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Co-ordination of cell cycle and differentiation in the developing
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During embryonic development, cells must divide to produce
appropriate numbers, but later must exit the cell cycle to
allow differentiation. How these processes of proliferation and
differentiation are co-ordinated during embryonic development
has been poorly understood until recently. However, a number
of studies have now given an insight into how the cell cycle
machinery, including cyclins, CDKs (cyclin-dependent kinases),
CDK inhibitors and other cell cycle regulators directly influence
mechanisms that control cell fate and differentiation. Conversely,
examples are emerging of transcriptional regulators that are better

known for their role in driving the differentiated phenotype,
which also play complementary roles in controlling cell cycle
progression. The present review will summarise our current
understanding of the mechanisms co-ordinating the cell cycle
and differentiation in the developing nervous system, where these
links have been, perhaps, most extensively studied.
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THE CELL CYCLE AND NEURAL FATE DECISIONS

In metazoans, the cell cycle can be divided at the cellular level into
two gap phases (G1 and G2) separated by a phase of DNA synthesis
(S-phase, between G1 and G2) and cell division/cytokinesis (M-
phase, between G2 and G1); see Figure 1 for a summary (also [1]).
Transition between the phases is driven by the activity of specific
CDKs (cyclin-dependent kinases) bound to their cognate cyclins.
It is generally accepted that cell cycle exit precedes differentiation,
but the mechanisms co-ordinating these two processes have
remained elusive. However, recent advances have uncovered
multiple direct links between the cell cycle and differentiation
machinery, which we describe in the present review with a focus
on the nervous system, where these links have perhaps been most
extensively studied.

THE CELL CYCLE DURING NEUROGENESIS: CELL CYCLE LENGTH

Neural precursors undergo cell cycle arrest prior to, or at least
concomitant with, neuronal differentiation. Evidence has emerged
demonstrating that the regulation of the length of G1 is pivotal
in controlling the balance between progenitor maintenance and
generation of differentiated neurons (see Figure 2 for a summary
of cell cycle components involved in regulating the length of
G1). In general, it is known that down-regulation or inhibition
of positive regulators of cell cycle progression leads to increased
differentiation and a reduction in the neural stem/progenitor cell
pool. This is clearly seen during embryonic development, where
CDKis (CDK inhibitors) accumulate in progenitor cells with each
successive division, progressively increasing the length of G1 [2–
4]. Indeed, addition of olomoucine, a synthetic CDKi, to whole
mouse embryos in culture artificially lengthens the cell cycle of

neuroepithelial progenitors and causes premature neurogenesis
[5]. In vitro, experiments using the rat pheochromocytoma cell line
PC12 also show that inhibition of CDKs by chemical inhibition
or expression of the CDKi p21cip1 leads to increased neural
differentiation [6,7].

A number of studies have reinforced the observation that ex-
perimental manipulation of cell cycle length can alter the balance
between proliferation and differentiation of neural precursors
in vivo and in vitro. Elegant experiments conducted in utero in the
cortex of developing mouse embryos demonstrate that shortening
the cell cycle has the opposite effect to CDKis; overexpression
of cyclin D/CDK4 delays neurogenesis and enhances the basal
progenitor population. This appears to be a direct effect of
lengthening of the cell cycle as, in contrast, knockdown of cyclin
D/CDK4 by shRNA (small hairpin RNA) increases the number of
differentiated neurons by 40 % [8]. In this study, the authors use
a cumulative BrdU (bromodeoxyuridine) labelling technique to
estimate the length of each phase of the cell cycle, demonstrating
that cyclin D/CDK4 overexpression leads to a shortened G1-
phase, which correlates with the decrease in neurogenesis. It is
unlikely that this phenomenon is specific to the activity of cyclin
D/CDK4, as similar results have been reported in adult progenitors
of the dentate gyrus when the length of G1 was modulated by
altering expression of CDK6 [9]. Further, overexpression of cyclin
A2/CDK2 in Xenopus embryos specifically inhibits epidermal
and neural differentiation [10]. Thus it appears to be the overall
cell cycle structure and accumulation of the population in G1 that
leads to increased differentiation rather than the effects of specific
cell cycle regulators. Such observations, however, do not address
the questions of the directionality of signalling or the mechanistic
links between the cell cycle and differentiation machineries during
neurogenesis.
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group box; TGF-β, transforming growth factor-β.
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Figure 1 The cell cycle

The points at which specific cyclin–CDK complexes are active and where inhibitors or positive
regulators of the cell cycle act are illustrated. cyc, cyclin.

