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CLASPs are widely conserved microtubule plus-end–tracking proteins with essential roles in the local regulation of
microtubule dynamics. In yeast, Drosophila, and Xenopus, a single CLASP orthologue is present, which is required for
mitotic spindle assembly by regulating microtubule dynamics at the kinetochore. In mammals, however, only CLASP1
has been directly implicated in cell division, despite the existence of a second paralogue, CLASP2, whose mitotic roles
remain unknown. Here, we show that CLASP2 localization at kinetochores, centrosomes, and spindle throughout mitosis
is remarkably similar to CLASP1, both showing fast microtubule-independent turnover rates. Strikingly, primary
fibroblasts from Clasp2 knockout mice show numerous spindle and chromosome segregation defects that can be partially
rescued by ectopic expression of Clasp1 or Clasp2. Moreover, chromosome segregation rates during anaphase A and B are
slower in Clasp2 knockout cells, which is consistent with a role of CLASP2 in the regulation of kinetochore and spindle
function. Noteworthy, cell viability/proliferation and spindle checkpoint function were not impaired in Clasp2 knockout
cells, but the fidelity of mitosis was strongly compromised, leading to severe chromosomal instability in adult cells.
Together, our data support that the partial redundancy of CLASPs during mitosis acts as a possible mechanism to prevent
aneuploidy in mammals.

INTRODUCTION

Chromosome movement during mitosis is mediated and
monitored by the kinetochore, a structure that forms the
interface between chromosomes and mitotic spindle micro-
tubules (MTs). In addition to its function of binding chro-
mosomes to the spindle and regulating MT dynamics, the
kinetochore is also the focus of a cell cycle checkpoint that
controls mitotic fidelity. There is good evidence that failure
of this checkpoint, known as spindle assembly checkpoint
(SAC), can lead to aneuploidy and the genetic instability char-
acteristic of human tumors (for review, see Weaver and Cleve-
land, 2005). Importantly, several mitotic abnormalities, such as
multiple spindle poles (Sluder et al., 1997), incorrect kineto-

chore–MT attachments (e.g., merotelic; Cimini and Degrassi,
2005), and cytokinesis failure (Fujiwara et al., 2005), cannot
be detected by the SAC and therefore represent higher risk
factors that may directly lead to aneuploidy in mammals.
Moreover, the capacity to delay mitotic progression when
cells cannot satisfy the SAC (i.e., in the presence of mistakes
monitored by the SAC) depends on several factors, which
may lead to different cellular fates, such as adaptation and
abnormal mitotic exit (Rieder and Maiato, 2004; Brito and
Rieder, 2006).

Although many proteins leave the kinetochore upon MT
attachment, other components are only associated with the
kinetochore when MTs are attached (for review, see Maiato
et al., 2004). Thus, it is likely that the remarkable MT dynam-
ics at the kinetochore is due to interactions between the
kinetochore and proteins that associate with kinetochore-
attached MT plus ends. Special interest has arisen on this
topic after the discovery of a widely conserved class of MT
plus-end–tracking proteins (�TIPs), which show preferen-
tial localization to the growing MT plus ends (for review, see
Akhmanova and Hoogenraad, 2005). This class of proteins
includes the Adenomatous Polyposis Coli (APC) tumor sup-
pressor protein, EB1, Lis1, dynein/dynactin, CLIP-170, and
CLASPs. All of these proteins have been associated with
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aspects of kinetochore function, such as MT attachment and
the local regulation of spindle MT dynamics during mitosis,
and research from several laboratories has implicated many
�TIPs in tumorigenesis (Bilbe et al., 1992; Fodde et al., 2001;
Kaplan et al., 2001; Green and Kaplan, 2003; Fu et al., 2005).
The relationship between the role of �TIPs at the spindle–
kinetochore interface and cancer remains an open cell biol-
ogy question with important implications to human health.

Human CLASPs consist of two paralogues that occupy
different loci on chromosomes 2 and 3 and that were origi-
nally identified by sequence similarity with the Drosophila
protein MAST/Orbit (Inoue et al., 2000; Lemos et al., 2000).
Later, these proteins were respectively designated as CLASP1
and CLASP2 due to their association with CLIP-170 and its
closely related isoform CLIP-115 (Akhmanova et al., 2001).

