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THE CELLULAR GEOGRAPHY
OF AURORA KINASES
Mar Carmena and William C. Earnshaw
Aurora is the name given to a family of highly conserved protein kinases with essential roles in
many aspects of cell division. Yeasts have a single Aurora kinase, whereas mammals have three:
Aurora A, B and C. During mitosis, Aurora kinases regulate the structure and function of the
cytoskeleton and chromosomes and the interactions between these two at the kinetochore.
They also regulate signalling by the spindle-assembly checkpoint pathway and cytokinesis.
Perturbation of Aurora kinase expression or function might lead to cancer.

CENTROSOME

The main microtubuleorganizing centre of cells.
CHROMOSOME CONDENSATION

On entry into mitosis,
chromosomes become
compacted or ‘condensed’. This
is especially apparent in higher
eukaryotes.
KINETOCHORE

A proteinaceous structure that
connects each chromatid to the
spindle microtubules.
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Aurora is the name given to a family of serine/threonine
protein kinases that regulate many processes during cell
division. Aurora kinases are involved in the control of
the CENTROSOME and nuclear cycles, and have essential
functions in mitotic processes such as CHROMOSOME
CONDENSATION, spindle dynamics, KINETOCHORE–MICROTUBULE
interactions, chromosome orientation and establishment of the metaphase plate. They are also required for
the proper completion of cytokinesis.
The original aurora allele was identified in a screen
for Drosophila melanogaster mutants that were defective
in spindle-pole behaviour, and was named after the
aurora, a phenomenon of the night sky in the polar
regions1. (Another kinase identified in the same screen
was given the Spanish name for pole — Polo2.)
Increase-in-ploidy 1 (Ipl1; REF. 3), the single essential
Aurora kinase of Saccharomyces cerevisiae, was identified in a genetic screen for mutants that were defective
in chromosome segregation. Schizosaccharomyces
pombe also has a single Aurora called Aurora-related
kinase (Ark1; REFS 4,5) which was isolated as a gene that,
when present in a multicopy plasmid, suppressed the
deleterious effects of overexpressing Xenopus Aurora A
in S. pombe 4. Metazoans have several Aurora kinases,
with two PARALOGUES known in D. melanogaster,
Caenorhabditis elegans and Xenopus, and three in mammals. Because the kinases were identified independently
many times, the nomenclature became unwieldy, but it
has now been simplified with the agreement to designate the family members Aurora A, B, and C6,7. The
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original Drosophila Aurora is now classified as Aurora
A. A phylogenetic analysis showing the relationships
between the kinase domains of various Aurora kinases
is shown in FIG. 1. This diagram shows that the subfamilies A and B are very well defined in vertebrates, but the
differences are not so obvious in invertebrates.
The three mammalian Aurora paralogues are very
similar in sequence, in particular within the carboxyterminal catalytic domain, in which human Aurora A
and B share 71% identity. However, the three Auroras
differ in the length and sequence of the amino-terminal
domain8,9. The structure of the catalytic domain of
human Aurora A was recently solved10,11. The high
degree of sequence similarity between human Aurora A
and B in this region is highlighted in FIG. 2, in which
sequence conservation has been mapped on the surface
of the Aurora-A catalytic domain. This high degree of
conservation must be taken into account when considering the specificity of Aurora kinase substrates and
inhibitors (see below).
Surprisingly, given this level of similarity, the three
mammalian Aurora kinases have very distinct localizations and functions (FIG. 3). Aurora-A kinases are associated with the centrosome from the time of centrosome
duplication through to mitotic exit, and are also associated with regions of microtubules proximal to centrosomes in mitosis. Aurora-B kinases form a complex with
two other proteins, inner centromere protein (INCENP)
and survivin, and behave as chromosomal ‘passenger’
proteins12. Passenger proteins associate with centromeric
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catalytic domain, but does not require kinase
activity23,24. TPX2 (targeting protein for XKLP2), which
has been implicated in Aurora-A activation (see below),
is required for the localization of the kinase to spindle
microtubules, but not to SPINDLE POLES25.
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Figure 1 | The relationships between the kinase domains of the Aurora kinases. The
vertebrate A- and B-type Aurora kinases (Aur) are readily distinguished, but the relationships
between the invertebrate and plant enzymes are less clear-cut. The phylogenetic tree was
calculated by maximum parsimony. The confidence estimate of the topology assignment was
obtained by bootstrapping (randomized substitutions).

MICROTUBULE

A hollow tube, 25 nm in
diameter, that is formed by the
lateral association of 13
protofilaments, which are
themselves polymers of α- and
β-tubulin subunits.
PARALOGUES

Genes with related structure and
function within the same
species.
HETEROCHROMATIN

A condensed form of chromatin
containing few expressed genes
and often rich in repeated DNA
elements. It is commonly, but
not exclusively, found around
the centromere.
MIDBODY

A dense bundle of microtubules
embedded in an electron-dense
matrix. This is derived from the
central spindle during late
telophase and is localized within
the intercellular bridge during
cytokinesis.
SPINDLE MIDZONE

Organized bundles of
antiparallel microtubules that
form during anaphase and
telophase. Signals from the
central spindle are thought to be
important for signalling the
location of the cleavage furrow.

HETEROCHROMATIN early in mitosis (see BOX 1), transfer to
the central spindle in anaphase and are amongst the first
proteins to localize at the cell cortex where the contractile
ring subsequently forms. Chromosomal passenger proteins remain associated with the MIDBODY during cytokinesis. The dramatic movements of passenger proteins
during mitosis led to the proposal that they might have
a role in the coordination of chromosomal and
cytoskeletal events during the cell cycle12. Less is known
about Aurora-C kinases, which are specifically expressed
at high levels in the testis and show centrosomal localization from anaphase to telophase13–16. One challenge
for the future will be to dissect out the features that
define the substrate specificity, regulation and localization of each of the Aurora kinases.
The expression levels of human Auroras and some of
their associated polypeptides are elevated in certain types
of cancer, and overexpression of Aurora A can induce
transformation. These observations have lent new interest to this family of kinases as potential drug targets for
the development of new anti-cancer therapies.

