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Summary

In vertebrates, the microtubule binding protein TPX2
is required for meiotic and mitotic spindle assembly.
TPX2 is also known to bind to and activate Aurora
A kinase and target it to the spindle. However, the
relationship between the TPX2-Aurora A interaction
and the role of TPX2 in spindle assembly is unclear.
Here, we identify TPXL-1, a C. elegans protein that is
the first characterized invertebrate ortholog of TPX2.
We demonstrate that an essential role of TPXL-1 dur-
ing mitosis is to activate and target Aurora A to micro-
tubules. Our data suggest that this targeting stabi-
lizes microtubules connecting kinetochores to the
spindle poles. Thus, activation and targeting of Au-
rora A appears to be an ancient and conserved func-
tion of TPX2 that plays a central role in mitotic spin-
dle assembly.

Introduction

Chromosome segregation takes place on a bipolar,
microtubule-based mitotic spindle. During interphase,
microtubules radiate from the centrosome, a microtu-
bule-nucleating center. As cells enter mitosis, microtu-
bules reorganize to build a mitotic spindle (reviewed in
Wittmann et al., 2001). Microtubules in a mitotic spindle
come from two different sources. One source is micro-
tubules nucleated by the centrosome; these grow out
from the centrosomes and associate with chromo-
somes, where they are stabilized. Another source is
microtubules nucleated around chromosomes. These
*Correspondence: ozlu@mpi-cbg.de (N.O.); hyman@mpi-cbg.de
(A.A.H.)
microtubules self-organize into two spindle poles through
the action of microtubule-based motors. The relative
contributions of these two different pathways vary in
different systems (reviewed in Gadde and Heald, 2004).

Mitotic spindles assemble with a characteristic length
and shape, which differs in various cell types and or-
ganisms. Spindle length can be influenced by the dy-
namic balance between microtubule stabilization and
destabilization within the spindle (Karsenti and Vernos,
2001; Mitchison et al., 2005; Tournebize et al., 2000);
changing the global parameters of microtubule dy-
namics alters the length of spindles (Scholey et al.,
2003). In addition, motor proteins acting on microtu-
bules can regulate the length and shape of spindles
(Sharp et al., 2000). To date, we understand little about
the integration of these different mechanisms in the
regulation of spindle length and size.

TPX2, a microtubule-associated protein, is required
for mitotic spindle assembly in human cells and Xeno-
pus egg extracts (reviewed in Gruss and Vernos, 2004).
In Xenopus meiotic egg extracts, TPX2 stimulates the
formation of microtubules around chromosomes (Groen
et al., 2004; Gruss et al., 2001; Schatz et al., 2003).
However, we do not know what the role of TPX2 is in
mitosis.

A clue as to the possible function of TPX2 came with
the discovery that TPX2 binds to the mitotic kinase Au-
rora A and stimulates its activity (Eyers et al., 2003; Trie-
selmann et al., 2003; Tsai et al., 2003). In human cells,
TPX2 is required for localization of Aurora A to spindles
(Kufer et al., 2002). However, the cell cycle arrest phe-
notype of Aurora A has made it difficult to determine
whether an essential function of TPX2 is to localize Au-
rora A or whether it has other roles (Hirota et al., 2003;
Prigent and Giet, 2003). Further complicating the rela-
tionship between TPX2’s function in spindle assembly
and its binding to Aurora A is recent work in Xenopus
extracts suggesting that the non-Aurora A targeting do-
main is able to rescue extracts depleted of TPX2 (Bru-
net et al., 2004).

Although the analysis of TPX2 in mitotic cells indi-
cates a role in spindle function or integrity, it is unclear
how these spindle defects manifest over the course of
the assembly process. In principle, studying TPX2 in a
genetically tractable organism such as yeast, C. ele-
gans, or Drosophila could help to answer some of these
questions. However, to date no TPX2 homolog has
been identified in invertebrates. C. elegans is an ideal
system to identify and study the potential function of
Aurora A activators, because Aurora A has a very se-
vere defect in spindle assembly and apparently gives
no cell cycle arrest. Here, we use C. elegans early em-
bryos to identify TPXL-1, the first known invertebrate
ortholog of TPX2. Our results show that the function of
TPXL-1 is to activate and localize Aurora A to the mi-
totic spindle. Comparison of TPXL-1 and Aurora A
function further indicates that TPXL-1-mediated activa-
tion and localization of Aurora A is necessary to stabi-
lize microtubules connecting kinetochores to spindle
poles. These results provide mechanistic insight into
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how the conserved TPX2 protein family contributes to
spindle assembly.

Results

TPXL-1 Is a TPX2 Ortholog in C. elegans Embryos
To find a C. elegans ortholog for TPX2, we screened
through genes required for spindle assembly. We iden-
tified an uncharacterized gene ORF (Y39G10AR.12) re-
quired for spindle assembly, which was initially re-
ported in a Chromosome I RNA interference (RNAi)
screen (Fraser et al., 2000). After RNAi of this gene, the
separated centrosomes collapse together shortly after
nuclear envelope break down (NEBD) and fail to form a
robust spindle (Figures 1A and 1B). We name this gene
tpxl-1 (TPX2-like, for reasons stated below).

