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Abstract The error-free segregation of duplicated chro-
mosomes during cell division is essential for the main-
tenance of an intact genome. This process is brought
about by a highly dynamic bipolar array of microtubules,
the mitotic spindle. The formation and function of the
mitotic spindle during M-phase of the cell cycle is
regulated by protein phosphorylation, involving multiple
protein kinases and phosphatases. Prominent among the
enzymes implicated in spindle assembly is the serine/
threonine-specific protein kinase Aurora-A. In several
common human tumors, Aurora-A is overexpressed, and
deregulation of this kinase was shown to result in mitotic
defects and aneuploidy. Moreover, recent genetic evi-
dence directly links the human Aurora-A gene to cancer
susceptibility. Several of the physiological substrates of
Aurora-A presumably await identification, but recent
studies are beginning to shed light on the regulation of
this critical mitotic kinase. Here, we review these findings
with particular emphasis on the role of TPX2, a prominent
spindle component implicated in a Ran-GTP-mediated
spindle assembly pathway.

The Aurora family of mitotic kinases

In mammals, the Aurora family of serine/threonine
protein kinases consists of three members, termed Auro-
ra-A, -B and -C (Nigg 2001). Whereas Aurora-C is
predominantly expressed in testis, suggesting an impor-
tant role in male meiosis (Kimura et al. 1999), Aurora-A
and -B are ubiquitously expressed, with peak activities
during late G2- and M-phase of the somatic cell cycle
(Bischoff et al. 1998). Aurora-B is a so-called chromo-
some passenger protein that displays a characteristic

redistribution from kinetochores on (pro-)metaphase
chromosomes to the central spindle in anaphase and
telophase cells (Adams et al. 2001). Aurora-B has been
implicated in the establishment of correct (bipolar)
microtubule–kinetochore attachments and in cytokinesis
(Shannon and Salmon 2002). Aurora-A, the focus of this
short review, has been localized to both centrosomes and
spindle microtubules, and studies in different species
point to a critical role in centrosome maturation and
bipolar spindle assembly (Bischoff and Plowman 1999;
Dutertre et al. 2002; Blagden and Glover 2003). Interest-
ingly, the human Aurora-A gene localizes to a chromo-
somal region (20q13.2) that is amplified in a variety of
human cancers (Sen et al. 1997). Concomitantly, Aurora-
A is overexpressed in the corresponding tumors, and
recent studies identified the Aurora-A gene as a low-
penetrance tumor-susceptibility gene in both mice and
humans (Ewart-Toland et al. 2003). Excess Aurora-A
activity was shown to confer tumorigenic properties to
cells (Bischoff et al. 1998; Zhou et al. 1998) and it is
plausible that this reflects the ability of overexpressed
Aurora-A to produce failure of cytokinesis, leading to
centrosome amplification and polyploidization (Meraldi
et al. 2002; Anand et al. 2003).

TPX2 controls both Aurora-A localization and activity

A number of recent findings have considerably advanced
our understanding of the regulation of Aurora-A. The first
insight came when a search for proteins interacting with
Aurora-A revealed TPX2 as a prominent interaction
partner of this kinase in mitotic human cells (Kufer et al.
2002). This was an intriguing finding, because TPX2 is
not only a prominent component of the mitotic spindle
(Wittmann et al. 2000), but also a key player in a spindle
assembly process that is regulated by the small GTPase
Ran (Gruss et al. 2001). According to a provocative
model, established primarily in Xenopus egg extracts, the
GTP form of Ran releases TPX2 from an inhibitory
complex with the nuclear import factors importin-a/b
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(Gruss et al. 2001). Because the GTP-exchange factor for
Ran (RCC1) is associated with condensed chromosomes,
while the GTPase for Ran (RanGAP) is primarily a
soluble protein, a Ran-GTP gradient is established, which
favors microtubule assembly in the vicinity of chromo-
somes (Dasso 2002; Kalab et al. 2002). This mechanism
is expected to be particularly important in large cells (e.g.
Xenopus eggs) where chromatin occupies only a small
part of the cellular volume, but recent data indicate that
Ran-GTP contributes to control spindle assembly also in
human tissue culture cells (Gruss et al. 2002; Keryer et al.
2003).

In addition to identifying TPX2 as a physiological
interaction partner of Aurora-A kinase, Kufer and
coworkers further showed, by using siRNA (small,
interfering RNA), that TPX2 is required for targeting
Aurora-A to mitotic spindle microtubules, but not for
targeting to centrosomes (Fig. 1) (Kufer et al. 2002). Two
laboratories have independently confirmed the interaction
between TPX2 and Aurora-A, and, moreover, found that
TPX2 acts as an activator of the Xenopus Aurora-A kinase
(also known as Eg2) (Eyers et al. 2003; Tsai et al. 2003).
In a well-designed series of experiments Zheng and
collaborators showed that TPX2 is released by Ran-GTP
from the nuclear import receptor importin-a/b and then
stimulates the activation of Aurora-A (Tsai et al. 2003).
Independently, the Maller laboratory fractionated Xeno-
pus egg extracts to search for activities that would be able
to activate Aurora-A. Remarkably, this unbiased chro-
matographic separation approach also led to the identi-
fication of TPX2 (Eyers et al. 2003). Both the Zheng and
Maller groups also provided evidence bearing on the
mechanism by which TPX2 binding could lead to
activation of Aurora-A. The activation of this kinase
had previously been shown to depend on (auto)phosphor-
ylation of a conserved threonine in the T-loop (human
Thr288) (Walter et al. 2000; Littlepage et al. 2002).
Moreover, this phosphorylation was shown to be coun-
teracted by a phosphatase, most likely protein phospha-

