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The kinase Aurora-A (Aur-A), which is enriched at centrosomes, is
required for centrosome maturation and accurate chromosome
segregation, and recent work implicates centrosomes as sites
where the earliest activation of cyclin B1-cdc2 occurs. Here, we
have used Xenopus egg extracts to investigate Aur-A’s contribu-
tion to cell cycle progression and spindle morphology in the
presence or absence of centrosomes. We find that addition of
active Aur-A accelerates cdc2 activation and mitotic entry. Deple-
tion of endogenous Aur-A or addition of inactive Aur-A, which lead
to monopolar spindles, delays but does not block mitotic entry.
These effects on timing and spindle structure do not require the
presence of centrosomes or chromosomes. The catalytic domain
alone of Aur-A is sufficient to restore spindle bipolarity; additional
N-terminal sequences function in mitotic timing.

Aurora kinases | G2/M transition | mitosis

he Aurora kinases are required for mitotic progression

(reviewed in refs. 1-5). Aurora B (Aur-B) participates in the
formation of correct attachment of spindle microtubules to
chromosomes and in cytokinesis. Aurora A (Aur-A) is required
for the maintenance of spindle bipolarity and the accurate
completion of chromosome segregation. A portion of Aur-A
localizes to centrosomes and nearby spindle microtubules, where
it rapidly exchanges with cytoplasmic pools. Mechanistically,
Aur-A’s best understood roles are in the recruitment and
regulation of proteins at centrosomes. For example, Aur-A is
required for the localization of centrosomin, the microtubule
nucleating y-tubulin ring complex, TACC, and the subsequent
TACC-dependent localization of the microtubule stabilizing
factor MAP215. Reducing the amount of Aur-A protein or
introducing inactive Aur-A interferes with the separation of
duplicated centrosomes, the maintenance of centrosome sepa-
ration, and/or defects in chromosome alignment.

Aur-A also plays a role in the timing of entry into M phase.
Overexpression of Aur-A in Gp-arrested Xenopus oocytes, where
it was originally called Eg2, accelerates mitogen-induced entry
into M phase of meiosis I (6, 7). This acceleration is due at least
in part to Aur-A’s phosphorylation of CPEB, a protein associ-
ated with the 3" UTRs of certain stored, untranslated cytoplas-
mic mRNAs. This results in the cytoplasmic polyadenylation and
translation of mRNA encoding Mos (8-10), a mitogen-activated
protein kinase (MAPK) kinase kinase that is required for the
G,/Meiosis I transition in frog oocytes (11). In mouse oocytes,
Aur-A also stimulates translation of cyclin BmRNA (12). Aur-A
levels can also affect the timing of mitotic entry in embryonic and
somatic cells. In Caenorhabditis elegans embryos, loss of Aur-A
results in a 1- to 2-min delay in time of mitotic entry (13). In
mammalian somatic cells, Aur-A RNA interference (RNAI)
treatment or injection of Aur-A antibody is reported to delay (14,
15) or block (15, 16) mitotic entry, possibly through translation
effects (17). Cdc25B, a member of the phosphatase family that
activates cyclin-dependent kinases at various cell cycle points, is
enriched at centrosomes and appears to be responsible for an
initial activation of cdc2 at centrosomes during late G, (18-22).
Recent work suggests that the Aur-A might contribute to early,
centrosomal activation of cyclin B1-cdc2 through phosphoryla-
tion of cdc25B (23).

www.pnas.org/cgi/doi/10.1073/pnas.0601425103

Here, we have carried out a systematic analysis of the effects
of Aur-A on the timing of mitotic entry during normal cell cycle
progression in Xenopus egg cycling extracts. In these extracts,
neither the DNA nor spindle integrity checkpoint pathways are
active (24-27), making it possible to investigate the basic cell
cycle roles of Aur-A free from complications encountered in
somatic cells with active checkpoint pathways. We find that
immunodepletion of Aur-A or addition of inactive Aur-A, which
disrupts spindle bipolarity, delays but does not block cdc2
activation and mitotic entry. The catalytic domain alone of
Aur-A is adequate to restore spindle bipolarity; additional
N-terminal sequences are required for Aur-A’s ability to affect
the timing of mitotic entry. Most notably, Aur-A depletion or
overexpression delays or accelerates, respectively, the timing of
mitotic entry even in the absence of centrosomes.