How might the length of the cell cycle regulate the
differentiation of neural progenitors mechanistically? One
potential way is for cell cycle regulators to directly control
the activity of proteins that drive neuronal differentiation. Ngn2
(neurogenin 2) is a tissue-specific bHLH [basic HLH (helix–
loop–helix)] protein, which is active as a heterodimer with a
ubiquitously expressed bHLH E protein binding partner [11,12],
and plays a pivotal role in differentiation of glutamatergic neurons.
It has recently been shown that the Ngn2 protein is phosphorylated
on multiple sites by CDKs [13]. Intriguingly, the higher the CDK
activity, the greater the number of sites that are modified, making
Ngn2 quantitatively sensitive to CDK levels. Preventing Ngn2
phoshorylation significantly enhances Ngn2’s ability to transcribe
downstream target genes that drive neuronal differentiation by
promoting DNA binding. In this way, the length of the G1-
phase can directly influence neuronal differentiation: when the
G1-phase is short, CDKs accumulate rapidly and phosphorylate
Ngn2, limiting its ability to drive neuronal differentiation.
Conversely, when the G1-phase is long, CDK levels remain low
for longer, allowing un(der)phosphorylated Ngn2 to accumulate.
This efficiently activates downstream targets that promote the
differentiation of mature neurons [13]. Thus the length of G1

can influence a neural progenitor’s propensity to differentiate by

directly regulating the level of activity of a component of the
differentiation machinery.

SPECIFIC ROLES OF CELL CYCLE REGULATORS IN THE CONTROL
OF NEUROGENESIS

Far from being uniformly expressed in all neural tissues of the
developing embryo, cell cycle regulators frequently show tissue-
and developmental stage-dependent patterns of expression that
cannot be predicted solely from the cell cycle rate in these areas
(e.g. [14]). This indicates potential additional roles for cell cycle
regulators in the control of multiple aspects of neurogenesis, and
many such roles have been uncovered (summarized in Table 1).

Cyclins

In addition to a more general role in influencing G1-phase length,
specific D-type cyclins have been shown to have distinct roles
in driving progenitor maintenance and cell fate decisions within
the nervous system. For instance, cyclin D1 is expressed at high
levels during proliferation of cells in the retina and cerebellum,
and the cyclin D1− / − mouse has a reduced thickness of retinal cell
layers [15,16]. The cyclin D2− / − mouse has a decreased number
of granule cells and a complete ablation of stellate interneurons
[17], indicating an ability of D-type cyclins to influence neuronal
subtype. However, a recent report suggests that cyclin D2 is, in
fact, responsible for maintenance of the shared granule cell and
stellate interneuron progenitor pool, thus allowing production
of later-born cell types as well as regulating their maturation
[18]. Meanwhile, cyclin D3 is specifically down-regulated in
differentiating Müller glia of the retina [19,20].