tase 1 (PP1) (Walter et al. 2000; Katayama et al. 2001).
On the basis of this information, Zheng and Maller and
their respective colleagues showed that the activation of
Aurora-A by TPX2 reflects an antagonistic effect of
TPX2 on the action of PP1, which then results in
increased T-loop phosphorylation and activation of Au-
rora-A (Eyers et al. 2003; Tsai et al. 2003). In functional
assays, it was further shown that spindle formation in egg
extracts could be severely impaired by addition of a
mutant Aurora-A kinase (Eg2 T295A) in which the T-loop
phosphorylation site was replaced by a non-phosphory-
latable residue, indicating that the TPX2-dependent
stimulation of Aurora-A phosphorylation is required for
spindle assembly (Tsai et al. 2003). These two studies
thus concur to identify TPX2 as an important activator of
Aurora-A in Xenopus eggs and early embryos, extending
the original identification of the interaction between these
proteins in human somatic cells (Kufer et al. 2002). In
addition, they raised an interesting issue concerning the
exact role of microtubules in the activation of Aurora-A
by TPX2. Whereas data from the Zheng laboratory
suggested that microtubules are required for this activa-
tion, the Maller group observed substantial activation
without addition of microtubules. Recent studies with
human Aurora-A and TPX2 indicate that TPX2 can
activate Aurora-A directly, but that microtubules further
enhance this activation (Fig. 2) (Bayliss et al. 2003;
Kufer, unpublished data).

A crystal structure illuminates the mechanism
of Aurora-A activation by TPX2

If, as suggested by the studies discussed above, TPX2
activates Aurora-A kinase by counteracting PP1, how
does this occur mechanistically? A thorough structural
study by Conti and coworkers recently answered this
question (Bayliss et al. 2003). As previous data had
demonstrated that the N-terminal half of TPX2 is

Fig. 1 TPX2 localizes Aurora-
A to the spindle. HeLa S3 cells
were treated for 36 h with an
siRNA duplex specific for hu-
man TPX2 (TPX2) or a control
duplex (GL2) and then fixed
and stained with the antibodies
indicated. Right-hand panels
show merged images, including
DNA staining by 40,6-diami-
dino-2-phenylindole. Bar rep-
resents 10 �m. This figure was
reproduced from The Journal of
Cell Biology, 2002, 158(4),
617–623 by copyright permis-
sion of The Rockefeller Uni-
versity Press
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sufficient to both bind and activate Aurora-A (Kufer et al.
2002; Eyers et al. 2003), attention was focused on the first
N-terminal 43 amino acids, the region in TPX2 that shows
the highest sequence conservation among species. After
establishing that this fragment of TPX2 was indeed
sufficient for binding and activating human Aurora-A,
Conti and coworkers solved the crystallographic structure
of the catalytic domain of Aurora-A in the presence or
absence of this TPX2-derived activation domain. In the
absence of the TPX2 fragment, the activation segment
(T-loop) of Aurora-A was found to be in a flexible
conformation, with the phosphorylated Thr288 exposed to
the solvent and hence susceptible to dephosphorylation by
PP1. In contrast, in the presence of the TPX2 peptide the
activation segment was constrained in a different confor-
mation, so that the phosphorylated Thr288 was oriented
inwardly, and in this buried position was protected from
dephosphorylation. These structural data very nicely
explain the biochemical observation that binding of
TPX2 protects Aurora-A from dephosphorylation by
PP1. It follows that binding of TPX2 and (auto)phos-
phorylation of Thr288 (Thr295 in Xenopus) act synergis-

tically to lock Aurora-A in an active conformation. While
this mechanism bears some resemblance to the localized
movement of the activation segment that occurs in the
intramolecular activation of the cAMP-dependent kinase
(PKA), it is fundamentally different from the activation of
Cyclin-dependent kinases (Cdks). In the latter case, the
binding of the cyclin regulatory subunit induces an
extensive conformational change affecting a large part of
the kinase domain.

Interestingly, homology modeling suggests that Auro-
ra-B exhibits a similar hydrophobic groove as Aurora-A.
Considering that Aurora-B is also activated by an
interacting protein, termed INCENP (Bishop and Schu-
macher 2002; Honda et al. 2003), it will be interesting to
see whether the activation of Aurora-B by INCENP
resembles the described mode of activation of Aurora-A
by TPX2, in spite of the fact that TPX2 and INCENP bear
no obvious sequence similarity.

