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The production of RanGTP around chromosomes is crucial for spindle microtubule assembly in mitosis. Previous work
has shown that hepatoma up-regulated protein (HURP) is a Ran target, required for microtubule stabilization and spindle
organization. Here we report a detailed analysis of HURP function in Xenopus laevis mitotic egg extracts. HURP depletion
severely impairs bipolar spindle assembly around chromosomes: the few spindles that do form show a significant
decrease in microtubule density at the spindle midzone. HURP depletion does not interfere with microtubule growth
from purified centrosomes, but completely abolishes microtubule assembly induced by chromatin beads or RanGTP.
Simultaneous depletion of the microtubule destabilizer MCAK with HURP does not rescue the phenotype, demonstrating
that the effect of HURP is not to antagonize the destabilization activity of MCAK. Although the phenotype of HURP
depletion closely resembles that reported for TPX2 depletion, we find no evidence that TPX2 and HURP physically
interact or that they influence each other in their effects on spindle microtubules. Our data indicate that HURP and TPX2
have nonredundant functions essential for chromatin-induced microtubule assembly.

INTRODUCTION

The mitotic spindle segregates chromosomes during mitosis.
It consists of dynamic microtubules (MTs) whose behavior is
regulated by microtubule-associated proteins (MAPs) and
motors. In most somatic animal cells, the assembly of a
functional mitotic spindle results from the combination of
two independent MT assembly processes: a centrosomal and
a chromosomal pathway (reviewed in Walczak and Heald,
2008). The chromosomal pathway is crucial in cells lacking
centrosomes, like plant cells and some female meiotic cells.
The role of chromatin is exerted through the activation of the
GTPase Ran (RanGTP) and its targets. RCC1, the exchange
factor for Ran, is associated with chromosomes (Ohtsubo et
al., 1989). This implies that RanGTP has a higher concentra-
tion near chromosomes, even after mitotic nuclear envelope
disassembly (Kalab et al., 2002; Caudron et al., 2005; Kalab et
al., 2006). MAPs subjected to Ran regulation are proposed to
become locally activated, mostly by release from importin �
and/or � (Gruss and Vernos, 2004) in the vicinity of chro-
mosomes, i.e., where the spindle forms. In Xenopus egg
extracts RanGTP has been shown to stimulate assembly of
MTs and their self-organization into first aster-like struc-
tures then bipolar arrays, even in the absence of centrosomes
and chromosomes (Carazo-Salas et al., 1999; Kalab et al.,

1999; Ohba et al., 1999; Wilde and Zheng, 1999). Conversely,
in the absence of RanGTP, mitotic spindles do not form in
response to chromatin (Carazo-Salas et al., 1999).

One of the best characterized MAPs regulated by RanGTP
is TPX2. This protein is required for chromatin-dependent
MT assembly (Gruss et al., 2001, 2002; Schatz et al., 2003;
Brunet et al., 2004) and is also involved later in spindle pole
organization by targeting the motor Xklp2 to MTs (Witt-
mann et al., 2000). Hepatoma up-regulated protein (HURP),
first identified as a cell cycle–regulated protein (Tsou et al.,
2003), was recently reported to be a Ran target required for
spindle formation based on studies of its expression profile
(Wong and Fang, 2006), its identification as a spindle com-
ponent (Sillje et al., 2006), and its presence in a complex
required for the bipolarization of Ran spindles (Koffa et al.,
2006). These analyses showed that HURP is critical for ki-
netochore fiber stabilization in human cells and thus for
accurate chromosome alignment and segregation. The activ-
ity of HURP in spindle bipolarization in the Xenopus system
depends on its assembly into a multicomponent complex,
whose formation requires Aurora A kinase activity as well
as MT binding (Koffa et al., 2006). HURP’s binding to MTs
was recently shown to require direct phosphorylation of the
protein by Aurora A, an event that releases an inhibitory
intra-HURP interaction (Wong et al., 2008). Analysis of
HURP in total HeLa cell extracts (Wong et al., 2008) or in
complete Xenopus egg extracts in the absence of MTs (see
below) indicates that HURP also exists in a free state outside
of the Aurora A–dependent complex.

