Core cell cycle machinery is crucially
involved in both life and death of post-

mitotic neurons

Quentin Marlier, Tine D’aes, Sébastien
Verteneuil, Renaud Vandenbosch &
Brigitte Malgrange

Cellular and Molecular Life Sciences

ISSN 1420-682X

Cell. Mol. Life Sci.
DOI 10.1007/s00018-020-03548-1

@ Springer



Your article is protected by copyright and

all rights are held exclusively by Springer
Nature Switzerland AG. This e-offprint is

for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication
and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



Cellular and Molecular Life Sciences

https://doi.org/10.1007/500018-020-03548-1 Cellular and Molecular Life Sciences
REVIEW q
Check for
updates

Core cell cycle machinery is crucially involved in both life and death
of post-mitotic neurons

Quentin Marlier'® - Tine D'aes'® - Sébastien Verteneuil' @ - Renaud Vandenbosch'® . Brigitte Malgrange’

Received: 24 December 2019 / Revised: 23 April 2020 / Accepted: 12 May 2020
© Springer Nature Switzerland AG 2020

Abstract

A persistent dogma in neuroscience supported the idea that terminally differentiated neurons permanently withdraw from
the cell cycle. However, since the late 1990s, several studies have shown that cell cycle proteins are expressed in post-
mitotic neurons under physiological conditions, indicating that the cell cycle machinery is not restricted to proliferating
cells. Moreover, many studies have highlighted a clear link between cell cycle-related proteins and neurological disorders,
particularly relating to apoptosis-induced neuronal death. Indeed, cell cycle-related proteins can be upregulated or overac-
tivated in post-mitotic neurons in case of acute or degenerative central nervous system disease. Given the considerable lack
of effective treatments for age-related neurological disorders, new therapeutic approaches targeting the cell cycle machinery
might thus be considered. This review aims at summarizing current knowledge about the role of the cell cycle machinery in
post-mitotic neurons in healthy and pathological conditions.
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CIP CDKS inhibitory peptide

PD Parkinson’s disease

MPTP 1-Methyl-4-phenyl-1,2,3,6-Tetrahydropyri-
dine

6-OHDA  6-Hydroxydopamine

RKIP Raf kinase inhibitory protein

MEF2 Myocyte enhancer factor 2

TBI Traumatic brain injury

SCI Spinal cord injury

Introduction

The cell cycle is an orderly set of events that results in the
production of two daughter cells with identical genetic mate-
rial. Cell cycle proteins tightly regulate precise execution
and control of this process. Post-mitotic neuronal cells were
long considered not to express these proteins. However, this
view changed over the past decades with the identification
of cell cycle machinery proteins in post-mitotic neurons of
the healthy adult brain [1]. In addition, increasing evidence
has highlighted a clear link between cell cycle re-entry and
neurological diseases [2, 3]. Indeed, cell cycle proteins are
often found to be overexpressed following acute neurologi-
cal insults or in neurodegenerative disorders. Therefore,
understanding the machinery that governs the cell cycle in
neurons holds great potential for discovering new therapies
for neurological disorders that remain at present mostly
untreatable. Complementary to the existing literature on
this topic (e.g. [3—11]), in this review, we aim to present
an updated, concise but comprehensive overview of current
knowledge about non-canonical functions of the core cell
cycle machinery both in healthy and diseased post-mitotic
neurons. Unless otherwise specified, results of the cited
research papers were primarily obtained in mice.

Core cell cycle machinery: a quick overview

In eukaryotic organisms, the cell cycle comprises two major
phases: interphase, consisting of Gap 1 (G1), synthesis (S),
and Gap 2 (G2) phases during which the cell grows and
duplicates its DNA, and the mitotic (M) phase of chromo-
some partition. The physical separation of all components of
the cell to form two new daughter cells begins during mitosis
and is called cytokinesis. When cells stop dividing, they
enter a resting phase called GO that corresponds to a (revers-
ible) non-proliferative quiescent or (irreversible) differenti-
ated status. Coordinated progression through all phases of
the cell cycle is under the control of specific families of
proteins (Fig. 1).
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Cyclin-dependent kinases and cyclins

Cyclin-dependent kinases (CDKs) are serine/threonine
kinases that phosphorylate many cell cycle-related pro-
teins. They are universal regulators of the cell cycle, pre-
sent in all known dividing eukaryotic cells. As their name
implies, they only become activated upon the binding of
regulatory subunits called cyclins. Expression levels of
the different cyclins oscillate throughout the cell cycle
and favour the transition between certain cycle phases.
In humans, around 30 cyclins and 21 Cdks have currently
been described, but only a few of them are known to be
directly involved in cell division. Core cell cycle CDKs,
including CDK1, CDK?2, CDK3, CDK4 and CDKG®6, are
phosphorylated and activated by the CDK-activating
kinase (CAK) complex, which is composed of CDK7, cyc-
lin H and MNAT1 [12]. The other CDKs and associated
cyclins have vital roles, among others, in DNA transcrip-
tion [13].

Upon proliferative signaling, CDK3 associates with cyc-
lin C and promotes GO to G1 phase transition by phospho-
rylating retinoblastoma-associated protein (pRb; see below)
[14]. Most strains of mice commonly used in the laboratory
carry a mutation that abolishes CDK3 activity [15] that is
efficiently replaced by CDK1 or CDK2 [16]. Next, members
of the cyclin D family (cyclins D1, D2, and D3) interact with
CDK4 and CDKG6. Upon binding D-type cyclins, CDK4 and
CDKG6 are activated and in turn phosphorylate and inactivate
pRb, releasing E2F transcription factors (see below) that
allow progression through the G1 phase. CDK2 in associa-
tion with cyclin E and A controls S phase entry, whereas
G2 entry relies on CDK1/cyclin A complex formation.
CDKl/cyclin B complex activation will induce M phase
progression, and inactivation of this complex is necessary
for mitotic exit and cytoplasmic division (cytokinesis) [13].