Somewhat paradoxically, cyclin D has also been reported to
promote neuronal differentiation in a number of cases. During
the neural differentiation of PC12 cells, cyclin D expression is
up-regulated [7]. A recent study has demonstrated that, in mouse
and chick spinal cord, expression of cyclin D1 promotes neural
differentiation, whereas cyclin D2 promotes cell cycling [21].
Down-regulation of cyclin D1 in the chick spinal cord reduced the
proportion of Lim3+ or NeuroM+ /Olig2+ progenitor cells, which
are committed to differentiation, as well as the number of newly
differentiated HB9+ motor neurons. This knockdown could be
rescued by expression of mouse cyclin D1, but not mouse cyclin

Figure 2 G1/S-phase transition

The role of negative regulators (CDKis and Rb) with respect to both cell cycle progression and development are highlighted. Cyc, cyclin; P, phosphorylation.
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Table 1 Cell cycle components regulating cell fate

Component Roles in cell fate specification Reference(s)

CDK2 May be required for neural stem cell self-renewal properties. [93]
CDKi General role in promoting cell cycle exit and differentiation. p27kip1 and p57kip2 in mouse and Xic1 in Xenopus promote neurogenesis independent of CDKi activity. [33,35,36]
Cyclin A Overexpression in Xenopus leads to thickened epidermis and inhibited neurogenesis. [14]
Cyclin E Overexpression in Xenopus leads to an enlarged cells phenotype. Specification of the NB6-4t lineage in Drosophila. [10,14,27]
Geminin Required for maintenance of neural precursors in Xenopus and possibly mammals. [45,48,49]
Rb Part of a general mechanism for the maintenance of cell cycle exit. Interacts with HLH proteins to promote neurogenesis. [53,56,59]

D2, suggesting that simple regulation of cell cycle progression
could not explain this activity. Furthermore, expression of a
mutant form of cyclin D1, cyclin D1KE, which cannot interact
with CDKs, promoted a significant increase in the number of
differentiation-committed progenitors, greater than the expression
of wild-type cyclin D1. As non-overlapping expression of cyclin
D1 and cyclin D2 is found in the mouse forebrain neuroepithelium
[22], this may be a phenomenon that is not confined to the
developing spinal cord. This cell-cycle-independent function of
cyclin D1 may be mediated by its ability to act as a regulator
of transcription [23–26], specifically in the recruitment of CBP
histone acetyltransferase to promoters [23], and, in the spinal cord,
where its activity was upstream of Hes6 (hairy and enhancer
of split 6) activation [21]. Therefore it may be that as CDKi
levels increase during development, and the activity of G1 CDKs
is inhibited, cyclin D1 begins to act as a positive regulator of
transcription rather than a positive regulator of the cell cycle.

Cyclin E also has a number of additional roles during neuronal
differentiation not linked to its ability to regulate the length
of G1. In Drosophila, cyclin E is particularly associated with
development of the NB6-4 neuroblast lineage and assignment of
asymmetric fate. Cyclin E was identified as being an upstream
determinant of prospero and GCM (glial cells missing), which
together specify neuronal fate [27]. Cyclin E is down-regulated in
the NB6-4 abdominal lineage by AbdA and AbdB Hox proteins,
so that it only promotes neurogenesis in the thoracic lineage
[27–29]. Furthermore, it appears that cyclin E may play a later
developmental role in post-mitotic neuron maintenance, as it has
recently been found to constrain CDK5 activity [30]. Cyclin
E expression is maintained at a high level in the adult murine
brain, in contrast with other organs, and the authors of that study
found that virtually all cyclin E is complexed to CDK5 to form
a catalytically inactive complex. Inactivation of CDK5 appears
to be required for efficient synaptogenesis, as genetic deletion
of cyclin E or overexpression of CDK5 in murine hippocampal
neurons resulted in a decrease in the number of synapses formed.
Interestingly, using mass spectrometric analysis, the authors also
identified the CDKi p27kip1 (see below) as a component of the
inactive cyclin E–CDK5 complex.