Sequence alignment with TPX2 showed homology
within the N terminus (residues 1–60) (Figures 2A and
2B). This short region of homology was significant be-
cause the N-terminal 43 residues of TPX2 have been
shown to be sufficient for binding and activating Aurora
A kinase (Bayliss et al., 2003). We also determined that
the N terminus of TPXL-1 similarly binds C. elegans Au-
rora A, AIR-1. AIR-1 specifically bound to and eluted
from a wild-type GST::N-terminal-TPXL-1 (aa 1–63) col-
umn but did not bind to mutated TPXL-1 constructs,
which should block the interaction between TPXL-1
and AIR-1, based on comparisons to TPX2 (Bayliss et
al., 2004, 2003; Eyers and Maller, 2004) (Figure 2C; con-
firmed by mass spectrometry). In agreement with the
results shown above, a genome-wide Yeast Two-Hybrid
screen of C. elegans proteins also identified an interac-
tion between TPXL-1 and AIR-1 (Li et al., 2004).

If TPXL-1 is an ortholog of TPX2, then it should also
stimulate the kinase activity of AIR-1. We found that
addition of TPXL-1(1–63) dramatically increased the
phoshorylation of Histone H3 by AIR-1 kinase, whereas
the TPXL-1(1–63) mutant proteins had no effect (Figure
2D). Therefore, we conclude that TPXL-1 binds to and
activates Aurora A kinase and that TPXL-1 is an or-
tholog of vertebrate TPX2.

Interaction of TPXL-1 with AIR-1 Is Required
for Spindle Assembly
In human cells, TPX2 is required to localize Aurora A to
spindles (Kufer et al., 2002). To test whether C. elegans
TPX2 is also required to localize C. elegans Aurora A,
we raised and affinity-purified antibodies to TPXL-1. On
Western blots, Anti-TPXL-1 antibodies recognized a
single band of approximately 75 kDa that disappeared
in tpxl-1(RNAi) worm lysate (see Figure S1A in the Sup-

Fplemental Data available with this article online). Both
(TPXL-1 immunostaining and live imaging of embryos
texpressing TPXL-1::GFP showed that TPXL-1 colocal-
pizes with AIR-1 (Figure 3A, see also Movies S3 and S4).
t

We tested for interdependency of their respective intra- t
cellular-localization patterns. In tpxl-1(RNAi) embryos, t
AIR-1 was no longer detected on astral microtubules p

abut instead colocalized with γ-tubulin (Figure 3A, see
(also Movie S5). In contrast, in air-1(RNAi) embryos,
mTPXL-1 was still detected on microtubules (Figure 3B).

Is the main function of TPX2 in spindle assembly to
interact with Aurora A? The consequences of depleting
igure 1. Spindle Poles Collapse in Embryos Depleted of TPXL-1

A) Summarization of spinning disk confocal time-lapse movies
aken from wild-type (left) and tpxl-1(RNAi) (right) embryos ex-
ressing GFP::β-tubulin. Times are in seconds relative to NEBD. In

he TPXL-1-depleted embryos, centrosomes separate as in wild-
ype (−234 s). Upon NEBD (0 s), separated centrosomes collapse
ogether (80 s and 200 s). After wild-type embryos initiate ana-
hase, the spindle in tpxl-1(RNAi) embryos elongates but reaches
shorter total spindle length (512 s). See also Movies S1 and S2.

B) Pole-to-pole distances were measured in five wild-type (dia-
onds) and five tpxl-1(RNAi) (circles) embryos. Bars: 5 �m.
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Figure 2. TPXL-1 Binds to and Stimulates
AIR-1 Kinase

(A) Common features of C. elegans (Ce),
Homo sapiens (Hs), and Xenopus laevis (Xl)
TPX2 proteins. TPXL-1 and TPX2 share ho-
mology in the minimum Aurora A binding site
(green box, aa 1–43; Bayliss et al., 2003).
TPX2 contains two coiled-coil domains (Hs
aa 213–247 and 664–729; Xl aa 171–216 and
637–696). TPXL-1 possesses one N-terminal
coiled-coil domain (aa 150–173). Consensus
Aurora A phosphorylation sites (consensus
sequence: (RX[S/T]); Cheeseman et al.,
2002) in the N termini of TPX2 and TPXL-1
are shown by black circles (aa positions in
TPXL-1 are 30, 68, 149, and 154). A func-
tional nuclear-localization signal in verte-
brates (Schatz et al., 2003) is indicated by
blue circles.
(B) Multiple sequence alignment of Aurora A
binding domain and the N-terminal regions
of TPXL-1 from C. elegans (Ce) with TPX2
from human (Hs) and Xenopus (Xl). The con-
served residues are boxed in yellow. Resi-
dues that are mutated in (C) and (D) are indi-
cated with bold lettering.
(C) GST-pulldown assay shows that AIR-1
binds to GST::TPXL-1 (1–63). GST fusions
were expressed in E. coli, bound to glutathi-
one resin, incubated in worm extract, and
eluted with glutathione. Elutions were frac-
tionated by SDS-PAGE and analyzed via
Western blotting with anti-AIR-1 (top) and
anti-GST (bottom) antibodies. AIR-1 can be
detected as a single band (40 kDa) in worm
extracts and in the GST::TPXL-1 (1–63) pull-
down, but not in the pulldowns performed
with the TPXL-1 (1–63) mutants.
(D) TPXL-1 (1–63) stimulates AIR-1 kinase
activity. In vitro phosphorylation of histone
H3 (determined by γ[32P]-ATP levels) in the
presence of AIR-1 and either TPXL-1 (1–63)
or the indicated TPXL-1 (1–63) mutants.
Coomassie blue stain and autoradiograph of
the SDS-PAGE gel are shown. For quantifi-
cation of histone H3 phosphorylation (bot-
tom), the value of 100% was assigned to the
phosphorylation of Histone H3 in the pres-
ence of only AIR-1.
TPXL-1 on spindle assembly may reflect both AIR-1-
dependent and AIR-1-independent functions. To speci-
fically analyze AIR-1-dependent functions, we gener-
ated transgenes expressing either wild-type TPXL-1 or
the N-terminal mutant that does not interact with AIR-1
(see Figures 2C and 2D). To specifically remove endog-
enous TPXL-1 function, the introduced transgenes
were engineered to be resistant to RNAi by insertion of
silent mutations in the N terminus (Figure 4A). Indeed,
immunoblotting of wild-type and mutant transgenic
worms showed that tpxl-1(RNAi) specifically depleted
the endogenous TPXL-1 without affecting RNAi-resis-
tant forms (Figure S1B). In the presence of the wild-
type transgene, RNAi of the endogenous tpxl-1 gene
did not affect expression of the transgene and the spin-
dle collapsed only slightly (Figures 4B and 4C). In the
presence of the mutated transgene, RNAi of the endog-
enous tpxl-1 gene did not affect expression of the
transgene (Figure 4B) but the spindle completely col-
lapsed with a similar profile as TPXL-1-depleted em-
bryos (Figures 4B and 4C). Furthermore, depletion of
TPXL-1 prevents AIR-1 localization on spindle and
astral microtubules and leads to AIR-1 collapse into the
same domain of the centrosome as γ-tubulin (Figure
3A). Similarly, in the presence of the mutated transgene,
after RNAi of the endogenous tpxl-1 gene, AIR was no
longer detected on microtubules or the peripheral
centrosomal region but was collapsed to the inner
centrosomal region (Figure 4D). Thus, the interaction be-
tween TPXL-1 and AIR-1 targets AIR-1 to the microtu-
bules. The specificity of this experiment suggests that
an essential function of TPXL-1 is to target AIR-1 to the
spindle microtubules.