Aurora A: the polar aurora

The defining characteristic of the Aurora-A subfamily has been its association with centrosomes and
regions of microtubules that are proximal to the centrosome1,17–19. Aurora A associates with the centrosomes
that are separating during late S/early G2. This localization is dynamic and the protein exchanges continuously
with a cytoplasmic pool (FIG. 3; REF. 20). Low levels of
Aurora A have also been reported on the SPINDLE MIDZONE
and midbody late in mitosis19,21,22. The association with
the centrosome is directed independently both by
the amino-terminal region and the carboxy-terminal
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Aurora A in centrosome separation and maturation. The
high frequency of monopolar MITOTIC FIGURES in certain
Drosophila aurora mutants indicated a potential role for
the kinase in centrosome separation1. This was supported by ultrastructural analysis of Drosophila cells
after they were treated with double-stranded Aurora-A
DNA for RNA INTERFERENCE (RNAi). This showed the presence of spindles with no CENTRIOLES at one pole and several centrioles at the other24. By contrast, centrosome
duplication and separation seemed normal in one study
using Aurora-A RNAi in C. elegans17. However, a second
live-cell analysis of Aurora-A RNAi treatment in C. elegans
showed that centrosomes first separate and then collapse back together 26.
In order to become fully functional after they duplicate and separate, centrosomes must recruit a number of
different proteins in a process known as maturation. In
the absence of Aurora A, recruitment of several components of the PERICENTRIOLAR MATERIAL — including γ-TUBULIN
— to the centrosome is deficient, and the microtubule
mass of spindles is decreased by about 60% (REFS 20,26).
Furthermore, the morphology of the astral microtubule
array is also aberrant. This might partly reflect an
impaired function of factors that regulate microtubule
dynamics, such as Drosophila transforming-acidiccoiled-coil protein (D-TACC; this seems to be the orthologue of TACC3 in humans), and/or Eg5, a kinesin-like
protein that is involved in spindle assembly. Both of these
proteins are substrates of Aurora A in vitro 24, 27.
Spindle assembly. A recent report has shown a link
between Ran–GTP and Aurora A in spindle assembly28.
Ran–GTP is a small GTPase that is required for the polarity of nuclear transport, nuclear-envelope assembly and
mitotic-spindle assembly in Xenopus extracts29–31. In
mitosis, Ran–GTP releases TPX2 (and other centrosomeassociated proteins such as nuclear-mitotic-apparatus
protein (NuMA)) from IMPORTIN-α and importin-β
(FIG. 4). The liberated TPX2 then binds Aurora A at the
centrosome and targets it to the microtubules proximal to
the pole25. TPX2 also regulates the kinase activity of
Aurora A, both by counteracting the activity of the
protein phosphatase PP1 and stimulating Aurora-A
autophosphorylation at Thr295 — a residue in the
ACTIVATION LOOP of Aurora A that is essential for kinase
activity28,32. Whether or not this activation requires
microtubules is presently debated. So a Ran–GTP gradient is converted into a gradient of active Aurora A, and this
is important for spindle assembly in vitro.
Meiotic maturation and metaphase I spindle orientation. Xenopus oocytes are arrested in prophase of the
first meiotic division. Progesterone induces the activation of M-phase promoting factor (MPF; cyclindependent-kinase-1–cyclin-B–CKS1) and extracellular
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SPINDLE POLE

The region at the end of the
mitotic spindle where minus
ends of the microtubules are
clustered together as a result of
the action of various
microtubule motor proteins. In
most animal cells, the spindle
pole is centered around a
centrosome. Plant spindles in
somatic cells, however, lack
focused centrosomes.
MITOTIC FIGURES

A term used by cytologists to
describe mitotic cells visualized
under the microscope.
RNA INTERFERENCE

(RNAi). A form of posttranscriptional gene silencing in
which expression or transfection
of double-stranded RNA
induces degradation — by
nucleases — of the homologous
endogenous transcripts,
mimicking the effect of the
reduction, or loss, of gene
activity.
CENTRIOLE

A cylindrical array of 9 bundles
of microtubules (usually triplets
in animal cells) with other
specialized appendages. Two
centrioles, referred to as mother
and daughter, are found in the
centre of centrosomes in animal
cells.
PERICENTRIOLAR MATERIAL

Region of the cytoplasm
surrounding the two centrioles
in the centrosome. This is the
region where microtubule
assembly is initiated by
γ-tubulin.
γ-TUBULIN

A specialized isoform of tubulin
that, together with several
associated proteins, forms a
ring-like complex that directs
the initiation of microtubule
assembly.
IMPORTINS

