REVIEWS

OMNIS CELLULAE CELLULA
All cells are derived from cells.

MITOSIS

The process of nuclear division.

CYTOKINESIS
The process of cytoplasmic
division.

SISTER CHROMATIDS
Duplicated chromosomes.

CENTROSOME
The main microtubule-
organizing centre of animal
cells.

MITOTIC SPINDLE

A highly dynamic bipolar array
of microtubules that forms
during mitosis or meiosis and
serves to move the duplicated
chromosomes apart.
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MITOTIC KINASES AS REGULATORS
OF CELL DIVISION AND ITS

CHECKPOINTS

Erich A. Nigg

Mitosis and cytokinesis are undoubtedly the most spectacular parts of the cell cycle. Errors in
the choreography of these processes can lead to aneuploidy or genetic instability, fostering
cell death or disease. Here, | give an overview of the many mitotic kinases that regulate cell
division and the fidelity of chromosome transmission.

ceLLpivision ©

Ever since Rudolf Virchow (1821-1902) proclaimed
his famous “omnis ceLLuLae ceLLura”, the challenge has
been to understand how cells divide and how they
faithfully transmit genetic information from one cell
generation to the next. In a typical somatic cell cycle,
M phase comprises mitosis and cytokinesis. The main
purpose of mitosis is to segregate sister cHrRoOMATIDS INtO
two nascent cells, such that each daughter cell inherits
one complete set of chromosomes. In addition, each
daughter cell must receive one centrosome and the
appropriate complements of cytoplasm and
organelles. Mitosis is usually divided into five distinct
stages: prophase, prometaphase, metaphase, anaphase
and telophase (for a brief description of these phases,
see BOx 1). Cytokinesis, the process of cell cleavage,
occurs at the end of mitosis, and its regulation is
linked intimately to mitotic progression. Although the
exact temporal and spatial organization of mitosis and
cytokinesis differ between animals, plants and fungi,
chromosome segregation invariably requires the
assembly of the mitotic spinpLe, Whereas cytokinesis
depends on the concerted action of the spindle, the
actomyosin cytoskeleton and the cell cortex.

The regulation of M-phase progression relies pre-
dominantly on two post-translational mechanisms:
protein phosphorylation and proteolysis. These are
intimately intertwined in that the proteolytic machin-
ery is controlled by phosphorylation, whereas several
mitotic kinases are downregulated by degradation.
The most prominent mitotic kinase is the cyclin-

dependent kinase 1 (Cdk1), the founding member of
the Cdk family of cell-cycle regulators. Recent studies
have, however, brought to light additional mitotic
kinases. These include members of the Polo family, the
aurora family and the NIMA (never in mitosis A) fam-
ily, as well as kinases implicated in mitotic cHeckpoINTs,
mitotic exit and cytokinesis (TABLE 1 and BOx 1). Here, |
review our current understanding of these new mitot-
ic kinases and their cooperation with Cdk1 in the reg-
ulation of mitosis and cytokinesis. Whereas the main
text describes progression through M phase in
chronological order, separate boxes provide brief sum-
maries on selected kinase families. The review is writ-
ten mainly from the perspective of cell division in
humans, but much of our current thinking reflects
extrapolations from pioneering work done in yeast
and other genetically tractable organisms.

No correct M phase without proper S phase

The error-free segregation of sister chromatids during
mitosis depends on the proper execution of two events
during the preceding S phase. These are the replication
of chromosomal DNA, with the concomitant establish-
ment of sister-chromatid cohesion, and the duplication
of centrosomes. To keep the ploidy of an organism con-
stant, it is essential that both chromosomes and centro-
somes are duplicated only once in every cell cycle. Recent
work has revealed a first glimpse of how DNA replica-
tion and centrosome duplication are coordinated in a
somatic cell cycle. Both processes depend on the phos-
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CHECKPOINT

A point where the cell division
cycle can be halted until
conditions are suitable for the
cell to proceed to the next stage.

SPINDLE POLE BODY
The yeast equivalent of the
centrosome.

NUCLEAR LAMINA

A nuclear membrane-
associated protein structure
made up of lamin intermediate-
filament proteins.

KINESIN

Microtubule-based molecular
motor, most often directed
towards the plus end of
microtubules.

NUCLEAR ENVELOPE

Double membrane that
surrounds the nucleus. The
outer membrane is continuous
with the endoplasmic
reticulum.

Box 1| A primer on the chronology of M-phase events
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The principal events typical of animal cell division can briefly be summarized as follows. During ‘prophase’, interphase
chromatin condenses into well-defined chromosomes and previously duplicated centrosomes migrate apart, thereby
defining the poles of the future spindle apparatus. Concomitantly, centrosomes begin nucleating highly dynamic
microtubules that probe space in all directions, and the nuclear envelope breaks down. During ‘prometaphase’,
microtubules are captured by kinetochores (specialized proteinaceous structures associated with centromere DNA on
mitotic chromosomes). Although monopolar attachments of chromosomes are unstable, the eventual interaction of
paired sister chromatids with microtubules emanating from opposite poles results in a stable, bipolar attachment.
Chromosomes then congress to an equatorial plane, the metaphase plate, where they continue to oscillate throughout
‘metaphase’, suggesting that a balance of forces keeps them under tension. After all the chromosomes have undergone a
proper bipolar attachment, a sudden loss in sister-chromatid cohesion triggers the onset of ‘anaphase’. Sister
chromatids are then pulled towards the poles (anaphase A) and the poles themselves separate further towards the cell
cortex (anaphase B). Once the chromosomes have arrived at the poles, nuclear envelopes reform around the daughter
chromosomes, and chromatin decondensation begins (‘telophase”). Finally, an actomyosin-based contractile ring is
formed and ‘cytokinesis’ is completed. The figure summarizes the stages of M phase. It also indicates where the major
checkpoints exert quality control over mitotic progression and where mitotic kinases are thought to act. The insert
illustrates a Ptk2 cell in metaphase; DNA is shown in blue (DAPI staining), microtubules in green and spindle poles
(y-tubulin) in orange. (Picture kindly provided by P. Meraldi.)

phorylation of the retinoblastoma gene product and the
release of E2F transcription factors', and both require
the activity of Cdk2, in association with either cyclin A
or cyclin E¥3, Another kinase, Mps1p, has been implicat-
ed in the duplication of the spinDLE POLE BODY N
Saccharomyces cerevisiae*. Whether homologues of this
kinase control centrosome duplication in metazoan
organisms is not known at present.

