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Preface role of PKCein cell division and cell differentiation

Protein kinase C epsn (PKCe) is a serine/threonine kinase involved in many cellular functions,
including cell growth,proliferation andlifferentiation.Due to its unique protective role in ischemic
preconditioning, along with its oncogenic potential, RH€considered one of the most interesting

isoform among the PKCs.

During my PhD, linvestigated the involvementf PKCe in two independent but correlated

biological processescell division and cell differentiation.

Cell division is an extremely regulated process which involves the duplication of the genome of a
cell andits segregation into two identical daughter celscuratechromosome segregation during

cell division is achieved through the assembly of a bipolar mitotic spildiias been demonstrated

that PKCeis involved in several cell cycle processes, such as cytokinesis and mitotic catenation
resolution during metapbaanaphase transition. However, a RK@ngagement in earlier
(pre)mitotic events was unknown. Herelescribe a novatell cyclerole forPKCe in coordinating
centrosome migration and mitotic spindle assembly by regulating cytoplasmic dynein function.
Interestingly, PK@ dependency of mitotic spindle organization is related to the properties of

transformed cells, supporting PiK@s a potentialancer therapeutic target.

PKCe is also implicated in proliferation of CD4+ T lymphocytes by regulating cell sensitivity to
TGF1b, well-known to inhibit proliferation Particularly PKCe has been found overexpressed in
CD4+ cells from patientswith HashimotoThyroiditis, an autoimmunelisease characterized by
abnormal lymphocy proliferation and activation, suggesting an implication for ekkdmmune
mediated diseased novel subset of Interleukit7 (IL-17) producing CD4+ T cells (Th17) has
been recently shown to promote inflammgtoesponses and to contribute to the pathogermdsis

autoimmune diseases such asonmsis. Mechanisms that underlie human in vitro Thl7



differentiation are still unclear. Howevet,has beemlemonstrated that Stat3 signalling pathway is
essential for Th1l7 differentiation. In this studydemonstrate that PKeCis overexpressedn
circulating CD4+ T cells from patientawith psoriass and that its expression correlategh the

severity of the Bease Furthermore, | showhat PK is involved in vitro Th17 lymphocytes
polarization from CD4+ naive cells isolated from peripheral blopdegulating STAT3 signalling
pathway Collectivelythese resulic onf i r mi ng t he «c | i npsooasi$suppoet! e v a |

the hypothesis th&KCe might bea potentiatherapeutidarget forTh17mediated disease.

Overall the data obtained during my PhD add knowledge to the pathological implication of Protein

Kinase @ both in cell division and cell diffrentiation.

All the data reported in this thesisave been submitted for publication on peer reviewed

international scientific journals.
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Introduction

1. Protein Kinase C epsilon (PK®)

1.1 Protein Kinase C(PKC) family

Mammalian Protein Kinases C (PKC) is a member of the large AGC (protein kinase A, G and C)
family which includes phospholipidependent serine/threonine kinas&&urugappan Set al.,

2004. They play key regulatory roles in many intracellular sigresducing pathways at the basis

of a great variety of cellular processes such as cell cycle progression, apoptosis, migration, motility
and differentiationTan S.L. and ParkeP.J. 2003; Parker P.J. and Murragust J., 2004; Ivasaka

J. et al., 200p These enzymes multiplicity, together with variation in cellular and tissue
distribution and abundance, might explain why so many signal transduction functions have been

attributed o these kinased\(ebb B.L.J. et al., 2000

All the membersof the PKC family are composed of a-tdrminal regulatory domain and & C
terminal catalytic domain. Structural differences within the regulatory domain confer variations in
cofactor requirement a@nway of activation and consequently subdivide the family into three
groups:conventionai s of or ms ,b Ic, P Kb shovéiUsd f @) ,ms , nPKCs (0,
the atypicalo n e s, aPKCs (e and Camergnmur and Rajkér #.J.,(2D1lu ma n )

(Figurel).

The cPKCsare activated by the membrane lipid phosphatidylserine (PS) in a calcium dependent
manner and by diacylglycerol (DAG), which increases the specificity of the enzyme for PS and also
shifts the affinity for calcium into the physigal range. Furthermore, cPKCs are targets of the
tumorpromoting phorbol ester (like phorbol -b2yristate 13acetate, PMA), which activates these
enzymes by eliminating the requirement for DAG and decreasing the concentraticii né€xed

for activation. ThenPKCsare calcium insensitive, but dependent on DAG or phorbol esters in the

presence of PS; ttePKCsare activated in the absence of both calcium and DAG.
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Finally, the recently discovered protein kinaseelated kinase®RKsdefine a fourth grouping
consisting of three members, PRKS.1Like the aPKCs, PRKs are insensitive td'GaDAG and
phorbol esters but they bind the activated RhoA GTPase, which leadsftddaagtivation of the

kinasein vitro (Mellor H. and Parker RJ., 1998.

Members of the protein kinase C family are single polypeptide, composed oftarmiNal
regulatory domain (approximately 2@ kDa), which binds endogenous and exogenous stimulators,
linked through tk variable V3hinge region to &-terminal catalytic domain (approximately 45
kDa), which is responsible for protein phosphorylatibisfizuka Y., 1995The structure of &ith
domairs is composed of a number of conserved regions@@) alternated by regions of lower

homology, so called variableains, VOV5 (Webb B.L.Je tal.2000.

Protein kinase C regulatory regions have been further subdivided into a pseudosubstrate region,
conserved regionsXand C2, and variable regionsikkawa U. et al., 1989; Bell R.M. and Bums

D.J., 1991; Dekker L.vVand Parker P.J., 1994 The regulatory domain serves two key functions: it
targets the kinases to the appropriate cellular location and it regulates kinase activity by serving as
an autoinhibitory modulélhe V1 regionis a pseudosubstrate site, which rat#s with the catalytic
domain and autoinhibits sterically the kinase function. Binding of cofactors relieves autoinhibition
through conformational changes that unmask the active@ieC1 domain(C1A and C1B), a
sequence of 585 aa, is composed of twepeated zinfinger motifs rich of cysteine and histidine
residues and it is involved in binding DAG and phoréster activating compound€dstagna M.

et al., 1982. Only cPKCs and nPK£have a functional and complete C1 domdihe C2 domain
consising in 130aa, is a member of the‘®pid binding domain sugfamily (CaLB) and it serves

as a membrangrgeting module that binds anionic phospholipids in &-@apendent manner. In

the novel PKCs, a Ckke region precedes C1 domain in the primagguence and lacks the
functional Asp residue that seems to mediate the calcium binding, making these enzyme DAG

sensitive but Ca-indipendent Qchoa W.F. et al., 2002The atypical PKC group contain only one
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zinc-finger with an impaired ligantinding pcket unable to bind DAG or calcium, but they
possess a Phox/Beml domain (PB1; protein interaction domain) instead Byr@a@y&ri Settipalli

Y.S. et al., 2012; Corbala@arcia S. et al., 2007

Separated by a proteolytically labile hing&3 region all the isoforms are characterized by the
presence of a catalytic domain that contains the consé&8eahd C4 regionsyhich represented

the ATR the substratdinding site Nishizuka Y., 1995; Fujise A. et al., 199According to over

30 protein kinase striires analysis, they show the same fold: a bilobal structure with-an N
terminal lobe that is primarily composed of beta sheet and &G mi n a | |l obe that i
and the ATP and substratbinding site is located in a cleft between the two lodésvton A.C.,

2003.