Another essential cyclin-dependent kinase is CDKS,
which forms complexes with non-cyclin CDKS regulatory
subunits 1 and 2 (CDK5R1 and CDK5R2), more com-
monly called p35 and p39. Although complexes of CDK5
and cyclin I can be detected during G1, S and G2 phases
[17], CDKS is thought to mainly inhibit the cell cycle in
healthy neurons. Indeed, CDK5/p35(CDK5R1) acts by
binding the transcription factor E2F1 and preventing it
from interacting with its cofactor DP1 (TFDP1), thereby
disrupting the ability of E2F1-DP1 complexes to bind the
promoters of cell cycle genes [18].

CDK inhibitors

CDKs are not only regulated by the presence of cyclins,
but also by CDK inhibitors (CKIs). There are two main
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Fig.1 Core cell cycle machin-
ery in proliferating cells. CDKs
(orange) bind to their respective
cyclins to form active com-
plexes that allow the prolifera-

tion of the cell partly through M

pRb/E2F (brown) phosphoryla-
tion/release. Tight regulation of
this process is possible thanks
to CKIs (red) and other cell
cycle regulators (blue)

G2

families of inhibitory proteins that negatively regulate the
cell cycle machinery: CIP/KIP inhibitors [p21 (CDKN1A),
p27 (CDKNI1B) and p57 (CDKNI1C)] which bind to all
CDK/cyclin complexes involved in the cell cycle, and
INK4 inhibitors [p15 (CDKN2B), pl6 (CDKN2A), p18
(CDKNZ2C) and p19 (CDKN2D)] that exclusively control
CDK4 and CDKG6 [19]. Other CKIs include the tyrosine
kinases WEE1 and Checkpoint kinase 1 (CHEK1), which
are key G2/M phase regulators. They prevent cells from
entering the M phase of the cell division cycle in case of
unrepaired DNA damage [20]. WEE]1 inhibits the CDK1/
cyclin B complex [21, 22], while CHEK1 can phosphoryl-
ate various substrates that are involved in DNA damage
checkpoints, cell cycle arrest and DNA repair [23].

pRb and E2F families

The retinoblastoma-associated protein (pRb) family
encompasses pRb itself (also called p105), p107 (RBL1)
and p130 (RBL2). In their hypophosphorylated state,
these proteins directly bind to and inhibit the E2F family
of transcription factors that are necessary for G1/S phase
transition [24]. Upon mitogenic signaling, pRb proteins are
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hyperphosphorylated and inactivated, mostly through CDK4
or 6/cyclin D and CDK2/cyclin E activity. Inactivation of
pRb releases E2Fs, which induce the expression of proteins
involved in cell cycle progression such as cyclins A and E,
facilitating further pRb phosphorylation through a positive
feedback loop [25].

Other cell cycle modulators

Polo-like kinase (PLK) proteins are major cell cycle regula-
tors, comprising PLK1-PLKS. These proteins are involved
in centriole duplication (PLK2 and 4), DNA replication
(PLK3), centrosome separation and maturation, mitotic
entry, spindle formation, chromosome segregation and
cytokinesis (PLK1) [26].

Cell division cycle 25 (CDC25) phosphatases, encom-
passing CDC25A, B and C, are involved in G1/S and G2/M
phase transitions through activation of CDK2 and CDK1,
respectively. They do so by dephosphorylating Thr14 and
Tyr15. Phosphorylation of these residues maintains CDKs
in an inactive state [27].

The anaphase-promoting complex/cyclosome (APC/C)
is a multisubunit E3 ubiquitin ligase [28] that controls the
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cell cycle in close collaboration with two cofactors: cell
division cycle 20 (CDC20) and CDC20 homolog 1 (Cdhl).
APC/C®PC% inhibits M phase mainly via ubiquitination
of cyclin B, whereas APC/CC! is involved in M and G1
phases. When coupled to Cdhl, APC/C can ubiquitinate
several substrates such as PLK1, which is necessary for GO/
G1 transition [29], or CDC25 [27]. APC/C®®! contributes
to maintaining the cell in the G1 phase, and its inhibition by
early mitotic inhibitor 1 irreversibly commits mammalian
cells to the cell cycle [30].

Cell cycle machinery in post-mitotic neurons:
non-canonical functions

In addition to their canonical roles in driving the cell from
its entry into G1 phase to cytokinesis, increasing evidence
suggests that cell cycle elements also have other functions.
Indeed, following mitotic exit, there is no total degradation
of cell cycle proteins. In post-mitotic neurons, numerous
cell cycle proteins are present, including cyclins, CDKs and
CKIs [31-33]. These proteins are often detected outside the
nucleus [1]. Importantly, cytoplasmic CDK/cyclin com-
plexes are functionally active in post-mitotic neurons [31],
suggesting that these proteins fulfil non-canonical essential
physiological functions (Table 1).

Role of cell cycle proteins in neuronal differentiation
and migration

Upon their generation in the ventricular zone, neuronal pre-
cursors differentiate and exit the cell cycle before migrating
to the cortical plate [34, 35]. Several studies have implicated
cell cycle-related proteins in the regulation of both neuronal
differentiation and migration (Fig. 2).

CDK5

CDKS is an important actor of neuronal progenitor cell cycle
arrest. As mentioned above, nuclear CDKS5/p35(CDKS5R1)
complexes act as cell cycle suppressors by sequestering
E2Fs, thereby inhibiting their ability to bind to the promot-
ers of cell cycle genes [18]. Given the tight coupling of
neuronal differentiation and cell cycle arrest, it is not sur-
prising that CDKS5 also has a pro-differentiation function.
Indeed, CDKS5-deficient embryonic neurons exhibit contin-
ued expression of nestin—an intermediate filament protein
that is only present in progenitors—while they fail to express
microtubule-associated proteins that mark mature neurons
[36]. Increased activity of CDKS during neonatal neuronal
differentiation is crucial for neural network formation, and is
caused by selective upregulation of its non-cyclin activator
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Fig.2 Overview of cell cycle-related proteins involved in differentia-
tion/migration in post-mitotic neurons. Neuronal differentiation and
migration are partly controlled by cell cycle-dependent and independ-
ent functions of CKIs (red), CDK/cyclin complexes (orange), pRb/
E2F family members (brown) and by other cell cycle regulators (blue)

p39 (CDK5R2), which binds with CDKS5 to become an
active kinase [37].