To confirm this idea, we compared the phenotypes
of TPXL-1 and AIR-1 depletion by RNA interference.
AIR-1 is required for cell polarity, centrosome matura-
tion, maintenance of separated centrosomes after
NEBD, formation of a robust microtubule aster, spindle
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Figure 3. TPXL-1 Is Required for Targeting C. elegans Aurora A (AIR-1) to the Spindle

(A) TPXL-1 and AIR-1 colocalize at the centrosome, and TPXL-1 is required for AIR-1 to extend outward from the core centrosome along
microtubules. The top row shows a high-magnification view of one centrosome from a wild-type metaphase embryo stained for γ-tubulin,
AIR-1, and TPXL-1. AIR-1 and TPXL-1 colocalize on the outer centrosomal layer and extend along centrosomal microtubules. The bottom
row shows both mitotic centrosomes in a tpxl-1(RNAi) embryo. AIR-1 collapses to colocalize with γ-tubulin after depletion of TPXL-1 and
does not extend along centrosomal microtubules.
(B) TPXL-1 still extends onto microtubules in AIR-1-depleted embryos. High-magnification view of one centrosome from a wild-type embryo
at the onset of anaphase (top) and an air-1(RNAi) embryo (bottom) stained for microtubules (green) and DNA (red) (left), AIR-1 (green), and
TPXL-1 (red) (right). All images are single z sections of deconvolved wide-field data sets. Bars: 1 �m.
assembly, and anaphase spindle elongation (Hannak et i
tal., 2001, 2002; Schumacher et al., 1998). Table 1 sum-

marizes the phenotypic comparison of AIR-1- and t
fTPXL-1-depleted embryos. Formation of the PAR do-

mains (data not shown), anaphase spindle elongation t
n(Figures 1A and 1B), and centrosome maturation (Fig-

ures S2A and S2B) were normal after depletion of b
TPXL-1. In both wild-type and tpxl-1(RNAi) embryos,
γ-tubulin accumulated with similar rates (Figure S2A T

Iand S2B). Although this result suggested that centro-
some maturation was normal, formation of a robust as- M

Wter was defective after depletion of TPXL-1 (Figure
S2C). The phenotypic differences between tpxl-1(RNAi) I

dand air-1(RNAi) could represent weakened AIR-1 activ-
ty rather than complete loss of a subset of AIR-1 func-
ions. However, we never observe the characteristic
pxl-1(RNAi) phenotype with even partial loss of AIR-1
unction (data not shown). Therefore, it seems likely
hat TPXL-1 is required for a subset of AIR-1 activities,
amely formation of a robust mitotic aster and assem-
ly of a mitotic spindle.

he Role of TPXL-1 in Spindle Assembly
s Independent of Chromatin-Stimulated
icrotubule Assembly
hy do spindles collapse after depletion of TPXL-1?

n Xenopus egg extracts, TPX2 stimulates chromatin-
ependent microtubule nucleation in a Ran-GTP-depen-
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Figure 4. Interaction of TPXL-1 with AIR-1 Is Required for Its Activity In Vivo