The C3 region contains the characteristic glyeioh ATP-binding loop with the consensus
GXGXXG sequence (a structural hallmark of protein kinase and nucleotide binding proteins) and
an invariant Lys, which structures the enzyme fpdrosphorytransfer from the nucleoside
triphosphate to the hydroxyl group of serine and threonine residues of target proteins. The COOH
ter mi nal | obe of t he ki-melkcal and dootairss ithe activationpaoe d o n
segment that positionaagnesium and peptide substrates for catalysis, followed by the V5 domain
attheGt er mi nus, which contains the turn motif a
located in sequence connecting the two lobes of the kinase domain controls @ecps=ekisting

cavity in the ATP binding pockeS{einberg S.F., 2008
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Figure 1. Structure and relative ligand-responsiveness of PKC isozymeRrimary structure of classical, novel and
atypical PKCs: autoinhibitory pseudosubstrate segment (greem)oi@ains (orange), C2 domain (yellow), kinase core
(cyan), and @erminal tail (dark blue); the activation loop (pink), turn motif (orange), and hydrophobic motif (yellow)
phosphorylation sites are indicated. For each subfamily, affinity to DA&, &l orbol esters is indicated. Also
shown are the crystal structures of the C1B, C2 and kinase domainsh@g X.A. et al., 2012)

1.2 Protein Kinase G epsilon( P K Gtoucture and functions

Protein kinase C(PK@) i s t he first diPKEisofoensand itia expressed t h e
in many tissues including neuronal, hormonal, heart, immune, retinal, endothelial and epidermal
cells Ono Y. et al., 1988 . PKCU shows sever al structur al f e
of the family of nPIKCs such asa pseudosubstratomain, V1 a C2like phospholipid binding

domain, a C1 domain containing two cysterran motifs that bind DAG and others lipid
mediators, the catalytic domains C3 and ®Hich contain a site rich in purines for binding with

ATP, an ativation loop and a site for the reguotion of the substrate (Figugs.
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Figure 2 : Schemati zed pr i maheymais subswatetbinding sites fire repteGedted. The gneen
purple dots indicate the potential awjghosphorylation siteswhereas the blue dots indicate the highly conserved
phosphorylation sitegNewton A.C. et al., 20)1

PKCU is uniqgue among t he Pablif birdingosftep & hesapeptide c o r
(LKKQET) located between domains C1A and C1B at amino a2Ri3228. This motif is
indi spensabl e for the phystactia Prekeris Reet @.cl996o0n b
PKCU has also a three amino acids motif, GEE
selective targeting to cetlell contactqQuittau-Prevostel C. et al., 2004Furthermore, in the V3
hinge region there are two particular sequences surrounding Ser 346 and Ser 368, which mediate

protein 143-3 b i ndi n g SawintAf. efak 2008 (

Li ke other PKC i s aimadiheosgh ph&sgh6rilationdodisplap fell emzymatic
activity and respond to allosteric regulators: the highly conserved phosphorylated sites are Thr566
in the activation loop, Thr710 in the turn motif and Ser729 in the hydrophobic motif. Phospholipid
dependent kinase 1 (PDK1) phosphorylates the activation loop, whereas the turn and hydrophobic
motifs are autophosphoryl ated i €enni¥.retvak, 2002 on a l
although recent evidence indicates that mammalian target oimyapa complex 2 may
transphosphorylate these sitésagchinetti V. et al., 2008. Three additional S
been identified that can be atgbhosphorylatedn vitro, which are SeP34, Set316, and SeB68:

however, in intact cells, it appeaisat these sites are trapBosphorylated by conventional PKC

isozymes Durgan J. et al., 2008



Mature PKCU is activated by several different
3,4,5trisphosphate) and fatty acids produced by physiologttaluli such PDGF (plateleterived

growth factor) and bradykininMoriya S. et al., 1996; Graness A., 1998 Acti vat ed
translocates then to different specific subcellular compartements in response to which second
messenger is bound to the C1 domé&mK CU transl ocates to the p
cytoskeleton after DAG and tridecanoic acids activation, whereas it translocates tm&bolgiks

in response to arachidonic and linoleic acikifai Y. et al., 1998 Also the anchoring protein of
PKClkteérmines its |l ocalization. PKCU -ldnase)t ai n <
binding site, | o c a-R)eadd the mindind with RALCK2r a GplgiarrembfatkV 1
protein involved in vescicular trafficking, activates Golgi apparatus tratslocan of mat ur
(Dorn G.W. et al., 2002 . I n cardiac myocytes RACK2 also I
binds to RACKI1, which is reported to be a se
lower affinity than RACK2. In human glioma cell, PKCU is reported to b
through interaction with RACK1 thereby mediating increased adhesion and mdbdgggn A. et

al., 2000.

PKCU regulates various physiological functio

exocrne, inflammatory, vascular and immune systeAisté Y., 2002 (Figure3).
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Figure 3: PKCU dPKiCdisknosvm tb bepiravdlvhdnwirasgwveral pathwagsging from cytoskeletal
remodelling to cell proliferation and differentiati¢inom Akita Y., 2002)

There is the increasing evidence that in the
during neuroal differentiation through thanteraction with actin filaments=agerstorm S. et al.,

1998; Hundle B. et al., 1995. P K CU nmdiatersgnapticdunction in particular in sensory
neurons it has been implicated in the regulation of nociceptor function that participates in various
type of pain Cesare P. et al., 199%s well in neurotransmitter exocytosis through the interaction

betveen actirbinding site and actin filamentBirekeris R. et al., 1996

It is known that PKCU plays an important r ol
essential for macrophages activity and dgi@gnulated phagocytositdrsen E.C. et al., 2@). The

role of PKCU in hematopoiesis has been al so
in several process, including erythroid differentiation, myeloid leukemia, megakaryocytopoiesis,

platelets maturation and release, thrombo&sbpi G. et al., 2007; Gobbi G. et al., 2013
10
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Megakaryocytic cultures from patients affected by primary myelofibrosis (PMF) have higher levels

of PKlUexpression than healthy controls. Furthe
megakaryocytes differentian (Masselli et al., 2015). It has been recently shown thattiRKaG

PKCU work as a functional couple with opposi't

balance strongly impacts platelets production (Carubbi et al., 2016).