Other studies have elucidated a role for CDKS in neu-
ronal migration through phosphorylation and regulation of
numerous proteins that are critical for the organization of the
microtubule network and actin cytoskeleton [38, 39]. During
development, migration of cortical neurons is a tightly regu-
lated process that relies mainly on three distinct migration
modes: multipolar migration, glia-guided radial migration
and somal translocation [35]. After multipolar migration to
the upper intermediate zone, neurons switch to a bipolar
morphology to initiate glia-guided radial migration. CDKS5
plays an important role in radial migration [40, 41] by phos-
phorylating regulatory proteins such as Rap guanine nucleo-
tide exchange factor 2 (RAPGEF2), mammalian Ste20-like
kinase 3 (MST3 or STK24) and drebrin [42—-44]. CDKS has
been shown to phosphorylate focal adhesion kinase (FAK
or PTK?2), which is vital for the organization of the micro-
tubule network that promotes nuclear translocation along
radial fibers [45, 46]. Neurons reach their final destination
via somal translocation, a migration process in which the
entire cell body follows a shortening leading process that
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remains attached to the pial surface, independently from
radial glial cells [47]. CDKS5 does not appear to be involved
in somal translocation in the early phase of corticogenesis
[48]. Finally, CDKS regulates cytoplasmic microtubule
motor protein dynein, which is essential for retrograde trans-
port along neuronal axons and nuclear migration, through
phosphorylation of nuclear distribution protein nudE neu-
rodevelopment protein 1 like 1 (NDEL1) [49, 50].

CDK inhibitors

Neuronal differentiation is associated with a general reduc-
tion in CDK activity and an accumulation of CKIs such as
p27 and p21 (CDKN1A&B) [31, 51]. However, CKIs also
act as pro-differentiation factors through cell cycle-inde-
pendent pathways. For example, p27 also triggers the stabi-
lization of neurogenin-2, a transcription factor that promotes
neuronal differentiation [52]. Experiments in mice and rats
showed that p57 (CDKN1C) appears to be more efficient in
promoting neuronal differentiation than p27, but requires
interaction with cyclins and CDKs to exert its developmental
functions [53]. Among the INK4 inhibitors, p19 (CDKN2D)
plays a role in maintaining neurons in a post-mitotic state
[54].

In addition to their roles in differentiation, CIP/KIP pro-
teins regulate cell motility and migration. Both p27 and
pS57 are important for neuronal migration in the develop-
ing cortex [34, 52, 55]. This non-canonical role for CIP/
KIP inhibitors relies on their expression outside the cell
nucleus [4]. p27 promotes the radial migration of cortical
projection neurons from the ventricular zone to the cortical
plate, as well as the tangential migration of interneurons,
by blocking the RHOA GTPase signaling pathway which
is involved in cytoskeletal rearrangements. In addition, p27
promotes cortical interneuron migration through regulation
of microtubule polymerization [56]. Interestingly, p27 is a
specific substrate of CDKS. CDKS phosphorylation of p27
at Ser10 is thought to regulate both the stability and cyto-
plasmic localization of p27 [55, 57], although other results
indicate that phosphorylation at Ser10 is not essential for
the latter [58]. Finally, the zinc finger transcriptional repres-
sor RP58 (ZBTB18), a well-known coordinator of neuronal
radial migration, has been shown to interact with p27 to
mediate neuronal progenitor cell cycle exit as well as radial
migration through suppression of RHOA signaling [59]. p57
participates in neuronal migration at a later stage than p27,
controlling the last phase of proper positioning of neurons
within the cortical plate [34].

pRb and E2F families

pRb and E2F transcription factors are two other core cell
cycle regulators that are involved in neuronal differentiation.

As previously mentioned, increased levels of hypophospho-
rylated (active) pRb result in E2F sequestration, thereby
inhibiting transcription of genes necessary for cell cycle
progression. Likewise, overexpression of p27 (CDKNI1B)
or pRb is sufficient to induce neuronal differentiation [60],
although pRb may not be necessary to initiate differentiation
of neurons [61].

In addition, pRb and E2F play an unexpected role in neu-
ronal migration. Loss of pRb and/or p107 (RBL1) induces
radial and tangential migration defects in cortical projection
neurons and interneurons [62, 63]. This migration defect is
rescued in the pRb-E2F3 but not in the pRb-E2F1 double
knock-out mice. Among the molecules regulated by E2F3,
several are involved in neuronal migration, such as neogenin
and SEMA3D, two guidance molecules, and apolipoprotein
E and cholecystokinin, two members of the reelin pathway
[64].

Other

APC/CC! is also involved in differentiation and plays
essential roles in post-mitotic neurons [65]. APC/CCdn!
activity is necessary for in vitro differentiation of cortical
neurons and for neurogenesis [66]. In addition, it has been
found in Neuroscreen-1 cells that PLK2 silencing inhibits
nerve growth factor-induced neuronal differentiation [67].

Role of cell cycle proteins in neuronal maturation
and neuroplasticity

Upon reaching their final destination in the developing brain,
post-mitotic neurons begin to mature. They extend their pro-
cesses and become polarized with the extension of a single
axon and the formation of dendrites. Cell cycle proteins have
been shown to play a role in this maturation process, particu-
larly in highly plastic cortical and hippocampal pyramidal
neurons (Fig. 3).