CDKis

In mammals, the functional redundancy between members of
the Cip/Kip family has hampered efforts to investigate specific
functions of CDKis during neurogenesis over and above their
propensity to lengthen the cell cycle. To overcome this problem,
Xenopus has proved to be an excellent model system, as the
only CDKi expressed during primary neurogenesis is Xic1,
potentially a homologue of all three Cip/Kip family members
(reviewed in [31]). Xic1 is highly expressed in dorsal tissue at
late gastrula and neurula stages and is particularly prominent
in the developing myotome (muscle precursors) and neural

plate [32]. This is indicative of a specific role for Xic1 during
neurogenesis, and indeed it was found that Xic1 was required
for differentiation of primary neurons [33]. Overexpression of
Xic1 in Xenopus embryos promotes neurogenesis, but only within
territories of endogenous proneural gene expression, suggesting
an interaction between Xic1 and proneural proteins. Further
investigation demonstrated that Xic1 acts in parallel with the
proneural protein xNgn2 to regulate neurogenesis and that both
Xic1 and Ngn2 expression is down-regulated by Notch signalling
[34]. In addition to the studies in Xenopus, studies of CDKis in
the developing murine cortex have found that both p27kip1 and
p57kip2 promote neurogenesis and enhance neuronal migration
when overexpressed [35,36]. In the case of Xic1 and p27kip1, it
is clear that enhancement of neurogenesis is independent of, but
complimentary to, cell cycle regulatory activity, as CDKis with
compromised CDK inhibitory activity still promote neurogenesis.
In fact, these CDKis have been shown to stabilize the Ngn2 protein
[33,35]. Thus these CDKis bring about cell cycle lengthening and
exit while simultaneously stabilizing the proneural protein that
will drive the differentiation process, providing co-ordination of
these two events within a single molecule [33,35].

Additional functions have also been ascribed to specific
CDKis. For instance, although both p27kip1 and p57kip2 promote
neurogenesis in the developing mouse cerebral cortex, only p57kip2

is resistant to astrogliogenic signalling by ciliary neurotrophic
factor and requires intact cyclin/CDK binding domains to
promote neurogenesis, whereas p27kip1 promotes neurogenesis
independent of its cell cycle regulatory activity [33,35,36].
Although p57kip2 promotes the cell cycle exit of murine pituitary
precursors, p57kip2 + /cyclin E+ non-cycling progenitors are found
in vivo, suggesting that p57kip2 inhibition of the cell cycle does not
induce differentiation in these precursors [37]. Instead, p57kip2

was down-regulated and p27kip1 up-regulated upon precursor
differentiation, and loss of p27kip1 allowed cell cycle re-entry
of differentiated cells. In Xenopus, Xic1 has been shown to have
an additional role independent of its ability to regulate the cell
cycle in the developing retina, where it is required for generation
of Müller glial cells [38].

Geminin

Geminin was first identified as a protein responsible for the
loading of MCM (mini-chromosome maintenance) proteins on to
replication origins, and the degradation of geminin by the APC/C
at the metaphase/anaphase transition represents an important
control to prevent re-synthesis of DNA during M-phase (reviewed
in [39–41]). Geminin was also identified in an independent
screen for proteins that perturb early neural development in
Xenopus [42]. Geminin was found to interact directly with the
homeobox transcription factor Six3 in retinal precursors during
eye development [43]. Overexpression of geminin phenocopied
inactivation of Six3 in the medaka fish and loss of geminin
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potentiated the Six3 overexpression phenotype, suggesting that
geminin and Six3 play antagonistic roles in the regulation of
proliferation during retinogenesis.

As well as interacting directly with transcription factors, gem-
inin has been reported to interact with the SWI/SNF chromatin
remodelling factor Brg1 in Xenopus embryos and P19 embryonal
carcinoma cells [44]. Overexpression of geminin prevented
ectopic neurogenesis in the presence of overexpressed proneural
proteins and this activity required geminin’s ability to bind to
Brg1, suggesting that geminin inhibits neural differentiation by
antagonizing Brg1 binding to proneural proteins [45]. Geminin
has also been reported to bind to Polycomb group proteins,
implying that it interacts with several chromatin modifiers to
maintain repression of genes driving differentiation [46,47]. Gem-
inin’s role in the maintenance of mammalian neural precursors
is controversial, with some reports suggesting it is required for
regulation of cortical progenitor proliferation [48] and other
reports suggesting it is dispensable during neurogenesis [49].