PKCU i studiedlfes ds differentiative function in many cell types. It is involved in the
differentiation of intestinal cells, in colon epithelium, it has been described a decreasing gradient of
PKCU expression from the bott aels avefresitenteto ther y pt
l uminal surface. This expression of PKCU at
phenotype of intestinal stem cell pool, moreover the dowmgul at i on of PKC

differentiation Gobbi G. et al., 2012

Moreover Ga l | i and coll eagues have demonstrated
differentiation regulating early and late cardiac genes expreRRi6nC U -expresgion leads to
ERK signalingdependentlownregulation of the cardiac genes nkx2.5 andiT&4 both in vivo

andin vitro, with negative effects in cardiac differentiatidda]li D. et al., 2013) More recently, it

has been demonstrated thBtK C 8 also involved in skeletal muscle differentiation and
chondrocytic differentiation in osteoarthritic conditions (DiMarcantonio et al., 2015; Queirolo et al.,

2016).

PKCU plays also critical r ol e s enhancespposbchaemid i n g
functional recovery, promoting infarct size reduction following ischaemic preconditioning in
murine modelSaurin A.T. et al., 2002)The signalling pathways responsible for caigliotection

involve the activation of PI3K upstream and the MERKERK1/2 cascade downstream df E U

with the activation ofaMa popt osi s transcriptional factor s,
MAPKs and ERKs which leads to the phosphorylation and inactivation e&gaptotic protein

Bad Baines C.P. et al., 2@).
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|l ncreased expression of PKCU seems tfwherdae i n\
reduced PKCU activity may contri bulkedaYtetalt he ¢

2001; Kinouchi T. et al., 1995
1.3 PKCeroles in mitosis

During cytokinesis, the contraction of the actomyosin ring drives a process known as furrowing,
where the cell membrane is constricted until it can ingress no further due to the presence of a dense
bundle of spindle midzone microtubules, which form a spieed electrordense structure called

the fAimi dbodyo.

I n 2008, Saurin et al. foumBbandassaogi aty4+ okRi b
3-3 family are proteins that bind to phosphorylated serine and threonine motifs on a target protein.
Several studies have been shown that they affect protein localization, stability and/or activity,
thereby influencing cell adhesion, cell polarity, cell survival and the cell cycle (Bridges D. and
Moorhead G.B., 2005).

Saurin et al. demonstrated that theafi stage of abscs si on i s depe/bM488nt o]
compl ex and a deregulation of this compl ex ma

siRNA leads to multinucleation in HelLa cells, which indicates a cytokinesis defect.

Furthermoe, theyd e mo n st r at d4d3-3 cdmplex trahde@tly Accumulates at the midbody

to control RhoA GTPase function and, consequently, actin depolymerization and exit from mitosis.
The absence or inhibition of this functional complex leads to abscission failurgtakinesis,
associated with prolonged RhoA localization at the midbody and elevated RhoA activity (Saurin et
al. 2008). These data demonstrate that PKCU acti vi
compartment at the end of cytokinesi® confim hows | mportant the rol e
last stages of mitosis, Saurin and colleagues employed then a chemical genetic approach to inhibit
PKCU, kexpressingeargatekeeper mutant of the kinase (M486A), and inhibiting its function

with an ATP competitie anal ogue. I n 2009, they observed
12



distributed throughout mitosis, whereas it rapidly accumulates around the actomyosin ring upon
inhibition (Figure 9). Furthermore, they observed a prolonged accumulation of Rit& atages
following furrowing upon PKCU inhibition, an

activity (Saurin A, Brownlow N, and Parker PJ, 20(Rygure 4)

ARt
PRy PP 22222 AR A */Br/).

e

Actin ring

dissociation
Abscission
LRI

PKCe

AR N}
AR

Figure 4. Schematic representation of PK&14-3-3 regulation of abscissionThrough the upstream phosphorylation

by PKC, p38 and GSK3, Pkgls assembled into a complex with-34. This complex transiently accumulates at the
midbody to control RhoAGTP loading and, consequently, actin depolymerisation and exit from mitosis. When
inhibited, PK@& accumulates at the actomyosin ring with RhoA.

It has been recently demonstrated tRaK C fg@gulates also mitotic catenation in metaphase
anaphase transitio@NA catenations physically link sister DNAs and must be resolved in order to
allow proper chromosome condensation and segreg#tiohe model described by Brownlow N et

al., P K Ci6 required to trigger the metaphase delay in response to catenation influencing the
silencing of the spindle assembly checkpoint. Interestingly, thisaapge occur in a subset of
transformed cell lines, which have a weak G2 catenation checkpoint and therefore a higher chance
to enter mitosis with detectable DNA catenation. In cells with both an abrogated G2 catenation
checkpoint and inhibition or loss &f K G Eells exit mitosis prematurely with disjunction errors
caused by sister chromatid catenation. Furthermore, the same study provides evidence that mitotic
exit caused by K Cithibition is a dyneirdependent process and sksdivat the metaphase arrest

13



stimulated by excess catenation is characterized by stripping of both the RZZ complex and dynein

from the kinetochore along with ZW10 (Brownlow N et al, 20Hyure 5)

G2-M boundary Metaphase Anaphase

G2 checkpoint
functional

Catenation
resolved

G2 checkpoint
dysfunctional

Catenation
persistent

Catenation Disjunction
errors
@ BUBR1
Q BUBH
Q@ Rzz

Figure 5. Schematic model of PK@dependent metaphaseatenation delay.The catenation checkpoint at the G2/M
boundary would normally trigger resolution of excess DNA catenation before mitotic entry. If this process fails, as in
the case of some transformed cells, there is a failsafe in metaphase, whickndesién PKEto both implement a

delay and to trigger catenation resolution. This pathway is activated when there is a persistent catenation following the
spindle alignment in metaphase. In cells with both an abrogated G2 catenation checkpoint anaK&es cells exit

mitosis prematurely with disjunction errors caused by sister chromatid catenation.

14PKCU and tumorigenisis

PKCs have been linked to cancer progression since the 1980s, when it was discovered that tumour
promoting phorbol esters were PKC activators. Extensive research has indeed established the key

roles of PKC isoforms in malignant transformation.

Amongthese er a l i soforms of serine/threonine Kkina
role as a transforming oncogene: PKCU -lness bee
and histopathological tumour specimens originating from a variety orgaciading: bladder,

brain, breast, lung, prostate, head and n¥ekda A. et al., 2004, Sharif T.R. and Sharif M., 1999;

Pan Q. et al., 2005; Bae K.M. et al., 2007; Aziz M.H. et al., 2007; MartBiereno C. et al.,

1995. It can contribute to malignan@lso by enhancing cell proliferation or by inhibiting cell

14



death Basu A. et al., 2007 Furthermore it seems to be involved in tumour cell invasion and in

metastasiformationin severatissues Griner E.M. and Kazanietz M.G., 2007

Mischak and colleage s di scovered that upon PKCU over exf

faster rate and with increased densities and confluediceci{ak H. et al., 1993

In vivo, 100% of mi c e -overexpresseeNtH 3W3i dells deReto@t) tumors.
Furthermore, PKCU is overexpressed in a panel
carcinoma) Pan Q. et al., 2006 In vitro, HNSCC cel l l ines with high

associated with a highly invasive and motile phenotype.