A class of protein discovered
because of the ability of the
members to act as adaptors and
carriers during the import (and
export) of proteins across the
nuclear envelope. Importins are
now known to have a second
role in regulating the assembly of
the mitotic spindle.
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signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK), which transform the oocyte into a
mature egg. Aurora A was identified as a component of
the progesterone-induced signalling pathway in a screen
for proteins that were modified in response to progesterone stimulation33. Aurora-A activation is an early
event after progesterone activation, and its activity
results in ERK/MAPK signalling.
The ERK/MAPK cascade is initiated by translational
upregulation of Mos, a MAPK kinase kinase. Translation
of Mos messenger RNA requires polyadenylation and is
dependent on cytoplasmic-polyadenylation-element
binding protein (CPEB), a protein that binds within
3′ untranslated sequences. Aurora A is responsible for
the early phosphorylation of CPEB and consequent
upregulation of Mos34. A later wave of CPEB phosphorylation depends on MPF. Xenopus Aurora A is also
required downstream of MPF for extrusion of the first
POLAR BODY, meiotic-spindle positioning and exit from
metaphase I (REFS 35,36). (Aurora B is required for polarbody extrusion in C. elegans37.) The Eg5 kinesin (an
Aurora-A substrate) is involved in the Aurora-mediated
exit from metaphase I by an as-yet-unknown mechanism38. Aurora-A phosphorylation of CPEB also has an
essential role in cell-cycle regulation in Xenopus early
embryos, by upregulating the translation of cyclin B1.
Regulation of Aurora A activity. Regulation of Aurora A
is complex and involves both phosphorylation/dephosphorylation and degradation. Phosphorylation stimulates kinase activity. Three phosphorylation sites have
been identified in Xenopus Aurora A by mass spectrometry39. Phosphorylation of Thr295 (Thr288 in human
Aurora A) in the activation loop is essential for kinase
activity40. This residue is in a protein kinase A (PKA) consensus motif, and PKA can phosphorylate and activate
Aurora A in vitro40. However, this site also fits the consensus phosphorylation sequence that has been defined for
S. cerevisiae Ipl1 ((R/K)X(T/S)(I/L/V); REF. 41) and the
equivalent residue (Thr260) in yeast Aurora has indeed
been identified as an autophosphorylation site41. Ser53
in the amino-terminal A Box is phosphorylated during
M phase and might have a role in the regulation of
Aurora-A degradation (see below). Although the third
phosphorylation site to be identified — Ser349 — is not
essential for catalytic activity, S349D mutants block
kinase activation, which indicates a possible structural
or regulatory role for this modification39.
The phosphatase PP1 negatively regulates the
Aurora kinases. The counteracting effect of PP1, which
was first described for yeast Ipl1 (REF. 42), has also been
shown in Xenopus and human cell lines33,40,43,44. The
activation of Aurora A by TPX2 is at least partly due to
antagonism of PP128,32.
Aurora A is degraded in late mitosis/early G1 by the
Cdh1/Fizzy-related form of the anaphase-promoting
complex/cyclosome (APC/C; the APC/C with
Cdh1/Fizzy-related as a substrate recognition subunit45,46). Aurora A has a silent carboxy-terminal D-box
(destruction box; FIG. 2), which is also present in Aurora
B47,48, but which is only functional in the presence of an
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343
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Figure 2 | Structure of the Aurora kinases. a | The region
of Aurora A and B surrounding the catalytic cleft is
remarkably conserved. The figure shows the crystal
structure of the kinase domain of Aurora A. The GRASP
programme was used to obtain the surface representation of
Aurora A. Surface mapping of amino-acid conservation was
obtained with the Cosurf programme. A linear colour ramp
represents the average conservation of each amino acid,
ranging from 0.5 (red, divergent) to 1.0 (blue, conserved).
b | The organization of human Aurora-A, -B and -C kinases.
The position of the A-box/D-box-activating domain (DAD)
and the D-box is shown, as is the position of the activation
loop. These features have been characterized most
thoroughly in Aurora A, and the boxes shown for Aurora B
and C are approximations only.

amino-terminal A-box (also called the D-box-activating-domain (DAD))47. The A-box/DAD is absent from
Aurora B and C, and their D-boxes are not targeted by
the APC/C during mitotic exit. Phosphorylation of the
A-box seems to make the Aurora A resistant to APC/Cmediated degradation. Interestingly, the D-box is recognized by both the Cdh1/Fizzy-related and Cdc20/Fizzy
forms of the APC/C, but Aurora A is only targeted by
the former.
The recently identified Aurora-A-kinase-interacting protein (AIP), a negative regulator of Aurora A, is a
conserved nuclear protein that interacts with the
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a

Spindle pole

Centrioles

Centromere

Aurora A

Aurora B

Centrosomes
Metaphase
Spindle
midzone/
cleavage
furrow

Prophase

Nucleus

Midbody

Anaphase
G1

Cytokinesis

ACTIVATION LOOP

b Metaphase

c Anaphase

d Cytokinesis

A conserved structural motif in
kinase domains, which needs to
be phosphorylated for full
activation of the kinase.
MPF

(Maturation-promoting
factor/M-phase promoting
factor). The complex of a B-type
cyclin Cks1, and cyclindependent kinase 1, which is also
referred to as Cdc2 or p34,
depending on the species. This is
the main enzyme that is
responsible for entry into
M phase in both meiosis and
mitosis.
POLAR BODY

Either of the two small cells, each
being formed during the
successive divisions of meiosis,
that forms as a result of division
of a primary oocyte during its
development to a mature ovum.
The cytoplasm divides unequally
during each division — the
polar body is much smaller than
the developing oocyte. Polar
bodies eventually degenerate.

Figure 3 | Localization of Aurora kinases. a | The relative localization of Aurora A and Aurora B in mitotic cells is shown. The level
of both kinases is substantially reduced in G1 cells. By prophase, Aurora A (green boxes) is concentrated around the centrosomes,
whereas Aurora B (red circles) is nuclear. In metaphase, Aurora A is on the microtubules near the spindle poles, whereas Aurora B is
located in the inner centromere. In anaphase, most Aurora A is on the polar microtubules, but some might also be located in the
spindle midzone. Aurora B is concentrated in the spindle midzone and at the cell cortex at the site of cleavage-furrow ingression. In
cytokinesis, both kinases are concentrated in the midbody. The inset boxes show the results of fluorescence recovery after
photobleaching (FRAP) studies, and indicate that Aurora A and B are dynamic at centrosomes and centromeres, respectively, but
that Aurora B becomes immobile when targeted to the spindle midzone. Restoration microscopy of Aurora B (red staining), inner
centromere protein (INCENP; green staining), and DNA (blue staining) in mitotic HeLa cells in (b) metaphase, (c) anaphase and (d)
cytokinesis. Some background staining of INCENP on the spindle is seen in this experiment.
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Box 1 | A brief primer of mitosis
Prophase

Prometaphase

Anaphase

METAPHASE PLATE

The dynamic group of
chromosomes positioned
roughly midway between
spindle poles prior to the onset
of anaphase. These
chromosomes have formed
proper bipolar attachments (that
is, their sister chromatids are
connected to opposite spindle
poles).
PROTEASOME

Protein complex responsible for
degrading intracellular proteins
that have been tagged for
destruction by the addition of
ubiquitin.
ASTRAL MICROTUBULES

Microtubules that extend in a
radial array outwards from the
spindle poles, excluding those
microtubules that attach to
kinetochores or form part of the
organized spindle midzone.