Results

Aur-A and the Timing of Mitotic Entry. To prepare cycling extracts,
metaphase II-arrested eggs were activated by the addition of
calcium ionophore to induce entry into interphase of the first
mitotic cycle (28, 29). After 30 min, eggs were shifted to 4°C to
stop cell cycle progression and a low speed supernatant was
prepared. For immunodepletion experiments, only extracts in
which >99% of the Aur-A protein was removed were used (Fig.
1A4). Depletion of Aur-A did not reduce the level of Aur-B or
reduce phosphorylation of histone H3 Ser-10, a target of Aur-B,
indicating that the depletion was specific for Aur-A (not shown).
Sperm nuclei were added, and extracts were warmed to 20°C to
initiate resumption of the cell cycle.

Most nuclei in the mock-depleted extract entered mitosis
between 60 and 70 min, as judged by chromosome condensation
(Fig. 1 B and C). At the molecular level (Fig. 1D), mitotic entry
was reflected by (i) removal of the inhibitory phosphorylation on
Ser-287 on ¢dc25C (29, 30), the phosphatase that removes the
inhibitory Tyr-15 phosphorylation from cdc2, (if) dephosphor-
ylation of cdc2 Tyr-15, and (i) a rise in cdc2’s histone H1 kinase
activity. The mock-depleted extract continued through mitosis,
as judged both morphologically and by the mid-mitotic activation
of MAPK that is required to maintain chromosomes condensed
after destruction of cyclin B and inactivation of cdc2 (31, 32).
The extract then entered interphase of the second cell cycle
around 100 min, as marked by rephosphorylation of cdc25C on
Ser-287 and the formation of nuclei containing decondensed
chromosomes.

In extracts depleted of Aur-A, cdc2 activation, chromosome
condensation, and the subsequent activation of MAPK were all
delayed by 20-30 min (Fig. 1 B-D). In eight separate experi-
ments, the extent of the G,/M delay varied from 10 min to >30
min, with an average 18-min delay (not shown). Depletion also
interfered with changes in chromosome morphology (Fig. 1C).
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Fig. 1. Depletion of Aur-A delays mitotic entry, but does not block it. (A) Cycling extracts were prepared 30 min after egg activation and immunodepleted with
two rounds of IgG (mock) or affinity-purified Aur-A antibody. Samples were analyzed by SDS/PAGE followed by blotting with Aur-A and cdc2 antibodies. (B)
Mock or Aur-A-depleted cycling extracts were supplemented with demembranated sperm nuclei (500 per ul). Samples were stained with Hoechst dye 33342 and
visualized by fluorescence microscopy. At least 100 chromosome structures at each time point were quantified. (C) Representative chromatin structures from B.
(D) Samples were analyzed by SDS/PAGE followed by blotting with indicated antibodies. Cdc2 activity toward histone H1 was assayed by incorporation of y-32P,
followed by SDS/PAGE and autoradiography. (E) Cycling extracts lacking sperm nuclei were mock- or Aur-A-depleted. Samples were blotted with the indicated

antibodies.

Some chromosome condensation did occur, but individual chro-
mosomes were hard to distinguish and partially decondensed
chromatin arrays developed during the last time points taken,
when both cdc2 and MAPK activity were still high. In other
experiments where cell cycle kinetics were faster, it was seen that
Aur-A depletion did not block inactivation of either cdc2 or
MAPK but did interfere with chromosome decondensation and
spindle disassembly (Fig. 5, which is published as supporting
information on the PNAS web site).

Addition of kinase-dead Aur-A D281A (33) also delayed but
did not block cdc2 activation and mitotic entry (Fig. 24 and B).
Thus, in addition to previously known dominant negative effects
of Aur-A kinase mutants on spindle morphology (34) (Fig. 2 C
and D), kinase-dead Aur-A also interferes with the timing the
G»/M transition. Supplementing extracts with 5-fold more active
Aur-A during mid-interphase (at 50 min) accelerated cdc2
activation and mitotic entry. Thus, not only are normal levels of
Aur-A required for timely mitotic entry, but elevated levels can
advance the time of cdc2 activation and the G,/M transition.

Aur-A’s Role in the Timing of Mitotic Entry Does Not Require the
Presence of Centrosomes. Because Xenopus eggs lack centrosomes,
it is possible to use egg extracts that have not been supplemented
with sperm nuclei (the source of centrosomes in fertilized eggs)
to ask whether Aur-A’s ability to affect the timing of mitotic
entry depends on its association with, or effects on, centrosomes.
Immunodepletion of Aur-A from extracts lacking centrosomes
clearly delayed activation of cdc2, as judged by dephosphoryla-
tion of c¢dc25C and the subsequent mid-mitotic activation of
MAPK (Fig. 1E). Overexpression of Aur-A in centrosome-free
extracts accelerated cdc25C dephosphorylation and activation of
MAPK (Fig. 2E). Thus, in the early embryonic cell cycles, the

5812 | www.pnas.org/cgi/doi/10.1073/pnas.0601425103

effects of Aur-A on the timing of mitotic entry are through a
centrosome-independent pathway. Because nuclei are also the
source of chromatin, these results also indicate that the effects
of Aur-A or interacting proteins on timing of cdc2 activation
does not depend on the presence of chromatin.