Elevaed | evel s of PKCU have been documented al
carcinoma cell line (SCLC)NeM4 17, a constitutively active cé¢
reported. Additionally, RNAme di at ed sil encing of PkCHibh i n
endogenous PKCU levels resulted in a marked

aggressive phenotype in vitr¢rin M.A. and Pan Q., 2009

Many details about the pjoumor i geni c signaling pat hways n
elucida e d . For exampl e, PKCU is known to exert i
Ras signaling cascadBdrletti G.P. et al., 1998 one of the best characterized signaling pathways

in all of cancer biology. Among the many downstream effects, Baalsg includes increased cell

cycling via upregulation of cyclin D1$%oh J.W. and Weinstein I.B., 2003 Si mi | ar | vy, P
out its presurvival effects by activating Akt/PKB through Ser473 phosphorylatidfu D. et al.,

2009 . PKCU h anplicatel im antiapoptetin signalling pathways through the modulation

of caspases and B2lfamily membersBing L. et al., 2002; Pardo O.E. et al., 2002

PKCU has been demonstrated t o medi at e |l Kapp
activationof NAK, brings to the activation of the transcription factor-kdppaB, awell-known

antrapoptotic factor Tojima Y. et al., 2000 With the uncontrolled and faster proliferation and the

15



escape from apoptosis, the deregulation of cellular adhesion aillynao¢ key components of a

metastatic phenotype: neoplastic cells are able to invade and disrupt the surrounding tissues and
mi grate to colonize distal sites. |1t is prove
and an invasive phenotgp. Tachado and coworkers reported t

polarizedcell polarizationandin vitro cell invasion. Tachado S.D. et al., 20p2Moreover, they

found that mi ce inoculated with NIH 308Bofcell
nearby tissues as well as |liver metastases. S
beginning to emerge. PKCU has been also obser

formation of focal adhesions to the extracellularmaf his process is known as ceffreading In
human glioma <cell s, it I's known that activat
RACK1 and positively regulates integritependent adhesion, spreading and motiBgsgon A. et

al., 2003.

2. Signaling pathways that regulate cell cycle

2.1 The cell cycle: an overview

The cell cycle is the orderly progression of events during which genome, organelles and
cytoplasmic components are duplicated and equally distributed to two daughter cellmgrésult

cell proliferation. The ability of a cell, to duplicate and divide into two daughter cells, is one of the
most fundamental properties that define [iRwon R.Y.C., 2002)he cell cycle consistef four

distinct phasess, S, G (interphase)andmitosis In order to ensure genome integrity through the
following generation and a high rate of success over the entire process, each phase must be
precisely coordinated and regulated. Errors in cell cycle coordinat®rassociated with many
human diseas, in particular inappropriate and uncontrolled proliferation has been identified as one
of the hallmarks of canc€Hanahan D. and Weinberg R.A., 2000, Hanahan D. and Weinberg R.A.,

2011).In fact, most cancers are in essence caused by a deregulatton adll cycle, and many
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oncogenes and tumor suppressor genes are intrinsic components of the cell cycle or can influence

its progression.

After cell division, daughter cells undergo a period of growth, callefirst gap) in which cells
synthesize mostellular proteins, RNA, membranes components and other macromoleculss. G
followed by a phase characterized by DNA synthesis c8llé&ynthesisand then by another period

of growth, G, (second gapphase. All this events which precede mitosis, are collectively known as
interphaseNon-dividing mammalian cells, such as nerve and heart muscle cells, exit the cell cycle
at G to enter inGy phase (resting phaséhus becoming quiescent: they are neittigiding nor

preparing to divide and they can also exit the cell cycle during differentiation or senescence.

Mitosis consists into six distinct phases: ({inophase in which the mitotic spindle begins to
assemble in the cytoplasm and chromosomes begin to condense in the nuclensné2aphase

in which the nuclear envelope begins to break down (NEB) and chromosomes attach to the spindle;
(3) in metaphasechromosmes are aligned at the metaphase plateafdphase Ain which
chromosomes move to the centrosomes, the organelles responsible for mitotic spindle nucleation;
(5) the spindle elongates anaphase Band intelophase §) the nuclear envelope reforms amdu

the daughter nucleiChe entire cycle is completed with the physical separation of the two daughter
cells in a process known agtokinesisTwo major transitions are required for cell division: one is

the G2/M transition and the metaphase/anaphasssitiam The first is regulated by the protein
kinase cyclindependent kinase 1 (CDK1) and its activation is necessary to trigger entry into
mitosis. Therefore, CDK1 activation is the key point of many signaling pathways that control the
commitment of the @l. These pathways are both positive and negative effects: once cells reach a
critical size, CDK1 is activated and mitotic entry occurs, whereas CDK1 activation is delayed in
presence of DNA damage. CDK1 activation and mitotic entry triggers the angmiosseting
complex (APC), which regulates metaphasaphaséransition. The APC allows sister chromatids

separation which segregate to opposite poles at anafftigsee §.
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Figure 6. The cell cycle: cell division major eventsMitosis is subdivided into prophase, pretaphase, metaphase,
anaphase and telophase (frivalczak et al., 2090

2.2 Cyclins/CDKs complexes in cell division control

The complete coordination of biochemical independent processes of the cell cydlee dbNA

integrity and fidelity are guaranteed by many checkpoint systems. Above all, chromosomal DNA
must be replicated once and only once in each cycle and the two daughter cells must receive an
exact copy of parental DNA. Also, a large number of macreouwér components and organelles

need to be exactly replicated and equally segregdMe®¢wan C. H., 2002 Cell division major

events, such as mitotic entry, chromosome segregation and cytokinesis, are finely regulated by
many signding pathways. Theirole is to coordinate potentially independent events and to provide
guality control checkpoints that arrest the process when things go Wroagheckpoint pathways

are composed of a sensor component that detects the defective process or error, a transducer tha
transmits the signal from the sensor and a target that is a regulator of the cell cycle machinery.

Checkpoints arrest the progression @& tell cycle, inducing the expression of repair proteins. The
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DNA damage checkpoint (& transition), the DNA replication checkpoint ($/teansition) and

the spindle checkpoint (metaphase) have been extensively studied for their involvement in
neoplastic transformation (ref).As previously mentioned, naevolutionary conserved engine
compose of a family of protein kinases caltsatlin-dependent kinases (CDK® involved in the

cell division signaling pathway@igure 7).CDKs are a family of small Serif kinases whose
periodic activation is driven by forming bipartite complexes with different protein cejlelihs
(Suryadinata C.R. et al., 20L0Their activities are highly regulated by protgrotein interaction

and phosphorylationStudies in mammain cells have demonstrated that cyclinCDK4/6
complexes are activated and are essential duringr@gression Nlatsushime H. et al., 1992,
Meyerson M. and Harlow E., 1994the transition from &to S is mediated by cyclin-EDK2
complex Ohtsubo M. etl., 1995 and CDK2 and CDK1 in association with cyclin A have a role
during S and @respectively Pagano M. et al., 1992Progression through mitosis is dependent on
cyclin B-CDK1 (King R.W. et al, 1994 When active, these complexes function by
phosplorylating a multitude of downstream transducers that acts on various components of the cell

cycle apparatus.