Rb (retinoblastoma susceptibility gene)

Rb functions as an inhibitor of the E2F transcription factor,
which is responsible for the up-regulation of a number of
genes involved in the G1/S-phase transition, including cyclin
E. In its hypophosphorylated form, Rb binds to E2F and
its DP (dimerization partner) and converts the complex into
a transcriptional repressor by recruiting repressive chromatin-
modifying complexes [50]. Phosphorylation by cyclin/CDKs
promotes a hyperphosphorylated form of Rb (pRb) that cannot
associate with the E2F–DP complex [51]. Regulation of Rb is
implicated in a broad range of differentiation events, including
a general control mechanism preventing differentiated cells from
re-entering the cell cycle. Experiments in differentiating neurons
in Drosophila demonstrated that the Rb and p27kip1 homologues
contribute to repression of E2F and cyclin E/CDK2 activities
in parallel [52]. In order for differentiated cells to re-enter the
cell cycle, both E2F and cyclin E had to be supplied [52,53].
Although this double-assurance mechanism seems to apply to
diverse cell types, the mechanism inhibiting the feed-forward
response between cyclin E and E2F appears to differ between cell
types [52]. Despite this, degradation of key E2F targets in the
presence of overexpressed E2F or degradation of E2F activator
complexes in the presence of overexpressed cyclin E may well be
key to the block to cell cycle re-entry [53].

Aside from its more general roles in differentiation, Rb
appears to play specific roles in the regulation of neurogenesis.
Indeed, Rb was isolated as a gene that was mutated in cases
of familial multifocal retinoblastoma, which in itself suggests a
tissue-specific function of Rb, as patients appear prone to only
certain types of tumour in addition to those of the retina, e.g.
osteosarcomas [54]. Rb is strongly expressed in the developing
CNS (central nervous system). Rb has also been reported to
interact with HLH proteins, key drivers of neuronal differentiation
[55] at several levels, possibly via binding to the HLH
motif [56], although a more recent NMR study suggests that
binding is indirect [57]. It appears that Rb and Id2 (inhibitor of
DNA binding 2) can associate, with a requirement for the HLH
domain of Id2, and can antagonize each other’s activity [56].
Delayed differentiation and apoptosis induced by overexpression
of Id2 in cortical progenitors was rescued by co-expression of
a constitutively active form of Rb [58]. As well as inhibiting
Id proteins, Rb directly enhances the transcriptional activity
of NeuroD (neurogenic differentiation) [59]. Thus Rb may
interact directly with transcription factors to enhance or repress

the transcription of genes, driving differentiation. At present,
however, it is unclear as to whether the phosphorylation status
of Rb regulates its interaction with these transcription factors
and therefore whether the length of the cell cycle, and more
specifically cyclin E/CDK2 activity, may regulate differentiation
via Rb activity.

Thus it is clear that cell cycle regulators can influence
differentiation in the nervous system by diverse mechanisms that
require both cell-cycle-dependent and -independent functions. It is
also becoming increasingly clear that regulators of differentiation
also have direct effects on the cell cycle machinery that are
important to co-ordinate these two processes.

REGULATION OF THE CELL CYCLE BY NEURAL TRANSCRIPTION
FACTORS

Previous studies have demonstrated that transcription factors
traditionally associated with neuronal differentiation can also
regulate the cell cycle during neurogenesis. Perhaps the most
insightful early studies were investigations of global gene
expression profile changes during differentiation [60,61]. These
highlighted cell cycle components as a major proportion of
differentially expressed genes that were directly down-regulated
during differentiation of murine NSCs (neural stem cells) [60].
As the authors of this study were careful to check that the
identified genes were indeed enriched in the CNS germinal zone
of mice at three different embryonic stages and not simply a
feature of proliferating tissues, this suggests a role for the cell
cycle machinery during neural differentiation that is not simply
linked to self-renewal. The study also identified Sox3 (Sry-type
high mobility group box) and FoxM1 (forkhead box M1) as
transcription factors enriched in the germinal zone and associated
with maintenance of the progenitor state. Both Sox and Fox family
members are known to have extensive roles in the regulation of
neurogenesis, and both have links to the regulation of the cell
cycle.

