). The same results were also obtained from
sagittal sections at higher magnification (Fig. 1I, 1J). There-
fore, our results suggest that the loss of Cdk2 and Cdk4 has a
major impact on the proper stratification of the mouse embry-
onic brain.

Proliferation of Cdk2
2/2

Cdk4
2/2

NSCs is only
Slightly Impaired

To identify the underlying cause of disruption to the cytoarch-
itecture of the DKO embryonic brain, we analyzed NSCs that
were harvested from the cortex of E13.5 embryos and
expanded in vitro as neurospheres. To ensure that we have
isolated stem cells, immunocytochemistry was performed to
stain for the NSC markers Nestin and Sox2 [30, 31] in cells
that were either part of a neurosphere cluster or an adherent
monolayer. In both cases, majority of the DKO cells dis-
played coexpression of Nestin, a class VI intermediate fila-
ment, in the cytoplasm, and Sox2, a HMG box transcription
factor, in the nucleus (Fig. 2A). The corresponding staining in
adherent WT cells is shown in Supporting Information Figure
S1. Consistent with the heterogeneous nature of the neuro-
sphere culture system [32], approximately 90% of the DKO
cells was double-labeled with Nestin and Sox2, and this per-
centage was similar in WT cells. Therefore, our results indi-
cate that the stem cell characteristics of NSCs in vitro were
not compromised by the loss of Cdk2 and Cdk4, consistent
with the preservation of the VZ and SVZ (Fig. 1), regions in
the mouse embryonic brain where the stem cell population re-
side in vivo.

One possible defect that could have lead to a loss of the
IZ and CP in the DKO mouse embryonic brain was a
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decrease in the proliferative potential of NSCs. Interestingly,
DKO NSCs were able to proliferate and continued to do so
even after an extended period of time in culture, as demon-
strated by the linear, albeit less steep, growth curve in the
modified 3T3 assay (Fig. 2B). This was in striking contrast to
the phenotypes observed in DKO MEFs that displayed a
marked reduction in cumulative cell numbers at every passage
compared to WT, failed to become immortalized, and eventu-
ally ceased to divide after approximately 10 passages (Fig.
2C). This disparity is probably due to the differences in cell
cycle regulation between an undifferentiated cell type such as
stem cells and a differentiated cell type such as fibroblasts,
thereby re-emphasizing the variability in reliance on members
of the Cdk family among different cell types [15]. The aver-
age doubling time for NSCs was 1.3 days for WT and 3.2
days for DKO. In addition, NSCs lacking either Cdk2 or

Cdk4 were isolated and analyzed. Compared to WT controls,
growth rates were virtually identical in Cdk2�/� NSCs (Sup-
porting Information Fig. S2A) and only slightly reduced in
Cdk4�/� NSCs (Supporting Information Fig. S2B), further
substantiating the notion of functional redundancy within the
Cdk family [14].

Cdk2
2/2

Cdk4
2/2

NSCs Retain Cdk1 Expression
and Upregulate Cdk6/cyclin D1 to Promote Cell
Cycle Progression

To investigate the molecular mechanism underlying the ability
of NSCs to divide even in the absence of two well-established
mediators of the G1/S transition, we analyzed the expression
of several regulators at the protein level. We first confirmed
the authenticity of our cell culture system by demonstrating

Figure 1. Analysis of Cdk2�/�Cdk4�/� embryos. (A, B): Histological sections of E14.5 WT (A) and DKO (B) embryos sectioned sagittally
and stained with hematoxylin and eosin. Scale bar ¼ 2 mm. (C, D): �40 Magnification of the neocortex of embryos from (A) and (B). (E–H):