Here, we characterize the free Xenopus HURP and report
a novel HURP function. We show that HURP, indepen-
dently of TPX2, is essential for chromatin- and RanGTP-
dependent MT assembly. In contrast, it plays no role in
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centrosome-dependent MT nucleation and dynamics.
Thus, HURP is a MAP required at several stages of Xeno-
pus spindle assembly: first in early MT assembly mediated
by RanGTP, then in MT stabilization, and finally, within
the HURP-complex, in the organization of MTs into bipo-
lar arrays.

MATERIALS AND METHODS

Expression and Purification of Recombinant Proteins
Full-length Xenopus laevis HURP (xlHURP) cDNA was assembled from two
overlapping ESTs obtained from RZPD (Clone ID: IRAKp961L18169Q2 and
IMAGp998O1015902Q1), cloned in a pET28 expression vector with an N-
terminal 6-histidine tag. Expression in Escherichia coli (Rosetta strain, Nova-
gen, Darmstadt, Germany): bacteria was induced with 0.2 mM IPTG and for
3 h at RT. Purification was performed under native conditions using nickel-
NTA agarose beads (Qiagen, Hilden, Germany), according to standard pro-
tocols. xlHURP was eluted with 400 mM imidazole, dialyzed against 20 mM
Tris-HCl (pH 7.5), 300 mM NaCl, and 8.7% glycerol.

Full-length xlHURP cDNA was also cloned into pFastBAC HTa (Invitrogen,
Karlsruhe, Germany), expressed in Sf9 cells, purified according to standard
protocols and used for polyclonal antibody production in rabbits.

RanQ69L and GFP-TPX2 expression and purification was described previ-
ously (Bischoff et al., 1994; Wittmann et al., 2000).

Antibodies
The C-terminal fragment of Xenopus tropicalis HURP (Koffa et al., 2006) and
full-length xlHURP were used for rabbit polyclonal antibody production and
purified against recombinant proteins according to standard protocols.

Rabbit polyclonal antibodies against TPX2, MCAK, and EB1 have been
described (Niethammer et al., 2007; Yokoyama et al., 2008).

Xenopus Mitotic Extract Preparation, Immunodepletion,
and Immunoprecipitation Assays
X. laevis cytostatic factor (CSF) metaphase-arrested extracts were prepared as
described (Desai et al., 1999). To visualize MTs Cy3-labeled tubulin was added
(0.2 mg/ml): tubulin was purified from pig brain (Castoldi and Popov, 2003)
and labeled (Hyman et al., 1991).

For HURP depletion protein A–coated magnetic beads (Dynal, Hamburg,
Germany) were used in a 1:1 ratio of beads to extracts. Beads were incubated
with 0.3 �g of affinity-purified anti-HURP-C antibody per microliter of beads
in PBS, 0.1% Triton X-100 for 1 h at 4°C with rotation. Antibody-coated beads
were washed in cytostatic factor extract buffer (CSF-XB), and extracts were
applied and incubated on ice for 30 min for three rounds of depletion. TPX2
and MCAK depletion were as described (Wittmann et al., 2000; Hannak and
Heald, 2006). IgG from rabbit serum (Sigma, Munich, Germany) were used for
control mock depletion.

For immunoprecipitation either total mitotic extracts or nuclear local-
ization signal (NLS) proteins were incubated with antibody-coated beads
for 1–2 h at 4°C, and beads were washed in CSF-XB and eluted with
SDS-sample buffer.