During early and late Gphase, the cyclin EEDK4/6 complexes act to integrate the extracellular
proliferative signals. In early Gthe product othe retinoblastoma tumour suppressor gene, Rb
exists in a hypghosphorylated state and so prevents the premature entry into S phase by tightly
binding and inhibiting the activity of transcription factors, such as E2F a component eptiass
inducing tanscription factorarbour J.W. and Dean D.C., 2000n addition, pRb inhibits E2Fs

by recruiting members of the HDAC (histone deacetylase) family to E2F promBtets( A. et

al., 19989. HDACs are chromatin remodelling enzymes that inhibits gene ssipreby blocking

the access of transcriptional factors to the promoter. Duringegglin D-CDK4 and cyclin B

CDK6 complexes, expressed in response to mitogen growth signals, inactive pRb through

sequential phosphorylation on several serine and threaesidues. Phosphorylation of pRb
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destabilizes its interaction with E2F, induces HDACs dissociation and allowspoession of
cyclin E gene and cyclin E activation. As cyclin D levels increase, more cyclEDK4/6
complexes are assembled and more c¥€lia activated. When cyclin E is abundant and conditions
arefavorable it interacts with CDK2. Cyclin EEDK2 complex phosphorylates pRHiGds P.W. et

al., 1993, which is able to completely dissociate from E2F and permit the transcription of genes
required for S phase such as cyclin A. Furthermore, cycl@K2 complex promotes centrosome
duplication by phosphorylation of the centrosomal proteins NPM (nucleophosmin)/B23 and CP110
(Okuda M. et al., 2000; Chen Z. et al.,, 2D0OEach cell inherits only oneentrosome, which
consists of a pair of core centrioles surrounded by an amorphous mass of proteins termed PCMs
(pericentriolar materials) and centrosome duplication is essential for the formation of functional
bipolar mitotic spindle Nigg E.A. and SteamT., 2014 As cells progress into S phase, cyclin A
becomes the primary cyclin associated with CDK2. In order for two copies of the genome to be
equally distributed to the daughter cells at M phase, DNA must be precisely replicated in the
parental celduring S phase. However, correct S phase progression requires theegolation of

E2F activity, which is partially accorighed by CDkmediated phospholation. Once DNA has

been replicated and cohesion complex has formed the joints between thensisteticls, the cells

enter into premitotic Gap2 (G;) phase.G; phase is a period of rapid cell growth and protein
synthesis during which the cells preparing themselves for mitosis. Even if cy€lIDKA complex

is involved in the GM transition it is cglin B, associated witcDK1, whichallows the entry into
mitosis.Cyclin A appears in the nucleus upon its synthesis (S phase) and remains nuclear until its
degradation in metaphase. In contrast, cyclin B is initially localized in cytoplasm during S phase
and G phase, and then translocates to the nucleus at the beginning of nSiogis V.A.J. and

Medema R.H., 2001
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Figure 7. Classical model of cell cycle controD-type cyclins and CDK4 and CDKG6 regulate events in early G1 phase
(not shown)cyclin E-CDK2 triggers S phase, cyclinBDK2 and cyclin ACDK1 regulate the completion of S phase,
and CDKZcyclin B is responsible for mitosidd6chegger H et al., 2008

2.3 Cell cycle regulation checkpoints

The G,/M checkpointdelays the mitotic entry in case of DNA damage or incomplete DNA
replication. If the G2 checkpoints are not triggered, cells fully activate CDK1 and proceed into
mitosis. The G2 phase/mitosis transition involved the reorganization of the nucleus, the
concensation of chromosomes and the formation of the mitotic spindle. These events are
coordinated by CDK1, which activates a network of other kinases that are involved in G2/M
transition, such as Polike kinases and Aurora kinas€blirota T. et al., 2003; ®Byoshima

Morimoto F. et al., 2001L

Before mitosis, CDK1 is maintained in an inactive statgohosphorylation of CDK1 at Thrl4 and
Tyrl5 residues. Weehuclearprotein kinases, is involved in the phosphorylation of Tyrl5 residue,
whereas Mytl(myelin transcription factor)a membran@ssociated protein kinase, acts on Thrl4
residue.As the cell approachawe G2/M transition, in the absence of DNA damage, elusive

signal activates the Cdc25C and cdc25b phosphatase and inhibits Weel kihe2eB @nd
cdc25C activate cyclin DK1 complex by dephosphorylation of Thrl4 and Tyrl5 residues on
CDK1. Studies on fission yeast demonstrated that the opposing activities of Weel and Cdc25
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underlie the rapid activation of CDK1 at G2/M transition (Nuds®/5; Russel andNurse 1987)

This eventis regulated by a feedback regulation from CDK1, which can directly phosphorylate
Weel and Cdc25. CDK1 is also able to activate fkdokinase 1 (Plk1), one of the major kinase
involved in mitotic progression, vidh in turn leads to degradation of Weel and stimulates Cdc25
phosphatase activity (Kumagai & Dunphy, 1996his double feedback loop ensures the rapid
transition of a lowactivity CDK1 state to a highctivity CDK1 state, thus driving the mitotic entry.
Cyclin B-CDK1 triggers the phosphorylation of humerous protails® to promote the profound
structural reorganizations that leads the entry of the cells into mitosis. It induces the breakdown of
the nuclear envelope and the disassembly of the ndeleama (in animal cells), the condensation

of chromosomes, and the formation of a mitotic spindle that aligns the condensed chromosomes on

the metaphase platéNifgg E.A., 1995; Zacharie W., 19909
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Figure 8. Representation of G2/M phase checkpoint regation. A complex regulatory network controls the activity

of the principal mitotic regulatory kinase, cycliependent kinas&(Cdk1)8 (see figure, part a)-tgpe cyclins that are
required for Cdkl activity accumulate during G2 phase.However, thenewfyedrCdkIcyclin-B complex is
maintained in an inactive state, owing to inhibitory phosphorylation of Cdklat Thrl4 and Tyrl5 by the Weel and
membraneassociated Cdkinhibitory kinase (Mytl) kinases. Activation of the CdkYclin-B complex occurs when