Immunofluorescence staining of E13.5 WT (E, G) and DKO (F, H) embryonic brain sectioned coronally and probed with antibodies against bIII-
tubulin (green), and Sox2 (red; E, F), or Msi1 (red; G, H); �10 Magnification, scale bar ¼ 200 lm. (I, J): Immunofluorescence staining of E13.5
WT (I) and DKO (J) embryonic brain sectioned sagittally and probed with antibodies against bIII-tubulin (green) and Sox2 (red); �20 magnifica-
tion, scale bar ¼ 50 lm. (K): Thickness of E13.5 WT (black-white) and DKO (red-white) neocortex. Based on shape of nuclei and Sox2/bIII-
tubulin double-staining, the neocortex was subdivided into VZ/SVZ and IZ/CP/MZ, and thickness determined for WT (black) and DKO (red).
Data represent mean of four litters, with at least one embryo per genotype per litter. **, p < .005. Abbreviations: CP, cortical plate; DKO, double
knockout; IZ, intermediate zone; Msi1, Musashi1; MZ, marginal zone; SVZ, subventricular zone; VZ, ventricular zone; WT, wild type.
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specific expression of two commonly used NSC markers—
Sox2 and Msi1 [31, 33] in NSCs but not in MEFs (Fig. 3A,
first and second panel from top). The absence of Cdk2 and
Cdk4 was also confirmed in both DKO NSCs and MEFs (Fig.
3A, third and fourth panel). Previously, the reduction in Cdk1
expression due to Rb hypophosphorylation and suppression of
E2F-target gene expression was suggested to be the underly-
ing reason for the lack of proliferation in DKO MEFs [16].
However, in DKO NSCs, Cdk1 protein appears to be only
slightly decreased in agreement with their ability to grow at a
reasonable rate (Fig. 3A, fifth panel). More importantly, Cdk6
protein was substantially elevated in DKO NSCs compared to
WT and double heterozygous (DHet), whereas its level was
comparable across all three genotypes in MEFs (Fig. 3A,
sixth panel). Consistent with the inability to undergo cell divi-
sion, the levels of cyclin A2, B1, E1, and D1 were reduced in
DKO MEFs, but maintained in the actively cycling DKO
NSCs, with cyclin D1 even displaying a slight increase (Fig.
3A, 7th–10th panel). Every Cdk inhibitor analyzed—p16,
p18, p21, and p27—appeared to be expressed at a reduced
level in DKO NSCs compared to WT (Fig. 3A, second to fifth
panel from bottom), perhaps as a form of compensatory
mechanism to alleviate the stress on cell cycle progression
imposed by the loss of Cdk2 and Cdk4. The accumulation of
Cdk6 and cyclin D1 in DKO NSCs occurred at the mRNA
level as demonstrated by the increased amount of transcripts
detected by quantitative real time polymerase chain reaction

(qPCR) in DKO NSCs compared to WT and DHet (Fig. 3B,
3C). The transcript levels of Cdk1 were comparable across all
three genotypes in NSCs, in line with the observed persistence
of the Cdk1 protein in DKO NSCs (Fig. 3D). In contrast to
NSCs, MEFs failed to enhance the mRNA expression of
Cdk6 and cyclin D1 (Supporting Information Fig. S3).

Considering the vast changes to the expression profile of
cell cycle regulators in NSCs that have lost Cdk2 and Cdk4,
we aimed to determine the composition of Cdk/cyclin com-
plexes present. When Cdk1 was immunoprecipitated, similar
amounts of cyclin A2 and B1 were detected in both WT and
DKO NSCs. However, the interactions between Cdk1 with
cyclin D1 and E1 were enhanced in DKO NSCs, and this was
associated with an increase in p27 binding (Fig. 4A, lanes 3
and 4). Similarly, increased levels of cyclin D1 and p27 were
observed in Cdk6 immunoprecipitates obtained from DKO
extracts (Fig. 4A, lanes 5 and 6). When the reciprocal immu-
noprecipitation was conducted and cyclin D1 was pulled
down, Cdk2 and Cdk4 were detected in WT extracts, but in
DKO extracts, Cdk1 and Cdk6 were found (Fig. 4A, lanes 7
and 8). This implies that in the absence of Cdk2 and Cdk4,
cyclin D1 (and p27) binding switched to Cdk1 and Cdk6.

To prove that Cdk1/cyclin D1, Cdk1/cyclin E1, and Cdk6/
cyclin D1 complexes are functional and could compensate for
the loss of Cdk2 and Cdk4 in NSCs, immunoprecipitations
followed by in vitro kinase assays were performed using Rb
as substrate. The absence of Cdk2 associated kinase activity

Figure 2. Self-renewal potential is retained in Cdk2�/�Cdk4�/� NSCs. (A): Immunofluorescence staining of DKO NSCs that were either spun
down directly onto slides (top three panels, �60 magnification, scale bar ¼ 20 lm) or mechanically dissociated into single cells and seeded as a
monolayer (bottom three panels, �20 magnification, scale bar ¼ 100 lm). Images are representatives from two independent cell lines. (B): Serial
passaging of WT (black circles), DHet (gray circles), and DKO (red squares) NSCs using a modified 3T3 assay where cells were split every 6
days. Cumulative cell numbers from more than 17 passages were plotted. Graphs are representatives of six independent cell lines. (C): Immortal-
ization of WT (black circles) and DKO (red squares) MEFs using a 3T3 assay. Cumulative cell numbers from more than 10 passages were plotted.
Abbreviations: DHet, double heterozygous; DKO, double knockout; MEFs, mouse embryonic fibroblasts; NSCs, neural stem cells; WT, wild type.
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was first verified in DKO NSCs and MEFs (Fig. 4B, top
panel). When Cdk1 was immunoprecipitated, the level of ki-
nase activity was increased in DKO NSCs compared to WT
but undetectable in DKO MEFs, suggesting that only in NSCs
Cdk1 complexes were capable of phosphorylating Rb in the
absence of Cdk2 and Cdk4 (Fig. 4B, second panel). Cyclin
D1 associated kinase activity was also elevated in DKO NSCs
compared to WT (Fig. 4B, third panel), possibly due to the
increased levels of cyclin D1 in these cells. Consistent with
the loss of cyclin A2 expression in DKO MEFs, these cells
were also deficient in cyclin A2 associated kinase activity.
However, its continued expression in the dividing DKO NSCs
was reflected as a detectable, albeit reduced level of kinase
activity compared to WT NSCs (Fig. 4B, fourth panel). Most
likely, Cdk1 is binding to cyclin A2, E1, and D1, which con-
tributes to its kinase activity toward Rb. Finally, contrary to
our expectations, immunoprecipitation of Cdk6 yielded no dif-
ference in kinase activity despite the increase in Cdk6 protein
level in DKO NSCs (Fig. 4B, bottom panel). Thus, Cdk1
complexes are more likely candidates compensating for the
loss of Cdk2 and Cdk4 in phosphorylating and inactivating
Rb, thereby releasing E2F and allowing entry into S-phase.
To evaluate the efficacy of this compensation, we used phos-
phospecific antibodies to determine the overall phosphoryla-
tion status of endogenous Rb. Using lysates obtained from
two sets of independently isolated NSCs, the levels of phos-
phorylated Rb at serine 780 and serine 807/811 were only
slightly reduced in DKO NSCs compared to WT (Fig. 4C).