Sperm spindles and spindles assembled around DNA beads were prepared
as described (Hannak and Heald, 2006). Centrosomes were prepared as
described (Bornens et al., 1987), and asters were grown from centrosomes
as in Peset et al. (2005). Images were acquired using a Leica SP2 FCS
confocal microscope or a Leica DMI4000 B inverted microscope (Heidelberg,
Germany), with 63�/1.4 NA oil objective lens and laser lines at 405, 488, and
546 nm to excite, respectively, Hoechst 33342, GFP or Alexa 488, and Cy3. The
average length of MTs nucleated from centrosomes was quantified using a
macro written in MATLAB (MathWorks, Munich, Germany).

NLS Protein Preparation, Fractionation, and
Immunoprecipitation
NLS proteins were prepared as described (Yokoyama et al., 2008). NLS
proteins were fractionated using a 1-ml Mono S column. The bound proteins
were eluted with 30 bed volumes of a 100–500 mM KCl gradient. Fractions
containing HURP and TPX2 were pooled, adjusted to 100 mM KCl, and
applied to a 100 �l Mono Q column. The bound proteins were eluted with 30
bed volumes of a 100–500 mM KCl gradient. NLS proteins were fractionated
by gel filtration, using a Superose 6 column, in 100 mM KCl.

RESULTS

HURP Is Required for Spindle Assembly
To elucidate the function of free HURP in X. laevis mitotic
egg extracts we first performed immunodepletion and add-
back experiments. Control depleted (mock), HURP depleted

(�HURP), and HURP-depleted extracts complemented with
recombinant xlHURP (�HURP�xlHURP) were prepared.
HURP depletion did not affect any other MAP tested. In
particular, levels of XMAP215, Eg5, TPX2, and Aurora A,
previously described as members of the same MT-depen-
dent HURP complex (Koffa et al., 2006), were unperturbed
(Figure 1A and Supplemental Figure S1). The HURP com-
plex specifically forms upon binding of its members to MTs,
and therefore interactions between HURP, XMAP215, Eg5,
TPX2, and Aurora A occur within the MAP fraction but not
in total Xenopus egg extracts (Supplemental Figure S3, A and
B; Koffa et al., 2006).

In Xenopus egg extracts HURP is present in two forms of
roughly 120 and �250 kDa in size (Figure 1A and Supple-
mental Figure S2), the latter having a higher affinity for MTs,
presumably being the result of a very stable modification
(Koffa et al., 2006). Western blotting, performed using vari-
ous commercial reagents that detect protein phosphoryla-
tion, glycosylation, SUMOylation, and ubiquitination did
not provide insight into the nature of the modification. Ad-
ditionally, sequencing of the high-molecular-weight form of
HURP by mass spectrometry identified exclusively unmod-
ified HURP peptides (our unpublished data). Bacterially
expressed xlHURP was used to estimate the endogenous
HURP concentration. The concentration of the 120-kDa
HURP form is ca. 370 nM (Supplemental Figure S2), and the
total concentration of HURP (the 120- and �250-kDa forms)
is ca. 750 nM (Supplemental Figure S2). In complementation
assays, xlHURP is added to a final concentration of roughly
one or two times the total (i.e., modified and unmodified)
endogenous HURP (Supplemental Figure S2).

We first examined the effect of immunodepletion and
addback on sperm spindle assembly. �HURP extracts had a
dramatically reduced capacity to organize MTs into bipolar
structures. More than 80% of the structures formed were
monopolar, often without any clear organization (Figure 1B,
�HURP, left panel, and C). Only a small percentage of the
structures (�20%, Figure 1C) were bipolar, but even these
bipolar structures were aberrant and had a very low MT
content (Figure 1B, �HURP, right panel). Interestingly, spin-
dles formed in �HURP extracts contained few MTs in the
midzone, but astral MTs were more abundant than in mock-
depleted extracts (Figure 1B, �HURP, right panel).

The defects observed in �HURP extracts were specifically
dependent on HURP, because recombinant xlHURP was
able to complement many of the effects of HURP depletion:
both MT density and MT organization were considerably
restored and more than 70% of the structures formed were
bipolar (Figure 1, B and C).