Cdk1, the maestro of M phase

Of the ensemble of kinases involved in the orchestration
of M-phase events, Cdk1 remains the unchallenged con-
ductor. The regulation of Cdk1-cyclin complexes is
comparatively well understood (summarized in FIG. 1).

Activation of mammalian Cdk1 depends on dephospho-
rylation of two neighbouring residues in the ATP-bind-
ing site (threonine 14 and tyrosine 15). This occurs at the
G2/M transition when the activity of the dual-specificity
phosphatase Cdc25C towards Cdk1 exceeds that of the
opposing kinases Weel and Myt1. In turn, these enzymes
are controlled by DNA structure checkpoints, which
delay the onset of mitosis in the presence of unreplicated
or damaged DNA (see below).

Activated Cdk1-cyclin complexes then phosphorylate
numerous substrates, for example nuclear lamins,
kinesin-related motors and other microtubule-binding
proteins, condensins and Golgi matrix components, and
these events are important for nucLear enveLore break-
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y-TUBULIN RING COMPLEXES
Ring-like multiprotein
structures implicated in
microtubule nucleation.

DYNEIN

Microtubule-based molecular
motor that moves towards the
minus end of microtubules.

RNA-MEDIATED INTERFERENCE
Process by which an introduced
double-stranded RNA
specifically silences the
expression of genes through
degradation of their cognate
mRNA.

Table 1 | Mitotic kinases*

Mammalian Founding members Comments
members
The Cdk family Cdk1 (Cdc2) Cdc2p (Sp)/Cdc28p (Sc)  Mammalian Cdk1 functions in association with
both A- and B-type cyclins
The Polo family Plk1 Polo (Dm) The vertebrate Polo families comprise

The Aurora family ~ Aurora-A Aurora (Dm)/Ipllp (Sc)
Aurora-B
Aurora-C
The NIMA family Nek2 NIMA (An)
Mitotic checkpoint  Bubl Bublp (Sc)
BubR1
TTK/Esk Mpslp (Sc)

MEN/SIN kinases  ?

Multiple yeast kinases
(Sc and Sp) (see FIG.5)

additional members (see BOX 2)

The Aurora nomenclature is explained in
TABLE 2

The vertebrate Nek families comprise
additional members (see BOX 3). Whether
NIMA and Nek?2 represent bona fide functional
homologues is not known at present

TTK and Esk are the names given to putative
human and mouse homologues, respectively, of
budding yeast Mps1p

Several metazoan kinases (Ndr/LATS family
members) are structurally related to a yeast
SIN/MEN kinase (budding yeast Dbf2p/Mob1p
and fission yeast Sid2p/Mob1p), but no
functional homologies have yet been shown

*This Table is not meant to be exhaustive, and kinases with widely pleiotropic functions, such as MAP kinases and PKA (the cAMP-
dependent kinase), are only mentioned in passing. This should not detract from the fact that both MAP kinases and PKA probably
have important roles in the regulation of M phase, at least in some cell types. Furthermore, several of the ‘mitotic’ kinases listed here
are highly expressed in the germ line, implying probable functions also in meiosis.

(Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; An, Aspergillus nidulans; Dm, Drosophila melanogaster.)

down, centrosome separation, spindle assembly, chro-
mosome condensation and Golgi fragmentation,
respectively>. Furthermore, Cdk1-cyclin complexes
contribute to regulate the anaphase-promoting com-
plex/cyclosome (APC/C), the core component of the
ubiquitin-dependent proteolytic machinery that con-
trols the timely degradation of critical mitotic regulators,
in particular inhibitors of anaphase onset (securins) and
cyclins®. On cyclin destruction, Cdk1 is inactivated, set-
ting the stage for mitotic exit and cytokinesis. Cdk1 inac-
tivation also allows the reformation of pre-initiation
complexes at origins of replication, thereby licensing cel-
lular chromatin for the next round of replication®®. In
the following sections, major M-phase events will be dis-
cussed in more detail, with particular emphasis on the
intervention of mitotic kinases at various stages.

Early mitotic events

Centrosome separation and activation. In most cell
types, duplicated centrosomes remain closely paired
and continue to function as a single microtubule-
organizing centre during G2. After G2, however, they
separate and migrate apart. Concomitantly, they
recruit additional y-TusuLiN RING compLEXEs, and this
maturation event sets the stage for increased micro-
tubule nucleation activity. As inferred from antibody
microinjection studies in human cells!! and Xenopus
embryos'?, centrosome maturation requires the action
of Polo-like kinases (PIks; Box 2). Consistent with this
view, Drosophila Polo is likely to regulate a micro-

tubule-associated protein, termed Asp (for ‘abnormal
spindle’), whose function is to hold y-tubulin ring
complexes at the mitotic centrosome?®.