The most significant insights about the function of
CLASPs came from studies in yeast, Caenorhabditis elegans,
Drosophila, and Xenopus, which only have a single CLASP
orthologue that is essential for mitosis and organism viabil-
ity (Pasqualone et al., 1994; Gönczy et al., 2000; Inoue et al.,
2000; Lemos et al., 2000; Hannak and Heald, 2006). Thus, an
important aspect that needs to be addressed to fully under-
stand the mechanistic role of CLASPs in mammals is pre-
cisely why did they evolve to have two CLASP paralogues
and what are their respective cellular roles. Our previous
studies revealed that human CLASP1 is located at the outer
kinetochore where it regulates spindle MT dynamics and is
required for normal chromosome alignment and segregation
(Maiato et al., 2003a). Conversely, neither the function of
mammalian CLASP2 during mitosis nor any putative func-
tional relationship with CLASP1 has ever been investigated.
Therefore, we sought to explore a potential functional link
between the mitotic roles of the two mammalian CLASPs
and the mechanisms of aneuploidy, considered by many to
be in the basis of various human cancers (for review, see
Rajagopalan and Lengauer, 2004).

To gain functional insight into the role of mammalian
CLASPs during mitosis we used primary mouse embryonic
and adult fibroblasts (MEFs and MAFs, respectively) de-
rived from Clasp2 knockout (KO) mice. Our results uncover
a novel mechanistic link between the functional cooperative
roles of CLASPs during mitosis with aneuploidy prevention
in mammals.

MATERIALS AND METHODS

Cell Culture and Immunofluorescence
Human HeLa cells or MEFs and MAFs were grown in DMEM or a mixture 1:1
DMEM � Hams F-10, respectively (Invitrogen, Carlsbad, CA) at 37°C in the
presence of 5% CO2 and supplemented with 10% fetal bovine serum (FBS)
and antibiotics. All the experiments involving primary mouse fibroblasts
were performed before the 10th passage and were isolated as described
previously (Akhmanova et al., 2005). Cells and chromosome spreads were
processed for immunofluorescence also as described previously (Maiato et al.,
2003a). Primary antibodies used were rabbit anti-CLASP2 and anti-CLIP-170,
1:300 (Akhmanova et al., 2001); mouse anti-�-tubulin, clone B512, 1:2000
(Sigma-Aldrich, St. Louis, MO); rabbit anti-�-tubulin, 1:2000 (Sigma-Aldrich),
human anti-centromere antibodies (ACAs), 1:1000; sheep anti-CENP-E, 1:600;
and sheep anti-Mad2, 1:200; anti-Bub1 and anti-BubR1, 1:500 (kind gift from
Stephen Taylor, University of Manchester, Manchester, United Kingdom). All
secondary antibodies were purchased from Invitrogen. To evaluate CLASP2
redistribution after suppression of MT dynamics, taxol was used at 100 nM in
HeLa or 3T3 cells expressing enhanced green fluorescent protein (EGFP)-
CLASP2�. To evaluate kinetochore–MT attachment, we incubated wild-type
(WT) and Clasp2 KO MEFs at 4°C for 10 min before fixation. Quantitative
three-dimensional data sets of representative cells were collected using a
DeltaVision microscope (Applied Precision, Issaquah, WA), based on an IX-70
(Olympus, Tokyo, Japan) inverted microscope with a CH350L cooled charge-
coupled device camera (Photometrics, Tucson, AZ) and subsequently decon-
volved and projected onto a single plane using SoftWorx (Applied Precision).
Alternatively, an Axiovert 200M (Carl Zeiss, Thornwood, NY) driven by

Axiovision software and equipped with a Zeiss Axiocam MRm, or ORCA-ER
(Hamamatsu, Bridgewater, NJ), was used to collect three-dimensional data
sets of representative cells, which were subsequently blind deconvolved with
Autoquant X (Autoquant, Troy, NY). Adobe Photoshop 6.0 (Adobe Systems,
Mountain View, CA) was used to process all images. Quantification of
CLASP2 fluorescence at kinetochores relative to ACAs was performed in
mouse 3T3 fibroblasts stably expressing near endogenous levels of EGFP-
CLASP2� as described previously (Hoffman et al., 2001).

Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)
For RT-PCR total RNA was extracted from human cervical carcinoma (HeLa),
human osteosarcoma (U2OS), human leukemia (HL-60), human breast carci-
noma (MCF-7), colo320 DM, and human colon carcinomas (HCT116) tumor
cell lines according to standard procedures. RT-PCR was performed using
Access RT-PCR system (Promega, Madison, WI) according to the manufac-
turer’s instructions. Specific PCR primers (Oswel) for CLASP1 (forward:
TGCCTTTTCTATGCGCCTCAC; reverse: TGTTAGCAAAGTCCTGGTGGG)
and CLASP2 (forward: GCACAACAGTAAGCATAGAAC; reverse: GATTT-
GTCATAGGCTTTCCCC) were designed and synthesized from the respective
cDNA sequence, and �-actin was used for PCR control (forward: GAGAC-
CTTCAACACCCCA or GTTGCTATCCAGGCTGTG; reverse: AAGGAAG-
GCTGGAAGAGT).

Constructs and Transfections
To determine the specific localization of CLASP2, we used the previously
described EGFP-CLASP2� or mRFP-CLASP2� constructs (Akhmanova et al.,
2001; Mimori-Kiyosue et al., 2005). Transient and stable transfections into
HeLa cells were performed using either FuGENE 6 (Roche Diagnostics,
Mannheim, Germany) or Effectene (QIAGEN, Hilden, Germany), according to
the manufacturer’s instructions.

Generation of Lentiviral Vectors and Cell Transduction
Human EGFP-CLASP1� (Mimori-Kiyosue et al., 2005) and EGFP-CLASP2�
(Akhmanova et al., 2001) were cloned into modified lentiviral vectors (van der
Wegen et al., 2006). Recombinant lentiviruses were produced by transient
transfection of 293T cells according to standard protocols (van der Wegen et
al., 2006), harvested 24 and 48 h later, and concentrated by ultracentrifugation.
Clasp2 KO MEFs were plated on six-well plates and transduced 24 h later
with recombinant lentiviruses. After 16 h of incubation, the cells were
washed, and 24 h later, they were split and plated on coverslips on 12-well
plates. Twenty-four hours later, transduced MEFs were fixed and stained by
standard immunofluorescence techniques. EGFP-CLASP1�– and EGFP-
CLASP2�–positive cells were scored for mitotic defects.

Immuno-Electron Microscopy (EM)
HeLa cells expressing EGFP-CLASP1 were grown on poly-l-lysine–coated
glass coverslips and mitotic cells were located with the fluorescence micro-
scope, marked with a diamond scribe, and processed for immuno-EM as
described previously (Cooke et al., 1997). The anti-green fluorescent protein
(GFP) antibody ab290 (Abcam, Cambridge, UK) and 0.8-nm gold-conjugated
secondary goat anti-rabbit antibodies (AURION, Utrecht, The Netherlands)
were used as recommended by the manufacturers. After embedding, cells
were postprocessed for electron microscopy as described previously (Rieder
and Cassels, 1999).