This was in contrast to the situation in DKO MEFs, where Rb
was severely hypophosphorylated [16]. Since there was no
substantial change in the total levels of Rb phosphorylation,
DKO NSCs were able to activate the expression of E2F target
genes responsible for driving cell cycle progression.

Cdk22/2Cdk42/2 NSCs are More Prone to
Spontaneous Neuronal Differentiation

Since proliferation and self-renewal of NSCs were only
minorly affected by the loss of Cdk2 and Cdk4 due to com-
pensation by Cdk1, we next examined their multilineage
potential—that is, their ability to differentiate and give rise to
various cell types of the CNS including astrocytes, neurons,
and oligodendrocytes. We made use of media that were spe-
cially formulated to direct optimal differentiation of NSCs
into either the astrocyte or neuron lineage. Upon 9 days of
astrocyte differentiation, both WT and DKO NSCs readily

Figure 3. Molecular analysis of Cdk2�/�Cdk4�/� NSCs. (A): West-
ern blot analysis of extracts prepared from DKO, WT, and DHet NSCs
(lanes 1-3) and MEFs (lanes 4-6) using antibodies against the indicated
proteins. Hsp90 served as a loading control. Images are representatives
of six independent cell lines. (B–D): qPCR analysis of the expression
levels of Cdk6 (B), cyclin D1 (C), and Cdk1 (D) in WT (black), DHet
(gray), and DKO (red) NSCs. Each column represents the average fold
change compared to WT (n ¼ 3) after normalization to b-actin, Hsp90,
and cyclophilin A expression. **, p < .005. Abbreviations: Cdk,
cyclin-dependent kinase; cyc, cyclin; DHet, double heterozygous;
DKO, double knockout; Hsp, heat shock protein; MEFs, mouse embry-
onic fibroblasts; Msi1, Musashi1; NSCs, neural stem cells; qPCR,
quantitative real time polymerase chain reaction; WT, wild type.

Figure 4. Complex formation and kinase activity in Cdk2�/�

Cdk4�/� NSCs. (A): IP followed by Western blot analysis of WCL
prepared from WT and DKO NSCs. Twenty-five micrograms of
lysate was loaded in lanes 1 and 2 and probed for the respective pro-
teins. Cdk1 (lanes 3 and 4), Cdk6 (lanes 5 and 6), and cyclin D1
(lanes 7 and 8) were immunoprecipitated and bound partners were
detected by Western blotting. Images are representatives of two inde-
pendent cell lines. (B): Kinase assay; 500 lg of lysate prepared from
DKO and WT NSCs (lanes 1 and 2) and MEFs (lanes 3 and 4) was
used for IP with antibodies against the indicated proteins. The associ-
ated level of kinase activity in the immunoprecipitated complexes
was detected using radiolabeled ATP and GST-Rb605-928 as substrate.
Images are representatives of three independent cell lines. (C): West-
ern blot analysis for the detection of Rb and its phosphorylated forms
(at serine 780 and 807/811) in extracts prepared from two sets of in-
dependently isolated WT (lanes 1 and 3) and DKO (lanes 2 and 4)
NSCs. Hsp90 served as a loading control. Abbreviations: Cdk, cyclin-
dependent kinase; cyc, cyclin; DKO, double knockout; Hsp, heat
shock protein; MEFs, mouse embryonic fibroblasts; IP, Immunopreci-
pitation; WCL, whole cell lysate; NSCs, neural stem cells; WT, wild
type.
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increased the expression of glial fibrillary acidic protein
(GFAP), the principal intermediate filament protein present in
mature astrocytes of the CNS (Fig. 5A) [34]. Close scrutiny
of DKO cells under the microscope uncovered the formation
of a relatively pure population of star-shaped cells (Fig. 5B),

which stained positive for GFAP (Fig. 5C). The same was
also observed for WT cells and there were no differences in
the percentages of astrocytes formed (Fig. 5D). When WT
and DKO NSCs were subjected to 4 days of neuron induction,
neurons were promptly generated by both genotypes, as