The Sox family

The evolutionarily conserved Sox family is split into two
subgroups: SoxB1 (Sox1–Sox3) and SoxB2 (Sox14 and
Sox21). In general, SoxB1 members are thought to maintain
the proliferating progenitor state, whereas SoxB2 members
counteract the activity of SoxB1 members and promote neuronal
differentiation in a variety of systems [62–67]. A study of the
downstream targets of Sox3 demonstrated that, in Xenopus,
xSox3 can up-regulate the expression of xSox2 and geminin,
thus elucidating a direct link to a component of the cell
cycle machinery [68]. Although overexpression of either xSox3
or xSox2 in that study caused expansion of the neural plate,
and xSox3 overexpression lead to increased cell proliferation,
direct links specifically to the regulation of cell cycle length by
Sox proteins in Xenopus have not yet been identified.

In mouse neurosphere cultures, Sox1 is required for the
maintenance of progenitor cells, and Sox1− / − cells have an
elongated cell cycle [69]. The effect on progenitor maintenance
appears to be via Sox1 suppression of Prox1 (Prospero-related
homeobox 1), which is a factor known to promote neural
differentiation and cell cycle exit in mammalian systems [70]:
Sox1− / − cells express Prox1 at almost double the level of wild-
type cells, leading to more than double the normal number of
progenitors exiting the cell cycle [69]. Prox1 also displays cell-
cycle-phase-specific expression, which is of interest as the
cell cycle phase from which progenitors exit is known to determine
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Figure 3 TGF-β signalling as a cytostatic signal

A focus on the role of Fox transcription factors in the decision to proliferate. Note how the expression of Fox factors links inhibition of proliferation with extracellular signalling and neural specification.
An animation of this Figure is available at http://www.BiochemJ.org/bj/444/0375/bj4440375add.htm.

their final site in the developing cortex [71]. However, although
transcriptional activities of Sox family members clearly play a
role in cell cycle regulation during neuronal differentiation, there
is very little mechanistic evidence showing that this regulation is
direct and not mediated by intermediate transcription factors.

The Fox family

The Fox transcription factor classification encompasses a number
of subgroups of which three will be highlighted here: FoxM,
FoxG and FoxO. FoxM1 is expressed in a number of proliferating
tissues and has been identified as a prognostic indicator in cases
of medulloblastoma [72], suggesting a role in maintaining the
proliferative state. FoxM1 up-regulates Cdc25b (cell division
cycle 25b) and cyclin B1 and B3 expression and so promotes G2-
to M-phase progression [73–75]. However, in Xenopus, FoxM1
appears to be required both for the proliferation and differentiation
of neural progenitors [76]. Knockdown of FoxM1 in Xenopus
embryos leads to a reduction in the expression of neural
β-tubulin, but an expansion in the expression of xSox2. Ueno
et al. [76] therefore concluded that proliferation driven by FoxM1
was actually a requirement for neural differentiation, possibly
because FoxM1 expression denotes the final division before
differentiation.

FoxO family members are also broadly expressed, and
FoxO1− / − mouse embryos die at E10.5 (embryonic day
10.5) owing to vascular abnormalities [77]. Different FoxO
family members are widely believed to up-regulate the same
transcriptional targets, one of which is the CDKi p21cip1. In
neuroepithelial and glioblastoma cells, FoxO was found to bind
specifically to the Smad proteins Smad3 and Smad4 to form a
transcriptional activator complex that is targeted to a region of
the p21cip1 promoter that contains a consensus forkhead binding
element as well as a Smad-binding region [78]. Smad proteins
function as part of the highly conserved TGF-β (transforming
growth factor-β) signalling pathway: during canonical signalling,
the binding of an extracellular ligand of the TGF-β family to
TGF receptor 1 leads to the phosphorylation and activation of