HURP Is Not Required for MT Growth from Centrosomes
and Is Not a Plus-End MT Stabilizer
In HeLa cells, as well as in Xenopus extracts and in pure
tubulin, HURP has been reported to behave as a MT stabi-
lizer (Koffa et al., 2006; Sillje et al., 2006; Wong and Fang,
2006; Santarella et al., 2007). We therefore examined whether
HURP might function in our assays by stabilizing MT plus
ends. We analyzed centrosomal aster formation in mock,
�HURP, and �HURP�xlHURP extracts. Samples were fixed
and measured after 20 min of extract incubation with puri-
fied centrosomes, when aster length had reached a steady
state. We observed no effects of HURP depletion on aster MT
length (Figure 2A). To exclude any potential contribution of
TPX2 to MT assembly, the experiment was repeated in the
presence of �TPX2 antibodies, with similar results (Figure
2B). We further examined whether HURP is required for
RanGTP-dependent stabilization of MTs nucleated from

HURP Functions in Microtubule Assembly

Vol. 19, November 2008 4901



centrosomes (Carazo-Salas et al., 2001). In mock, �HURP,
and �HURP�xlHURP extracts, aster MTs were twice as

long in the presence of RanQ69L (RanGTP) as in the control
extracts (Figure 2C; Carazo-Salas et al., 2001).

mock ∆HURP ∆HURP+xlHURP

Monopolar aster-like

Bipolar spindle-like

tubulin

DNA

overlay

others

spindles

(∆HURP)

(∆HURP)

mock

serutcurts fo reb
mun

100

80

60

40

20

0

serutcurts fo reb
mun

100

80

60

40

20

0

B
TPX2

HURP

HURP

Input dilutions

100% 50% 25% 12.5%

xlHURP
m

ock
∆HURP

∆HURP+xlHURP

250 KDa

150 KDa

100 KDa

100 KDa

75 KDa

A

∆HURP+xlHURP∆HURP

(∆HURP+xlHURP)

C

Figure 1. HURP is required for mitotic spindle assembly. (A) Western blot of HURP and TPX2 comparing dilutions of untreated Xenopus
mitotic egg extracts with mock-depleted, HURP-depleted (�HURP), and HURP-depleted extracts supplemented with recombinant xlHURP
(�HURP�xlHURP). (B) Sperm spindle assembly: cycled spindles were assembled in mock, �HURP, and �HURP�xlHURP extracts in the
presence of sperm nuclei and Cy3-labeled tubulin (red) and fixed at 45–60 min. DNA was stained with Hoechst 33342 (blue). Scale bar, 15
�m. (C) Quantitation of the structures formed in mock, �HURP, and �HURP�xlHURP extracts. One hundred structures from three
independent experiments were counted. Error bars, SD.
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Together, these results show that HURP is not required
for MT nucleation from centrosomes, nor does HURP act as