Other contenders for Aurora-A activation

Localization data suggest that TPX2 acts primarily on
Aurora-A that is associated with spindle microtubules
(Kufer et al. 2002). In contrast, the regulation of the
centrosome-associated pool of Aurora-A is likely to
involve additional proteins. Two candidates for such a
function have recently been reported. In Drosophila, the
centrosome component centrosomin (CNN) was reported
to be required for targeting Aurora-A to the centrosome
and vice versa (Terada et al. 2003). Centrosomin was
shown to interact with g-tubulin ring complexes (g-
TuRCs) through its N-terminus and to Drosophila Auro-
ra-A via its C-terminus (Terada et al. 2003). To determine
whether this mechanism is conserved in other organisms
it would obviously be important to characterize functional
homologs of Drosophila centrosomin in other species. In
the meantime, another structurally unrelated protein was
described to activate Aurora-A at the centrosome in
human cells (Hirota et al. 2003). This protein, known as
Ajuba, contains LIM domains (Goyal et al. 1999).
Previous studies had implicated Ajuba in cell adhesion
and revealed its ability to shuttle between cell–cell
contacts and the nucleus (Kanungo et al. 2000; Marie et
al. 2003). Thus the reported role of Ajuba in the control of
spindle assembly and chromosome segregation is surpris-
ing. However, it is possible that Ajuba might have a
function in both cell signaling and spindle formation.
Precedents for proteins with multiple functions, including
roles at the cell periphery, signaling to the nucleus, and
spindle function, can be found among components of the
Wnt signalling pathway (Dikovskaya et al. 2001). More
difficult to reconcile with an essential function of Ajuba
in mitosis is the finding that keratinocytes from Ajuba�/�

knock-out mice are viable (Marie et al. 2003). Thus, the
precise role of Ajuba in the regulation of Aurora-A and
mitotic entry requires further study.

Fig. 2A, B Activation of Aurora-A by TPX2 and microtubules. In
vitro kinase assays were performed with recombinant Aurora-A
(produced in Sf9 insect cells) in the presence or absence of human
TPX2 (produced in Escherichia coli). Where indicated, samples
were incubated with taxol-stabilized microtubules (+MT) for
10 min at room temperature before starting the reaction by addition
of [g-32P]ATP. Buffer only or tubulin dimers (+Tub) were used for
controls. Kinase reactions were performed for 30 min at 30�C,
using myelin basic protein (MBP) as a substrate. Phosphate
incorporation was visualized by autoradiography (A). As a control
for the presence of components and equal loading, Western blotting
with the indicated antibodies and Coomassie Brilliant Blue (CBB)
staining was performed (B)
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Conclusions and perspectives

With TPX2, one important regulator of Aurora-A at the
mitotic spindle has been identified. The proposed roles of
centrosomin and Ajuba in regulating Aurora-A at the
centrosome are also intriguing but await future detailed
investigation. The identification of TPX2 is particularly
interesting, for several reasons: first, TPX2 establishes a
link between Ran-GTP and the activation of a key mitotic
kinase on the spindle apparatus (Fig. 3) (Eyers et al. 2003;
Tsai et al. 2003). If, as suggested by recent evidence
(Dasso 2002, Kalab et al. 2002), the local concentration of
Ran-GTP is controlled by chromatin-associated RCC1,
the action of Ran-GTP could spatially coordinate spindle
assembly with the positioning of chromatin. Second,
although the interaction between Aurora-A and TPX2 was
discovered only recently (Kufer et al. 2002), the mode of
interaction between these two proteins is already under-
stood in considerable molecular and mechanistic detail
(Bayliss et al. 2003). Nevertheless, a number of important
questions remain. In particular, it remains to be clarified
how exactly microtubules enhance TPX2-mediated acti-
vation of Aurora-A. Do microtubules act directly on
Aurora-A or do they act through binding to TPX2? The
former scenario is not excluded, as Aurora-A has been
reported to bind to microtubules in vitro (Roghi et al.
1998). Another point to bear in mind is that TPX2 targets
not only Aurora-A to the mitotic spindle, but also the
kinesin-like protein 2 (Klp2), from which its name
originates (targeting protein for XKlp2), and perhaps yet
other components (Wittmann et al. 1998, 2000). Thus,
TPX2 could conceivably form an adapter for loading

various proteins onto the mitotic spindle. This in turn
might contribute to bring Aurora-A in close proximity to
its potential substrates. These include TPX2, but the
physiological significance of TPX2 phosphorylation by
Aurora-A (Kufer et al. 2002; Eyers et al. 2003; Tsai et al.
2003) and perhaps other mitotic kinases remains to be
unraveled. Finally, the crystal structure of the Aurora-A/
TPX2 complex provides a further impetus for the
characterization of small-molecule inhibitors of Aurora
kinases. The first such inhibitors have recently been
described (Ditchfield et al. 2003; Hauf et al. 2003) and
they may prove invaluable not only in basic research but
also in therapeutic applications aimed at the treatment of
cancer and other hyperproliferative diseases.
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