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Abstract
The process of cell division is highly complex. The DNA of the genome most be accurately
replicated and segregated into two precisely equal portions; the cytoskeleton must be actively
rearranged; and the cellular motor forces that allow the separation of the replicated chromosomes
and the splitting of the mother cell into two daughters must be kept under strict spatial and
temporal regulation. Not surprisingly for a process of this complexity, there is a wide range of
proteins whose location and activity must be accurately controlled to ensure both efficiency and
precision. Although the demands placed on these cell cycle proteins are high, once cells such as
neurons differentiate they enter a long non-mitotic phase where evolution has conspired to
repurpose many of these proteins, leading them to assume new and often unrelated cellular tasks.
In neurons there is a wide range of non-cycling functions for these ‘cell cycle’ proteins and this
review covers some of the best-known examples. There is little apparent logic to the second use,
but the sheer number of examples suggests that there must be a significant evolutionary advantage
to this repurposing strategy.

Introduction
When a construction crew is finished with a building, they are expected to clean up the site
and leave no trace of the heavy machinery that was used in the project. This may have
esthetic value in an urban environment, but in the cellular environment of the maturing
brain, after neurogenesis is finished, the same principles do not apply. Instead the ‘heavy
machinery’ that drives the cell cycle during the growth of the CNS is not removed; it is
simply repurposed to a variety of new functions in the adult nerve cell. Occasionally this
means a modest re-direction of effort – a kinase is after all a kinase. But more often it means
that a protein with one function during development adopts an entirely new function in the
adult. The metamorphosis can be so dramatic that calls into question the meaning of a label
such as “cell cycle protein”.

The machinery of the cell cycle
The normal process of cell division is a complex, interconnected network of biochemical
and cell biological events. While the center of the process is the duplication of the cell’s
genome, DNA replication must proceed in a cellular context that includes the proper
regulation of other cellular events including metabolism, transcription, translation and
mitochondrial biogenesis, as well as chromatin condensation, spindle formation and
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ultimately cytokinesis. Many solid reviews are written each year on this topic and the
interested reader is referred to them for more details (1–5); a brief overview will suffice
here.

A classic cell cycle is described as having four phases: G1, a growth phase; S, a DNA
replication phase; G2, a preparation phase; and M, the phase during which the chromosomes
condense and segregate and following cytokinesis two daughter cells are formed. A series of
regulatory proteins known as cyclins, activate different members of a family of enzymes
known as cyclin dependent kinases (Cdks). These proline-directed serine/threonine protein
kinases help to guide the cell through a normal cell cycle. The cyclin/kinase complexes are
in turn regulated by a series of Cdk inhibitors (CKIs). To ensure an orderly DNA replication
process, an origin recognition complex (ORC) binds at a series of initiation sites known as
origins and ensures that each one ‘fires’ only once during a cell cycle. Cdk/cyclin activity is
also regulated by protein degradation, initiated by ubiquitination at specific points in the cell
cycle. One such ubiquitin ligase is the anaphase promoting complex/cyclosome (APC/C) – a
multi-protein complex that can switch between two major activator proteins, Cdc20 and
Cdh1, depending on the phase of the cell cycle (6–9). The complex movements of
chromosomes and cellular organelles that occurs during M-phase requires many cellular
players including cytoskeletal elements such as microtubules and their associated proteins
such as tau.

Second careers for the proteins of the cell cycle
A careful examination of any protein will often reveal second functions, some of which are
quite dissimilar from the one originally discovered. For example, cytochrome C is an iron-
containing protein that is a well known part of the electron transport process; yet students of
cell death have come to know it better as the protein that triggers the formation of the
apoptosome. In this particular case, there is a clear rationale for linking cell death to the loss
of mitochondrial integrity: a cell with badly damaged mitochondria would have limited
capacity to produce ATP and thus might be better off eliminated. Despite this ‘logic’, the
function of the cytochrome C protein in the two contexts is completely different. Examples
of the alternative functions for some of the proteins involved in cell cycle regulation include
examples such as this as well as situations where both the contexts and the second functions
of the “cell cycle proteins” are unrelated. The only logic to the situation may be that
evolution is a conservative process, finding new uses for existing proteins rather than
designing new proteins for each new purpose.

Origin of replication proteins in dendrites
The origin recognition complex (ORC) is a large multisubunit complex that in most
eukaryotic cells binds to the sites on the genome where DNA replication is initiated (10).
The complex includes 6 ORC proteins as well as others; it identifies sites of replication
initiation and prepares the site for DNA synthesis. Far away from the DNA of the nucleus,
the neuronal dendrite is a highly complex cytoplasmic extension of the neuronal cytoplasm.
Depending on the cell type the furthest extensions of the dendritic tree can be hundreds of
microns from the associated cell body. At this distance from the nucleus, there is little
reason to expect an origin binding protein would have any function as there is no DNA (at
least no nuclear DNA) let alone origins of replication present. Yet ORC2, 3, 4, 5 and 6 are
expressed at moderate to high levels in adult brain (11). Using immunocytochemistry, the
physical presence of these proteins in the most distal dendritic branches (but not axons) of
cultured neurons is striking. Further, the knock down with siRNA of either ORC3 or ORC5
leads to a dramatic dendritic atrophy. The number of dendritic branch points declines by
several fold, as does the density of post-synaptic spines. There is as yet no mechanistic
understanding as to exactly how these proteins function in spines nor how their DNA
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replication properties relate to those required for maintaining the integrity of the dendrite.
The speculation is that, similar to their association with the spindle mid-zone, cleavage
furrow, and centrosomes, the ORC proteins may be involved with the cytoskeletal
reorganization needed for proper dendritic maintenance.