Smad2 or Smad3 (reviewed in [79]). Activated Smad2/3 is then
able to bind to Smad4 and subsequently translocate to the nucleus
as a transcriptional activator complex. TGF-β signalling inhibits
proliferation in a range of cell types, including NSCs in culture
[80]. In epithelial cells, such cytostatic activity results from TGF-
β-mediated up-regulation of the CDKis p21cip1 and p15Ink4b and
the down-regulation of Id1, Id2 and c-Myc (reviewed in [81]). It
would therefore appear that FoxO is a direct mediator of TGF-β
cytostatic activity.

Crucially, the involvement of FoxO in the transcriptional
activator complex may provide a mechanism for the specific
regulation of cell cycle length in neurons. Another Fox family
member, FoxG1, is required specifically for the specification
of the ventral telencephalon [82], and FoxG1− / − mice display
hypoplasia of the telencephalon and excessive production
of Cajal–Retzius neurons, the earliest born neurons in the
telencephalon [83]. FoxG1 competes with FoxO for binding to
promoter sites and thus acts as a repressor of FoxO activity and
a pro-proliferative factor [78]. Interestingly, FoxG1 appears not
only to promote the proliferation of neural progenitor cells but
also to specify region-specific structures within the developing
telencephalon [82] and perhaps even neural lineage identity, as
it was recently identified as a factor contributing to the direct
reprogramming of fibroblasts to NSC-like cells [84]. As Fox
family members constitute a direct link between extracellular
signalling, cell cycle control and neuronal differentiation, it is
interesting to speculate that the expression of different Fox family
members could regulate specific changes in the cell cycle and
propensity to differentiate in response to extracellular signalling
(see Figure 3).

Proneural genes

The proneural genes constitute a class of bHLH transcription
factors which, when overexpressed, potentiate cell cycle exit and
neuronal differentiation. Indeed, bHLH factors, such as Ngn2 and
Mash1/Ascl1 (achaete-scute homologue 1) are often considered
as master regulators of neurogenesis [13,55,85], where they drive
neurogenesis cell autonomously, and they are also responsible for
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the maintenance of the neural progenitor pool via up-regulation
of the Notch ligand Delta [86] in a non-cell autonomous manner.
Although the level of the CDKi p27Kip1 protein was shown to rise
in response to proneural protein-driven neuronal differentiation of
P19 embryonal carcinoma cells [85], it is surprising that CDKis
such as p27Kip1 have not been shown to be direct transcriptional
targets of proneural proteins [87,88]. In proliferating neural
precursor cells, Ngn2 is expressed in oscillating waves, driven by
a double-negative feedback loop involving Hes1 and the Notch
signalling pathway [89]. These oscillations are thought to be
essential for maintenance of the progenitor state, whereas cell
cycle exit and differentiation coincide with a stable elevation
of Ngn2 levels. Although it is currently not known how or
whether the transcriptional oscillations in neural precursors are
co-ordinated with cell cycling, it is known that Notch signalling
also up-regulates cyclin D1 expression and down-regulates the
expression of CDKis [90,91], which may have implications for
the activity of the Ngn2 protein [13].

Intriguingly, recent data has shown that the proneural protein
Mash1/Ascl1 plays a more direct and essential role in both
progenitor maintenance and neuronal differentiation. Ascl1
directly transcriptionally regulates both positive regulators of the
cell cycle, promoting the transcription of E2F1 and CDK2, as well
as drivers and effectors of differentiation, such as MyT1 (myelin
transcription factor 1) and neural β-tubulin, although the opposing
gene sets are regulated in a temporally distinct manner [88]. It
will be important to determine how both cell cycle activating
and cell cycle inhibitory functions can be controlled by the
same transcription factor, although at present this is unclear. The
authors suggest that these opposing functions may be regulated
by different events at the promoter (different binding partners or
chromatin accessibility) or by direct modification of the Ascl1
protein itself over time [92], and it will clearly be important to
investigate this further.