Cyclins and CDKs

CDKI1, cyclin B and E, and to a lesser extent, cyclin A and
D, are expressed in dendrites [1]. CDK1, 2, and 4, as well
as cyclin A, B, D, and E, are also expressed close to the
axonal microtubule cytoskeleton [68]. Once again, these
non-nuclear CDKs and cyclins form functional complexes
and exhibit kinase activity. Moreover, these active com-
plexes physically interact with the microtubule-associated
protein tau [68]. Tau is known to localize to the axon to
maintain proper microtubule stability, essential to axon
integrity and efficient axonal transport [69]. Small interfer-
ing RNA (siRNA)-driven downregulation and pharmaco-
logical inhibition of CDK1/2 or cyclin B, D or E promote
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Fig.3 Overview of cell cycle-
related proteins involved in neu-
ronal maturation and neuroplas-
ticity in post-mitotic neurons.
CDK/cyclin complexes (orange)
are involved in neuronal matura-
tion and neuroplasticity, as well
as E2F (brown) and other cell
cycle regulators such as APC/C
members (blue)
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neurite outgrowth in mouse primary neurons [68], confirm-
ing that these proteins play a role in neuronal maturation.
A unique role is again reserved for CDKS5. CDKS is vital
for axonal outgrowth and neuronal maturation through phos-
phorylation of numerous proteins, as shown in rat primary
neurons [70]. Indeed, research in mice and rats showed that
phosphorylation of synapsin III [71] or GRAB (guanine
nucleotide exchange factor for Rab8) [72] regulates axonal
outgrowth. Other CDKS substrates that contribute to axonal
growth include NGEF (ephexinl), Ras guanine nucleo-
tide releasing factor 2 (RASGRF2), and numerous other
upstream regulators and downstream effectors of the Rho
GTPases (a family of G proteins that regulate actin dynam-
ics) RHOA, Rac and Cdc42 [73]. Neuronal activity-depend-
ent control of the phosphorylation of the scaffold protein
liprinal by CDKS is essential for maturation of excitatory
synapses in mice and rats by regulating the localization of
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DLGH4 (postsynaptic density protein 95 or PSD-95), a scaf-
fold protein involved in postsynaptic densities [74]. Moreo-
ver, DLG4 (PSD-95) has been identified as a direct CDK5
substrate in mice and rats [75].

CDKS also has a critical role in regulating synaptic
plasticity [76]. It was shown in rat that CDKS5 regu-
lates synaptic vesicle exocytosis through phosphoryla-
tion of Munc-18 (thereby modulating Munc-18/syntaxin
1A interaction, resulting in increased neurotransmitter
release) or voltage-dependent calcium channels (thereby
modulating the interaction between SNARE proteins
and voltage-dependent calcium channels, resulting in
decreased neurotransmitter secretion) [77, 78]. While it
has been reported in rats that CDKS is vital for endocy-
tosis through phosphorylation of dynamin I [79], other
results rather suggest that CDKS negatively regulates
synaptic vesicle endocytosis [80, 81]. In addition, in rat
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hippocampal neurons CDKS acts as a priming kinase
for the phospho-dependent binding of PLK2 to its post-
synaptic scaffolding substrate [82]. CDKS5 has also been
identified in mice and rats as a mediator of neuregulin
signaling, required for the transcription of neurotrans-
mitter receptors such as the acetylcholine receptor [83].
Efficiency and plasticity of synaptic transmission also
rely on the regulation of dendritic spine morphology. Sig-
nificant modulation of spine morphogenesis depends on
actin dynamics and therefore also on Rho GTPases, as
described above [73]. Finally, dopaminergic neurotrans-
mission is also modulated by CDKS5. CDKS5 can either
depress the dopamine system through phosphorylation of
dopamine- and cAMP-regulated neuronal phosphoprotein
PPP1R1B (DARPP-32) [84], or increase activity and sta-
bility of the tyrosine hydroxylase (TH) enzyme, which is
responsible for dopamine synthesis [85]. However, the
precise effects of CDKS5 on synaptic plasticity and learn-
ing remain unclear, as both inhibitory [86] and stimula-
tory effects [87] have been reported.

Cyclin E plays a role in the formation of synapses in
post-mitotic neurons through inhibition of CDKS in a cell
cycle-independent manner [33, 88]. Cyclin E regulates
synaptic plasticity by forming cytoplasmic kinase-inac-
tive complexes with CDKS5 and sequestering it from its
activators p35 and p39 (CDK5R1&2), thereby inhibit-
ing the phosphorylation of CDKS5 synaptic substrates.
Ablation of cyclin E in post-mitotic neurons leads to
a decreased number of synapses and dendritic spines
in vitro [88].

Cyclin Y, originally identified as interacting with
CDK14 and CDK16, has been shown in rats to inhibit syn-
aptic plasticity of long-term potentiation, the most widely
studied physiological substrate of memory and learning,
by preventing plasticity-induced delivery of the a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
glutamate receptor to synapses [89].

Recent evidence suggests that CDK?7 is critical for the
transcription of immediate-early genes that is triggered
by neuronal activity in certain behavioural tasks, through
phosphorylation of RNA polymerase II. In addition, CDK7
seems to be essential for long-term potentiation and for the
gene transcription required for long-term memory forma-
tion in living mice [90].

CDK inhibitors

Not much is known about the role of CKIs in neuronal
maturation, although p27 (CDKNI1B) controls axonal
transport of vesicles and organelles, which is an essential
process in neuronal maturation and synapse formation, by
promoting acetylation of microtubules [91].

pRb and E2F families

E2F1 has been detected both in neurites and close to syn-
apses in the adult brain. E2F1 knockout mice show signifi-
cant age-dependent olfactory and memory deficits [92], indi-
cating a key role for this protein in synapse establishment
and/or remodeling that remains to be elucidated.

Other

APC/CC! and APC/CCPC?0 complexes regulate neuronal
maturation through degradation of specific proteins [4].
Nuclear APC/CC®! was found to control axonal growth and
patterning in rats [93] through degradation of two axonal
growth-promoting factors: ID2 and SKIL (SnoN) [94, 95].
Furthermore, APC/C®! can regulate the size and activity
of drosophila neuromuscular synapses [96].

It has been shown in rats that centrosomal APC/C P20
promotes presynaptic differentiation (an essential process
for synapse formation) and dendrite morphogenesis by trig-
gering the degradation of both NEUROD?2, a neurogenic
differentiation factor, and DNA-binding protein inhibitor
ID1, a protein that inhibits dendrite growth [97, 98]. In line
with this, loss of APC/CP¢2? impairs dendritic growth and
branching in cerebellar granule neurons in vitro and in vivo
[98], but has no effect on axonal growth.