The functions of the APC/C complex in adult neurons
To ensure the unidirectional progression of the cell cycle, two principal E3-ligases mediate
the stage-specific degradation of the proteins involved in cell cycle control. The two main
players in this regard are the SCF complex (Skp1, Cul1, and Rbx1 and an interchangeable
F-box protein subunit) and APC/C (anaphase-promoting complex/cyclosome) complex (12).
The SCF complex is used throughout the cell cycle whereas APC/C is active from mitosis
only through early G1 (13). APC/C is a multi-protein complex made up of 11 different
subunits that can switch between two major activator proteins, Cdc20 and Cdh1, depending
on the cell cycle phase (6–8, 14); Cdh1-APC functions during late M- and G1 phases, while
Cdc20-APC drives anaphase in early mitosis. Beyond these cell cycle functions, both
proteins have major post-neurogenic roles in neuronal structure. For example, Cdc20
promotes presynaptic (axonal) differentiation by triggering the degradation of NeuroD2 and
thereby promoted presynaptic differentiation (15). In the neuronal dendrite, centrosomal
CaMKIIβ drives dendritic retraction and pruning in an action mediated by the Cdc20 form of
APC (16). CaMKIIβ-mediated Cdc20 phosphorylation releases it from the centrosome,
inhibiting APC activity and triggering a switch from growth to retraction of dendrites. In a
complementary way, in the axon, the Cdh1 form of APC/C is an active participant in axonal
growth and patterning (9). Inhibition of Cdh1 activity specifically triggers the elongation of
axons but not dendrites. Indeed, the Cdh1 form of APC may represent a negative regulator
of axonal behavior during development and possibly regeneration. The speculation for both
of these observations is that ubiquitin-mediated protein degradation, acting locally or
potentially within the nucleus, serves to regulate neuritic growth and branching in a structure
specific fashion.

The non-mitotic role of tau
The microtubule associated protein, tau, is well recognized as an important part of the
neuronal cytoskeleton. Under most circumstances tau localizes to the axon where its
maintenance of proper microtubule stability is essential to axon integrity and efficient axon
transport (17). In neurodegenerative conditions such as Alzheimer’s disease, fronto-temporal
dementia and others, hyperphosphorylation of tau weakens its microtubule affinity and
favors aggregation of the protein into oligomeric and ultimately macromolecular structures
recognized as paired-helical filaments (18). Yet tau protein, including its phosphorylated
isoforms, is found in the nucleus and associates with the microtubules of the mitotic spindle
(19–21). In this case the microtubule stabilizing function of tau is probably similar if not
identical in both the axon and the mitotic spindle. Yet it fits will within the classification of
a true cell cycle protein with distinct functions in the adult neuron.

p27 and p57
The p27 and p57 proteins are members of the Kip family of Cdk inhibitors. Their CKI
partners, the INK4 proteins, target CDK4/6-cyclin D during the G1 phase of the cell cycle
and inhibit Cdk-cyclin pairing. The Cip/Kip proteins (p21Cip1, p27Kip1, and p57Kip2) inhibit
a broader range CDK-cyclin dyads. CDK inhibition by p27 involves tight association with
CDK-cyclin complexes leading to kinase inhibition. Both p57 and p27 have been shown to
participate in neuronal differentiation and migration through their involvement with changes
in the neuronal cytoskeleton (22, 23). In particular, the Cip/Kip family regulates the Rho
signaling pathway, with important implications for processes such as coordinating
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cytoskeletal changes during of nerve cell migration during development, and possibly
helping to create the invasive tendency of cancer cells. There is evidence that some
cytoskeletal changes that are observed during the cell cycle also require p27; this function
may have direct analogy to the migration function post neurogenesis, but it is distinct from
the Cdk inhibition. A role as a microtubule binding protein has been proposed for p27,
partially explaining its involvement in the nuclear translocation of the developing nervous
system as well as in the neuritic branching seen during migration (24). Cells lacking p27
show reduced motility; in the neuronal cytoplasm, when p27 is stabilized by
phosphorylation by Cdk5, it binds to cofilin. Cofilin-actin interaction is blocked by this
modification allowing migration to proceed (25). In a similar and possibly overlapping
fashion, p57 also enhances neurite outgrowth and advances radial migration during
development (26)

Cell cycle regulation in the adult
The neurons of the adult CNS are characterized as permanently post-mitotic. The entire
concept of a neuronal ‘birthday’ is based on the premise that virtually every neuron in the
adult brain goes through a final cell division during development (27, 28). Yet increasing
evidence has shown that while adult nerve cells may be mitotically quiescent, there is
nothing permanent about their post-mitotic state. They can re-enter a cell cycle process,
complete with DNA replication. This attempt at cell division, however, results in the death
of the nerve cell. Therefore, it follows that an adult neuron must constantly suppress its cell
cycle to remain healthy and survive (29–32). The proteins whose function it is to carry out
this life-long suppression are both familiar and unfamiliar.