the ativity of the dual specificity phosphatase Cdc25 overcomes the effect of the opposing kinases Weel/Mytl,which
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results in the dephosphorylation of Cdk1l.Not depicted in the figure,Cdkl is also subject to an activating
phosphorylation in its Foop, which isbrought about by CdRctivating kinase (Cak; a complex of Cdk7, cyclin H and
Matl).Once activated,Cdkl triggers a posifgedback loop by phosphorylating Cdc25 and Weel/Mytl, thereby
causing their further activation and inhibition, respectively.Plks alffect both Cdc25 and Mytl(and presumably
Weel), but whether they function as trigger kinases for the activation of Cdkl, or merely in the context of a positive
feedback loop might depend on the developmental context (see main text). PLK1 also phagshbigino sapiens

cyclin B1 on Ser133 (REFS 48,60), but the consequences of this phosphorylation are not yet known. Conversely,Cdk1
cyclin-B might contribute to Plk1 activation, most likely through indirect mechanisms (dashed arrow). DNA damage or
failure to complete DNA replication result in the activation of DIdAmage checkpoints (see figure, part Bar( FA

et al., 2004

Cell division must be finely regulated in order to distribute complete and accurate copies of the
genome to daughter cells. Genomic instability occurs when cells enter to mitosis with chromosomes
partially replicated or damaged by a dousteand DNA breaKDSB). If unrepaired, such damages

can lead to cell death or give rise to deleterious mutations able to develop in neoplastic
transformation. In order to maintain genomic stability, cells have develop a complex network of
signaling pathways$ collectively known as thdONA damage response (DDR)that enable DNA
damage or DNA replication stress to be resolved with transient cell cycle deelssdn & Bartek,

2010; Ciccia & Elledge, 20)1Several studies have demonstrated that DDR proteins are activated
in early tumorigenesis, thereby limiting tumor development in its early stages by acting as a barrier
for proliferation of malignant cellsB@rtkova et al., 2005; Gorgoulis et al., 2Q0B®eficiency in

DDR mechanisms have been shown to be contribfictgrs in tumor developmefitegrini et al.,

2010. In fact, many malignant tumor show functional loss or deregulatiampbrtant proteins
involved in DDR, such as p53 or the BRCA1/2 genes, which encode for two proteins involved in
doublestrand DNA brek repair. Such mutations allow preancerous cells to breach the

proliferation barrier posed by the DDR, thereby promoting malignant transformation.

Among the many different types of DNA damage, the DNA double strand breaks (DSBs) are one of
the most dadterious; evidences have suggested that a single DSB may be sufficient to induce cell
death and misrepaired DSBs can results in loss of genetic information or chromosomal
rearrangement which potentially lead to cancer development (Bennett et al., TI8®ellular

responsesto DNA damage andreplicationfork stalling are controlled by ATM (ataxia
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telangiectasia mutated), ATR (ATM and RadBated) and DNAPKs (DNA-dependent protein
kinases)(Figure 9) ATM and ATR are members of the PIKK (phosphoinosHidiéke-kinase
kinase) family of serine/threonine protein kinases, which also comprises mMTOR (mammalian target
of rapamycin) and SMG1 (suppressor of morphogenesis in genitli&).begins the checkpoint
response to DSBs. The recruitment of ATM to the DSB sites is mediated by the MRN protein
complex, which consists of Mrell (a nuclease), Rad50 (a dimeric scaffolding protein with ATPase
activity), and Nbsl (an adaptor protein) subunits. Once localized N [@nds, ATM
phosphorylates proteins involved in eelicle checkpoints, DNA repair and chromatin structure, as
the histone variant H2AX on Serine 13$HR2AX). This phosphorylation triggers a cascade which
assembles DDR components at the breakage B#dl (et al., 2000; Scully and Xje2013 thus
promoting DNA repair. ATM alsoplays a critical role in the activation of the G1/S checkpoint,
which prevents cell with damaged DNA to entry intpl&ase. In response BRNA damage, ATM
directly phosphorylates the tumor suppressor protein p53 on serirftadtarg et al.2000. The
checkpoint kinase 2 (CHK2) is an ATM downstream target which also phosphorylate p53,
stabilizing it and preventing its Mdm@ediated ubiquitinylabn and degradation. Upon activation,

p53 acts as a transcription factor and drives the expression of proteins involved in the cell cycle
checkpoints, as p21, and in the process of apoptosis. Further, CHK2 phosphonythites the
ubiquitinylation and he degradation of the-ghasepromoting phosphatase Cdc25Ralck et al.,

2009

Similarly to ATM, ATR is a protein involved in DDR. ATR is activated by single strand DNA
structures which may arise in case of stalled replication fork. During DNA reph¢cd@iNA lesion

or limiting supplies of deoxynucleotide triphosphates (ANTPs) may cause replicative DNA
polymerases to slow down or stall. Nevertheless, the replicative helicase continue to unwind the
DNA ahead the replication fork, leading to the genenatiblong stretches of single strand DNA

(ssDNA). This ssDNA is bound by RRAvhich elicits a checkpoint response by ATR/ATRIP
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(Branzei and Foiani, 2000 0Once activated, ATR downstream promotes DNA repair, stabilization
and restart of stalled replicatidiorks through CHK1 activationCHK1 inhibits the firing of
replication origins by degrading Cdc25A, thus turning slow the progression of DNA replication and
providing time for resolution of the damagedo et al., 2008 ATR is also involved in the G2/M
checkpoint by preventing the premature entry of cells into mitosis before the DNA replication is
completed or in presence of DNA damage. This Addpendent G2/M arrest is mediated through
two mechanisms:-1he degradation of Cdc25A andtke phosphorylan of Cdc25C phosphatase

on serine 216 by CHK1, which create a binding site feB-B4proteins. This binding promotes the
Cdc25C exit from the nucleus thus preventing Cdc2 activation necessary for mitotic entry

(KarlssorrRosenthal & Millar, 200%
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Figure 9. ATM and other molecular signals controlling cellcycle checkpoints after ionizing radiation. The
specific activity of ATM is increased after introduction of DNA doublestrand breaks (DSBs) in DNA through ionizing
radiation or other means. G1: Actted ATM (ATM*) directly phosphorylates three proteins involved in controlling
p53 functions or leveld p53 (serine 15), CHK2 (threonine 68) and MDM2 (serine 395). The CHK2 kinase is thought
to be activated by ATM and it, in turn, phosphorylates p53 omese20. This phosphorylation event and the
phosphorylation of MDM2 both seem to inhibit binding of MDM2 to p53 and should result in an increase in the level of
p53 protein. The increased level of p53 protein transcriptionally induces p21, which inhib{&i §Blin E, and
causes arrest in the G1 phase of the cycle. S: Activated ATM also phosphorylates NBS1 (serine 343) and this
phosphorylation event is required for the ionizing radiatimuced Sphase arrest. NBS1 exists in a complex with
MRE11, RAD50 andBRCAL1. The potential role of these proteins in thphase arrest remains to be clarified. In
addition, CHK2 may also be involved in this pathway after activation by ATM through phosphorylation of BRCA1 or
NBS1. G2: Details have not been worked out ojand the downstream targets of ATM at the G2 checkpoint. CHK?2

25



and CHK1 may possibly be targets for ATM and ATR in thé KBZheckpoint pathway, respectively. CDC25C and