The separation of centrosomes seems to be regulat-
ed by several kinases. At an early step, the NIMA-fami-
ly member Nek2 (8ox 3) is thought to phosphorylate
the centrosomal protein, C-Nap1, thereby causing the
dissolution of a dynamic structure that tethers dupli-
cated centrosomes to each other. A type 1 phos-
phatase interacts with both Nek2 and C-Nap1, and
cell-cycle-regulated inhibition of this phosphatase may
contribute to cause an abrupt increase in C-Napl
phosphorylation at the G2/M transition®®. At a later
step, several kinesin-related motor proteins (KRPs)
and cytoplasmic oynein are required for centrosome
separation. Prominent among these motors is the KRP
Eg5, whose recruitment to centrosomes depends on
the phosphorylation of a highly conserved carboxy-
terminal motif by Cdk1-cyclin B7,

Arrole in centrosome separation has also been pos-
tulated for aurora-A family members (BOX 4; TABLE 2).
This was originally inferred from the phenotype of
aurora mutants in Drosophila®®, and supported by the
finding that vertebrate A-type aurora kinases also
localize to centrosomes, spindle poles and spindle
microtubules'®2°. However, RNA-MEDIATED INTERFERENCE
(RNAI) with aurora-A (AIR-1) in Caenorhabditis ele-
gans did not prevent centrosome separation, although
both spindle formation and centrosomal morphology
were abnormal?. A better understanding of the role of
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Figure 1 | A narrative of mitotic progression from the Cdk1 perspective. Entry into
mitosis results from the activation of Cdk1-cyclin complexes. In mammalian cells, this depends
primarily on the dephosphorylation of Cdk1, which occurs when the activity of the
phosphatase Cdc25C exceeds that of the kinases Weel and Myt1. By contrast, exit from
mitosis depends on the inactivation of Cdk1-cyclin complexes. This occurs as a consequence
of cyclin destruction, which in turn results from the activation of the APC/C ubiquitin ligase. This
simple scheme provides an account of mitotic regulation from the perspective of Cdk1, but it

does not consider spatial aspects of mitotic control*®,

and it ignores the important contribution

of several additional mitotic kinases.

CATASTROPHE RATE

The frequency of transitions
between rapid growth and
shrinkage of microtubules.

A-type aurora kinases in spindle assembly will require
the identification of both physiological substrates and
upstream regulators. The Xenopus KRP Eg5 is one
candidate substrate, but the molecular consequences
of this phosphorylation remain unknown?,

Nuclear envelope breakdown. In organisms undergo-
ing open mitosis, nuclear envelope breakdown
(NEBD) occurs shortly after centrosome separation.
During interphase, the nuclear envelope is stabilized
by a karyoskeletal structure known as the NucLEAR LAMI-
NA, but at the onset of mitosis, this structure disassem-
bles as a consequence of lamin hyperphosphorylation.
Although lamins can be phosphorylated by many
kinases in vitro, the predominant kinase triggering
mitotic lamina depolymerization in vivo is almost cer-
tainly Cdkl-cyclin B®. Lamina disassembly reduces
nuclear envelope stability but is not in itself sufficient
to cause NEBD. The additional requirements for
NEBD remain poorly understood, although phospho-
rylation probably has an important role.

Chromosome condensation. Chromosome condensa-
tion is accompanied by extensive phosphorylation of
both histones and non-histone proteins. Histone mod-
ifications, including phosphorylation, acetylation and
methylation, have long been correlated with changes in
chromatin condensation states. The linker histone H1
is an excellent substrate of Cdk1—cyclin B, but despite
extensive study, the significance of this phosphoryla-
tion remains unknown. More recently, phosphoryla-

tion of the core histone H3 (at serine 10) has also
attracted great interest. This modification is highly con-
served, correlates with chromosome condensation dur-
ing mitosis and meiosis, and is required for proper
chromosome segregation in at least some organisms
(for example, the protozoan Tetrahymena).

Of the several histone H3/serine 10 kinases
described, two are of particular interest from the per-
spective of mitosis. Genetic and biochemical data con-
cur to indicate that aurora family members, in particu-
lar Ipl1p of S. cerevisiae and the B-type aurora AIR-2 of
C. elegans, can control histone H3 phosphorylation in
opposition to a type 1 phosphatase (Glc7p in S. cerevisi-
ae)?. However, studies done in Aspergillus nidulans sug-
gest that NIMA is another candidate histone H3
kinase?. This discrepancy illustrates the notorious diffi-
culty in unequivocally assigning kinases to their physio-
logical substrates, and it will be interesting to determine
whether aurora and/or NIMA-related kinases (Neks)
phosphorylate histone H3 in vertebrates, or whether yet
other histone H3 kinases await discovery. Prominent
among the trans-acting factors involved in chromo-
some condensation are topoisomerase 11 and a multi-
protein complex known as condensin, and both are
regulated by phosphorylation. In the case of the five-
member condensin complex, there is evidence that
Cdk1-cyclin B regulates its DNA supercoiling activity
in Xenopus extracts® and its cell-cycle-regulated nuclear
accumulation in Schizosaccharomyces pombe?.

Spindle dynamics and chromosome movements
Spindle assembly and mitotic movements rely on
three parameters: the inherent dynamic properties of
microtubule polymers (particularly dynamic instabil-
ity and treadmilling); a balance of microtubule stabi-
lizing and destabilizing accessory proteins; and the
action of microtubule-dependent motors of the
dynein and kinesin families. Dynamic instability is
particularly important at the onset of mitosis, when
the caTasTropHE RATE iNcreases markedly. This transi-
tion can be triggered in vitro by several kinases,
including Cdkl-cyclin A and mitogen-activated
kinase (MAP kinase), but the substrates involved
remain unknown®, Microtubule dynamics are exten-
sively regulated by microtubule-associated proteins
and microtubule-destabilizing proteins, and most of
these are controlled by phosphorylation.

A good example is stathmin (also known as oncopro-
tein 18), whose microtubule-destabilizing activity is
turned off during mitosis by sequential phosphorylation
involving Cdkl-cyclin B and an as yet unidentified
kinase®. Studies on stathmin phosphorylation also illus-
trate the importance of spatial regulation in spindle
assembly?’. In Xenopus extracts, chromatin-induced
spindle formation seems to depend on gradients of dif-
ferentially phosphorylated microtubule-associated pro-
teins, and these gradients in turn are likely to arise from
the action of immobilized kinases and diffusible phos-
phatases (or vice versa)?. Although this attractive model
awaits rigorous proof, it highlights the importance of the
mutual localization of kinases, phosphatases and their
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KINETOCHORE

Specialized assembly of proteins
that binds to a region of the
chromosome called the
centromere.