846

Metaphase

Telophase/cytokinesis

Mitosis begins with prophase (see figure), as chromosomes condense within the intact nuclear envelope and the
replicated centrosomes begin to separate. The centrosomes undergo a process termed maturation, and begin to nucleate
two asters of dynamic microtubules. Prometaphase (see figure) begins with nuclear-envelope breakdown, which allows
the kinetochores to bind to microtubules. Chromosomes that have successfully attached to microtubules emanating from
both poles of the spindle move to the spindle midzone, forming a highly dynamic METAPHASE PLATE. During metaphase (see
figure), all chromosomes have achieved an alignment at the spindle midzone. The degradation of key mitotic regulators
begins, culminating in the activation of the anaphase-promoting complex/cyclosome (APC/C). Action of the APC/C
ultimately leads to activation of a protease, known as separase, that cleaves a key regulator of sister-chromatid pairing.
This triggers the onset of anaphase — the coordinated separation of sister chromatids to opposite poles of the spindle
(see figure). During anaphase, the spindle midzone gradually becomes organized into bundles of microtubules that will
ultimately have an important role in specifying the formation of the cleavage furrow. During telophase, the nuclear
envelope reforms on the surface of the separated masses of sister chromatids, and during cytokinesis (see figure), the
cortex constricts under the action of an actomyosin ring. Ultimately, the remnant of the spindle is left as a bundle of
microtubules passing through an intercellular bridge and embedded in a dense matrix at the midbody. The figures show
chromosomes (blue), microtubules (green), and centromere protein E (CENP-E; red) — a marker for kinetochores, the
central spindle, and midbody.

kinase in vivo49. AIP was isolated as a dosage-dependent
suppressor of Aurora A that was ectopically overexpressed in budding yeast. In mammalian cells, AIP
might downregulate Aurora through PROTEASOME-dependent degradation49. Its normal function is not known.
Aurora B: the equatorial Aurora

Human Aurora B was first identified in a polymerase
chain reaction screen for kinases that were overexpressed in tumours8. Rat Aurora B was identified in a
screen to find kinases that affected S. cerevisiae proliferation when they were overexpressed50. Aurora-B
kinases are chromosomal passenger proteins that are
essential for a number of processes during mitosis.
Aurora-B expression and activity in proliferating tissues are cell-cycle regulated: expression peaks at the
G2–M transition, and kinase activity is maximal
during mitosis8, 50.
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The chromosomal-passenger localization of Aurora B
was originally shown by indirect immunofluorescence
in mammalian cells, C. elegans and Drosophila37,50,51. A
more recent analysis of the distribution of exogenous
green fluorescent protein (GFP)-tagged Aurora B in living mammalian cells showed that the association of the
kinase with centromeres during metaphase is dynamic:
the protein exchanges continuously with the surrounding cytoplasmic pool52. Once the kinase associates with
central spindle microtubules during anaphase (which
requires kinase activity), its mobility is highly reduced.
A subpopulation of the tagged Aurora also seems to be
transported by ASTRAL MICROTUBULES to the equatorial cell
cortex52.
Aurora B in chromosome biorientation. After nuclearenvelope breakdown, prometaphase chromosomes
rapidly establish attachments to a nearby spindle pole,
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Centrosome

Microtubules
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Targeting
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Aurora A
(inactive)

P
Aurora A
(active)

Importin α, β

TPX2

Ran–GTP

Ran gradient

Figure 4 | Regulation of Aurora-A activity by Ran–GTP and TPX2. As cells enter mitosis,
targeting protein for XKLP2 (TPX2) is in a complex with importins α or β. A gradient of Ran–GTP
surrounding chromosomes (lower right) promotes the release of TPX2 from the importin. TPX2
then binds to Aurora A, which has been kept in an inactive state by protein phosphatase 1 γ
(PP1γ). TPX2 interferes with PP1 action, enabling the kinase to autophosphorylate and activate
itself and other substrates, including TPX2. TPX2 then also targets the kinase to microtubules
proximal to the centrosome. Note that the kinase might not require continued association with
TPX2 to phosphorylate other substrates.

SISTER CHROMATIDS

Chromosomes that have been
duplicated during S phase. Sister
chromatids are held together by
cohesins until metaphase.
CONGRESSION

The movement of correctly
attached mitotic chromosomes
to the metaphase plate at the
midzone of the mitotic spindle.