Fluorescence Recovery after Photobleaching (FRAP)
For FRAP experiments, stably transfected HeLa cells constitutively expressing
GFP-CLASP1� and inducible 3T3 fibroblasts stably expressing GFP-CLASP2�
under the control of a BD Tet-On Gene Expression System (Clontech, Moun-
tain View, CA) were used. Expression levels of each fusion protein were
assessed by Western blot, and the intensity of the bands was calculated upon
integration of the signal in a rectangular region containing the band and
subtracting the background as estimated in its neighborhood (Supplemental
Figure S3; Drabek, van Ham, Stepanova, Draegestein, van Horssen, Keijzer,
van der Reijden, Akhmanova, Sayas, ten Hagen, Houtsmuller, van Cappellen,
Smits, Fodde, Grosveld, and Galjart, unpublished data). FRAP experiments
were conducted with a TCS SP2 Leica confocal microscope. The 488-nm line
of an argon-ion laser was used to bleach the defined regions of interest, and
consecutive frames were collected at �2-s intervals. The power detected by
the photodetector, P(t), was normalized to the mean prebleach photon-count
value (5-point average). P(t) was fit to a single-exponential curve, P(t) � A �
B.exp(�t/tc), where the constants A and B account for the incomplete bleach-
ing and incomplete recovery, respectively, and tc is the characteristic time
decay of the exponential. The recovery half-time was calculated by t1/2 �
ln(2)tc. In experiments involving MT depolymerization, 10 �M nocodazole
was used respectively for 14 or 3 h in HeLa cells or 3T3 fibroblasts.
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Figure 1. Simultaneous expression and colocalization of CLASP1 and CLASP2 throughout mitosis in proliferating cells. (A) HeLa cells
stably expressing EGFP-CLASP1 (green, right column) were transiently transfected with mRFP-CLASP2 (red) and stained for �-tubulin
(green, left column) and DNA (blue) counterstained with 4,6-diamidino-2-phenylindole (DAPI). Corresponding merged images of cells
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Time-Lapse Differential Interference Contrast Microscopy
and Kymograph Analyses
Mouse embryonic fibroblasts were grown on poly-l-lysine–coated coverslips
and mounted in rose chambers with L-15 medium (Invitrogen) supplemented
with 10% FBS. An inverted TCS SP2 confocal microscope (Leica, Wetzlar,
Germany) fully equipped for environmental temperature control was used at
37°C in DIC mode. A 60� plan apochromat oil objective with 1.4 numerical
aperture and a dry condenser were used to collect time-lapse sequences with
an interval of 30 s. Image sequences were compiled with ImageJ 1.30 (Na-
tional Institutes of Health, Bethesda, MD) and movies compressed as Quick
Time files. Selected regions from consecutive time-lapse sequences obtained
from WT and KO fibroblasts were displayed as kymographs by using in-
house–developed software. Chromatid masses were manually tracked
throughout segregation for the calculation of anaphase velocity. Linear fits

were applied to the data between 0 and 2 min (anaphase A) to evaluate
chromosome velocity.

Karyotype Determination
To quantify the number of chromosomes present in chromosome spreads
derived from WT and KO MAFs, ACA staining was used to allow direct
counting of kinetochore pairs through z-sections obtained and processed as
described previously. A minimum of 50 cells from each genotype was used.

RESULTS

CLASP2 Colocalizes with CLASP1 at Multiple Structures
of the Mitotic Apparatus
The existence of a single CLASP orthologue in yeast and flies
is a strong indicator that, at least at a cellular level, mam-
malian CLASPs may play redundant roles. As a first step
toward understanding whether CLASP2 plays a role during
mitosis in mammals, we determined its localization in di-
viding human HeLa cells by indirect immunofluorescence
and ectopic expression of CLASP2 fused at its N terminus
with EGFP. We found that, during mitosis, both endogenous
CLASP2 and ectopic EGFP-CLASP2 have a very similar
distribution to that described previously for CLASP1 (Sup-
plemental Figures S1 and S2; Maiato et al., 2003a). Indeed,
coexpression of monomeric red fluorescent protein (mRFP)-
CLASP2 in HeLa cells stably expressing EGFP-CLASP1 re-

Figure 1 (cont). throughout mitosis show DNA and �-tubulin
staining (on the left column) and EGFP-CLASP1 and mRFP-
CLASP2 (on the right column). Higher magnifications of indicated
chromosomes show kinetochore colocalization of EGFP-CLASP1
and mRFP-CLASP2 and the corresponding merge during promet-
aphase and metaphase. EGFP-CLASP1 and mRFP-CLASP2 also
colocalize at spindle and centrosomes throughout mitosis (arrow-
heads). From middle anaphase to telophase, EGFP-CLASP1 and
mRFP-CLASP2 accumulate at the spindle midzone and midbody.
Bar, 10 �m. (B) Expression analysis of endogenous CLASP1 and
CLASP2 by RT-PCR in tumor cell lines. �-Actin expression is shown
as an internal control for the RT-PCR.