Box 2 | The Polo kinase family

Named after the Drosophila
polo gene, polo-like kinases
(Plks) are conserved in all
eukaryotes. Whereas only a
single Plk exists in S. cerevisiae
(Cdc5p), and presumably S.
pombe (Plolp), at least three
Plks are expressed in
mammals. Of these, PIk1
(PIx1 in Xenopus) functions
during mitosis. Information
about the two other
mammalian PIks, Snk (PIk2)
and Fnk/Prk (PIk3), remains
scarce, and there is evidence
that their functions may not
be limited to cell-cycle
control®. All known Plks bear
the catalytic domain at the
amino terminus, and they
feature a conspicuously
conserved sequence motif, the
polo-box, in the carboxy-
terminal domain. This motif
has been proposed to function

Prometaphase

Late anaphase

PIx1
(midzone) . PIx1

Metaphase _ PIx1

(centrosome)

Pix1
(centrosome)

Pix1
(kinetochore)
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in targeting Plks to subcellular compartments® or to mediate interactions with other proteins®. Alternatively, the
polo-box may constitute part of an autoregulatory domain®?. As shown in the figures for Xenopus PIx1, Plks
associate transiently with several mitotic structures®-%, including spindle poles, kinetochores, the central spindle
midzone and the midbody (PIx1 is stained in red, DNA in blue, and microtubules in green; all pictures kindly
provided by P. Meraldi). Concomitantly, kinase activity peaks during M phase, and this results from activating
phosphorylation(s). With Xenopus xPIkk1 and the structurally related human kinase, SLK, two candidate Plk-
activating kinases have been described recently®®'%, but additional regulators of Plks almost certainly await
identification. Important issues also remain unresolved with regard to the ubiquitin-dependent degradation of PIks
at the end of M phase. Whereas budding yeast Cdc5p features a D-box in the amino terminus and seems to be
targeted by APC/CC%? (ReFs 37,38), this destruction box has not been conserved during evolution. Instead,
mammalian Plk1 may constitute a substrate of APC/CC" and thus be degraded primarily during G1 (REF. 39).

substrates in the control of mitotic reactions.

Throughout mitosis, microtubule—kinetochore
interactions are highly dynamic. They rely on tether-
ing proteins such as cytoplasmic dynein and CENP-
E?, and may be regulated by phosphorylation. This
latter point is shown most convincingly in S.
cerevisiae, where the aurora kinase Ipl1p phosphory-
lates a kineTocHore protein, Ndc10p, thereby reducing
its ability to bind microtubules®. Recent findings indi-
cate that metazoan B-type aurora kinases localize to
centromeres/kinetochores, presumably through inter-
actions with INCENP proteins®. This raises the possi-
bility that aurora kinases regulate kinetochore func-
tion also in multicellular organisms. No mammalian
homologue of Ndc10p has yet been identified, but in
view of the evidence implicating aurora family mem-
bers in the phosphorylation of histone H3, the cen-
tromere-associated histone H3 variant CENP-A is an
attractive candidate substrate.

Spindle assembly and function throughout mitosis
depend on several distinct KRPs and cytoplasmic
dynein. However, although coordination between dif-
ferent motor activities would seem critical for the cor-

rect execution of chromosome segregation, little is
known about how individual motors are targeted to
particular structures and how their local activities are
controlled. As exemplified by studies on Eg5 (ReFs
16,17), phosphorylation is certainly involved in the spa-
tial and temporal control of motor activity, and this
field holds considerable promise for future research.

Anaphase onset and mitotic exit
Anaphase begins shortly after all chromosomes have
undergone proper bipolar attachment to the spindle.
Its onset is characterized by the simultaneous separa-
tion of all sister chromatids and results from a loss of
sister-chromatid cohesion rather than an increase in
forces moving towards the pole. Studies in yeast have
revealed that sister-chromatid separation depends on
the degradation of an inhibitor, a so-called securin, by
ubiquitin-dependent proteolysis®*®2, This inhibitor
prevents a protease, termed separase, from abolishing
sister-chromatid cohesion by cutting a component of
a multiprotein complex known as cohesin®,

Although this mechanism has undoubtedly been
conserved during evolution, the situation is more
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CENTROMERE

A region of a eukaryotic
chromosome that is attached to
the mitotic spindle.

Box 3 | The NIMA kinase family

NIMA-related kinases (Neks) are named after the NIMA (never in mitosis A) gene product of Aspergillus nidulanst®®.
Studies in this filamentous fungus suggested that NIMA cooperates with Cdk1 at the G2/M transition and this
prompted extensive searches for NIMA homologues in other organisms. However, whether bona fide functional
homologues of NIMA exist outside of filamentous fungi remains unclear. Structural relatives of NIMA have been
identified in S. cerevisiae and S. pombe!®1%2 but in contrast to NIMA, these genes are not essential for viability. To what
extent they functionally resemble NIMA remains to be determined. The mammalian genome carries at least seven
NIMA-related kinases, called Nek1-Nek7 (ReF. 103). Of these, Nek2 represents the closest structural relative of NIMA,
but, except for putative coiled-coil structures, the non-catalytic domains of Nek2 and NIMA bear no resemblance’®*. As
described in the main text, one important function of Nek2 relates to the control of centrosome structure during the
mitotic cell cycle'®. However, Nek2 is also highly expressed in the germ line, suggesting that it may have additional roles.
NIMA has been implicated in chromosome condensation and proposed to phosphorylate histone H3 (ReF. 24). The
available evidence argues against such a function for Nek2, but it remains possible that one of the other mammalian
Neks contributes to chromosome condensation. Importantly, there is no reason to assume that all Neks have a role in
cell-cycle control. The structural similarity between different NIMA family members is largely confined to the catalytic
domain, suggesting that different Neks may function in widely different physiological contexts.

complicated in vertebrates, where different mecha-
nisms seem to destroy cohesion at chromosome arms
and centromeres, respectively. The bulk of cohesin isin
fact already removed from chromosome arms during
prophase, perhaps to permit the extensive chromo-
some condensation typical of vertebrate mitosis.
Importantly, this first wave of cohesin removal does
not depend on APC/C and instead requires phospho-
rylation of cohesin3%, One kinase able to phosphory-
late cohesin is Cdk1, but other mitotic kinases may
also be involved. The small amount of cohesin remain-
ing at vertebrate centromeres is then removed at the
metaphase-anaphase transition. This second step is
dependent on APC/C, and presumably follows the
securin—-separase pathway described for sister-chro-
matid separation in yeast®.