(A) Schematic of transgenes: RNAi-resistant wild-type TPXL-1 (blue box) was fused to GFP (dark green box) (top). The Aurora A binding site
is indicated in the light green box. The RNAi-resistance tag was created by insertion of silent mutations into the N terminus (gray box). To
specifically deplete the endogenous TPXL-1, dsRNA was raised against this region. The RNAi-resistant mutant TPXL-1::GFP transgene
(bottom) is as described in the wild-type transgene. F15D and F18D mutations are indicated by red lines in the Aurora A binding site.
(B) Selected panels from time-lapse recordings of wt TPXL-1::GFP(r) and FD TPXL-1::GFP(r)-expressing embryos after tpxl-1(RNAi) to remove
endogenous TPXL-1. Centrosomal fluorescence intensities are similar in both embryos (Figure S1C). The poles were completely collapsed in
the FD TPXL-1::GFP(r)-expressing embryo, but not in the wt TPXL-1::GFP(r)-expressing embryo. Times are in seconds relative to NEBD. See
also Movies S6 and S7.
(C) Spindle-pole separation relative to NEBD was tracked for transgenic embryos: wt TPXL-1::GFP(r) (n = 2) and FD TPXL-1::GFP(r) (n = 2)
(plotted together; blue diamonds); tpxl-1(RNAi) in wt TPXL-1::GFP(r) (n = 7) (pink squares), and tpxl-1(RNAi) in FD TPXL-1::GFP(r) (n = 6) (red
triangles). Average pole-to-pole distance at NEBD was set to zero. Error bars are standard error of the mean (SEM) with a confidence interval
of 0.95.
(D) High-magnification view of centrosomes from a metaphase wt TPXL-1::GFP(r)-expressing embryo after RNAi-mediated depletion of en-
dogenous TPXL-1 (top) and from a FD TPXL-1::GFP(r)-expressing embryo after RNAi-mediated depletion of endogenous TPXL-1 (bottom).
Embryos were stained for TPXL-1 (red) and AIR-1 (green). In tpxl-1(RNAi) wt TPXL-1::GFP(r), AIR-1 localizes to the peripheral centrosomal
region. In the tpxl-1(RNAi) FD TPXL-1::GFP(r) embryo, AIR-1 localizes to the inner centrosomal region. All images are single z sections of
deconvolved wide-field data sets. Abbreviation: r, RNAi resistant. Bars: B, 5 �m; D, 3 �m.



Developmental Cell
242
KTable 1. Comparison of AIR-1- and TPXL-1-Depletion Phenotypes
a(The Cellular Process in the Left Column Is Affected [+] or Not
TAffected [−] upon Protein Depletion).
d

AIR-1 TPXL-1
f

Cell Polarity +a,c − b
Centrosomal γ-Tubulin Recruitment +b − c
Robust Aster Formation +b +

eSpindle Assembly +a,b +
sSpindle Elongation at Anaphase +b −
1a Schumacher et al., 1998
tb Hannak et al., 2001
tc C. Cowan and A.A.H., unpublished data.
b
s

dent manner (Gruss and Vernos, 2004). By using two
Sdifferent tests, we showed that TPXL-1 is not required
Dfor chromatin-dependent microtubule nucleation. First,
bin spd-5 mutant embryos, which lack functional cen-
Ctrosomes, microtubules assemble around mitotic chro-
tmosomes and are unable to form a spindle-like structure
k(Figure S3A; Hamill et al., 2002). In spd-5(RNAi);tpxl-1
t(RNAi) embryos, we still observed these chromatin-
aassociated microtubules (Figure S3A). Subsequent im-
Amunofluorescence assays revealed the efficient deple-
ation of both proteins (Figure S4A). Thus, at the level
Cof depletion in tpxl-1(RNAi) embryos in which spindles
ocollapse, noncentrosomal microtubules are still pre-
dsent. Second, during C. elegans female meiosis, micro-
1tubules nucleate around the chromosomes and subse-
squently organize into bipolar spindles that lack astral
wmicrotubules (Albertson and Thomson, 1993). tpxl-1
b(RNAi) resulted in loss of all meiotic spindle TPXL-1
1staining, but meiotic spindle morphology was indistin-
tguishable from wild-type embryos (Figure S3B). There-

fore, we conclude that inhibition of chromatin-stim-
eulated microtubule nucleation is unlikely to be the origin
aof the spindle collapse observed in TPXL-1-depleted
pembryos. This suggests that the mechanism of spindle
pstabilization by TPXL-1 is different from that of TPX2 in
mXenopus extracts.
w
cTPXL-1 Is Not Required for Generation
mof Astral Forces
aBecause TPXL-1 is not required for microtubule assem-
lbly around chromatin, we searched for an alternate ex-

planation for the observed spindle-collapse phenotype.
During spindle assembly, a balance of outward and in- A

iward forces exerted on spindle poles controls spindle
length. One possibility is that TPXL-1 contributes to W

1cortical pulling forces, transmitted by astral microtu-
bules. In this idea, kinetochore-mediated pulling forces g

cwould dominate over weakened astral pulling forces,
resulting in spindle collapse. To test if the astral pulling T

wforces are active in tpxl-1(RNAi) embryos, we per-
formed spindle-severing experiments with a UV laser a

2(Grill et al., 2001). In wild-type embryos, astral forces
pull spindle poles apart after laser-mediated spindle S

rsevering (Figures 5A–5C). In TPXL-1-depleted embryos,
the spindle poles separated from each other with peak f

mvelocities comparable to wild-type (Figure 5C) and the
final positions of the centrosomes postablation were s

(similar to wild-type (Figures 5A and 5B). From these
results, we conclude that astral forces are not affected m

by the depletion of TPXL-1.
inetochore Microtubules Form
fter RNAi of TPXL-1
he results so far suggest an intrinsic problem in spin-
le stability in the absence of TPXL-1. Kinetochore

unction is required for the formation of a stable spindle
y providing a mechanical connection between repli-
ated chromosomes and both spindle poles (Oegema
t al., 2001). To resolve the morphology of the collapsed
pindles, we performed electron tomography on tpxl-
(RNAi) embryos after spindle collapse (Figure 6A). EM-
omography revealed that a spindle is formed and cen-
rosomes are connected to kinetochore microtubules
ut that these kinetochore microtubules are extremely
hort.