14-3-3 have been implicated in regulation of CDC2 kinase and progression through Gaadhesd arrows and
guestion marks represent possible signalling steps and the solid arrows represent reported hosphorylation events.
(Kastan MB and Lim D, 2000

During S phasethe DNA replication occurs and DNA catenations between sibematids are
formed. These catenations physically link sister DNAs and must be resolved in order to allow
proper chromosome condensation and segregation. The completion of mitosis with entangled
chromosomes results in a gain and loss of whole chromesaimes leading to a condition of
genomic instability. The G2 phase decatenation checkpaielays entry into mitosis until
catenations are resolved by the highly conserved eukaryotic enapoisomerase Il ¢poll). The
decatenation checkpoint is distinfom the DNA damage checkpoint aepoll disentangle
chromosomes by passing one double helix through a transient DBS in another double helix and
releasing the breakMammalian species express two types of topoisomerase: @opoid

topollb The two isoforms are encoded by different genes located on different human chromsomes
and they can be distinguished by their mass. Topollb isessantial and constitutively expressed,
whereas Topolla is an essential gene maximally expressed-ian@2ntosis. The classical topoi
inhibitors, as etoposide and teniposide, generate many DBSs and trigger the DNA damage
checkpoint in G2 phase. In contrast, the catalytic inhibitors as-[T&RFinhibit topoll before the

DBS formation and activate the decatematcheckpoint, but not the DNA damage checkpoint

(Downes et al. 1994

In eukaryotesthe spindle assembly checkpoint (SAiS)an elegant regulatory system tleasures

the fidelity of chromosome segregation in mitosis by delatiegonset of anaphase until each and
every chromosome has established a bipolar orientdtien D.J.and Burke D.J., 2003(Figure

10). Several proteins, identified for the first time in yeast but highly conserved also in mammalian

cells, have been showa be directly involved in the spindle assembly checkpoint: the Bub proteins
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(Bublp, Bub2p and Bub3p), the Mad proteins (Madlp, Mad2p and Maai3p)he Mps1 protein
(Mpslp). The SAC targets CDC20, a-femtor of the ubiquitidigase APC/C. It negatively
regulates the ability of CDC20 to activate the AP@i€diated polyubiquitylation ofyclin B and

securin thereby preventing their degradation by 26S proteasome. Securin inhibits separase, a
protease required to cleave the cohesin complex that bisli#gs chromatids together and must be
cleaved in order to progress into anaphase. At the same time, the proteolysis of cyclin B inactivates
CDK1, which promotes exit from mitosis. By targeting CDC20, the SAC is able to regulate this
chain of events, protming prometaphase until all chromosomes are correctly attached to the
microtubules and have becomedniented between separated spindle poles on the metaphase plate
the only condition that ensures accurate segregation at ana@lyabe B and securindgin to be
degraded after the last chromosome has aligned, and they become largely depleted before anaphase
It has been demonstrated that the addition of spindle poisons during this process, stops the reaction
of proteolysis and the anaphase onset is gmevn a SACGdependent manner. Furthermore,
interference with the kinetochore assembly, impairment of microtubule motor proteins (as dynein or
CENRE) and interference with microtubule dynamics also activate the SAC (Clute P & Pines J,
1999; Rieder, C. L& Maiato, H., 2004).Recent studies revealed a mitotic checkpoint complex
(MCC), which includes MAD2, BUBR1/Mad3, BUB3 and CDC20 itself, as a SAC effector
(Sudakin V et al., 2001; Morrow CJ et al., 2005). The MCC binds the APC/C and renders it unable

to exert its ubiqutin-ligase activity on securiand cyclin B.

During prometaphase&AC proteinsaccumulate at unattached kinetochores isnade polewards

upon microtubule attachment. It is unclear whether the checkpoint proteins are regulated by tension
due to the anchoring of microtubules to kinetochores or by the physical occupancy of kinetochores
by microtubulegNezi L and Musacchio A, 200MAD?2 locdizes to unattached kinetochores in
prometaphase or in cells treated with nocodazole, a drug able to induce microtubules

depolymerization thereby prevent microtubllleetochore attachmentMaters JC et al., 1998
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MAD?2 is removed once the kinetochore iscopied by a microtubule. Therefore, the amount of
MAD2 becomes highly reduced at metaphase kinetochore$0®®old compared with unattached
prometaphase kinetochore3his indicates that MADZ2 localization can be interpreted to signify

lack of attachmemn
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Figure 10. The microtubuleorganizing centre of the cell, the centrosome, is duplicated during S phase and separates at
thebeginning of mitosis. Microtubules nucleated by the centrosomes overlap to form a bilaterally symmetrical mitotic
spindle, with each of the spindle poles organized around a single centrosome. Chromosomes attach to spindle
microtubules at specialized proteinaceous structures known as kinetochores, which are assembled on centromeric
chromatin early in mitosis (see the figure). Tewe that microtubules pull sister chromatids to opposite sides of the
cell, kinetochores of duplicated chromosomes must attach to microtubules emanating from opposite spindle poles, a
state known as kirientation. Errors in this process lead to the ngemgation of chromosomes and the production of
aneuploid daughter cells. To guard against chromosome missegregation, cells have evolved a surveillance mechanism
called the mitotic checkpoint (also known as the spindle assembly checkpoint), which detaysethaf anaphase until

all chromosomes are properly attached anariginted on the microtubule spindle7,8. Core components of the
mammalian mitotic checkpoint machinery include MAD1, MAD2, BUB1, BUBR1, BUB3 and centromere protein E
(CENRE). These profes localize to unattached or malorientated kinetochores, which in turn catalytically generate a
diffusible signal90 that inhibits cell division cycle 20 (CDC2fgdiated activation of an E3 ubiquitin ligase, the
anaphase promoting complex/cyclosome (APC/&eparase, the protease that cleaves the cohesins that hold sister
chromatids together, is inhibited by at least two mechanisms. The first mechanism involves the binding of the
chaperone securin, whereas the second involves the phosphorgigiendenbinding of cyclin B associated with
cyclin-dependent kinase 1 (CDK1)91. The binding of CD#&ylin B inhibits the activity of both separase and CDK1.
Following attachment and alignment of all the chromosomes at metaphase, the checkpoint signal isasitetieed

APC/C ubiquitylates and targets securin and cyclin B for proteasoadkated destruction, thereby initiating anaphase.

At the same time, the degradation of cyclin B inactivates CDK1, thereby promoting exit from mitodisng AJ and
Cleveland DW2009.