APC/C is responsible not only for the destruction
of anaphase onset inhibitors but also of other pro-
teins, notably mitotic cyclins and several mitotic
kinases (FIG. 2). In addition to Cdkl-cyclin, these
include Plks®-%%, NIMA family members*“! and auro-
ra kinases*2. Importantly, however, the degradation of
different substrates occurs at different times, implying
that there is exquisite regulation of APC/C. In a typical
somatic cell, two forms of APC/C are activated
sequentially by the association of two distinct WD40
repeat proteins known as Cdc20 and Cdh1, respective-
ly (for alternative names see legend to FIG.2). Whereas
APC/CC js active at the metaphase—anaphase transi-
tion, APC/CC js turned on later in mitosis but then
remains active throughout the subsequent G1 phase®.
When assayed in vitro, APC/CC420 and APC/C®" dis-
play partly distinct substrate specificities®®*, but it is
important to bear in mind that Cdh1 is not expressed
in early Xenopus and Drosophila embryos, when cell
cycles are extremely rapid and essentially comprise
alternating S and M phases**®. The onset of Cdhl
expression during development then correlates with
the establishment of G1 phases, suggesting that the
sequential activation of APC/CC¢20 and APC/CCdh!
may be more important for temporal aspects of cell-
cycle control than substrate selection. Mitotic kinases
regulate the two forms of APC/C in opposite fashion

and thus play a key role in establishing the temporal
order of APC/C activity: phosphorylation of APC/C
core subunits (and perhaps Cdc20) is required for acti-
vation of APC/CC4 whereas phosphorylation of
Cdh1 prevents the activation of APC/C® (ReF. 9).

The kinases Cdk1, Plk1 and BubR1 have all been
implicated in the activation of APC/CC4?% (Rers
9,37,38,45-50), and protein kinase A (PKA) has been
described as a negative regulator“®, but which of these
kinases acts directly on APC/C subunits in vivo
remains to be established. Cdc20 itself is also phospho-
rylated and has been detected in a complex with auro-
ra-A%, but the role of Cdc20 phosphorylation is not
clear®. With regard to APC/C®, it is striking that the
inactivity of this complex correlates with Cdh1 phos-
phorylation from the onset of S phase until late mito-
sis, suggesting that Cdhl is sequentially inactivated by
cyclin E, cyclin A and cyclin B-dependent Cdk com-
plexes®. In budding yeast, the activating dephosphory-
lation of Cdh1 depends on a phosphatase, Cdc14p®,
that is activated only after the silencing of a spindle-
positioning checkpoint (see below). Once activated,
APC/Cc promotes mitotic exit by causing the degra-
dation of B-type cyclins and other ubiquitylation sub-
strates. To what extent this model can be extended to
mammalian cells remains to be seen.

G2/M- and M-phase checkpoints

Surveillance mechanisms, the so-called checkpoint
pathways, ensure the proper order and correct execu-
tion of cell-cycle events®. Checkpoints are thought to
monitor passage through M phase at several stages®>%
(FI1G. 3). Some M-phase checkpoints are well established,
but others exist primarily in the realm of speculation at
present. Best understood are the ‘DNA structure check-
points’ that arrest cells at the G2/M transition in
response to unreplicated DNA or DNA damage, and
the ‘spindle assembly checkpoint’ that prevents
anaphase onset as long as chromosomal kinetochores
do not show a correct bipolar attachment. In budding
yeast, a third checkpoint, the ‘spindle-positioning
checkpoint; links Cdk1 inactivation and mitotic exit to
the proper orientation of the mitotic spindle. Whether
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Box 4 | The aurora kinase family

The founding members of the aurora kinase family are Ipl1p from S. cerevisiae and aurora from Drosophila
melanogaster'®2°. Whereas Ipl1p is the only representative of this family in yeast, two aurora-related kinases

are present in Drosophila and C. elegans, and at least three in mammals (TABLE 2). These kinases share

similar catalytic domains located in the carboxyl terminus, but their amino-terminal extensions are of variable
lengths with little or no similarity. Unfortunately, the nomenclature used to describe Ipl1/aurora-related kinases
is highly confusing®?, This is particularly true with regard to mammals, where orthologues in man, mouse and
rat have been given distinct names. For the sake of clarity, the vertebrate aurora kinases are here referred to as
aurora-A, -B and -C (for other names, see TABLE 2).

Both aurora-A and -B are expressed in proliferating cells and overexpressed in tumour cells. During the cell
cycle, the activity of aurora-A peaks before that of aurora-B. Furthermore, the two kinases display strikingly
distinct subcellular localizations (TABLE 2). Whereas aurora-A is associated predominantly with centrosomes
and the spindle apparatus from prophase through telophase, aurora-B is prominent at the midzone during
anaphase and in postmitotic bridges during telophase!®?. It is remarkable that all these mitotic structures
also carry mitotic Plks (BOX 2), suggesting that a deliberate search for functional interactions between aurora
kinases and Plks might be fruitful. Aurora-C has not yet been studied extensively. It is highly expressed
in testis, but can also be detected in tumour cell lines, where it localizes to spindle poles from anaphase
to cytokinesis!.

Only very little information is currently available on the regulation and substrates of aurora kinases at present
(TABLE 2). Similar to Plks, aurora kinases are regulated by APC/C-dependent proteolysis*? and by
phosphorylation®”1% However, conflicting data have been reported with regard to the relative timing of
activation of aurora and Cdk1 during Xenopus oocyte maturation, and the upstream regulatory enzymes
(kinases and phosphatases) remain unknown. Similarly, only few candidate substrates have so far been identified
(see TABLE 2).