Figure 5. Enhanced neuronal differentiation in Cdk2�/�Cdk4�/� neural stem cells (NSCs). (A–D): WT and DKO NSCs were differentiated
into astrocytes for 9 days and either collected for qPCR analysis of Gfap expression levels (A, WT—black, DKO—red), visualized under a
bright-field microscope for changes in morphology (B, �20 magnification), or fixed for immunofluorescence staining of Gfap (C, scale bar ¼
100 lm) followed by counting of Gfapþ cells bearing star-shaped extensions (D). Values are expressed as a percentage of total number of nuclei
and represent means from two independent cell lines. (E–H): WT and DKO NSCs were differentiated into neurons for 4 days and either collected
for qPCR analysis of NeuroD expression levels (E, WT—black, DKO—red), visualized under a bright-field microscope for changes in morphol-
ogy (F, �20 magnification), or fixed for immunofluorescence staining of bIII-tubulin (G, scale bar ¼ 100 lm) followed by counting of bIII-
tubulinþ cells bearing neurite extensions (H). Values are expressed as a percentage of total number of nuclei and represent means from three in-
dependent cell lines. (I–K): WT (I) and DKO (J) NSCs were cultured for 14 days and observed using phase contrast microscopy. Total number
of DKO spheres is expressed as a percentage of WT spheres and subdivided into those that remain in suspension (gray) or have attached (gray-
green) (K). Data represent means from two independent cell lines. (L–N): WT (L) and DKO (M) NSCs were dissociated into single cells, seeded
onto poly(D-lysine)-coated slides, and stained 8 days later for bIII-tubulin (�20 magnification, scale bar ¼ 50 lm). Number of bIII-tubulinþ cells
bearing neurite extensions is expressed as a percentage of total number of nuclei (N). Data represent means from two independent cell lines. (O,

P): WT and DKO NSCs were differentiated into neurons and cells were collected either for qPCR analysis of NeuroD expression levels (O, nor-
malized to Hsp90, WT—black, DKO—red) or Western blot analysis of the indicated proteins (P, Hsp90 as loading control) over a time course of
2–120 hours after neuron induction. *, p < .05; ***, p < .0005. Abbreviations: Cdk, cyclin-dependent kinase; DKO, double knockout; GFAP,
glial fibrillary acidic protein; Hsp, heat shock protein; WT, wild type.
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indicated by an increase in the transcript levels of NeuroD, a
proneural gene belonging to the basic helix-loop-helix class
of transcription factors (Fig. 5E) [35]. The extent of NeuroD
mRNA upregulation was greater in DKO cells compared to
WT, suggesting that they may be more prone to the formation
of neurons. Changes in morphology to elongated cells bearing
long neurites were consistently observed (Fig. 5F, WT not
shown), with an abundant cytoplasmic expression of bIII-
tubulin (Fig. 5G, WT not shown). The percentages of bIII-
tubulinþ cells were consistently higher in DKO cells com-
pared to WT (Fig. 5H). In conclusion, both WT and DKO
NSCs possess multilineage potential and can be stimulated to
generate astrocytes and neurons but the loss of Cdk2 and
Cdk4 appeared to predispose the cells toward neuronal
differentiation.

In an attempt to determine whether DKO NSCs do indeed
exhibit an increased propensity for neuronal differentiation,
neurospheres were subjected to suboptimal culture conditions
where they were kept in the same medium for an extended

period of time without supplementing growth factors. Under
these conditions, WT cells stopped dividing and remained in
culture as a suspended cluster of cells (Fig. 5I, 5K). Con-
versely, DKO cells adhered to the base of the flask and differ-
entiated spontaneously into a meshwork of cells with long
extensions (Fig. 5J, 5K). To better define the new identity
that DKO NSCs have acquired, single cells were seeded onto
poly(D-lysine)-coated slides and maintained for at least 8
days. Immunofluorescence revealed that some DKO cells
formed long neurite outgrowths that stained positive for bIII-
tubulin, whereas no signal was detected for WT cells (Fig.
5L–5N). Hence, under limiting growth conditions, DKO
NSCs are more inclined toward differentiating into neurons,
even in the absence of external stimuli. To further validate
this phenomenon, WT and DKO NSCs were again subjected
to neuron differentiation using the neuron-specific medium as
described above (Fig. 5E–5H), and cells were collected at dif-
ferent time points following induction. We observed a prema-
ture and significant increase in NeuroD mRNA transcript lev-
els in DKO cells compared to WT (Fig. 5O). Along with the
increased rate of neuron specification, bIII-tubulin protein was
detected as early as 72 hours postinduction in DKO cells
(compared to 96 hours in WT cells), and by 120 hours, it
accumulated to levels higher than WT (Fig. 5P, top panels).
Coinciding with the generation of nondividing neuronal cells,
a shut down of the cell cycle as demonstrated by the loss of
Cdk1, cyclin A2, and cyclin B1 expression was initiated and
completed earlier in DKO cells compared to WT (Fig. 5P,
middle three panels). Therefore in the absence of Cdk2 and
Cdk4, NSCs not only acquire a neuronal fate more readily but
also generate more neurons upon stimulation.