Separase
{nactive

The microtubules, from opposite poles, exert pulling forces on the sistmatids, whiclexhibit
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a complex pattern of movement. some chromosomes move polewards while other chromosomes
move away from the spindle poles and others remain relatmotionless. At the end, these
different movements result in the migration of chromosomes to the spindle equator and in the entry
in a new stage of mitosis, metaphase in which all chromosomes are aligned on the metaphase plate
in the middle of the cellThe metaphas@naphase transition ®ntrolled by the ubiquitimediated
degradation of several proteins. Sister chromatids have to remain tightly associated by cohesins
until anaphase to ensure daughter cells receive only one copy of DNA. At the foarapbase,

when all kinetochoresare attached with thenicrotubules, Mad2p complex disassociates and
releases Cdc20p and APC/CCdc20 becomes aéts/@reviously mentionedhe APC/C is an E3
ubiquitin protein ligase that catalyzes the transfer of ubmtat target cell cycle proteins for 26S
proteasome degradation. Once activated, APC/CCdc20 targets the ubiquitination and proteasomal
degradation of the securin proteins and mitotic cyclin B, triggering chromosome segregation and
cytokinetic furrow ingresion. Securin is an anaphase inhibitor protein that blocks sister chromatid
separation{ou H. et al., 1999 Securin degradation brings to Separase activation. Separase is a
cysteine protease, which cleaves the SCC1 (sister chromatid cohesion proteburdy ef the
cohesion complex, allowing the chromosomes to be pulled by the spindle microtubules towards
opposite poles (Anaphase A). Further segregation is achieved by the movement of the spindle poles

away from each other (Anaphase Bafr K.A. andCohen-Fix O., 1999.

In addition, ubiquitylation and degradation of cyclin B lead to CDK1 inactivation and
dephosphorylation of many CDK1 substrates by the counteracting phosphatases, which promote

cytokinetic furrow ingression and mitotic exitddeda J.Pand Gerlich D.W., 2012
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2.4 Regluation of cytokinesis

When each set of chromatids reach the opposite spindle poles, cells entelophase.
Chromosomes decondense as the nuclear envelope reforms around the two daughter nuclei. The cell
is now readyd physically split in two daughter cells in a process catigdkinesis.Cytokinesis is

tightly coupled to chromosome segregation, in terms of both its spatial and temporal regulation
(Barr F.A. and Ulrike Gruneberg U., 20D 7Cytokinesis failure resulia tetraploid cells with extra
centrosomes that are genetically instable owing to perturbed chromosome segregation in subsequent
cell divisions. Tetraploid cells derived from experimentally perturbed cytokinesis induce cancer in a
mouse model, indicatinghat understanding the molecular control of cytokinesis may help to
elucidate cellular defects underlying carcinogeneSeneém N. J. et al., 20DBince anaphase, the

CDK1 inactivation leads to a stabilization of microtubules and structural reorganizdtiire

mitotic spindle: astral microtubules grow towards the cell cortex ttedcentral spindleis
assembled. It is interesting to note that the decline of CDK1 activity at the metaplapbase
transition leads to dephosphorylation and subsequent @ativaf proteins that are critical for the

assembly of the central spindle.

The central spindle is composed of antiparallel bundles of microtubules that overlap their plus ends
at the central region where microtubalesociated proteins, motor proteingd gorotein kinases
accumulate Glotzer M., 200 PRC1 (protein required for cytokinesis 1), the tetrameric
centralspindlin complex (composed of the kinesin motor protein MKLP1 and thefaRtily
GTPase activating protein RhoGAP/MgcRacGAP) and the chronalqmamsenger complex (CPC,
which includes the kinase aurora B and itsactivator the inner centromere protein, INCENP) are

all involved in the central spindle formation; while pdike kinase 1, PLK1, is required for

division plane specificatiorMollinari C. et al., 2002Brennan I.M. et al., 2007

The position of the division plane between the segregated chromosomes seems to be specified by
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transmission of a spindle position signal to the cell cortex through a pathway involving the small
GTPaseRhoA. In numerous cell types, inactivation of RhoA leads to a profound defect in
cytokinesis, and in most cases cleavage furrow formation is completely bldiesthgel D.N. et

al., 1997. Both astral and central spindle microtubule organization regulates Rhakzation at

the equatorial cortex but the precise mechanisms remain unclear. It is known that PLK1 and
centraspindlin activity is critically required for the recruitment of the RhoA guamickeotide
exchange factor ECT2 (epithelial cell transformprgtein 2) to the central spindlByrkard M.E.

et al., 2007. Once activated by ECT2, RhoA induces the formation of a perpendamitanyosin
contractile ring at the cleavage furrow site. RhoA promotes actin polymerization through the
activation of diapanousrelated formins and myosin Il activation by the kinase ROCK, which
phosphorylates the myosin regulatory light chain MRMZatanabe Set al., 2008. This positive
contractile signal is thought to operate alongside relaxation signals transahaibgdmicrotubule
asters to the poles of the cell, driving further the net contraction around the egVetoer M. and

Glotzer M., 2008

The forcegenerating mechanism of actomyosin ring contraction is not understood. Several models
have been proposedn the basis of ultrastructural analysis and biophysical considerations. A
classical model proposes that bipolar myosin filaments move along actin filaments similarly to the
force-generating mechanism in muscle sarcomélrds.i s t i ght eni g isbgliaveds e s

to provide the contractile force necessary to drive furrow ingresgfand Y., 200).

Cleavage furrow ingression continues until the actomyosin contractile ring comes into close
proximity to the central spindle. At this stage the twaglder cells remains connected only by a
narrow intercellular bridge containing dense antiparallel bundles of microtubules at the central
spindle and the contactile ring, termexdbody (Figure 11) Midbody microtubules partly derive

from bundling of the ndspindle during furrow ingression, but also assemble de novo during

formation and maintenance of the intercellular bridge. In line with this, the microtubule nucleation
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f a c ttubulin awcumulates at the cytoplasmic ends of the midbody microtubule samdidater
in the central midbody region, and injection of enmtubulin antibody interferes with abscission

(Julian M. et al., 1998

Finally, abscissiondads to disassembly of microtubules from both lateral sides of the midbody,
constriction of cellcortex and irreversible fission of plasma membrane with the creation of two
separate cells. Following abscission, the residual midbody structure, known as the midbody
derivative, can have different fates depending on the cell type. The midbody derigativieer

released to the extracellular medium, degraded by autopmamgrsists in the cytoplasm.

Figure 11. Schematic diagram of the different stages of cytokinesignicrotubules, green; chromatin, blue; plasma
membrane, black; contractile actin ring, red; centrosomes, violet). In early anaphase the components of the contractile
ring have assembled. Contraction of the actomyosin ring is thought to provide the mnyefmessdfor furrow ingression.

Once fully ingressed, in late cytokinesis, compression of the central spindle creates an intracellular bridge containing
the midbody (fromGuizzetti J. and Gerlich D.W., 20110

3. Bipolar spindle assemblyand maintenance

During every cell cycle, the genome of a cell must be duplicated and equally segregated into two
daughter cells. Chromosome segregation is driven byntitetic spindle a microtubulebased
structurethat must form a bipolar configuratiom order to equ&y segregate the genomé&he

dynamic plusends of microtubules, emanating from opposite poles, bind to the kinetochores of the
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