a plus-end MT stabilizer either in the presence or absence of
RanQ69L.
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Figure 2. HURP is not required for MT growth from centrosomes. (A) Asters nucleated from centrosomes. Mock, �HURP, and
�HURP�xlHURP extracts were incubated with centrosomes and Cy3-labeled tubulin and fixed at 20 min (left panel). MT length was
calculated for 40 asters in three independent experiments (right panel). Error bars, SD. Scale bar, 10 �m. (B) Asters nucleated from
centrosomes in the absence of active TPX2. Mock, �HURP, and �HURP�xlHURP extracts were incubated with centrosomes, Cy3-labeled
tubulin, and �TPX2 antibodies and fixed at 20 min (left panel). MT length was calculated for 40 asters in three independent experiments (right
panel). Error bars, SD. Scale bar, 10 �m. (C) RanQ69L effect on MT stability. Mock, �HURP, and �HURP�xlHURP extracts were incubated
with centrosomes, Cy3-labeled tubulin, �TPX2 antibodies, and 10 �M RanQ69L and fixed at 20 min (left panel). MT length was calculated
for 40 asters in three independent experiments (right panel). Error bars, SD. Scale bar, 10 �m.
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Figure 3. HURP is required for chromatin-dependent microtubule nucleation. (A) Spindle assembly around DNA beads. Mock, �HURP,
and �HURP�xlHURP extracts were incubated with DNA beads and Cy3-labeled tubulin (red) and fixed at 45–60 min. DNA was stained with
Hoechst 33342 (blue). Scale bar, 15 �m. (B) Quantitation of structures around 100 DNA bead clusters in three independent experiments. Error
bars, SD. (C) Ran-aster and Ran-spindle assembly. Mock, �HURP, and �HURP�xlHURP extracts were incubated with RanQ69L and
Cy3-labeled tubulin and fixed at the indicated time points. Scale bar, 15 �m.
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HURP Is Required for RanGTP and Chromatin-dependent
Microtubule Assembly
We next tested whether HURP was required for chromatin-
dependent MT nucleation, using chromatin beads to pro-
mote spindle assembly in egg extracts. In mock-treated ex-
tracts, bipolar spindles efficiently formed around chromatin
beads, whereas almost no bipolar structures formed in
�HURP extracts (Figure 3A). Instead, MTs were either ab-
sent around the bead clusters (Figure 3A, �HURP, left
panel) or, if they assembled, they did not form bipolar
spindles (Figure 3A, �HURP, right panel). This indicated
that without HURP, chromatin-dependent MT assembly is
severely impaired. Addition of xlHURP to �HURP extracts
rescued both MT formation and bipolar spindle organiza-
tion (Figure 3A, �HURP�xlHURP). We further quantified
these observations as follows: the structures observed
around DNA beads were classified as “aberrant struc-
tures/no assembly” if MTs assembled without bipolar orga-
nization (as in Figure 3A, �HURP, left panel) or if MT were
completely absent (as in Figure 3A, �HURP, right panel)
and as “bipolar structures” (as in Figure 3A, mock and
�HURP�xlHURP, left panel). We found that in the depleted
extract, 90% of the observed structures were aberrant, most
of them lacking MTs.

To obtain stronger evidence that HURP is indeed essential
for chromatin-dependent MT assembly, we tested how
�HURP extracts responded to excess RanQ69L. In this case,
instead of having chromatin as a focused source of RanGTP,
an equally distributed high concentration of RanGTP was
present throughout the extract. Both Ran-aster and Ran-
spindle formation were analyzed: shorter incubation with
lower concentration of RanQ69L allowed generation of Ran-
asters (Figure 3C, left panel); longer incubation with higher
RanQ69L concentration was necessary for Ran-spindle for-
mation (Figure 3C, right panel).

�HURP extracts did not nucleate MTs either at early or at
later time points with either low or high RanQ69L (Figure
3C). In contrast, �HURP extracts containing xlHURP be-
haved like the mock extracts: they nucleated MTs, which
became organized first into aster structures (Figure 3C, left
panel, �HURP�xlHURP) and then into bipolar spindle-like
structures (Figure 3C, right panel, �HURP�xlHURP). After
longer incubation times in the presence of both RanQ69L
and xlHURP overgrowth of MTs, which tended to form
bundles, was observed (as in Figure 3C, right panel,
�HURP�xlHURP, bottom).

These observations suggested that HURP was either re-
quired for MT assembly or for the stabilization of very
short-lived MTs against the effect of MT destabilization. To
distinguish between these two possibilities, we examined
the effect of HURP depletion in extracts from which the
predominant MT destabilizer MCAK (Walczak et al., 1996)
had been removed. Ran-structure assembly was repeated
after codepleting MCAK and HURP (Figure 4A) and as-
sayed in the presence and absence of TPX2 activity. MCAK
depletion (�MCAK) led to overgrowth of MTs (Figure 4B,
�MCAK�RanQ69L panel), confirming that without MCAK
MTs are strongly stabilized (Walczak et al., 1996). As ex-
pected, �TPX2 antibodies added to �MCAK extracts pre-
vented nucleation (Figure 4B, �MCAK�RanQ69L��TPX2).
The double HURP- and MCAK-depleted extracts
(�MCAK�HURP) were completely inactive in MT forma-
tion, either in the presence or absence of �TPX2 antibodies
(Figure 4B, �MCAK�HURP panels). Addition of xlHURP
restored MT assembly to both singly depleted �HURP
(Figure 4B, �HURP�xlHURP�RanQ69L panel) and dou-