Cell Cycle Profile in Cdk22/2Cdk42/2 NSCs

Because the switch from proliferation to differentiation is of-
ten associated with a lengthening of the G1 phase, it was nec-
essary to examine the cell cycle profile of NSCs lacking
Cdk2 and Cdk4. Following BrdU pulse-labeling and analysis
by flow cytometry, we found that the percentage of G1 phase
cells was significantly increased concomitant with a decline in
S-phase cells in DKO NSCs compared to WT (Fig. 6A). The
increased percentage of cells in G1 could be interpreted as a
lengthening of the G1 phase in DKO NSCs. Since G1 is the
period of the cell cycle where cell growth primarily occurs,
spending more time in this phase should arguably lead to an
increase in cell volume. Indeed, the average diameter of WT
and DKO NSCs was calculated to be 12 and 14 lm, respec-
tively (Fig. 6B). This finding provides support for an extended
G1 phase in DKO NSCs.

In view of the differences in G1 length between WT and
DKO NSCs, we decided to arrest both cell lines in G1 with
lovastatin [36, 37]. Within 1 day post-treatment, DKO neuro-
spheres attached to the bottom of the flask and adherent cells
containing short processes were seen surrounding the spheres,
whereas WT neurospheres remained in suspension with no
drastic changes in morphology (Fig. 6C–6E). These differen-
ces were not caused by variable sensitivities to lovastatin
since the arrest in G1 phase was similar in both WT and
DKO cells (Fig. 6F). Just as olomoucine was able to induce
neuronal differentiation in PC12 cells through the inhibition
of Cdk activity [25], lovastatin was capable of achieving simi-
lar outcomes in NSCs. However, the effect was much more
pronounced in DKO NSCs, implying that they are poised for
differentiation such that upon the induction of cell cycle with-
drawal, neurons are readily formed. Hence, findings from the
lovastatin experiment appear to imply that the differentiation
phenotype seen in DKO NSCs may not be exclusively caused
by G1 lengthening.

Figure 6. Length of G1 and differentiation. (A): Fluorescence-acti-
vated cell sorting (FACS) analysis of WT (black) and DKO (red) neu-
ral stem cells (NSCs). The percentages of cells in each phase of the
cell cycle represent means from three independent cell lines. (B):

Cell sizes, as represented by cell diameters, of WT (black), DHet
(gray), and DKO (red) NSCs determined using a Vi-CELL XR cell
counter. (C–F): WT and DKO NSCs were treated with 40 lM lova-
statin for 22 hours and either observed using phase contrast micros-
copy (C and D) to determine the percentages of spheres that remain
in suspension (gray) or have attached (gray-green) (E), or analyzed
by FACS to determine the percentages of cells in each phase of the
cell cycle (F, WT—black, DKO—red). Data represent means from
two independent cell lines. *, p < .05; **, p < .005; ***, p < .0005.
Abbreviations: DHet, double heterozygous; DKO, double knockout;
WT, wild type.
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Figure 7. Analysis of cell cycle parameters and neurogenic potential in Cdk2�/�Cdk4�/� embryos. (A–C): Cumulative BrdU/EdU labeling fol-
lowed by immunofluorescence staining of EdU (3 and 6 hours) or BrdU (9 and 18 hours) (�20 magnification, scale bar ¼ 100 lm) (A), determi-
nation of exposure times required to reach a fixed level of fluorescence in WT (gray) and DKO (red) BrdU/EdU sections (B), and generation of
cumulative BrdU/EdU labeling curves for WT (gray) and DKO (red) cells (C). For the 3/18 hours time point, data represent mean of two litters,
with at least one embryo per genotype per litter. For the 6/9 hours time point, data represent mean of one litter, with at least two embryos per ge-
notype. (D–F): Immunofluorescence staining of E13.5 WT (D) and DKO (E) embryonic brain sectioned coronally and probed with antibodies
against bIII-tubulin (green), Tbr2 (red), and Sox2 (blue) (�20 magnification, scale bar ¼ 100 lm), followed by quantification of Sox2þ and
Tbr2þ cells every 10 lm along the apical surface (F). Data represent mean of three litters, with at least one embryo per genotype per litter. (G–