creating a ‘monotelic’ attachment (one sister kinetochore attached, the other one free; see FIG. 5).
Eventually, the free kinetochore captures a microtubule
from the opposite pole, yielding a bipolar (amphitelic)
attachment that ultimately results in the positioning of
the chromosome midway between the spindle poles at
a metaphase plate. If both sister kinetochores attach to
the same pole (syntelic attachment) the chromosome
is unable to congress to the metaphase plate. Classic
studies of meiotic cells by Nicklas and co-workers
showed that tension within the spindle stabilizes
amphitelic attachment53, and seems to correlate with
silencing of a phospho-epitope on one or more kinetochore proteins that is recognized by the 3F3/2 monoclonal antibody54.
In yeast, Ipl1 has been proposed to promote
amphitelic kinetochore attachment to microtubules by
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destabilizing syntelic attachments of SISTER CHROMATIDS55.
This might be especially important in S. cerevisiae, in
which chromosomes are attached to nuclear microtubules for most of the cell cycle and replicated sister
kinetochores enter mitosis attached to the same spindlepole body. How the kinase recognizes syntelic attachments is not clear, but it has been proposed that tension
between amphitelically oriented sister kinetochores
stretches them apart enough to separate microtubulebinding sites from Aurora B that is sequestered in the
inner centromere, which thereby limits the accessibility
of the kinase to its substrate55.
Aurora B also seems to have an important role in
regulating kinetochore–microtubule interactions in
higher eukaryotes. Interference with its function by
RNAi51, microinjection of function-blocking antibodies56 or treatment with small-molecule inhibitors57,58 all
cause defects in chromosome CONGRESSION. One study
found a significant increase in the frequency of syntelic
attachments after treatment with an inhibitor58.
Expression of a dominant-negative catalytically inactive
version of Aurora B in NRK (normal rat kidney) cells
disrupts microtubule attachment and causes a loss of
dynein and centromere protein E (CENP-E) from kinetochores59. These motor proteins are thought to be
involved in kinetochore binding to microtubules and
also in signalling kinetochore attachment to the spindleassembly checkpoint.
Kinetochore targets of Aurora kinases are best known
in budding yeast, in which the essential kinetochore protein Ndc10 was shown to be a substrate of Ipl1 (REF. 60;
see FIG. 6). Other kinetochore-associated targets of Ipl1
phosphorylation include Ipl1 itself; its targeting/activating factor Sli15, which is the yeast homologue of
INCENP; Dam1, a member of a protein complex the
association of which with the outer kinetochore seems to
be regulated by Ipl1; and Cse4, a kinetochore-specific
histone-H3 variant41, 61–63. On the basis of these studies,
a consensus phosphorylation site for Ipl1, as mentioned above, has been defined as ((R/K)X(T/S)(I/L/V);
REF. 41). The consensus sequence for metazoan Aurora B
is likely to be similar, but where phosphoacceptor sites
have been mapped, they are preceded by two basic
residues64.
The mammalian kinetochore-specific histone-H3
variant CENP-A is a substrate of Aurora B in mammalian cells65. Phosphorylation of CENP-A by Aurora B
peaks in prometaphase65. Surprisingly, phosphorylation-site mutants show a delay in the late stages of
cytokinesis. Why a kinetochore protein should show
defects in completion of cytokinesis, a cytoskeleton/membrane event, is unclear. Furthermore,
INCENP and Aurora-B localization is perturbed in
the CENP-A phosphomimetic mutant S7E for reasons that remain unclear.
Aurora B in chromosome condensation and cohesion?
Aurora-B kinases are responsible for one of the classic
modifications of chromatin in mitosis — phosphorylation of histone H3 on S10 (REF. 66). This modification,
which is conserved from yeast to vertebrates, is carried
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CONDENSIN

A complex of two SMC
(structural maintenance of
chromosomes) proteins and
three auxiliary subunits that can
bind to and supercoil DNA.
Condensin directs the binding of
other non-histone proteins to
mitotic chromosomes, and
although not essential for
mitotic chromatin
condensation, it is essential for
the structural integrity of
mitotic chromosomes.
CHIASMATA

Connections formed between
homologous chromosomes that
are thought to be the point of
the interchange that is involved
in crossing over.
COHESIN

A protein complex that tethers
sister chromatids together from
the time they are created (during
DNA replication) until cohesin
cleavage at the onset of
anaphase.
CLEAVAGE FURROW

A region of the plasma
membrane in higher eukaryotic
cells that ingresses to separate
the two daughter cells at
cytokinesis; contraction in this
region is driven by actin and
myosin filament interaction.
INTERMEDIATE FILAMENT

A cytoskeletal filament, typically
10 nm in diameter, that occurs in
higher eukaryotic cells. The
protein composition of
intermediate filaments varies
between cell types. Examples of
intermediate filament proteins
are keratins, vimentin and
desmin.
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out by Ipl1 in budding yeast67 and Aurora B in metazoans44,51,67–71. Aurora B is also responsible for histoneH3 phosphorylation on S28 from prophase to
metaphase72,73. In living NRK cells undergoing
prophase, Aurora-B–GFP was seen all over the chromatin, although it was enriched on centromeres52. It had
long been predicted that these histone modifications
might help to drive mitotic chromatin condensation;
however, when this was measured, the degree of histone-H3 S10 phosphorylation was found not to correlate with the level of chromatin condensation51.
Defects in chromosome structure and compaction are
observed in Aurora-B-depleted Drosophila cells51,74, but
the underlying mechanism is not known. One possibility
is that Aurora activity might be required for CONDENSIN
function. However, the relationship between the kinase
and condensin is unclear. The condensin complex75 does
not localize properly to chromosomes in Drosophila cells
that lack active Aurora B (REF. 74) or in S. pombe that
lacks Ark1 (REF. 76). In C. elegans, condensin activity is
independent of Aurora B in prometaphase, but becomes
dependent on the kinase in metaphase77,78; in Xenopus
extracts, Aurora B is not required for condensin binding
or chromosome condensation71. Furthermore, in cells
treated with the Aurora-B inhibitor hesperadin58 (see
BOX 2), in which Aurora B localizes properly but is enzymatically inactive, the condensin complex localizes
normally. There is no evidence so far that any of the
condensin subunits is a substrate of Aurora B.
In metaphase I of C. elegans meiosis, Aurora B has
been shown to localize to the paired arms of the homologous chromosomes distal to the CHIASMATA77, 79. It is the
selective release of cohesion in this region that permits
terminalization of chiasmata and releases homologous
chromosomes for proper segregation to the spindle
poles in anaphase I. Aurora B could regulate this process
by phosphorylating Rec8, a meiosis-specific subunit of
the COHESIN complex77,79. Interestingly, the centromeric
localization of the Aurora-B binding partners INCENP
and survivin (see below) has been shown to depend on
cohesin function in chicken DT40 B lymphocytes80.
Aurora B is essential for cytokinesis. Overexpression of a
catalytically inactive form of rat Aurora B (which was
previously known as Aim1) prevents the last steps of
cytokinesis in a number of cell lines50. A similar phenotype is produced by exogenous expression of a dominant mutant of the chromosomal passenger INCENP
(see below) that lacks the Aurora-B-binding domain
(IN-box) and delocalizes the kinase81,82.
Depletion of Aurora B by RNAi in Drosophila tissueculture cells and in C. elegans confirmed a role for the
kinase in the late stages of cytokinesis51,69,83,84. In some cases,
inactivation of Aurora B was associated with delocalization
of the kinesin-like protein Pavarotti/CHO1/MKLP1/ZEN4
(CHO1, Chinese hamster ovary monoclonal antibody 1;
MKLP1, mitotic kinesin-like protein 1; ZEN4, zygotic
enclosure defective), which is essential for establishment of
the central spindle during anaphase69,83,84. However, in one
study, Pavarotti was correctly localized after depletion of
Aurora B in cells in which cytokinesis failed51.
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Figure 5 | Role of Aurora B in promoting chromosome biorientation on the mitotic spindle. Normally, the first
attachment of chromosomes to the spindle microtubules (blue)
is monotelic (one kinetochore bound, one kinetochore free). If
both kinetochores attach to the same spindle pole (syntelic
attachment), Aurora B in the inner centromere (red) promotes
release of the bound microtubules, which therefore promotes
the formation of monotelic attachments. Eventually,
chromosomes become attached to both spindle poles
(amphitelic attachment).