bly depleted �MCAK�HURP extracts (Figure 4B,
�MCAK�HURP�xlHURP�RanQ69L panel). As ex-
pected, asters nucleated in the latter condition had longer
MTs, due to the absence of MCAK. In the presence of
�TPX2 antibodies, the addition of xlHURP to singly and
doubly depleted extracts was not sufficient to rescue MT
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untreated Xenopus mitotic egg extracts and mock-depleted, HURP-
depleted (�HURP), MCAK-depleted (�MCAK) and double de-
pleted (�MCAL�HURP) extracts. (B) Ran-induced nucleation assay.
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Cy3-labeled tubulin, 10 �M RanQ69L, and, where indicated, �TPX2
antibodies and xlHURP and fixed at 10 min. Scale bar, 15 �m.
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assembly (Figure 4B, �HURP�xlHURP�RanQ69L��TPX2
and �MCAK�HURP�xlHURP�RanQ69L��TPX2 panels),
suggesting that both HURP and TPX2 activities are required to
promote MT assembly in response to RanGTP (see below).
Taken together, these experiments indicate that HURP is re-
quired for the very early steps of RanGTP and chromatin-
dependent MT assembly.

HURP and TPX2 Have Independent Functions
TPX2 has been shown to have a functional profile similar to
that now described for HURP (Wittmann et al., 2000; Gruss
et al., 2001). Our next aim was therefore to determine the
relationship between the two MAPs. Although HURP and
TPX2 are known to interact with each other when bound to
MTs (Supplemental Figure S3A; Koffa et al., 2006), immuno-
precipitation experiments performed in total Xenopus mi-
totic egg extracts provided no evidence that HURP and
TPX2 interact detectably in the absence of MTs, either in the
absence or in the presence of RanQ69L (Supplemental Fig-
ure S3B). We further examined possible interactions in a
specific fraction of extracts, the NLS protein fraction, in
which both are enriched (Yokoyama et al., 2008). NLS pro-
teins were subjected to fractionation by ion exchange chro-
matography. After Mono S separation, Western blot analysis
revealed a partial cofractionation of HURP and TPX2 (Sup-
plemental Figure S4A). Fractions containing both HURP and
TPX2 were further separated on Mono Q. Western blot
analysis again revealed partial cofractionation (Supplemen-
tal Figure S4A). However, when the fractions eluted from
Mono Q containing both HURP and TPX2, or total NLS
proteins, were separated by gel filtration, no significant co-
fractionation was observed (unpublished data and Supple-
mental Figure S4B). Moreover, in agreement with the immu-
noprecipitations performed in total extracts (Supplemental
Figure S3B), further immunoprecipitation experiments us-
ing the NLS fraction showed no evidence of coprecipitation
of HURP and TPX2 (Supplemental Figure S3C).

Additional evidence that HURP and TPX2 work indepen-
dently came from spindle immunolocalization experiments.
In mock depleted extracts HURP and TPX2 concentrate at
different sites of the mitotic spindle: TPX2 is enriched at
spindle poles (Wittmann et al., 2000; Gruss et al., 2002),
whereas most HURP is found on MTs in the spindle mid-
zone (Koffa et al., 2006; Sillje et al., 2006; Wong and Fang,
2006; Tedeschi et al., 2007; Wong et al., 2008). Both HURP and
TPX2 depletion impair sperm (i.e., chromatin plus centro-
some-induced) spindle formation. However, a few bipolar
structures still form (Wittmann et al., 2000; Gruss et al., 2001).
We examined whether HURP or TPX2 localization was af-
fected by depletion of the other protein. We observed that
TPX2 still localizes to spindle poles after HURP depletion
(Figure 5A) and that HURP localization to the midzone is
maintained upon TPX2 depletion (Figure 5B). These results
indicate that HURP and TPX2 localize on the mitotic spindle
independently of each other.