I): Immunofluorescence staining of E13.5 WT (G) and DKO (H) embryonic brain sectioned coronally and probed with antibodies against phos-
pho-histone H3 (yellow) (�20 magnification, scale bar ¼ 100 lm), followed by quantification of the number of S-div and NS-div cells every 100
lm along the apical surface (I). Data represent mean of two litters, with at least one embryo per genotype per litter. (J–M): Immunofluorescence
staining of E13.5 WT (J) and DKO (K) embryonic brain injected with BrdU on E11.5, sectioned coronally and probed with antibodies against
BrdU (green) and Sox2 (red) (�20 magnification, scale bar ¼ 50 lm, white lines demarcate the marginal boundaries), followed by quantification
of BrdUþ cells every 100 lm along the apical surface (L) and their average distance to the margins (M). Data represent mean of one litter, with
at least two embryos per genotype. (N): Diagram depicting the inadequate build-up of the BP pool in DKO embryonic brain caused by the
increased tendency for neural progenitors to undergo differentiative divisions in response to neurogenic signals. This ultimately results in a
decrease in overall neuron production, which is propagated as a dramatic shrinkage of the IZ and CP. Notice that the APs are persevered in
DKO. *, p < .05; **, p < .005; ***, p < .0005. Abbreviations: APs, apical progenitors; BP, basal progenitor; CP, cortical plate; DKO, double
knockout; IZ, intermediate zone; NS-div, nonsurface-dividing; S-div, surface-dividing; WT, wild type.
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Enhanced Neurogenic Divisions in Cdk2
2/2

Cdk4
2/2

Mouse Embryonic Brain

After characterization of the changes in the cell cycle profile
and the corresponding switch toward neuronal differentiation in
cultured NSCs lacking Cdk2 and Cdk4, we decided to re-exam-
ine DKO embryos to determine if neural progenitors are simi-
larly affected in vivo. First, cumulative BrdU/EdU labeling was
performed to determine cell cycle length of neural progenitors.
A previous study validated the use of EdU for cumulative label-
ing [38], making it possible for us to coinject BrdU and EdU
during the last 3 hours of an 18 hours BrdU labeling to obtain
the percentage of labeled cells (labeling index [LI]) at 3 and 18
hours using EdU and BrdU detection, respectively. EdU was
also included during the last 6 hours of a 9 hours BrdU labeling
for the 6 and 9 hours time points. Using this scheme, we dis-
covered that the proportion of cells that incorporated BrdU/EdU
was consistently lower in DKO compared to WT, with the dif-
ference being the most prominent at 3 hours (Fig. 7A). In addi-
tion to a reduced LI, BrdU/EdU signal intensities were also
weaker in DKO compared to WT, as indicated by the higher
exposure times required to attain a fixed level of fluorescence
(Fig. 7B). This occurs even at 18 hours when both genotypes
reached nearly 100% labeled cells and implies that WT cells
have undergone more proliferative divisions and therefore accu-
mulated higher levels of BrdU/EdU compared to DKO. Surpris-
ingly, we found that the length of G1 þ G2 þ M (total cell
cycle – length of S-phase, Tc – Ts), as indicated by the time at
which LI reaches plateau, was comparable between WT (16.5
hours) and DKO (16.4 hours) (Fig. 7C). Instead, the proportion
of cells in S-phase (growth fraction * Ts/Tc), as indicated by the
y-intercept, was markedly reduced in DKO compared to WT
(Fig. 7C). This resulted in a significantly shorter S-phase (Ts) in
DKO (1.6 hours) versus WT (7.5 hours) and contributed
entirely to the decreased cell cycle length (Tc) in DKO (18
hours) versus WT (24 hours). With the recent report that NSCs
reduce S-phase duration on commitment to neuron production
[38], our observation that DKO progenitors display a shorter S-
phase suggests that they are more inclined toward neurogenic
divisions, in line with our in vitro findings.

Since BPs are believed to be responsible for increasing ra-
dial thickness by enhancing neuronal numbers without affect-
ing ventricular size [39–43], we tested if the loss of these

cells could account for the diminished IZ and CP in the ab-
sence of Cdk2 and Cdk4 (Fig. 1). Using Sox2 as a marker for
apical progenitors (APs) [44] and Tbr2 as a marker for BPs
[45], we found a dramatic reduction in the number of Tbr2þ

cells in the E13.5 DKO neocortex compared to WT (Fig. 7D–
7F). Coinciding with the decrease in BPs, the number of non-
surface dividing cells was reduced in DKO compared to WT,
whereas the number of surface dividing cells was maintained
(Fig. 7G–7I). These findings imply that although APs were
unaffected by the ablation of Cdk2 and Cdk4, the generation
and expansion of BPs were severely inhibited, leading to a
decline in neuronal output and malformation of the IZ and
CP. We also demonstrate that this defect was not caused by a
developmental delay since the preplate and VZ were propor-
tionally represented in the E11.5 WT and DKO neuroepithe-
lium (Supporting Information Fig. S4). As BPs are character-
ized by a longer cell cycle than APs [38], the seemingly
shorter average cell cycle length in DKO embryonic brain
compared to WT (Fig. 7C) could be due to an under-represen-
tation of these cells.