pindle Collapse in tpxl-1(RNAi) Embryos
epends on Intact Kinetochores,
ut Not Antiparallel Microtubules
ould kinetochore microtubule instability be causing

he spindle collapse? In CeCENP-A-depleted embryos,
inetochore assembly fails and poles separate prema-
urely before forming a metaphase spindle (Oegema et
l., 2001; Figure 6B, compare wild-type and CeCENP-
-depleted 160 s; Figure 6C). In double RNAi, TPXL-1-
nd CeCENP-A- (Figure 6B) or TPXL-1- and CeCENP-
- (data not shown) depleted embryos, pole separation
ccurs as in CeCENP-A-depleted embryos, with spin-
le poles prematurely elongating (Figure 6B, 90 s and
60 s; Figure 6C). Subsequent immunofluorescence as-
ays confirmed that in double RNAi embryos, TPXL-1
as depleted as efficiently as in single tpxl-1(RNAi) em-
ryos (Figure S4B). Thus, the spindle collapse in tpxl-
(RNAi) embryos is mediated by kinetochores pulling
he poles toward the chromosomes.

To check that the spindle collapse in TPXL-1-depleted
mbryos occurs by destabilization of kinetochore-
ttached microtubules and not by overlapping anti-
arallel microtubules emanating from opposite spindle
oles, we analyzed spindle formation in tpxl-1(RNAi)
onopolar spindles. To generate monopolar spindles,
e used a zyg-1(b1) mutant in which centrosome dupli-
ation fails (O’Connell et al., 2001). These mutants
ake half spindles and therefore have no overlapping

ntiparallel microtubules. However, spindles still col-
apse in tpxl-1(RNAi);zyg-1 double mutants (Figure 6D).

bnormal Microtubule Behavior at Spindle Poles
n tpxl-1(RNAi) Embryos

hy are kinetochore microtubules unstable in tpxl-
(RNAi)? Aurora A is localized at spindle poles, sug-
esting that defects in spindle-pole organization could
ontribute to a lack of kinetochore microtubule stability.
o investigate microtubule behavior at spindle poles,
e utilized EBP-2::GFP (an EB1 homolog that specific-
lly decorates growing microtubule ends; Srayko et al.,
005). We first examined microtubule nucleation rates.
urprisingly, we found that the microtubule nucleation

ate in tpxl-1(RNAi) embryos was not significantly dif-
erent from wild-type embryos (90 ± 12% of wild-type
etaphase nucleation rates; p = 0.25; Figure 7A) de-

pite a reduced microtubule intensity at spindle poles
Figure S2C). This suggested that the decrease in

icrotubule levels at centrosomes in tpxl-1(RNAi) re-

sults from a lack of persistence and/or stability of nu-
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Figure 5. TPXL-1 Is Not Required for Genera-
tion of Astral Forces

(A) Laser cutting of spindles to monitor astral
pulling forces. Summarization of differential
interference contrast (DIC) time-lapse mov-
ies of uncut wild-type (left column), laser-cut
wild-type (middle column), and laser-cut
tpxl-1(RNAi) (right column) embryos. The la-
ser-cut was performed at 0 s at the midline
between the spindle poles. See also Movies
S12 and S13.
(B) Spindle-pole tracking of embryos shown
in (A). Position is relative to the embryo
length: 0 represents anterior cortex, 1 repre-
sents posterior cortex.
(C) Average peak velocities of anterior and
posterior spindle poles. Error bars are SEM
with a confidence interval of 0.95. Average
peak velocities were measured for eight
wild-type uncut, 15 wild-type cut, and 23
tpxl-1(RNAi) cut. Bar: 10 �m.
cleated microtubules rather than a defect in microtu-
bule nucleation.

We also noticed an increase in the frequency of EBP-
2::GFP dots exhibiting a switch from anterograde
movement (growth away from centrosomes) to retro-
grade movement (movement toward centrosomes) (see
Movie S20). The switch occurs at low frequency in wild-
type (see Movie S19). Because EBP-2::GFP only asso-
ciates with growing microtubule plus ends, retrograde
movements are thought to be a consequence of de-
tached microtubule minus ends (Srayko et al., 2005). In
tpxl-1(RNAi) embryos, we observed a 6-fold increase in
retrograde movements in astral microtubules com-

pared to wild-type (Figure 7B). We also observed retro-
grade EBP-2::GFP movements in bipolar spindles (Fig-
ure 7C, yellow dot) and monopolar spindles (see Movie
S21) of tpxl-1(RNAi) embryos, although it was not feasi-
ble to quantify the number due to a high density of
EBP-2 dots in the spindle. The increased frequency of
these movements in tpxl-1(RNAi) embryos suggests
that the spindle-collapse phenotype observed may
arise from a loss of microtubule minus-end stability
near the centrosomes.

Discussion

The data presented here provide two key pieces of evi-

dence that identify the first ortholog of TPX2 in inverte-
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Figure 6. Spindle Collapse in tpxl-1(RNAi) Embryos Depends on Intact Kinetochores, but Not Antiparallel Microtubules

(A) Kinetochore microtubules still form in the absence of TPXL-1. Electron tomography of a collapsed tpxl-1(RNAi) spindle. The 3D model
superimposed on a selected tomographic slice is shown in the left panel. The partial reconstruction was computed from a 2 × 1 montage.
The 3D model (right) shows the boundaries of a chromosome (green) and the position of spindle microtubules (red, yellow lines). Microtubules
that ended on the chromosome were defined as kinetochore microtubules (yellow).
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grade plus-end movement) inconsistent with a stablespindle microtubules, but not for the localization of Au-