Replacement of Endogenous Aur-A with Active Recombinant Aur-A
Corrects the Timing of Mitotic Entry and Increases the Frequency of
Bipolar Spindle Formation. Mock- or Aur-A-depleted cycling
extracts were supplemented with either recombinant active
wild-type Aur-A or the D281A mutant to give a final concen-
tration that was slightly higher (40 ng/ul) than endogenous
Aur-A. Adding back wild-type Aur-A, but not the D281A
mutant, abrogated the delay in the G,/M transition (Fig. 34).
This result argues that Aur-A, rather than a coprecipitating
protein, is required for the proper kinetics of the G,/M
transition, and that, more specifically, Aur-A’s kinase activity
is required for the correct timing of mitotic entry. Adding back
wild-type Aur-A also rescued the bipolar spindle defects. A
quantitative summary of four independent experiments are
shown in Fig. 3B. Representative spindle structures seen in
mitosis are shown in Fig. 3C.

The Catalytic Domain Alone Is Sufficient to Enhance Spindle Bipolarity,
but Additional N-Terminal Sequences Are Required for Proper Chro-
mosome Alignment and the Timing of Mitotic Entry. Whereas cata-
lytically active full-length Aur-A was able to correct the timing
of mitotic entry, the C-terminal catalytic domain itself (Aur-A
137-407) was not, indicating the requirement for additional
N-terminal sequences (Fig. 4 A and B). Aur-A 19-407 com-
pletely rescued mitotic timing, but Aur-A 69-407 did not. Thus,
in addition to Aur-A’s catalytic activity, sequences within the
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Overexpression of Aur-A accelerates the G/M transition. Kinase-dead Aur-A delays mitotic entry and leads to monopolar spindles. (A) Recombinant

wild-type or kinase-dead D281A Aur-A (100 ng/ul) or buffer was added to cycling extracts at 50 min. Samples were stained with Hoechst dye 33342. At least 100
nuclei were scored for each condition. (B) Samples in A were blotted with the indicated antibodies. (C) Cycling extracts were supplemented with nuclei and
rhodamine-labeled tubulin. Wild-type or D281A Aur-A (100 ng/ul) or buffer was added at 50 min. Samples were stained with Hoechst dye 33342. The percentage
of spindle structures was averaged from three independent experiments. At each time point, at least 100 spindle structures were counted. (D) Representative
spindle structures are shown. (E) Cycling extracts lacking sperm nuclei were supplemented with recombinant wild-type Aur-A (100 ng/ul) or buffer at 50 min.

Samples were blotted as above.

N-terminal region 19-68 are in some way required for setting the
timing of the G,/M transition.

In a separate experiment, the Aur-A truncations were tested for
their ability to restore spindle bipolarity to Aur-A-depleted extracts
(Fig. 4 C and E). The N-terminal fragment showed no obvious
rescue effects. Full-length Aur-A, the C-terminal catalytic domain
alone, and the constructs 134-407 and 69-407 each promoted an
increase in the number of bipolar structures. However, the spindles
that assembled either in the presence of the catalytic domain or a
larger (69-407) fragment had misaligned chromosomes (Fig. 4 D
and E). Thus, the catalytic domain of Aur-A by itself appears to be
sufficient for establishing bipolarity, but additional N-terminal
sequences are in some way important for proper chromosome
alignment.

Aur-A and Mitotic Exit. In most cell types, spindle defects lead to
activation of the spindle integrity checkpoint, which then arrests
the cell cycle in mitosis, both biochemically and morphologically.
As this checkpoint does not operate in Xenopus early embryos,
it is possible to ask whether Aur-A is directly required for the
inactivation of cdc2 and/or MAPK during mitotic exit or for the
return of chromosomes and microtubules to the interphase state.

Liu and Ruderman

Depletion of Aur-A did not prevent the inactivation of either
cdc2 or MAPK (Fig. 5). However, depletion interfered with
morphological events of mitotic exit (Fig. 3D): partially decon-
densed chromosomes and focused arrays of microtubules re-
mained for extended periods. Thus, in addition to its well known
roles in centrosome maturation and mitotic spindle morphology,
Aur-A is required to couple inactivation of cdc2 and MAPK to
the morphological events of mitotic exit.