Retinoblastoma—One familiar protein whose function demonstrates this concept of
chronic, life long cell cycle suppression is the tumor suppressor protein, retinoblastoma
(RB). Mice with genetic deletions of RB die as embryos, with massive apoptotic death
among the recent neuronal emigrants from the ventricular zone (33–35). The timing of these
deaths points to a collision between continued unrestrained cell division and the initiation of
differentiation and migration. Yet early on it was recognized that RB had developmental
functions in addition to its role in cell cycle suppression (36). We now know that this
requirement for RB persists into adulthood; acute deletion of RB function results in ectopic
neuronal cell cycle protein expression and death (37). Although RB is believed to function
by sequestering E2F1, it is interesting that the adult neuronal deaths caused by RB
deficiency occur without activation of the E2F-targeted apoptotic genes, Apaf1 and Puma.
The concept is expanded further by the association of RB with a second E2F family
member, E2F3. In the absence of RB, the process of neuronal migration is severely
compromised and this phenotype has been explicitly shown to be distinct from the cell cycle
advancing actions of E2F3 (38).

ATM (ataxia-telangiectasia mutated)
The ATM protein is a member of the PI3kinase family whose functions include the
induction of cell cycle checkpoint proteins during the repair of DNA damage (39–41). Given
this activity, it was a unifying observation that the neuronal death observed in cerebellar
neurons and elsewhere is associated (in mouse and human) with ectopic re-activation of the
cell cycle (42). As with the retinoblastoma protein, however, there is emerging evidence that
the requirement for ATM as a cell cycle suppressor is lifelong. Indeed, a failure of ATM
signaling may be one factor leading to the death of neurons in Alzheimer’s disease (43). Yet
ATM is also an example of a cell cycle protein whose functions in the adult neuron include
other non-cell cycle related events. The ATM protein participates in the trafficking and
function of synaptic vesicles and is required by hippocampal neurons to establish the
network property known as long term potentiation (44). Looking beyond the CNS it has
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recently been found that ATM function is needed for proper insulin functioning, both
signaling (45) and secretion (46).

Cdk5
Cdk5 is an unexpected entry on any list of cell cycle proteins. Originally, it was identified as
an atypical Cdk, with no apparent role in a normal cell cycle process. In recent years,
however, it has become clear that Cdk5 functions as a cell cycle suppressor (47).
Paradoxically, this function does not rely on its kinase activity. Rather, Cdk5 acts in an RB-
like fashion by sequestering E2F1 and preventing its association with its activating partner,
DP-1 (48). As with the other cell cycle suppressors cited earlier, the effect is lifelong and
there is evidence for a failure of this function during the death of neurons in Alzheimer’s
disease (49).

Cdh1—This subunit of the APC/C complex may also have a role in cell cycle suppression
in the adult brain (50). Conditional knockouts of the gene encoding Cdh1 (Fzr1) show a late
onset development of tumors of a variety of cell types and a hyperproliferation of cells
lining the ventricular zone. As they are Sox2/Sox9-positive, these are likely to be neuronal
progenitor cells. Associated with these cellular defects, both motor and cognitive
performance of the conditional knockouts was degraded significantly. This suggests that the
roles of Cdh1, like those of the Cdk5 and ATM, include a cell cycle suppression function in
the non-mitotic neurons of the adult.

Concluding comments
The examples of repurposed proteins cited here come from all phases of the cell cycle. Their
functions in the adult neuron range widely as well (Figure 1). If there were a common theme
that characterized the non-mitotic uses of cell cycle proteins, it might be neuronal
cytoskeletal integrity. In this small sample, it would appear that axonal and presynaptic
functions tend to be the province of proteins whose cell cycle activity tended to be in the G2
and M cell cycle phases, while those involved with migration and dendritic structure are
mostly G1 and S phase proteins. From an evolutionary perspective, it should be noted that
the sheer number of proteins that fit in this category suggests that finding new uses for the
heavy machinery of the cell cycle is a process with significant adaptive advantage for the
neuron. And in truth, the concept of repurposing of construction machinery when its initial
function is complete is not a new one (51).
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Figure 1.
The phases of the cell cycle are indicated in the center of the circle. Around the perimeter,
the proteins described in this review are indicated in green font with their approximate point
of action in the cell cycle indicated with a black arc. Outside of these, the adult neuronal
functions of the same proteins are indicated in a golden font. Cdk5, which has no known
role in a normal cell cycle process, is represented next to (but not connected with) S-phase.
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