Table 2 | Nomenclature and properties of aurora family kinases

Nomenclature guide*
Mammals Other names Xenopus C.elegans Drosophila S. cerevisiae

Aurora-A Aurora-2, HsAIRK1, ARK1, Aik, Eg2 AIR-1 aurora Ipllp*
BTAK, STK-15 (human);
ARK1, Ayk1, IAK1 (mouse)

Aurora-B Aurora-1, HsAIRK2, ARK2, Aik2, AIRK2 AIR-2 IAL
AIM-1, STK-12 (human);
ARK2, STK-1 (mouse);
AIM-1 (rat)

Aurora-C Aurora-3, HsAIRK3, AIE2, Aik3,
STK-13 (human); AIE1 (mouse)

Properties
Family member Localization Regulation Putative substrates
Aurora-A Centrosome Phosphorylation Kinesin-related motor Eg5
Spindle MTs Degradation CPEB®
Aurora-B Kinetochores Association with INCENP Histone H3?!
Spindle midzone Phosphorylation?
Degradation
Functional interaction with
Bir-domain proteins (survivin?)
Aurora-C Centrosome
Yeast Ipllp ? ? Histone H3
Kinetochore protein
Ndc10p

*The aurora-A, -B, -C nomenclature has been approved by many scientists working in the aurora field. For the sake of clarity, the
future use of this unifying nomenclature is recommended.

*Iplip is the only aurora family member in budding yeast and cannot be attributed to the any particular subfamily.

SCPEB is involved in regulating polyadenylation and translation of c-mos mRNA during Xenopus oocyte maturation®*®.

(CPEB, cytoplasmic polyadenylation-element-binding protein.)

IShown for C. elegans AIR-2, which most probably represents a B-type aurora kinase?.
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a corresponding checkpoint also exists in mammalian
cells is not known.

The DNA structure checkpoints. The three enzymes
that control the activation of mammalian Cdk1, the
phosphatase Cdc25C and the kinases Weel and Myt1
(FIG. 1), are themselves phosphorylated by multiple
kinases, albeit with different consequences. On the one
hand, Cdc25C is inhibited by kinases (Chk1, Chk2)
that operate in DNA structure checkpoint signalling,
whereas Weel and Myt1 are upregulated by the same
pathways>*5’. On the other hand, Cdkl-cyclin B is able
to activate Cdc25C and inactivate Weel, thereby creat-
ing a positive feedback loop. Plk1 also activates
Cdc25C*?%8 and it may downregulate Weel and Myt1.
Whether this occurs as part of the feedback loop
involving Cdk1—cyclin B or, alternatively, contributes
to the initial activation of Cdc25C remains a subject of
debate®-¢2. In view of the many roles emerging for Plks
in mitotic progression, it is also interesting that mam-
malian PIk1 is inhibited on DNA damage checkpoint
activation®, extending earlier work in yeasts4,

The spindle assembly checkpoint. Genetic studies in

yeast, as well as laser-ablation and micromanipulation
studies in animal cells, have identified a checkpoint

‘active

Spindle Spindle-
assembly —_ —| Cdk-cyclin Y dgslhatas |— positioning
checkpoint = checkpoint ?

Targets:

- Securin (D-box)

- B-type cyclins (D-box)
- A-type cyclins

- Plk1

- Nek2 (KEN-box)

- Aurora-A
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and G1 phase

Metaphase/
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Figure 2 | Phosphorylation differentially regulates two forms of APC/C. APC/C acts on
different substrates at different times, implying extensive regulation. This involves the binding of
adaptor proteins (Cdc20 and Cdh1, respectively), as well as the phosphorylation and
dephosphorylation of both APC/C core subunits and adaptor proteins. Note that Cdc20 is also
known as Fizzy (Drosophila), p55°°¢ (mammals) and Slp1p (S. pombe), whereas synonyms for
Cdh1 are Hctlp (S. cerevisiae), Fizzy-related (Drosophila) and Ste9p/Srw1l (S. pombe).
Substrates of APC/C can be classified depending on whether they bear D-box or KEN-box
consensus motifs, which seem to favour recognition by APC/C®420 or APC/CCdM,
respectively®**!. Much remains to be learned, however, about the precise mechanisms that
regulate ubiquitin-dependent degradation of individual substrates. For example, it remains
mysterious how cyclin A is degraded during prometaphase — a time when securin
degradation by APC/CC?is blocked by the spindle assembly checkpoint.

that delays sister-chromatid separation until all chro-
mosomes are properly aligned on the spindle (FIG. 4).
This checkpoint monitors the attachment of micro-
tubules to kinetochores and/or the generation of ten-
sion that results from bipolar attachment of sister
chromatids. Hence, it is also referred to as the kineto-
chore attachment checkpoint®.

Yeast mutant screens have identified six gene prod-
ucts involved in this checkpoint, specifically the dual-
specificity kinase Mpslp, the kinase Bub1p and its
partner Bub3p, and the three proteins Mad1p, Mad2p
and Mad3p®. Subsequently, homologues of several
Mad and Bub proteins have been shown to associate
preferentially with unattached kinetochores in animal
cells, confirming earlier cytological evidence for a criti-
cal role of phosphorylation in the generation of an
anaphase-inhibitory signal at kinetochores?.66.67,
Studies done in animal cells also indicate that the spin-
dle assembly checkpoint is not merely activated in
response to spindle damage, but contributes to the
timing of anaphase onset in every cell division®,

According to a current model, structural changes
induced by microtubule attachment (and/or tension)
are translated, through phosphorylation, into a bio-
chemical signal. In vertebrates, this mechano-chemi-
cal coupling was proposed to involve a molecular
interaction between the KRP CENP-E and the kinase
BubR1 (Rers 50,70,71). How this regulates the kineto-
chore association of Mad proteins is unknown.
However, unattached kinetochores are thought to
function as sites of continuous assembly and release of
Mad2-Cdc20 complexes that prevent the activation of
APC/CC2 On attachment of the last kinetochore, the
production of inhibitory Mad2—-Cdc20 complexes
ceases, allowing Cdc20 to dissociate from Mad2 and
activate APC/C; as a result, securin is degraded and
anaphase ensues (FIG. 4). Although attractive, this
model leaves many important questions unresolved.
In particular, many kinases are localized to cen-
tromeres/kinetochores, and it remains to be explained
how these kinases interact with each other. This would
seem critical for understanding both checkpoint acti-
vation and checkpoint silencing.