Finally, we examined whether HURP and TPX2 are re-
dundant with one another. To test this, excess recombinant
xlHURP was added to �TPX2 extracts and excess recombi-
nant GFP-TPX2 was added to �HURP extracts. MT nucle-
ation was induced by RanQ69L addition. Although xlHURP
addition complemented �HURP extracts and GFP-TPX2
complemented �TPX2 extracts, no cross-complementation
was seen (Figure 5C). In conclusion, our results reveal a
novel function for HURP. Both HURP and TPX2 are inde-
pendently essential for RanGTP and chromatin-dependent
MT assembly in Xenopus extracts.

DISCUSSION

HURP was recently identified as a Ran-target, both in hu-
man cells (Sillje et al., 2006) and in Xenopus egg extracts,
where it is the essential component of a complex required
for the bipolarization of Ran spindles. The HURP complex
forms upon binding to MTs (Supplemental Figure S3A and
Koffa et al., 2006). However, immunoprecipitations per-
formed either in HeLa cell extracts (Wong et al., 2008) or in
complete Xenopus egg extracts in the absence of prepolymer-
ized MTs suggest that HURP also exists in a free state.
Consistent with this, in complete extracts, none of the com-
ponents of the HURP complex are detected by Western
blotting in HURP immunoprecipitations (Supplemental Fig-
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Figure 5. HURP and TPX2 have independent function and distinct
localization. (A) Immunolocalization of TPX2. Cycled spindles were
assembled in mock or �HURP extracts in the presence of sperm
nuclei and Cy3-labeled tubulin (red) and fixed at 45–60 min. TPX2
was detected using �TPX2 antibodies (green), and DNA was stained
with Hoechst 33342 (blue). Scale bar, 15 �m. (B) Immunolocalization
of HURP. Cycled spindles were assembled in mock or �TPX2
extracts in the presence of sperm nuclei and Cy3-labeled tubulin
(red) and fixed at 45–60 min. HURP was detected using �HURP
antibodies (green) and DNA was stained with Hoechst 33342 (blue).
Scale bar, 15 �m. (C) Ran-induced nucleation assay. Mock, �HURP,
and �TPX2 extracts were incubated with 10 �M RanQ69L, Cy3-
labeled tubulin (red) and buffer (�), 1 �M xlHURP, or 0.5 �M
GFP-TPX2 (green) and fixed at 10 min. Scale bar, 15 �m.
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ure S3B and our unpublished data). Sequencing of coimmu-
noprecipitated proteins by mass spectrometry also failed to
identify any members of the HURP complex, whereas im-
portin �, another known HURP interactor (Sillje et al., 2006),
was found (our unpublished data). Moreover, although the
MAP fraction where HURP is quantitatively present in the
complex is active in promoting bipolarization of Ran-in-
duced asters (Koffa et al., 2006), recombinant HURP is unable
to do so (our unpublished data). We therefore sought to
analyze whether free HURP also has a function by perform-
ing immunodepletion and restoration in Xenopus egg ex-
tracts, an approach that revealed a novel HURP function
during early meiotic spindle assembly.

We first addressed the role of HURP in spindle formation
in the presence of both inducers of MT assembly, centro-
somes, and chromatin. HURP depletion severely impaired
bipolar spindle formation (Figure 1, B and C). The specificity
of these observations is proven by restoration of bipolarity
on addition of xlHURP (Figure 1, B and C). Interestingly, in
the few bipolar structures that could still form upon HURP
depletion, we observed a significant decrease in kinetochore
and interpolar MT overlaps in the spindle midzone, whereas
astral MTs did not seem to be affected (Figure 1B, �HURP,
right panel).