CONCLUSIONS

The processes of differentiation and cell division are often viewed
as separate, although it is clear that cross-talk between the two
must exist as they are mutually exclusive in the vast majority
of cells. In the present review, we have discussed the growing
evidence that components of the cell cycle machinery play central
roles during neuronal differentiation, while summarising roles
that transcription factors, traditionally viewed as part of the
differentiation machinery, play in regulating the cell cycle. Al-
though we currently know the most about regulatory mechanisms
co-ordinating proliferation and differentiation in the developing
nervous system, it is likely that many of the mechanisms outlined
are conserved in other tissues. Identification of the mechanistic
links between the cell cycle and the differentiation machineries
and their subsequent manipulation could lead to clear advances in
the fields of cancer therapy and regenerative medicine. This will
be an important goal for future research.
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84 Lujan, E., Chanda, S., Ahlenius, H., Südhof, T. C. and Wernig, M. (2012) Direct
conversion of mouse fibroblasts to self-renewing, tripotent neural precursor cells. Proc.
Natl. Acad. Sci. U.S.A. 109, 2527–2532

85 Farah, M. H., Olson, J. M., Sucic, H. B., Hume, R. I., Tapscott, S. J. and Turner, D. L.
(2000) Generation of neurons by transient expression of neural bHLH proteins in
mammalian cells. Development 127, 693–702

86 Chitnis, A., Henrique, D., Lewis, J., Ish-Horowicz, D. and Kintner, C. (1995) Primary
neurogenesis in Xenopus embryos regulated by a homologue of the Drosophila
neurogenic gene Delta. Nature 375, 761–766

87 Sun, Y., Meijer, D. H., Alberta, J. A., Mehta, S., Kane, M. F., Tien, A. C., Fu, H., Petryniak,
M. A., Potter, G. B., Liu, Z. et al. (2011) Phosphorylation state of Olig2 regulates
proliferation of neural progenitors. Neuron 69, 906–917

88 Castro, D. S., Martynoga, B., Parras, C., Ramesh, V., Pacary, E., Johnston, C., Drechsel,
D., Lebel-Potter, M., Garcia, L. G., Hunt, C. et al. (2011) A novel function of the proneural
factor Ascl1 in progenitor proliferation identified by genome-wide characterization of its
targets. Genes Dev. 25, 930–945

89 Shimojo, H., Ohtsuka, T. and Kageyama, R. (2008) Oscillations in notch signaling
regulate maintenance of neural progenitors. Neuron 58, 52–64

90 Das, D., Lanner, F., Main, H., Andersson, E. R., Bergmann, O., Sahlgren, C., Heldring, N.,
Hermanson, O., Hansson, E. M. and Lendahl, U. (2010) Notch induces
cyclin-D1-dependent proliferation during a specific temporal window of neural
differentiation in ES cells. Dev. Biol. 348, 153–166

91 Georgia, S., Soliz, R., Li, M., Zhang, P. and Bhushan, A. (2006) p57 and Hes1 coordinate
cell cycle exit with self-renewal of pancreatic progenitors. Dev. Biol. 298, 22–31

92 Castro, D. S. and Guillemot, F. (2011) Old and new functions of proneural factors revealed
by the genome-wide characterization of their transcriptional targets. Cell Cycle 10,
4026–4031

93 Jablonska, B., Aguirre, A., Vandenbosch, R., Belachew, S., Berthet, C., Kaldis, P. and
Gallo, V. (2007) Cdk2 is critical for proliferation and self-renewal of neural progenitor
cells in the adult subventricular zone. J. Cell Biol. 179, 1231–1245

Received 23 November 2011/9 March 2012; accepted 14 March 2012
Published on the Internet 29 May 2012, doi:10.1042/BJ20112040

c© The Authors Journal compilation c© 2012 Biochemical Society© 2012 The Author(s)

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/by-nc/2.5/)
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.