Itis also not understood at present why mammalian
cells express two Bubl family members, (Bubl and
BubR1). These are unlikely to be redundant, as both Bub1
and BubR1 are required for checkpoint signalling®72,
Both kinases are recruited to unattached kinetochores in
association with Bub3, a WD-repeat-containing
substrate”74, Whether Bub3 functions as a regulatory
subunit or a downstream effector is not known. Similarly,
the precise functions of Mps1p family kinases remain to
be uncovered. Epistasis experiments suggest that Mps1p
and Bublp cooperate to generate an anaphase-inhibitory
signal, and this may involve the phosphorylation of
Mad1p™. Overexpression of Mps1p imposes an M-phase
arrest, thereby mimicking checkpoint activation™, and
the same is true of the fission yeast homologue Mph1p™.
However, no functional studies have yet been reported on
the putative mammalian members of the Mps1/Mph1l
family, human TTK and mouse Esk.
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Figure 3 | Checkpoints ordering progression through M phase. The ‘DNA structure
checkpoints’ (A) delay the G2/M transition in response to DNA damage or unreplicated DNA,
whereas the ‘spindle assembly checkpoint’ (C) monitors microtubule attachment to kinetochores
(or tension that results from the proper bipolar attachment of sister chromatids) and delays
anaphase onset until all chromosomes are properly aligned™. Recent data argue that a ‘spindle-
positioning checkpoint’ (D) links M-phase exit to correct spindle orientation, but whether this
checkpoint operates in organisms other than S. cerevisiae remains to be determined””.
Additional work will also be required to corroborate the idea that another checkpoint, perhaps
monitoring centrosome separation (B), operates at the onset of mitosis in mammalian cells**°,

The spindle-positioning checkpoint. Intuitively, it seems
plausible that a spindle-positioning checkpoint might
enforce the correct orientation of the elongating spindle
to ensure that cleavage occurs in the right plane and only
after complete separation of sister chromatids. Recently,
evidence for such a checkpoint has been obtained in S.
cerevisiae. Its silencing requires that a spindle pole body
associates productively with the cortex of the budding
cell, thus establishing a dependency between correct
spindle positioning and mitotic exit”. The first identified
component of this pathway was Bub2p, a spindle-pole-

Checkpoint activated
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Bubl/Bub3 ? \

e’

Mad2
Mad1l
TTK/Mps1 ? *
MAPK ? .
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Figure 4 | The spindle assembly checkpoint. One model holds that interactions between
the kinesin-related protein CENP-E and BubR1 translate structural information (the presence
or absence of appropriate microtubule—kinetochore interactions) into a chemical signal
(phosphorylation of as yet unidentified substrates). These events are believed to regulate both
the recruitment of Mad1-Mad2 complexes to unattached kinetochores and the release of
‘conformationally altered Mad2’ (represented by Mad2*). Mad2* then blocks a productive
interaction between Cdc20 and APC/C, thereby preventing the degradation of securin and
the cleavage of cohesin by separase. On attachment of the last kinetochore, the production of
Mad2* ceases and activation of APC/CC%? ensues. The checkpoint is depicted here as an
essentially linear pathway, but this should not detract from the importance of multiprotein
complexes and spatial organization in the spindle®>'!*112_ |n addition to Bub1 and BubR1,
activated MAP kinase''34, PIk1 (REFS 96,97) and aurora-B%* have also been detected at
kinetochores, suggesting that these enzymes may function in either checkpoint signalling
(MAPK ?) or silencing (Plk1 and/or aurora-B ?). (Ub, ubiquitin.)

associated subunit of a two-component GTPase-activat-
ing protein (GAP). This GAP downregulates the activity
of asmall GTPase (Tem1p) that in turn functions at an
early step in a pathway controlling mitotic exit (FIG.5).
Downstream of active Tem1p, several kinases cooperate
in a so-called mitotic exit network (MEN)"" to activate
the Cdcl4p phosphatase. Cdc14p then acts not only as
an activator of APC/C®", but also dephosphorylates the
Cdk1-inhibitor Siclp (causing its stabilization) and the
transcription factor SwiSp (enhancing the production of
Siclp), thereby causing the inactivation of budding yeast
Cdk1 by three complementary mechanisms® (FiG. 5).

Interestingly, gene products homologous to most
components of the MEN pathway have also been iden-
tified in S. pombe (FiG.5). However, as the corresponding
genes were identified in studies on septation, a process
akin to cytokinesis in animal cells®7°, the term SIN
(septation initiation network) was coined. At present,
there is no evidence that the SIN is part of a checkpoint
controlling Cdk1 inactivation. Taken at face value, this
would indicate that apparently homologous gene prod-
ucts control partly distinct processes in the two yeasts.
The study of a corresponding pathway in a metazoan
organism might help clarify this situation.