To provide direct evidence of enhanced differentiation in
neural progenitors that lack Cdk2 and Cdk4, we performed
neuronal birthdating experiments by administering a single
dose of BrdU at E11.5—the onset of neurogenesis. At E13.5,
the number of BrdUþ cells counted was significantly
increased in DKO compared to WT (Fig. 7J–7L). This sug-
gests that during early cortical development, more DKO pro-
genitors underwent neurogenic divisions, whereas WT progen-
itors mainly proliferated and diluted the BrdU pulse. In
addition to differences in the number of neurons generated,
the laminar positioning of neurons was also altered. Although
neurons born at E11.5 populated deep layers of the WT neo-
cortex, those from DKO laid close to the margins (Fig. 7M),
highlighting the loss of upper layer neurons that coincide with
the attenuation of BPs in the absence of Cdk2 and Cdk4.

DISCUSSION

It is becoming increasingly apparent that cell cycle regulators
play a significant role in sculpting the cytoarchitecture of the

Figure 7. Continued
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brain by controlling the balance between proliferation and dif-
ferentiation of neural precursors. In this study, we demon-
strate that NSCs retain the capacity to divide even in the ab-
sence of two critical components of G1/S transition, Cdk2
and Cdk4, due to the compensatory upregulation of Cdk1-
associated kinase activity and Cdk6/cyclin D1 expression lev-
els. However, the mode of division was skewed toward asym-
metric differentiative in DKO NSCs as they become more
prone to neuron formation. In the DKO embryonic brain, the
IZ and CP were substantially diminished suggesting that the
overall rate of neuron production was reduced. This is most
likely caused by premature neuronal differentiation at the
onset of neurogenesis, leading to an inadequate expansion of
BPs—the principal neuron-generating population in the devel-
oping cortex.

When our group previously analyzed the effects of loss of
Cdk2 and Cdk4 in MEFs, we reported pronounced defects
including impaired S-phase entry and premature senescence
[16]. This is in contrast to what we observed in DKO NSCs,
which continue to divide even after an extended time in cul-
ture. This disparity in reliance on Cdk2 and Cdk4 for cell
cycle progression could be due to the underlying differences
in G1 regulation between a stem cell and a more differenti-
ated cell. It is well established that pluripotent embryonic
stem cells (ESCs) possess a distinctive mode of cell cycle
regulation that is characterized by a short G1 phase. This
allows ESCs to rapidly transit between alternating rounds of
DNA replication (S-phase) and chromosome segregation-cell
separation (mitosis), which ultimately generates an exponen-
tial increase in cell number and limits the length of exposure
to extrinsic differentiative stimuli [46, 47]. The proposed
mechanism underlying the short G1 phase in ESCs is hyper-
phosphorylation of Rb due to constitutive Cdk2/cyclin E and
Cdk2/cyclin A kinase activities that do not exhibit cell cycle-
dependent periodicity [48, 49]. We postulate that multipotent
NSCs may share certain cell cycle features with ESCs since
the level of Cdk2-associated kinase activity on Rb was
increased compared to somatic MEFs (Fig. 4B, top panel) and
phosphorylated forms of Rb were consistently detected in
abundance (Fig. 4C, middle panels), suggesting that E2F-
mediated transcription is constantly activated in NSCs. In this
scenario, even in the absence of Cdk2 and Cdk4, Cdk1 can
step in and bind to cyclins to drive the G1/S transition.
Indeed, we observe elevated levels of Cdk1-associated kinase
activity toward Rb in DKO NSCs (Fig. 4B, second panel).
Conversely, in MEFs, transition past G1 strictly requires the
phosphorylation of Rb by Cdk2 and Cdk4 to relieve its
repression of E2F before cyclins can be expressed to promote
further cell cycle progression. Even if Cdk1 was available,
there would be insufficient interphase cyclins to bind to,
accounting for the complete abrogation of Cdk1-associated ki-
nase activity on Rb in DKO MEFs (Fig. 4B, second panel).
The accumulation of hypophosphorylated Rb generates a neg-
ative feedback loop that eventually halts cell cycle progres-
sion. Thus, differences in the magnitude of repression
imposed by Rb may be a possible explanation for the varying
responses to the loss of Cdk2 and Cdk4 in MEFs and NSCs.

Although our results indicate that NSCs can undergo cell
division and retain their self-renewal and multilineage poten-
tial in the absence of Cdk2 and Cdk4, there was still a reduc-
tion in growth rate and changes in cell cycle parameters,
implying that compensation by Cdk1 is not perfect and Rb is
not completely inactivated. Indeed, we do detect slightly
lower levels of phosphorylated Rb in DKO NSCs (Fig. 4C,
middle panels), which may delay cell cycle progression and
increase the susceptibility to neuronal differentiation. We
speculate that the enhanced differentiation is the underlying