Cell cycle proteins and neuronal DNA repair

Once they have undergone differentiation, migrated to their
final position, and have fully matured and functionally
integrated into the brain, neurons are particularly prone to
DNA damage. Neurons are long-lived cells and consume a
high level of oxygen. As a consequence, they are constantly
exposed to reactive oxygen species (ROS), which are gener-
ated as a regular part of cellular metabolism and can damage
many cell components, including DNA [99]. An efficient
system for repair of DNA lesions is thus of particular impor-
tance for survival and normal function of neurons. However,
repair in post-mitotic cells is not as effective as in dividing
cells [100]. Furthermore, neuronal tissue displays low levels
of antioxidant enzymes [101]. DNA lesions in neurons are,
therefore, more likely to accumulate.

Among the most lethal DNA lesions are the double-strand
breaks (DSBs). To fix DSBs, post-mitotic neurons rely on
the error-prone non-homologous end joining (NHEJ) DNA
repair system. Homologous recombination (HR), the other
primary mechanism to repair DSBs, requires the presence
of a sister chromatid, which is formed by DNA replication
and is absent in neurons that have exited the cell cycle [102].
However, recent evidence showed that a replication-inde-
pendent RNA-templated HR repair mechanism may exist
in non-dividing post-mitotic rat neurons. This alternative
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Fig.4 Overview of cell cycle-related proteins involved in DNA
repair and neuronal death in post-mitotic neurons. DNA repair in
post-mitotic neurons is partly controlled by CDK/cyclin complexes
(orange), pRb/E2F family members (brown) and by other proteins.

repair system depends on RADS52, an HR protein involved
in the repair of DSBs at active transcription sites during G0/
G1 phase [103].

NHEJ repair in neurons requires cell cycle proteins
(Fig. 4). Indeed, in rats, where CDK3 is present in contrast
to many common mouse strains, it was found that exposure
of cortical neurons to minor DNA damage is accompanied
by activation of the CDK3/cyclin C complex and a subse-
quent increase in pRb phosphorylation and E2F1 expres-
sion. Concomitantly with this cell cycle activation, Ku70/80
(XRCC6/XRCCS), a heterodimeric protein complex that is a
key mediator of NHE]J, is found in damaged neurons [104].
Increased pRb phosphorylation and a NHEJ response are
also induced by the activation of ATM/p53 (TP53)-mediated
CDKH4 or 6/cyclin D complexes. ATM is a kinase that is
activated by DSBs and phosphorylates the tumor suppres-
sor protein p53, which in turn can induce DNA repair, as
well as cell cycle arrest and apoptosis. It has been shown
in rat cerebellar granule neurons that CDKS5 directly phos-
phorylates and thereby activates ATM in response to DNA
damage [105]. DNA-damaging ROS or X-ray irradiation
induce expression of Cyclin D1, phosphorylation of pRb,
but also expression of more global cell cycle regulators
such as marker of proliferation Ki-67 and MCM?2 (a vital
component of the pre-replication complex that is formed
during initiation of DNA replication) in mouse and rat
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Successful DNA repair does not result in cell cycle progression. An
overload of irreparable DNA damage caused by pathological pro-
cesses, however, can cause neurons to progress through the cell cycle,
resulting in neuronal death

neurons [106, 107]. Research with mice and rats indicates
that CDK4/cyclin D complex activation is likely also medi-
ated through DNA damage-induced stimulation of SER-
TADI, a direct CDK4 activator [108]. Blocking CDK4/6
or cyclin C, thereby inhibiting cell cycle entry, increases
DNA damage upon ROS exposure. On the contrary, forced
entry in G1 phase through siRNA-mediated inhibition of
p21 (CDKN1A) induces NHEJ response and DNA repair
[104, 106]. Importantly, DNA damage that can be repaired
never leads to S phase entry. Instead, neurons remain in the
G1 phase.

Core cell cycle machinery and neuronal
death

The intracellular endpoint of many neurotoxic stimuli is the
production of ROS and consequent oxidative stress. A mas-
sive ROS increase will induce an overload of DNA damage,
a high amount of irrevocable DSBs, and a saturation of the
repair system. This process will not only lead to cell cycle
re-entry, but will induce progression of the neuron beyond
G1 phase, through the different steps of the cell cycle, finally
resulting in neuronal death (Fig. 4). Several studies have
shown that inhibition of some cell cycle regulators could
have potential neuroprotective effects [109, 110].
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G1 cell cycle re-entry

Cell cycle re-entry mechanisms are identical for physiologi-
cal and pathological ROS increase: ROS-induced DNA dam-
age leads to ATM and SERTADI1 activation, resulting in
activation of CDK4/cyclin D complexes [108, 111]. Silenc-
ing or pharmacological inhibition of ATM, cyclin D and/or
CDK4 prevents DNA damage-induced apoptosis of mouse
and rat neurons [111-114]. In addition, overexpression of
a mutated form of pRb at CDK4/6 phosphorylation sites,
which inhibits cell cycle entry, partially protects cortical
mice and rat and sympathetic rat neurons from apoptosis
following DNA damage [115]. Both ATM and CDK4/cyclin
D activation induce E2F release and accumulation [116],
which is likely responsible for cell cycle-induced neuronal
death. Indeed, it was shown in different human immortal
cell lines that E2F can bind the promoters of specific tar-
get genes, including numerous pro-apoptotic Bcl-2 family
members such as BAK1, BID or BAD [117, 118]. Following
UV-induced DNA damage, E2F binds to p53 (TP53). This
interaction has been shown to stimulate the apoptotic func-
tion of p53 [119]. Experiments in rats and mice show that
E2F inhibition may, therefore, protect neurons from apopto-
sis in several apoptotic paradigms [120-122].

In pathological conditions, neurons that re-enter the cell
cycle can progress to the G1/S transition. E2F accumulation
promotes a transition from G1 to S and G2 phases. S and
G2 phase elements, such as cyclin E, CDK2 or cyclin B1,
are found in suffering rat and mouse neurons [123-126].
E2F is also able to activate CDK1 in rat cerebellar granule
neurons following activity-deprivation [121]. The activated
CDKl/cyclin B complex induces death in rat cortical neu-
rons by inhibitory phosphorylation of the BCL2L1 (Bcl-xL)
anti-apoptotic protein [127]. In addition, the CDK1/cyclin
B complex phosphorylates the transcription factor FOXO1,
which disrupts cytoplasmic sequestration of FOXO1 and
leads to FOXO1 accumulation in the nucleus. This leads to
increased FOXO1-dependent transcription, which induces
expression of the apoptotic activator BCL2L11 (BIM),
thereby resulting in death of post-mitotic neurons [128].