Other specific targets of Aurora B in the CLEAVAGE
include myosin II regulatory light chain 85,
vimentin86, desmin, and glial fibrillary acidic protein
(GFAP; REF. 87; FIG. 6). Although many of the phosphorylation sites in desmin and GFAP are also targeted by Rho kinase, one phosphorylation site in
desmin is specifically phosphorylated by Aurora B.
Phosphospecific antibodies showed that this phosphorylation occurs specifically at the cleavage furrow.
Because phosphorylation has a dramatic effect on the
stability of INTERMEDIATE FILAMENTS, it was suggested that
desmin phosphorylation by Aurora B could contribute
to the destabilization of intermediate filaments that is
essential in the later stages of cytokinesis87.
Aurora B also phosphorylates S387 of MgcRacGAP
(which is known in C. elegans as Cyk4; REF. 88) in the
midbody89. This phosphorylation significantly changes
the specificity of MgcRacGAP from an activating protein for the small GTPase Rac to an activator of RhoA.
Phosphorylated MgcRacGAP colocalizes with Rho in
the contractile ring. RhoA regulates actin polymerization and is essential for completion of cytokinesis90,91. In
cells expressing a non-phosphorylatable form of
MgcRacGAP, cleavage-furrow ingression proceeds to a
late stage but finally reverts without separation of the
daughter cells89, which indicates that any failure of
Aurora B to phosphorylate MgcRacGAP would probably have the same effect.
FURROW

Aurora B and the spindle-assembly checkpoint. Aurora
B and its associated proteins INCENP and survivin (see
below) have recently emerged as important factors for
the spindle-assembly checkpoint, a biochemical circuit
that delays mitotic progression until all chromosomes
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Figure 6 | Some of the known Aurora-B substrates in mitotic cells. Aurora B forms a
complex — the chromosomal passenger complex — with inner centromere protein (INCENP)
and survivin. Aurora-B phosphorylation of INCENP in turn promotes Aurora-B activity, as does
survivin binding. INCENP targets the complex to centromeres (lower left part of figure) early in
mitosis, and the spindle midzone and cleavage furrow late in mitosis (lower right part of figure).
Some of the known substrates of Aurora B are shown — in particular, those that influence
kinetochores, chromosome arms and the spindle midzone/cleavage furrow. CENP-A,
centromere protein A.