Signalling cytokinesis

When considering kinases in relation to cytokinesis, it
is useful to distinguish signalling pathways that deter-
mine the timing and positioning of contractile ring
assembly from mechanical aspects of cleavage furrow
ingression. Progress in understanding kinase function
in relation to the latter process is beyond the scope of
this article. With regard to the coordination of cytoki-
nesis with mitotic progression, it remains unclear
whether a kinase cascade similar to the SIN pathway
operates in metazoan organisms (see legend to FIG.5).
However, both Plks and B-type aurora kinases have
been implicated in the control of cytokinesis. The case
for Plk was originally built on data from S. pombe,
where septation is impaired in the absence of Plolp,
whereas overexpression of the kinase triggers addi-
tional rounds of septation from any point in the cell
cycle®. It was concluded that Plolp functions high up
in the SIN pathway™#!, and data from Drosophila and
mammalian cells support the idea that Plks are
upstream regulators of cytokinesis®2882, Relevant sub-
strates in PIk mutants have not been identified, but it
is possible that the observed cytokinesis defects result
from the mislocalization and/or impaired function of
the KRP MKLP-1/Pavarotti®8 or the cytoskeleton-
associated protein Mid1p®. It should also be empha-
sized that Cdcbp is required for generating a mitotic
exit signal through the MEN pathway’’, which seems
to imply a rather indirect link between this budding
yeast Plk and cytokinesis.

Arrole for B-type aurora kinases in cytokinesis is
supported by the finding that overexpression of a cat-
alytically inactive aurora-B disrupts cleavage furrow
formation in mammalian cells®, and by the chromo-
some segregation and cytokinesis defects observed in
C. elegans embryos in which the B-type aurora (AIR-
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Figure 5 | Mitotic kinases regulating mitotic exit and
cytokinesis. Diagram comparing the septation initiation
network (SIN) and the mitotic exit network (MEN), two recently
described regulatory networks in S. pombe and S. cerevisiae,
respectively. At present, these pathways are based primarily on
results from genetic (epistasis) and cytological experiments. For
the sake of simplicity, they are depicted in a linear fashion, but
biochemical data on direct interactions between the known
components remain scarce and additional factors aimost
certainly await discovery. Interestingly, the two yeast networks
comprise several homologous gene products, many of which
are kinases or phosphatases. However, although the genomes
of C. elegans, Drosophila and mammals harbour candidate
homologues of some of these yeast genes (for example,
budding yeast CDC14 and DBF2/MOB1), the existence of
homologues of other components (notably the fission yeast
Sid1p kinase) is less obvious. Thus, although it is likely that
functionally similar networks exist in metazoan organisms, this
remains to be proved. (Note that fission yeast Cdc14p is not a
phosphatase but a subunit of the Sid1p kinase. The use of the
same acronym for the two proteins is purely accidental.)

2) was suppressed by RNAI®. A similar phenotype was
observed on elimination of the protein Birl by RNAI,
suggesting that B-type aurora and Birl interact either
directly or indirectly®. This is intriguing because sur-
vivin, a potential mammalian Birl homologue, has
been implicated in the protection of cells from apop-
tosis. If survivin indeed plays such a role, further
exploration of a functional interaction between kine-
tochores, B-type aurora kinases and survivin might
provide insight into the important connection
between aneuploidy, apoptosis and tumorigenesis.

Mitotic kinases in cancer

Chromosome rearrangements and aneuploidy are
hallmarks of most human cancers, and severe kary-
otypic anomalies generally correlate with poor prog-
nosis. Considering the central role of phosphorylation

in mitotic checkpoints, spindle function and chromo-
some segregation, it is not surprising that several
mitotic kinases have been implicated in tumorigenesis.
For example, aurora kinases map to chromosomal
regions that are frequently altered in tumours (aurora-
A, 20913.2-¢.13.3; aurora-B, 17p13; aurora-C,
19g13.3-ter). Aurora-A is overexpressed in many pri-
mary tumours and is able to transform cells in cul-
ture®®, suggesting that it is a relevant gene on the
20q13.2 amplicon®. Furthermore, ectopic expression
of aurora-A causes centrosome amplification and ane-
uploidy in cultured cells, although the underlying
mechanism remains to be unravelled®.

Similarly, Plk1 can transform rodent cells® and is
frequently overexpressed in tumours, making it a
potential marker for diagnostic or prognostic
purposes®. Finally, dominantly acting Bub1 mutations
were identified in some colorectal tumour cells lines,
fuelling the speculation that mitotic checkpoints are
commonly inactivated in aneuploid tumours’. The
known genes for spindle assembly checkpoint are only
rarely mutated in tumours®3, however, implying that
the molecular origins of aneuploidy await discovery
and that the search for suspects must go on.

Conclusions and perspectives

The elucidation of mitotic signalling pathways has barely
begun. I have focused here on mitotic kinases with ser-
ine/threonine specificity; | have not discussed tyrosine
kinases, although there are hints that Src family members
are also involved in mitotic signalling. Phosphatases have
only been addressed in passing, but they most definitely
have important roles in mitotic regulation. For future
studies on mitotic kinases, the development of activa-
tion-state-specific antibodies is eagerly awaited. This
would allow more precise determination of when and
where each kinase is active during mitosis. Furthermore,
the sequencing of phosphorylation sites in a few physio-
logical substrates might facilitate the search for addition-
al candidate substrates. Finally, the most important
objective must be to place individual mitotic kinases into
functional pathways. This represents a formidable and
fascinating challenge for cell biologists, geneticists and
biochemists alike. As a reward, it seems legitimate to
hope that a better understanding of mitotic signalling
will uncover new opportunities for approaching cancer
and other proliferation-related diseases.

&) Links

DATABASE LINKS Cdk1 | Polo | aurora | NIMA |
retinoblastoma | E2F | Cdk2 | cyclin A | cyclin E | Mpslp
| Cdc25C | Weel | Mytl | lamins | condensins | Golgi
matrix components | APC/C | ubiquitin | securins |
cyclins | Polo | Asp | Nek2 | C-Napl | Eg5 | H1 | H3 |
Ipllp | Glc7p | stathmin | CENP-E | Ndc10p | ICENP |
CENP-A | separase | cohesin | Cdc20 | Cdhl | PIk1 |
BubR1 | PKA | Cdcl4p | Chkl1| Bublp | Bub3p | Madlp |
Mad2p | Mad3p | Bub2p | Tem1p | Siclp | Swi5p | Plolp
| MKLP-1/Pavarotti | Mid1p | Cdc5p | survivin
FURTHER INFORMATION Nigg lab homepage
ENCYCLOPEDIA OF LIFE SCIENCES Mitosis
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