Discussion

Aur-A and Timing of the G»/M Transition. A main finding of this
study is that increasing the level of Aur-A protein in Xenopus
cycling egg extracts advances the timing of cdc2 activation and
mitotic entry, and removing Aur-A delays, but does not block
cdc2 activation and mitotic entry. Moreover, these effects on
mitotic timing are independent of the presence of both cen-
trosomes and chromatin. This finding has bearing on a pro-
posed role for Aur-A in the activation of cyclin Bl-cdc2. In
somatic cells, a phosphorylated version of cyclin B1 that may
be specific for active cyclin B1-cdc2 complexes localizes first at
centrosomes (22) and Aur-A appears to be required for this
localization (15). Moreover, some of the phosphatase cdc25B
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At each time point, >100 spindle structures were counted. (C) Representative spindle structures are shown. (D) Sixty minutes after mitosis, samples were again

taken and examined as above.

that catalyzes this early activation is also found at centrosomes
(18, 19, 21), and there is some evidence that cdc25B might be
a substrate of Aur-A (23). However, our finding that Aur-A
affects the timing of cdc2 activation in egg extracts even in the
absence of centrosomes suggest that there is an additional level
of regulation.

Previously identified translational targets of Aur-A in G»-
arrested oocytes are mos and cyclin B mRNAs (8, 12). Mos is
a MAPK kinase kinase that is required for breaking the
G,/Meiosis I transition in Xenopus oocytes (35). However, an
Aur-A-mediated increase in Mos protein seems an unlikely
explanation for the early mitotic cell cycles. First, addition of
Aur-A protein during interphase does not lead to a detectable
increase in Mos (H. Wu and J.V.R., unpublished data).
Second, addition of Mos or MAP kinase blocks mitotic entry
rather than accelerating it (36, 37). CPEB-dependent transla-
tion of cyclin B1 is required for mitotic entry in egg extracts
(38) and overexpression of Aur-A enhances polyadenylation of
cyclin mRNA in somatic cells (17). Although we were unable
to detect any obvious change in cyclin B levels, we cannot rule
out small effects at this time.

Domains of Aur-A Required for Timing of Mitotic Entry, Spindle
Bipolarity, and Chromosome Alignment. Most sequence differ-
ences among the Aurora kinases lie in their noncatalytic N
termini and, as shown here, the N terminus of Aur-A is needed
for both correct timing of mitotic entry and proper alignment
of chromosomes. Ajuba, a protein that may enhance Aur-A
activity during G», promotes translation of both cyclin B and

5814 | www.pnas.org/cgi/doi/10.1073/pnas.0601425103

cdc2 and advance entry into M phase. Moreover, Ajuba binds
to the N terminus of Aur-A (17, 39). Regarding chromosome
alignment, one obvious target is CENP-A, a variant of histone
H3 that resides in nucleosomes of the centromeric chromatin
at the inner plate of the kinetochore (40). CENP-A, which
binds to the N terminus of Aur-A, appears to be phosphory-
lated on Ser-7, first by Aur-A and then by Aur-B; both kinases
are required for the CENP-A-dependent restriction of Aur-B
to the inner centromere (41). When Ser-7 phosphorylation is
prevented, mitotic cells show defects in the ability of kineto-
chores to attach to microtubules, providing a possible expla-
nation for the requirement for Aur-A phosphorylation in
chromosome alignment.

By contrast, the catalytic domain alone is sufficient to restore
spindle bipolarity. TPX2, a spindle assembly factor that en-
hances Aur-A activity during mitosis, can bind and activate
Aur-A lacking its N terminus (42). TPX2 is required for target-
ing Aur-A to spindle microtubules, which would concentrate it
near potential spindle substrates such as Eg5, a microtubule
motor required for spindle bipolarity (reviewed in ref. 43). This
discrimination between pathways that require Aur-A’s N termi-
nus vs. those that do not may help to organize known and future
Aur-A targets into a more cohesive picture.

Materials and Methods

Cycling extracts were prepared from Xenopus eggs (28, 29).
Demembranated sperm nuclei (final concentration 500 nuclei
per ul) and rhodamine-labeled tubulin (Cytoskeleton, final
concentration 50 ng/ul) were added. Typically, 50 ul of cycling

Liu and Ruderman
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extract was used for each individual time course. Cdc2 activity
was assayed as described (29)

Bacterially expressed N-terminally His-tagged Aur-A proteins
were prepared were prepared as described (44). Kinase-dead
Aur-A D281A (33) was created by site-directed mutagenesis (Hua
Wu, personal communication). For immunoblots, 2-ul extract
samples were separated by SDS/PAGE, blotted and reacted with
antibodies against Aur-A (45), active MAPK (Cell Signaling Tech-
nology, Beverly, MA; catalog no. 9101S), phospho-cdc2(Tyr-15)
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(Cell Signaling Technology, catalog no. 911L), phospho-cdc25(Ser-
287) (46) as described.
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