To elucidate the molecular mechanism of these HURP
effects, we examined the role of HURP in either centrosome-
or chromatin-dependent MT assembly. We tested whether
and how HURP influences MT growth from centrosomes, in
the light of HURP’s reported function as an MT stabilizer
(Koffa et al., 2006; Sillje et al., 2006; Wong and Fang, 2006;
Santarella et al., 2007). In particular, we tested whether
HURP behaves as a plus-end MT stabilizer. HURP depletion
did not affect centrosomal aster length (Figure 2), even in the
absence of active TPX2 or the presence of excess RanGTP.
These results indicate that HURP does not contribute to
centrosome-dependent MT growth or plus-end stabilization,
in contrast to XMAP215 or Cdk11 (Niethammer et al., 2007).
However, HURP-depleted extracts were almost completely
unable to generate bipolar spindles around chromatin beads
(Figure 3, A and B). The chromatin-dependent pathway of
spindle assembly operates through the production of
RanGTP. Interestingly, neither Ran-asters nor Ran-spindles
formed in HURP-depleted extracts (Figure 3C). Therefore,
HURP depletion results in a much stronger phenotype than
that seen after HURP antibody inhibition (Koffa et al., 2006).
This argues that previous antibody addition did not com-
pletely inactivate HURP and that sufficient amounts of
HURP remained free and active to allow the formation of
partly organized structures. The fact that HURP has a very
early role in chromatin-mediated MT assembly is supported
by the fact that MCAK depletion does not rescue HURP
depletion (Figure 4B), which clearly shows that HURP ac-
tivity in MT assembly precedes that of MCAK.

Taken together these results indicate that HURP works as
a direct chromatin/RanGTP-target in early MT assembly,
similarly to TPX2 (Wittmann et al., 2000; Gruss et al., 2001).
We have previously shown that the two proteins belong to
the Aurora A kinase-dependent HURP complex that forms
on polymerized MTs (Koffa et al., 2006) and that functions in
the bipolarization of Xenopus mitotic spindles. In the absence
of MT, in total Xenopus extracts, the two MAPs do not
detectably interact with each other (Supplemental Figure
S3). However, both HURP and TPX2 are very abundant
proteins, and it was possible that minor fractions of the two
proteins interact. However, even in fractions that were
highly enriched for HURP and TPX2, we failed to detect any
interaction between the proteins in the absence of MTs.

These biochemical conclusions are in line with localization
studies showing that HURP and TPX2 are enriched on dis-
tinct domains of the mitotic spindle: HURP remains at the
spindle midzone, whereas TPX2 moves toward spindle
poles (Figure 5, A and B, mock panels). Furthermore, this
localization is preserved upon depletion of the other MAP,
suggesting that the two proteins work and localize indepen-
dently of each other (Figure 5, A and B, �HURP and �TPX2
panels). This reflects the fact that, even though both are
required for early steps of meiotic spindle MT assembly,
HURP and TPX2 carry out distinct later functions in associ-
ation with different partners: TPX2 is known to be trans-
ported to the spindle poles by the dynein–dynactin complex
(Wittmann et al., 2000), whereas HURP has been shown to
interact with the plus end motor protein Eg5 (Koffa et al.,
2006) that also localizes to the spindle midzone (Sawin and
Mitchison, 1995; Lockhart and Cross, 1996; Blangy et al.,
1997). At later stages of spindle assembly TPX2 is required,
together with Xklp2 and dynein, for MT focusing and spin-
dle pole organization (Wittmann et al., 2000), whereas HURP
is crucial for spindle bipolarization, metaphase chromosome
alignment, and stabilization of kinetochore fibers (Koffa et
al., 2006; Sillje et al., 2006).

In conclusion, we show here that HURP fulfills an essen-
tial function in the early steps of MT assembly driven by
chromatin/RanGTP similar to, but independent of TPX2.
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