have achieved a proper bipolar orientation on the
mitotic spindle. The checkpoint is triggered by kinetochores that lack bound microtubules, and also by a lack
of tension in the spindle, although the mechanism by
which the latter triggers the checkpoint is controversial.
On the one hand, the checkpoint might be directly activated by a lack of tension at the kinetochores. On the
other, it has been suggested that the lack of tension promotes the generation of free kinetochores that then activate the checkpoint.
Aurora kinases are required for stable activation of
the checkpoint as a result of a loss of spindle tension.
This was first shown in budding yeast, in which Ipl1 was
required to arrest the mitotic cycle when spindle tension
was absent, but not in response to the lack of microtubules92. Similar results have been seen in mammalian
cultured cells after expression of a kinase-inactive dominant-negative form of Aurora B (REF. 52); microinjection
of function-blocking anti-Aurora B antibodies56; treatment of cells with newly isolated Aurora-B inhibitors57,58;
or after RNAi-mediated knockdown of the Aurora-binding partner survivin (see below)93,94. In S. pombe, loss of
Ark1 inactivates the checkpoint altogether76.
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Aurora B’s fellow travellers, INCENP and survivin. In
addition to being regulated by phosphorylation95,
Aurora B is also regulated by association with at least
two other proteins, INCENP and survivin. Together,
these three proteins are referred to as the chromosomalpassenger complex6. This complex is conserved from
vertebrates to budding yeast and the proteins involved
are Ipl1, Sli15 and Bir141,61. In vertebrates it has now
clearly been shown that each component of the complex is required for the proper localization of the two
others82,83,93,96,97. So, INCENP and survivin apparently
function to target the kinase, and the movement of the
passenger complex from centromeres, to central spindle, to midbody, presumably reflects movement of the
kinase to act on different substrates.
Both INCENP and survivin have a role in activating
the kinase. INCENP is a microtubule-binding protein98
that has a non-conserved amino-terminal region that
is important for targeting the protein to chromosomes
and centromeres99, and a highly conserved carboxyterminal motif, the IN-box, that is responsible for
binding Aurora B (REFS 64,100). INCENP is both a substrate and a positive regulator of the kinase. It is phosphorylated by Aurora B in the IN-box41,64,101 and this
phosphorylation enhances the activity of the kinase.
Although the mechanism is not yet known, recent
results indicate that INCENP phosphorylation might
alter the protein structure in the region of the IN-box,
and this might somehow contribute to the stimulation
of kinase activity64.
Survivin is a small protein containing a BIR (baculovirus inhibitor of apoptosis (IAP) repeat)
domain, a Zn2+-finger motif that is found in the IAP
proteins, which are important regulators of the apoptotic pathway102. Evidence concerning whether survivin
has an important role in apoptosis regulation is controversial, but genetic experiments in mice103 and RNAi
studies indicate that the primary role of the protein is in
mitosis, in which it is required for the localization of
both Aurora B and INCENP93. Xenopus survivin binds
to Aurora B and enhances its activity in vitro97, although
human survivin does not stimulate the kinase activity in
similar assays64. Treatment of cells with survivin antisense RNA results in decreased Aurora-B activity and
mislocalization of the kinase104. The S. pombe survivin
homologue Cut17/Bir1 is required for Ark1 localization105 and activity76.
Three other chromosomal passengers have recently
been characterized. One of them — TD-60 — which
colocalizes exactly with INCENP in cells106, is apparently a guanine nucleotide exchange factor107. This
raises the possibility that a small G-protein — probably
Rac1 — might be involved in the regulation of the
activity of the passenger complex that contains Aurora-B
kinase. The second passenger, inner centromere KinI
stimulator (ICIS), is an inner centromere protein that
seems to regulate the microtubule-disassembly activity
of mitotic centromere-associated kinesin (MCAK)108.
It is possible that ICIS is a substrate of Aurora B.
Genetic analysis in C. elegans has recently identified an
additional component of the chromosomal passenger
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Box 2 | New inhibitors of Aurora-B kinase
Two recent studies using small-molecule inhibitors of Aurora kinases have opened new possibilities for the study of the
function of these kinases.
ZM447439 inhibits Aurora A and B with IC50s of 0.11 and 0.13 µM, respectively57. The IC50 for most other kinases
tested was >10 µM, but lymphocyte-specific protein tyrosine kinase (LCK) was inhibited at 0.88 µM. Phosphorylation of
histone H3 is abolished in human cells treated with ZM447439. Furthermore, although a normal bipolar spindle forms
and kinetochores attach to microtubules, chromosomes do not align properly at a metaphase plate. Although drug
treatment does not affect the localization of Aurora A, Aurora B or survivin, it substantially reduces the levels of BubRI,
Mad2 and centromere protein E (CENP-E) at kinetochores and compromises the spindle-assembly checkpoint. Effects
on cytokinesis were not examined in detail. These phenotypes resemble those seen after RNA interference (RNAi)mediated suppression of Aurora B, but not Aurora A, although the Aurora-B RNAi phenotype is more severe. Why the
cells do not show the phenotypes that are expected for inhibition of Aurora A (for example, failure of centrosome
maturation) is not known.
Hesperadin, a structurally distinct inhibitor, produces similar effects in a variety of cell types58. In addition to Aurora B,
hesperadin at 1 µM also significantly inhibits at least six other kinases, including checkpoint kinase 1 (CHK1), LCK,
mitogen-activated protein kinase (MAPK)-associated protein kinase 1 (MAPKAP-K1), MAPK kinase 1 (MKK1),
phosphorylase kinase (PHK) and AMP-activated protein kinase (AMPK). The authors argue that the drug is specific for
Aurora B because, at 0.2–1 µM, its effects on cultured cells resemble those seen after Aurora-B RNAi treatment. Like
ZM447439, hesperadin inhibits the spindle-assembly checkpoint response to Taxol, but not nocodazole (at least over a
3-hour period), as expected, given the involvement of Aurora B in the tension-sensitive arm of the spindle-assemblycheckpoint pathway. A detailed analysis of microtubule attachments in cycling and hesperadin-treated cells showed that
the drug causes a significant increase in the number of syntelic chromosome attachments seen, apparently at the cost of
monotelic attachments. Overall, the data support a model in which the target of hesperadin (presumably Aurora B)
helps promote normal chromosome alignment in mitosis by destabilizing syntelic attachments, as had been previously
proposed for Ipl1 in budding yeast55.

complex — chromosome segregation and cytokinesis
defective (CSC-1; REF. 109). CSC-1 binds to C. elegans
BIR-1/survivin and can form a four-way complex with
INCENP and Aurora B. The role of CSC-1 in this complex is not known. To date, CSC-1 has not been
detected in species other than nematodes.
Aurora kinases and cancer