(B) Summarization of time-lapse sequences of wild-type (first column), CeCENP-A-depleted (second column), TPXL-1-depleted (third column),
and CeCENP-A- and TPXL-1-depleted (fourth column) embryos expressing GFP::β-tubulin and GFP::histone. Times are in seconds relative to
NEBD (left). See also Movies S15–S18.
(C) Spindle pole separation relative to NEBD. The graph shows the average pole-to pole-distance of wild-type (blue), CeCENP-A-depleted
(pink), TPXL-1-depleted (red), and CeCENP-A- and TPXL-1-depleted (yellow) embryos. Error bars are SEM with a confidence interval of 0.95
(n = 4).
(D) Chromosomes in monopolar spindles collapse into the centrosomes after TPXL-1 depletion. Half spindles from a zyg-1 mutant (top) and
a tpxl-1(RNAi);zyg-1 mutant embryo (bottom) stained for microtubules and DNA (left) and TPXL-1 (right) are shown. The white line indicates
chromosome-pole distance. Images are single z sections of deconvolved, wide-field data sets. Bars: A, 500 nm; B, 5 �m; D, 1 �m.
Figure 7. Abnormal Microtubule Behavior at Spindle Poles in tpxl-
1(RNAi) Embryos

(A) Quantification of astral microtubule nucleation rates in wild-type
and tpxl-1(RNAi) embryos expressing EBP-2::GFP (an EB1 homo-
log that specifically decorates growing MT ends). Kymographs
from 1 min stream-acquisition movies were used to quantify the
number of EBP-2::GFP dots emanating from metaphase centro-
somes (Srayko et al., 2005). Nucleation rates are relative to wild-
type metaphase (% wt MTs/min). Standard error at 95% confidence
is shown; wild-type, n = 16; tpxl-1(RNAi), n = 10.
(B) Frequency of retrograde movements (events/min) of EBP-
2::GFP dots in wild-type and tpxl-1(RNAi) embryos is shown. Stan-
dard error at 0.95 confidence is shown; wild-type, n = 16; tpxl-
1(RNAi), n = 12.
(C) A series of images from a stream-acquisition movie of a EBP-
2::GFP dot exhibiting retrograde movement (colored yellow) and
a separate dot exhibiting normal anterograde growth movement
(colored red) within the mitotic spindle of a tpxl-1(RNAi) embryo is
shown. Centrosome is on the left (white circle). See also Movie S20,
for astral retrograde movements and Movie S21, for retrograde
movements in a monopolar spindle. Bar: 5 �m.
brates. First, both proteins interact with Aurora A and
stimulate its kinase activity in vitro (Bayliss et al., 2004;
Eyers et al., 2003; Tsai et al., 2003). Second, both pro-
teins are required for the localization of Aurora A to
rora A to the spindle pole (Kufer et al., 2002). However,
we have not been able to find any evidence that TPXL-1
is regulated through the Ran pathway, as is the case
for TPX2. Although TPXL-1 contains a putative nuclear
localization sequence, we do not see prominent nuclear
localization. The phenotype of Ran depletion is the fail-
ure to form a mitotic spindle, reminiscent of the loss of
kinetochore function and unlike the phenotype of
TPXL-1 depletion (Askjaer et al., 2002; Bamba et al.,
2002). More work is required to characterize the contri-
bution of this pathway to spindle assembly in C. elegans.

The identification of a TPX2 ortholog has allowed us
to resolve an important question: is a TPX2-Aurora A
interaction required for TPX2 function during spindle
assembly? In Xenopus extracts, the C terminus of TPX2
lacking the Aurora A binding site can complement TPX2
function (Brunet et al., 2004). In human cells, the mitotic
arrest induced by Aurora A RNAi has made it difficult
to compare the phenotype of Aurora A RNAi and TPX2
RNAi. Our results show that mutated TPXL-1, which
cannot bind to Aurora A, does not rescue the spindle-
collapse defect. Therefore, in C. elegans mitosis, an
essential function of the TPX2 ortholog is to target Au-
rora A to spindles.

Why do spindles collapse in the absence of TPXL-1?
In Xenopus egg extract, TPX2 is required for chromatin-
dependent microtubule nucleation. However, in C. ele-
gans, under RNAi conditions in which spindles col-
lapse, microtubule nucleation around chromosomes is
unaffected. Thus, TPX2 appears to function differently
in Xenopus and C. elegans. We do not know the reason
for this difference. Perhaps TPX2 can activate different
kinases in different systems. Alternatively, the C termi-
nus of TPX2 may have functions unrelated to Aurora A
activity, and these functions may be more essential in
Xenopus extracts.

Our data suggest that the most likely reason that
spindles collapse in the absence of TPXL-1 is destabili-
zation of kinetochore microtubules. One possibility is
that the kinetochore-attached plus ends are unstable in
the absence of TPXL-1. Unfortunately, the high-turn-
over rate of microtubules in C. elegans prophase pre-
cludes testing this model by FRAP (A.D., unpublished
observations; Srayko et al., 2005). The fact that TPXL-1
operates together with Aurora A and Aurora A is local-
ized to spindle poles suggests that the primary defect
of tpxl-1(RNAi) could be in organization of the spindle
pole. Supporting evidence for this is that the number of
microtubules at centrosomes is quite reduced, whereas
the nucleation rate seems to be the same as wild-type,
and that a substantial number of polymerizing microtu-
bules exhibit freedom of movement (visible as retro-
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iattachment to centrosomes. Perhaps the minus ends
pof microtubules are unstable, and this allows the cen-

trosomes to be pulled toward the chromosomes.
m

Therefore, we propose that in C. elegans mitosis, the t
homolog of TPX2— TPXL-1— targets Aurora A to the c

fspindle, where it phosphorylates downstream targets
trequired for kinetochore microtubule stabilization. These
acould be centrosome, spindle, or kinetochore compo-
onents. One possible candidate is TAC-1, a protein impli-
F

cated in microtubule stability (Bellanger and Gonczy, T
2003; Le Bot et al., 2003; Lee et al., 2001; Srayko et al., s

t2003) whose homologs are known to be an Aurora A
asubstrate (Giet et al., 2002). TPX2 itself is a microtubule
dbinding protein (Wittmann et al., 2000), so it is possible

that phosphorylation of TPXL-1 by Aurora A may also
Econtribute to the stabilization activity. The other known
Ssubstrate of Aurora A, the motor protein Eg5 (Giet et al.,
e