If neurons did not die during G1 phase or after S phase,
they do so when they pass the G2/M checkpoint [32]. Thus,
although DNA damage-induced cell cycle re-entry is the
first step towards DNA repair via recruitment of the NHEJ
system, if the damage is too extensive and the system is
overloaded, overactivation of E2F will induce progression
through the cell cycle and activation of an irreversible apop-
totic cascade.

CDK5

In mice and rats it was found that, following apoptotic stimuli,
p35 (CDK5R1) is cleaved into p25 by calpains, preventing

CDKS from associating with p35 and resulting in the forma-
tion of CDKS5/p25 hyperactive complexes [129]. CDKS hyper-
activation is linked to neuronal apoptosis through both cell
cycle-independent and -dependent pathways. On the one hand,
it was shown in different immortal cell lines and in mice that
CDKS5 can phosphorylate and directly activate several pro-
apoptotic proteins, such as p53 (TP53) and chloride intracel-
lular channel 4 [130, 131]. On the other hand, CDK5/p25 is
also a key element in cell cycle re-entry, although normal
CDK5/p35 complexes are thought to have an inhibitory effect
on the cell cycle in healthy neurons. Indeed, CDK5-mediated
phosphorylation of Cdh1 in rat cortical neurons, one of the
main cofactors of APC/C, leads to sequestration of Cdhl in
the cytoplasm, and consequently to APC/C inactivation. The
phosphorylation of Cdhl1 also conducts to p27 (CDKN1B)
depletion, S-phase entry and neuronal apoptosis [132]. Fur-
thermore, results obtained in rat cerebellar granule and cor-
tical neurons and SH-SYS5Y cells show that CDK5/p25 can
induce pRb phosphorylation, CDC25A, B and C expression
and ATM phosphorylation [105, 133, 134], altogether leading
to cell cycle re-entry.

Neuronal senescence

In addition to DNA repair and cell death, there exists an alter-
native fate for post-mitotic neurons that re-enter the cell cycle
which is worth mentioning. In proliferating cells, the DNA
damage response may result in permanent cell cycle arrest that
is often accompanied by the acquisition of an immunogenic
phenotype, a phenomenon called cellular senescence. Interest-
ingly, it has been shown that non-dividing mature neurons may
progress into a senescence-like state in response to a DNA
damage response induced by DSBs or telomere dysfunction
[135]. Just like senescent dividing cells, these senescence-
like neurons produce and secrete ROS and pro-inflammatory
cytokines, potentially contributing to age-related cognitive
decline. The CIP/KIP cell cycle inhibitor p21 (CDKNI1A)
plays an essential role in driving post-mitotic neurons from
a DNA damage response to a senescence-like phenotype, just
like it does in proliferation-competent cells [135]. In addition
to p21, the INK4 inhibitor p16 (CDKN2A), which inhibits
CDK4 and CDKG6, is another key marker of cellular senes-
cence. Aberrant expression of p16 has been found in neurotox-
icity-induced neuronal senescence in human SH-SY5Y cells
and rat PC12 cells [136] and in several neurodegenerative
diseases that are associated with cellular senescence [137].
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Link between cell cycle machinery, neuronal
death and central nervous system diseases

The endpoint of any neurological disease is the loss of
a particular population of neurons. Protein aggregates or
excitotoxicity are often found in neurodegenerative dis-
orders and acute neurological insults, respectively, and
induce accumulation of ROS and DSBs. Finally, cell death
occurs within minutes (acute neurological insults) to many
years (neurodegenerative disorders). Neuronal death is
induced in part through cell cycle activation, as outlined
above. We will discuss next some of the most common
neurological disorders for which there is a clear link with
cell cycle machinery.

Neurodegenerative diseases
Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by a massive
loss of neurons and atrophy in selective brain areas that are
associated with memory and cognitive functions. Brains
of AD patients show extracellular amyloid plaques and
intracellular neurofibrillary tangles that mainly consist
of amyloid B (Ap) deposits and hyperphosphorylated tau,
respectively. AP peptides are derived from the amyloid
precursor protein (APP) following cleavage by gamma-
secretase. Hyperphosphorylated tau protein is no longer
connected to microtubules, leading to synaptic loss and
neuronal death.

There is evidence for a role of aberrant neuronal cell
cycle re-entry in AD. Neurons of human and mouse AD
brains express cell cycle-specific antigens, such as marker
of proliferation Ki-67, proliferating cell nuclear antigen
(PCNA) [138—141] or Phospho-Histone H3, an M phase
marker, aberrantly localized in the cytoplasm of human
AD hippocampal neurons [142]. Neurons from human or
murine AD brains, also show increased expression of cyc-
lins and CDKs [123, 140, 143], in particular CDK1/Cyclin
B complexes [144, 145], as well as increased expression
of phospho-pRb and E2F [146]. CDK activation may be
caused partly by downregulation of p21 (CDKN1A) by
denticleless protein homolog (DTL, also known as CDT2),
a protein which is upregulated in AD. Activated CDKs
then phosphorylate tau and APP, resulting in tau hyper-
phosphorylation and A toxicity, two hallmarks of AD
[147]. Research using several mouse models of AD indi-
cates that ectopic cell cycle events are present well before
the first AP deposits appear [140].

Abnormal cell cycle re-entry of AD neurons leads to
an altered temporal order of chromosome segregation,
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producing a premature division of centromeres. Therefore,
duplicated chromosomes [148, 149], bi-nucleation [150]
or premature centromere division [151] have consistently
been observed in mouse and human AD brains. Experi-
ments in mouse cortical neurons show that hyperploid neu-
rons may survive for some time and contribute to synaptic
dysfunction in AD [152].