Aurora kinases are of great interest for cancer
researchers. The genes encoding the three human
Aurora kinases map to regions that are affected by chromosomal abnormalities in different cancer types, and
overexpression of each of the three human Auroras has
been detected in tumour cell lines8,15,110,111.
Aurora A. To date, most interest has focused on Aurora A,
which fits the criteria to be classified as a bona fide oncogene (FIG. 7). Human Aurora A maps to chromosomal
region 20q13.2, which is amplified in a number of cancer
cell lines and primary tumours8,112,113. Furthermore,
mouse NIH-3T3 cells transfected with Aurora A give rise
to tumours when injected into nude mice8,39,112. This
requires the catalytic activity of the kinase8.
How might the inappropriate expression of Aurora A
transform cells? One possibility is that the kinase
somehow uncouples centrosome duplication from the
cell cycle, thereby causing centrosome amplification. It
is now almost 100 years since the proposal by Boveri
that cancer might be caused by centrosomal abnormalities114. The relationship between such abnormalities and
cancer has now been clearly shown115, and considerable
efforts have been focused on determining whether the
centrosomal phenotypes are a cause or consequence of
the cancerous transformation.
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Two recent studies indicate that overexpression of
Aurora A is unlikely to trigger centrosome amplification directly, but instead leads to mitotic abnormalities that culminate in the failure of cytokinesis and the
production of tetraploid cells 116,117. Aurora A is not
unique in this regard, as overexpression of Aurora B
or Polo-like kinase (Plk1) also causes cytokinesis failure and centrosome duplication110, 116. Remarkably,
this phenotype did not require that the two Aurora
kinases be catalytically active — catalytically inactive
mutants were as capable as, and in some cases more
capable than, the kinase-active forms of inducing
cytokinesis failure and centrosome amplification116.
The mechanism of this cytokinesis failure is not
known, but overexpression of Aurora A has been
shown to perturb the spindle-assembly checkpoint117.
This raises the possibility that abnormal spindle
arrangements caused by excessive kinase activity that
would normally trigger checkpoint activation are, in
this case, unable to cause a mitotic arrest, with the
consequences that cells exit mitosis with chromosomal and spindle arrangements that preclude successful cytokinesis.
Aurora-induced mitotic abnormalities are exacerbated in cells that lack p53 (REF. 116). This is partly
because p53 can bind to Aurora A and directly inactivate its kinase function118. In addition, cells that fail in
cytokinesis normally arrest in the G1 phase of the next
cell cycle as the result of a p53-dependent checkpoint
that seems to detect tetraploidy and block cell-cycle
progression119–123. It could be, therefore, that in the
absence of p53, cells in which overexpression of Aurora
kinases has led to cytokinesis failure can then proceed
through the cell cycle, undergo subsequent error-prone
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Figure 7 | Aurora A and cancer. Overexpression of Aurora A, either as a consequence of gene
amplification or by other means, disrupts mitotic progression, apparently by blocking the ability of
chromosomes to achieve a normal orientation on the spindle. Despite the difficulties with
chromosome alignment, these cells exit mitosis because Aurora-A overexpression also
inactivates the spindle-assembly checkpoint. The cells ultimately fail in cytokinesis, producing
tetraploid progeny. If the cells also lack p53 (p53–), they continue through subsequent cell cycles,
ultimately becoming polyploid and, eventually, aneuploid, with amplified centrosomes. Aurora A
could also potentially contribute to carcinogenesis in other ways that are not shown here.
Dysregulation of Aurora-B kinase might also lead to ANEUPLOIDY and cancer (lower left), but the
mechanism is much less explored than that for Aurora A.

ANEUPLOIDY

The ploidy of a cell refers to the
number of sets of chromosomes
that it contains. Aneuploid
karyotypes are those whose
chromosome complements are
not a simple multiple of the
haploid set.

mitosis, and generate aneuploid progeny. Whether
cytokinesis failures represent the only route to centrosome amplification is a very important topic for future
experimentation.
Why should the overexpression of Aurora A perturb
mitosis and produce an effect that actually resembles
that seen with a dominant-negative catalytically inactive
Aurora-B mutant50? As described above, the two kinases
share a high degree of homology in the kinase domain.
In fact, both can phosphorylate histone H3 at S10 (REF. 70),
and Aurora A has been shown to bind survivin in a
ternary complex with the GTPase-activating protein
RasGAP (REF. 124). One attractive possibility is that overexpressed Aurora A might compete with Aurora B for
substrates and/or regulators.
Aurora B. Aurora B has also been implicated in cancer.
CHO cells overexpressing Aurora B show elevated levels
of phosphorylated histone H3 and defects in chromosome segregation and cytokinesis125. The progeny of
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Aurora kinases have exploded on the scene in the past
five years, and are now recognized as leading players in
the orchestration of mitotic events. Aurora-A kinases
are particularly important for regulation of microtubule nucleation at spindle poles, and are subject to a
complex network of controls that include phosphorylation, association with TPX2 and destruction by the
APC/C. Aurora B kinases are essential for chromosome condensation, kinetochore function, cytokinesis
and the proper function of the spindle-assembly
checkpoint when spindle tension is perturbed. Their
regulation involves association with the chromosomal
passenger proteins INCENP and survivin, which are
important both for targeting and activation of the
kinase. Little is known about Aurora-C kinases, which
are expressed at high levels only in the testis, and comprise a particularly interesting subject for future
studies. The single Aurora kinases of the budding
and fission yeasts are particularly important for kinetochore–microtubule attachments and spindle-assembly checkpoint function, which are activities that are
most closely associated with Aurora-B kinases.
However, in a study in which kinase domains were
swapped, only the kinase domain of Aurora A and not
that of Aurora B could substitute for Ipl1 in budding
yeast8, indicating that Ipl1 is probably required for
both Aurora-A and -B functions. Adding to the interest in these kinases is the fact that Aurora kinase overexpression has been observed in cancer, and Aurora A
can function as a bona fide oncogene.
The best known cell-cycle regulatory kinases are
cyclin-dependent kinases (CDKs), so named because
they require the association of a cyclin subunit for catalytic activity126,127. Binding of the cyclin subunit to the
CDKs changes the kinase structure, preparing it for activation by CDK-activating kinase (CAK) and promoting
the binding of substrates128.
It now seems that the Aurora kinases are similar, but
different, to CDKs. Bacterially expressed Aurora A and B
are catalytically active, so they do not absolutely require
the binding of associated subunits for activity. However,
they are much more active when associated with auxiliary factors. In the case of Aurora B (and the yeast
Auroras), these factors are INCENP and survivin61,97,101.
In the case of Aurora A, TPX2 is one such factor28,32.
Significantly, the homology with CDKs breaks down
when the role of these auxiliary subunits is considered.
Aurora A does not absolutely require an external activating kinase, although PKA and MSK1 (mitogen- and
stress-activated protein kinase) can do this32. In fact,
TPX2 seems to enable Aurora A to activate itself and to
resist inactivation by PP1 (REF. 32). It will be important
to demonstrate in the future whether a similar mechanism operates for Aurora B and INCENP/survivin.
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Interestingly, both TPX2 and INCENP are substrates of
their respective kinases61,97,101,129 and INCENP phosphorylation has been shown to be required for the stimulation of kinase activity101.
If the role of INCENP/survivin and TPX2 in kinase
activation is considered further, a picture emerges of
the Auroras as ‘journeyman kinases’ that travel from
location to location in the cell to do their work. In addition to promoting kinase activation, INCENP/survivin
and TPX2 also direct the location of their respective
Aurora kinases in the cell25,28,82,83,96. This provides a very
powerful means of regulation, and might be essential to
the ability of these kinases to choreograph mitotic
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