1999), is not required for C. elegans spindle assembly w
(Bishop et al., 2005). Identification of other Aurora A (
substrates would provide important insights into the s

pmechanisms of spindle assembly.
mC. elegans Aurora A has a number of different roles
gin the first embryonic cell division: (1) cell polarity, (2)
p

centrosome maturation, (3) spindle assembly, and (4)
spindle elongation at anaphase. In contrast, TPXL-1 is

Trequired only for spindle assembly, and the rescue ex-
T

periments with wild-type or mutant TPXL-1 indicate e
that all of the functions of TPXL-1 are contained within m

Ia subset of Aurora A functions (Table 1). Thus, it seems
mthat a key role for Aurora A in spindle assembly is to
5stabilize microtubules nucleated from centrosomes
bthat are bound to kinetochores. Because RNAi is a run-
e

down technique, it is possible that the difference be- w
tween Aurora A phenotypes and TPX2 phenotypes rep- c

dresents a difference in sensitivity of different Aurora A
functions to TPX2 levels. However, we think it is more
likely that other Aurora A activation and targeting sub- S

Sunits exist that are responsible for the various functions
aof Aurora A. In this way, the cell can ensure that Aurora
3A is targeted at the correct time and to the correct
w

place during the cell cycle to perform its various roles. 2
1
wExperimental Procedures

RNA-Mediated Interference P
For production of tpxl-1 dsRNA, the gene was amplified from either F
N2 genomic DNA or the cDNA yk1152d5. RNA synthesis and an- 1
nealing were performed by using standard procedures (Oegema et c
al., 2001). Primer sequences are listed in Table S1. L4 hermaphro- t
dites were injected with dsRNA and incubated for 45–48 hr at 16°C, T
30–36 hr at 20°C, or 24 hr at 24.5°C before being examined. a

2
GFP Strains and RNAi Resistance Transgenes
The following GFP strains used were as previously described: p

iAZ244, GFP::β-tubulin, (Praitis et al., 2001); XA3501, GFP::tubulin;
GFP::Histone, (Askjaer et al., 2002); and TH24, GFP::γ-tubulin, (Han- m

Gnak et al., 2002). TH41 (GFP::AIR-1) was a gift from Carrie Cowan
(MPI-CBG, Dresden, Germany). The strain spd-5(or213ts) (Hamill et u

ral., 2002) was crossed to the strain AZ244 to obtain spd-5 mutant
embryos expressing GFP::β-tubulin. s

cThe strain TH53 expressing TPXL-1::GFP was constructed by
high-pressure particle bombardment (Bio-Rad) of DP38 [unc- i

u119(ed3)] worms with a plasmid (a gift from Andrei Pozniakovski,
MPI-CBG, Dresden, Germany) containing a C-teminal TPXL-1::GFP

pfusion gene under the control of the pie-1 promoter and unc-119(+)
as a selection marker (Praitis et al., 2001). TH53 likely contains an i
ntegrated array of the rescuing plasmid due to 100% rescue of
rogeny for unc-119, and all progeny examined express GFP.
RNAi-resistant wild-type and FD TPXL-1::GFP transgenes were
ade as follows: The first 500 bp of the tpxl-1 sequence were syn-

hesized by Geneart GmbH (Regensburg, Germany). This sequence
ontained silent mutations such that the synthetic gene diverged
rom the original gene at the DNA level (28% divergent), but not at
he protein-coding level. Wherever possible, the codon usage was
dapted to the codon bias of Caenorhabditis elegans genes. A sec-
nd tpxl-1(RNAi)-resistant gene was synthesized containing F15D,
18D mutations. The first 500 bp of the tpxl-1 sequence in the
PXL-1::GFP construct were then excised by using a unique re-
triction site and were replaced with newly synthesized genes. The
ransgenic worms were generated as explained above. To specific-
lly silence the endogenous gene in these transgenic worms,
sRNA was synthesized against 3–393 bp of tpxl-1.

lectron Tomography and 3D modeling
ample preparation for electron tomography was carried out
ssentially as published (O’Toole et al., 2003). Briefly, RNAi worms
ere high-pressure frozen (BAL-TEC HPM 010), freeze substituted

Leica EM AFS), and thin-layer embedded in Epon and Araldite for
erial sectioning. Electron tomography was performed on 300 nm
lastic sections of tpxl-1(RNAi) embryos with a TECNAI F30 inter-
ediate-voltage electron microscope operated at 300 kV. Tomo-
rams were computed and analyzed by using the IMOD software
ackage as published (O’Toole et al., 2003).

ime-Lapse Microscopy and Quantification
PXL-1::GFP-, GFP::β-tubulin-, and GFP::β-tubulin;GFP::histone-
xpressing embryos were imaged with a spinning disk confocal
icroscope controlled by the Metamorph Imaging software.

mages were acquired every 8 or 10 s with an ORCA 100 (Hama-
atsu) camera and 63×, 1.4 NA PlanApochromat objective with