Cellular senescence also plays a role in AD. Aberrant
expression of p16 (CDKN2A), INK4 inhibitor and senes-
cence marker, has been found in neurons in the brains of
human patients with Alzheimer’s disease [153, 154].

AD and CDK5 There is a dysregulation of CDKS activity in
the brains of human AD patients [155]. AP aggregates likely
induce the formation of CDK5/p25 complexes. The ensuing
hyperactivation of CDKS5 contributes to AD pathogenesis
by affecting various intracellular pathways. For example,
aberrant CDKS5/p25 signaling participates in pathological
cell cycle re-entry (see II1.3). CDKS is also involved in AD
pathogenesis through cell cycle-independent roles. Indeed,
CDKS has been shown to aberrantly phosphorylate tau in rat
and human neurons [156-158] and APP [159] in SH-SYS5Y
cells, contributing to protein aggregate formation. Moreo-
ver, a positive feedback loop has been demonstrated in rats
and mice, where A contributes to CDKS5 abnormality by
increasing intracellular calcium concentrations, which acti-
vates calpain-mediated cleavage of p35 (CDK5R1), leading
to the formation of more hyperactive CDK5/p25 complexes
[129, 160-162]. Recently it was also found in rats and mice
that p27 (CDKN1B) promotes Af-induced neuronal apop-
tosis by promoting interaction between CDKS5 and Cyclin
D, thereby preventing CDKS5 from associating with p35 and
leading to cell cycle re-entry through aberrant activation
of the MAPK/ERK pathway which is normally negatively
regulated by CDK5/p35 [163]. Lastly, CDKS5 may also con-
tribute to neuronal apoptosis in AD by phosphorylation of
pS53 (TP53) and FOXO3 transcription factor, which are able
to induce apoptosis [164, 165].

Pharmacological inhibition of CDKS in rat hippocampal
and cortical neurons or in transgenic AD mice thus pro-
tects against AD by blocking cell cycle re-entry but also
by preventing tau hyperphosphorylation, Ap production
and neurofibrillary tangle accumulation [166—168]. Unfor-
tunately, even though efforts towards the development of
novel chemical products to specifically inhibit CDKS5 func-
tion have been pursued, there is currently no specific CDK5
inhibitor. CDKS inhibitors such as roscovitine or dinaciclib
also inhibit other CDKs, while calpain inhibitors, such as
MDL28170, exert only indirect CDKS inhibition. A possibil-
ity might be to target CDKS5/p25 specifically, without inhib-
iting CDKS5/p35(CDKS5R1), for example with CDKS inhibi-
tory peptide (CIP), p5 or p10, cleaved products of p35 that
have been shown to efficiently inhibit CDK5/p25 activity in
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rat cortical neurons without influencing CDKS5/p35 [169].
It has been shown that overexpression of CIP reduces tau
hyperphosphorylation, amyloid pathology and neuroinflam-
mation in HEK293 cells, rat cortical neurons and in trans-
genic mice, and that CIP may thus present a valuable tool
to combat neurodegeneration [170—173]. However, it seems
that CIP is too big to pass the blood—brain barrier, so that
smaller peptides such as p5 may constitute more promising
candidates for therapeutic interventions [169].

Parkinson’s disease

Parkinson’s disease (PD) is characterized by a progressive
and selective loss of dopaminergic neurons in the substantia
nigra and by the presence of Lewy bodies in surviving neu-
rons, which are protein aggregates that are mostly composed
of a-synuclein. Evidence suggests that numerous cell cycle
proteins are linked to the specific loss of dopaminergic neu-
rons. PLK2 may play a vital role in the phosphorylation of
a-synuclein at Ser129, which is a hallmark of a-synuclein
deposited in Lewy bodies [174, 175], although the precise
implications of Ser129 phosphorylation in PD remains to
be elucidated. In vivo studies have demonstrated the pres-
ence of cyclins as well as CDKs, phospho-pRb, and E2F
in neurons of human PD patients or of rodents treated with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or
6-hydroxydopamine (6-OHDA), two neurotoxic drugs that
selectively affect dopaminergic neurons, mimicking the
pathophysiology of PD [176-180]. Moreover, knocking out
E2F1 or pharmacologically inhibiting the CDK family using
Flavopiridol protect neurons in mice treated with MPTP
[176, 178]. On the contrary, p27 and p21 (CDKN1A&B)
decrease the expression of a-synuclein, mediated by com-
plexes of p130 (RBL2) and E2F4, indicating that this regu-
latory mechanism might be disrupted in PD [181]. Neurons
from PD brains also display chromosomal abnormalities, as
found in AD neurons. For instance, the presence of polyploid
dopaminergic neurons in the substantia nigra has been dem-
onstrated in PD patients, which is again indicative of cell
cycle re-entry [178].

PD and CDK5 Hyperactive CDK5/p25 complexes are found
in neurons of MPTP-treated rodents, but also in PD human
brains tissue, where they are observed close to Lewy bodies
[182-184]. Elevated levels of CDKS5 in rodent PD models
induce inhibitory phosphorylation and degradation of sev-
eral substrates. For instance, experiments on rat neurons,
human PD tissue and mice models showed that CDKS can
induce degradation of PEBP1 (Raf kinase inhibitory protein
or RKIP), leading to overactivation of the MAPK/ERK sign-
aling pathway that is involved in cell division, and S-phase
entry [185]. CDKS also degrades PRDX2, an anti-oxidant
enzyme [186], and inactivates the transcription factor myo-

cyte enhancer factor 2 (MEF2). The latter process may play
a significant role in dopaminergic neuronal loss in vivo,
since preventing CDKS5-mediated phosphorylation of MEF2
is neuroprotective in the MPTP mouse model [187]. Con-
sistent with the central role of CDKS in PD, truncated pep-
tides of p35 (CDKS5R1) that specifically inhibit the CDK5/
p25 complex rescue dopaminergic neurons and alleviate PD
symptoms following MPTP treatment in mice [188-190].

Acute neurological insults

In addition to neurodegenerative diseases, cell cycle reacti-
vation has also been linked with acute neurological insults.
Excitotoxicity and ROS formation caused by ischemia or
traumatic injury induce the expression of cell cycle proteins,
once again linking neurological disease and neuronal death
to the cell cycle.