cause for the dramatic shrinkage of the IZ and CP in the
DKO mouse embryonic brain (Fig. 1E–1K), regions that
undergo substantial enlargement as Cdk complexity increases
from rodents to primates [2, 50]. During the formation of the
mouse cortex, which occurs between E11 to E19, neuroepithe-
lial cells and radial glial cells—collectively termed APs, first
undergo multiple rounds of symmetric proliferative divisions
in the VZ to increase the founder cell population or asymmet-
ric neurogenic divisions to produce one AP and one neuron
per division. As neurogenesis proceeds, APs start to generate
intermediate progenitor cells or BPs that populate the SVZ
and divide away from the apical surface. BPs amplify neuro-
nal output by producing two neurons through symmetric neu-
rogenic divisions. In addition, BPs can also self-renew in a
limited number of symmetric proliferative divisions. This ex-
ponential buildup of the BP pool will eventually give rise to a
large number of neurons that underlie cortical expansion [2,
42, 51]. However, if DKO progenitors have an inherent incli-
nation toward neurogenic divisions (Fig. 7J–7M), the produc-
tion of BPs would be compromised (Fig. 7D–7F), and the few
that are generated may terminally differentiate instead of self-
renew. Without adequate amplification of the BP pool, the
overall rate of neuron production is thus compromised despite
the initial spike at the onset of neurogenesis (Fig. 7N). Since
neurons will eventually make up the bulk of the cortex, this
premature exhaustion of the neuron-generating population can
account for the reduction of the IZ and CP in the DKO em-
bryonic brain. Therefore, we propose that interphase Cdks
may not be completely redundant in mammalian NSCs.
Instead, higher organisms have evolved additional interphase
Cdks for a more precise control over the mode of division in
response to varying levels of neurogenic signals, rather than
relying on a single mitotic Cdk. The lethality of Cdk2�/�

Cdk4�/�Cdk6�/� triple knockout (TKO) embryos at E12.5, a
period of active organogenesis, is an indication of the impor-
tance of interphase Cdks in orchestrating the series of events
that ultimately generates a viable multicellular organism [52].

The prevailing notion on how cell cycle regulators modu-
late the mode of division is through their control over the
length of G1. In the absence of Cdk2 and Cdk4, although we
detected a prolonged G1 phase that correlated with increased
differentiative divisions in our in vitro neurosphere assays
(Figs. 5, 6A), the shortening of S-phase and the accompany-
ing premature neurogenesis was the more prominent pheno-
type in vivo (Fig. 7C, 7J–7L). This suggests that the lengthen-
ing of G1 to allow more time for extrinsic neurogenic signals
to act is not the only explanation for enhanced differentiation
without interphase Cdks. We propose that cells that lack inter-
phase Cdks are intrinsically in an altered state due to the loss
of phosphorylation on critical substrates that influence cell
fate, such that they are now ‘‘primed’’ for differentiation. In
support of this, we present three observations that suggest that
the length of G1 may not be the sole factor in determining
the mode of division. First, when we arrested both WT and
DKO NSCs in G1 with lovastatin treatment, DKO NSCs dif-
ferentiated within 24 hours while WT NSCs remain in sus-
pension, indicating that the loss of Cdk2 and Cdk4 had other
effects on NSCs that resulted in enhanced differentiation and
these are independent of the amount of time spent in G1 (Fig.
6C–6F). Second, when we tried to rescue the impairment
to cell cycle progression by inducing the loss of Rb, the pro-
portion of cells in G1 recovered to WT levels in Cdk2�/�

Cdk4�/�Rb�/� TKO NSCs, but they continued to display
reduced cumulative cell numbers at every passage, implying
that shortening G1 does not always increase self-renewal
(Supporting Information Fig. S5). Third, when we examined
if the predisposition for differentiation in the absence of Cdk2
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and Cdk4 can be generalized to other cell types by inducing
adipogenesis in MEFs, we found that DKO MEFs are resist-
ant to adipogenic inducers and do not form adipocytes readily
even though they have a long G1 due to Rb hypophosphoryla-
tion (Supporting Information Fig. S6). Taken together, we
speculate that additional factors may be responsible for the
ability of cell cycle regulators to modulate the mode of divi-
sion, in particular Cdk kinase activity on substrates other than
Rb. The identification of substrates that are crucial for the
maintenance of self-renewal or induction of neurogenesis in
NSCs and that undergo differential phosphorylation in
response to changing Cdk kinase activity remains a challeng-
ing and important task for the future.

CONCLUSIONS

Regardless of how the loss of interphase Cdks promote the
switch to neurogenesis, the association between cell cycle
components and NSC fate is clear. Although previous work
has emphasized on gain-of-function experiments to illustrate
that the ectopic expression of Cdk4/cyclin D1 complexes can
promote the expansion of BPs while suppressing the onset of
neurogenesis, we demonstrate for the first time in vivo that
the converse is also valid and the loss of Cdk2 and Cdk4 can
induce a switch from proliferation to differentiation in NSCs.
Although the overexpression of Cdk/cyclin complexes allows

for an increase in proliferative divisions that can be particu-
larly useful in regenerative studies for the treatment of neuro-
degenerative diseases such as Parkinson’s and Alzheimer’s
disease, the inhibition of Cdks could also harbor great poten-
tial in the treatment of cancer by selectively inducing differ-
entiation in target cancer stem cell population.
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