00–1,000 msec exposure time. GFP::γ-tubulin-expressing em-
ryos were imaged with a wide-field microscope (Zeiss Axioplan II)
quipped as described above. Images were acquired every 10 s
ith 550 msec exposure time and 2× binning. Quantification of
entrosomal β-tubulin and γ-tubulin was performed as previously
escribed (Pelletier et al., 2004).

pindle Severing
pindle severing was performed as described previously (Grill et
l., 2001) with a pulsed, third-harmonic, solid-state UV laser (λ =
54 nm, 4 ns, 12 �J/Pulse, PowerChip, JDS Uniphase). DIC images
ere acquired every 0.5 s with an inverted microscope (Axiovert
00M, Zeiss) with a water-immersion lens (C-Apochromat 63×, NA
.2, Zeiss) (Grill et al., 2003). Spindle pole tracking and analysis
ere performed as described (Grill et al., 2001).

rotein and Antibody Production
or generating antibodies against TPXL-1, the GST::TPXL-1 (aa
–210) was affinity purified after expression of the appropriate
DNA fragment cloned into pGEX6P-1 (Amersham). Antibodies to
he N-terminal TPXL-1 (aa 1–210), the C-terminal 17 amino acids of
PXL-1, and the C-terminal 12 amino acids of AIR-1 were raised,
ffinity purified, and directly labeled as described (Oegema et al.,
001).
For GST pull-down assays, GST::TPXL-1 (aa 1–63) was affinity

urified after expression of the specified cDNA fragment cloned
nto pGEX-M8 (a gift from Mike Tipsword; MPI-CBG, Dresden, Ger-

any). F15D, F18D GST::TPXL-1 (aa 1–63), and V23D,Y26D
ST::TPXL-1 (aa 1–63) site-directed mutants were generated by
sing the QuikChange protocol (Stratagene). For double mutants,
esidues were substituted in two steps, and the resulting con-
tructs were confirmed by DNA sequencing (DNA Sequencing Fa-
ility, MPI-CBG, Dresden, Germany). GST fusions were expressed

n BL21 or BL21 CodonPlus RP E. Coli (Stratagene) and purified
nder native conditions with glutathione agarose beads (Sigma).
Full-length AIR-1 was amplified from first-strand cDNA. The am-

lified product was subcloned into pGEM-T (Promega) and cloned
nto pHAT to generate His-tagged AIR-1. His-tagged AIR-1 was ex-
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pressed in BL21 E. Coli (Stratagene) and purified by using TALON
resin (Clontech).

Western Blotting for RNAi and Fixed Imaging
For Western blotting, 20–35 tpxl-1(RNAi)-injected worms and an
equal number of control worms were washed three times with M9.
To 10 �l of total volume, an equal volume of 2× sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer was added, and tubes were sonicated for 5 min at 80°C in a
waterbath sonicator. The entire volume of lysate was loaded onto
an SDS-PAGE gel and analyzed by Western blotting by using 1 �g/
ml anti-TPXL-1 and ECL (Amersham) detection of HRP-conjugated
anti-rabbit secondary antibody (Bio-Rad Laboratories). For loading
control, immunoblots were reprobed with anti-α-tubulin antibody
(DM1α, Sigma) and detected with either alkaline-phosphatase-con-
jugated (Jackson ImmunoResearch Laboratories) or HRP-conju-
gated anti-mouse secondary antibodies.

Immunofluoresence experiments were performed as described
previously (Oegema et al., 2001). Antibodies were used at 1 �g/ml.
Images through entire embryos were acquired with a wide-field
Delta Vision microscope (Applied Precision), and the images were
deconvolved with SoftWorx (Applied Precision).

GST Pulldown Assays
2 �g of wild-type and mutant GST::TPXL-1 proteins were bound to
40 �l of glutathione beads. Worm extract was prepared by sonicat-
ing 1 g frozen worm pellets in lysis buffer (1 mM EGTA, 1 mM
MgCl2, 50 mM HEPES [pH 7.4], 100 mM KCl, 10% glycerol, 0.05%
NP-40, and 1 mM DTT) containing protease inhibitors. Worm ex-
tract was incubated with the resin for 1 hr at 4°C, washed four
times with lysis buffer, and bound proteins were eluted either by
adding reduced glutathione (Sigma) or 40 �l of 2× SDS-PAGE sam-
ple buffer. 10 �l from each sample was loaded on an SDS-PAGE
gel and analyzed by Western blotting by using 1 �g/ml anti-AIR-1
antibodies, HRP-conjugated anti-rabbit secondary antibody, and
ECL detection. For comparison of incubated protein levels, immu-
noblots were also subsequently probed with anti-GST antibody.

In Vitro Kinase Assays
GST::TPXL-1 (1–63) fusions were incubated with Prescission prote-
ase (Amersham) for 10 hr at 4°C. Cleaved 4 �M wt and mutant
TPXL-1 (1–63) proteins were incubated with HIS-tagged AIR-1 and
0.2 mg/ml Histone H3 (Roche) in kinase buffer (25 mM Hepes
[pH7.4], 100 mM KCl, 5 mM MgCl2, 0.5 mM EGTA, 1 mM DTT,
0.05% Tween-20, and 0.05 mM ATP) including γ[32P]-ATP for 15 min
at 25°C (Bayliss et al., 2003). Samples were analyzed by SDS-PAGE
and autoradiography. Quantification of Histone H3 phosphorylation
was performed with a Fujifilm BAS-1800II phosphorimager.

Supplemental Data
Supplemental Data including four figures and 21 movies are avail-
able online with this article at http://www.developmentalcell.com/
cgi/content/full/9/2/237/DC1/.
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