Ischemia

Increasing evidence suggests a strong relationship between
the cell cycle machinery and stroke-induced neuronal death
[191, 192]. Following ischemia in humans or rodents, neu-
rons undergo expression of cyclins and CDKs [109, 124,
191, 193, 194]. CDC25A has recently been shown in mice
and rats to be a key mediator of ischemia-induced neuronal
death through CDK4 activation [195]. In addition, cell cycle
inhibitors such as p16 and p27 (CDKN2A and CDKNI1B)
have been found to be downregulated after ischemia [124,
194]. Interestingly, levels of p21 (CDKNI1A) seem to be
increased in surviving neurons that surround the ischemic
area in rats [196]. Genetic or pharmacologic inhibition of
cell cycle proteins has been shown to protect mouse and
rat neurons from ischemic neuronal death [109, 110, 197].

Ischemia and CDK5 CDK5 has been directly linked to
ischemic stroke in mice and rats [198, 199]. Ischemia-
induced excitotoxicity activates calpain, leading to CDKS5
hyperactivation and subsequent phosphorylation of NMDA
receptors and amplification of intracellular calcium influx.
These events result in mitochondrial dysfunction, membrane
disruption, proteolysis and finally neuronal death [200, 201].
Moreover, CDKS inhibition has been shown to be neuropro-
tective after ischemia in mice and rats [199, 202]. CDK5/
p25 specific inhibitors should again be favored over CDKS5
inhibitors such as roscovitine or calpain inhibitors since the
CDKS5/p35(CDK5SR1) complex likely plays beneficial roles
in neuronal protection and has essential physiological func-
tions in post-mitotic neurons [203]. Moreover, following a
stroke, the CDK5/p35 complex is overexpressed in endothe-
lial cells where it may inhibit angiogenesis necessary for
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reperfusion [204, 205]. As mentioned above, p3, a specific
inhibitor of CDKS5/p25 is considered to be a promising neu-
roprotective agent for stroke [169].

Traumatic brain injury and spinal cord injury

Increasing evidence suggests that neuronal death following
traumatic brain injury (TBI) and spinal cord injury (SCI)
is also preceded by cell cycle re-entry [206, 207]. In rat
and rabbit models of SCI and TBI, upregulation of cyclin
D1, phospho-pRb, E2F, proliferating cell nuclear antigen,
CDK4 and CDK1 has been observed [122, 208-212]. E2F
may play a more significant role in neuronal cell death in
SCI than in TBI [213]. Furthermore, inhibition of cell cycle
machinery provides neuroprotection both in SCI and TBI
[208, 210, 212].

Other neurological disorders

Consistent with the idea that aberrant cell cycle re-entry
is likely to be a common feature associated with neuronal
apoptosis in numerous diseases, several studies have high-
lighted an association between cell cycle machinery and
other, less frequent but incapacitating, neurodegenerative
diseases including amyotrophic lateral sclerosis, Pick’s dis-
ease, intractable temporal lobe epilepsy, progressive supra-
nuclear palsy, corticobasal dementia and frontotemporal
dementia [214-218]. In addition, increased levels of marker
of proliferation Ki-67, but also CDKs are found in the brains
of individuals with Down syndrome [138, 218]. Moreover,
since obesity may be considered as a neurological disorder,
it has been shown that inactivation or genetic ablation of
pRb in pro-opiomelanocortin neurons leads to obesity [9].

Conclusions

Differentiated neurons appear to irreversibly exit the cell
cycle, perhaps because cell division of neurons would result
in cytoskeletal and synaptic disruptions. However, as shown
in this review, cell cycle proteins still play critical roles in
physiological processes in post-mitotic neurons. Evidence
has pointed out that cell cycle factors are constitutively
expressed in post-mitotic neuronal cells. An evolutionary
process may have recycled cell cycle proteins to fulfill non-
canonical functions such as neuronal differentiation, migra-
tion, maturation and DNA repair in post-mitotic neurons.

Importantly, in addition to their non-canonical physi-
ological functions, research has strongly linked the cell
cycle machinery to neurological disease and neuronal death
(Table 1). Indeed, excitotoxicity and protein aggregation,
resulting from the pathophysiology of acute neurological
insults and neurodegenerative diseases, induce high produc-
tion of ROS. As neuronal cells are major oxygen consum-
ers, oxidative stress builds up, inducing high amounts of
DNA damage. Because neurons do not own very efficient
DNA repair machinery, DNA damage accumulates, and
the DNA damage response will switch from DNA repair
to apoptotic pathway induction. Several studies have high-
lighted the involvement of cell cycle machinery in DNA
damage and apoptosis (Fig. 5). Interestingly, the role of the
cell cycle machinery may be different depending on the cer-
ebral region. DNA repair of cortical neurons may be less
effective than DNA repair of cerebellar and hippocampal
neurons [102] and may explain some specific cortical issues
found for example in stroke.

However, a clear lack of knowledge regarding the pre-
cise molecular mechanisms that connect the cell cycle

Table 1 Cell cycle proteins involved in physiological and pathological conditions in neurons
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Fig.5 Link between neurological disorders, DNA damage and the
cell cycle. Neurological disease may lead to excitotoxicity and protein
aggregation, which both induce production of reactive oxygen species
(ROS), in turn leading to double-strand DNA breaks (DSBs) that trig-

with neuronal death prevents the effective translation from
research to clinical trials. Therefore, it is of relevance to
try to understand precisely how the balance between DNA
repair and apoptosis is regulated. Furthermore, it is impor-
tant to avoid side effects of cell cycle inhibition. Since the
cell cycle machinery is closely linked with DNA repair,
depending on the amount of DNA damage, inhibition of
cell cycle machinery may have deleterious effects. Moreover,
although cell cycle arrest may protect neurons from apop-
totic death, neurons that survive with continued activation of
the DNA damage response may progress to a senescent-like
state with equally detrimental consequences [219]. Further
research is needed to elucidate potential therapeutic strate-
gies targeting the cell cycle machinery to reach neuroprotec-
tion in a wealth of neurological disorders.
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