Figure 2. Colocalization of CLASP1 and
CLASP2 at the kinetochore. (A–A�) Identifica-
tion of mitotic EGFP-CLASP1 expressing cells
by fluorescence microscopy. The cell shown
was processed for immuno-electron micros-
copy by using anti-GFP primary antibodies
with 0.8-nm colloidal gold-conjugated second-
ary antibodies, revealing the presence of
CLASP1 molecules along kinetochore fibers
and near the kinetochore-attached MT plus-
ends (arrows). Bar, 1 �m. (B–B�) High magni-
fication of two kinetochores from the same cell
showing CLASP1 localization at the fibrous
corona region, outside the kinetochore outer
plate (arrowheads) where MTs were attached.
Bar, 0.5 �m. (C–C�) Accumulation of gold-
conjugated CLASP1 particles at centrioles and
MTs from the pericentriolar material. Bar, 0.5
�m. (D–D��) Colocalization of CLASP1 and
CLASP2 at kinetochores. HeLa cells stably ex-
pressing EGFP-CLASP1 (green) were tran-
siently transfected with mRFP-CLASP2 (red)
to address their localization at the kineto-
chores from chromosome spreads prepared in
the presence of 10 �M nocodazole to depoly-
merize MTs. ACA (blue in D��) was used as an
inner kinetochore marker and DNA was coun-
terstained with DAPI (blue in D��). Interpo-
lated zoom of the selected region in D�� shows
significant colocalization of EGFP-CLASP1
with mRFP-CLASP2 at kinetochores. Bar, 10
�m.
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Figure 3. Mapping of the kinetochore localization of human CLASP2 and its dependence on MT dynamics. (A) Colocalization of
EGFP-CLASP2 (green) with DNA (or ACA in the higher magnification pictures; blue) and CENP-E (red) in chromosome spreads after
treatment with colcemid. In the merged images, colocalization of EGFP-CLASP2 and CENP-E is yellow. (A�–A��) Interpolated zoom of the
selected chromosome from A. (B) Colocalization of endogenous CLASP2 (green) with ACA (red) in chromosome spreads after treatment with
colcemid. DNA is in blue. (C–C�) Redistribution of EGFP-CLASP2 after suppression of MT dynamics by incubation with 100 nM taxol. (C�)
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vealed a significant overlap, with both proteins colocalizing
throughout mitosis (Figure 1A). During prometaphase and
metaphase CLASP1 and CLASP2 accumulated at centro-
somes, kinetochores, and the mitotic spindle. From middle
anaphase, both CLASPs occurred as a band at the spindle
midzone, and later, during telophase and cytokinesis, they
accumulated in the midbody. Centrosome accumulation of
CLASP1 and CLASP2 was detected throughout mitosis.
Note that anaphase cells transiently expressing EGFP-
CLASP2 show clear accumulation at kinetochores (Supple-
mental Figure S2). Thus, during mitosis CLASP2 colocalizes
with CLASP1 to multiple and specific structures of the mi-
totic apparatus in human cells.

To confirm that proliferating cells express both endoge-
nous CLASP1 and CLASP2, we performed RT-PCR analysis
in a panel of tumor-derived cell lines (Figure 1B). The results
show that both genes are coexpressed in all cell lines tested,
supporting our immunofluorescence results.

CLASPs Are Components of the Kinetochore Fibrous
Corona
When we previously described the role of human CLASP1 in
mitosis, we proposed that it associates with a kinetochore outer
corona region (Maiato et al., 2003a). This was based on immu-
nofluorescence analysis of CLASP1 in relation to bona fide
kinetochore markers and therefore was limited by the resolu-
tion of the light microscope. With the aim of directly visualiz-
ing CLASP1 molecules at the kinetochore, we performed high-
resolution immuno-electron microscopy. This experiment was
technically challenging, because the epitopes recognized by
our anti-CLASP1 antibodies are not well preserved after glu-
taraldehyde fixation. To overcome this problem, we expressed
an EGFP-CLASP1 construct in HeLa cells, which was subse-
quently detected with an anti-GFP antibody that is reactive in
glutaraldehyde-fixed samples, and a secondary antibody con-
jugated with 0.8-nm gold particles (Figure 2). In striking con-
trast with untransfected mitotic cells, which did not show any
specific accumulation of gold particles (our unpublished data),
in EGFP-CLASP1–expressing cells, we observed gold particles
scattered along kinetochore fibers (K-fibers) (Figure 2, A–A�).
Careful analysis of higher magnification sections from the
same cell revealed the accumulation of gold particles outside
the kinetochore outer plate where MTs were attached and
where the fibrous corona is located (Figure 2, B–B�). Moreover,
a few gold particles were also found associated with centrioles
but mostly with MTs at the pericentriolar material (Figure 2,
C–C�). These observations confirm our previous immunofluo-
rescence analyses and provide direct evidence for the enrich-
ment of CLASP1 molecules at the kinetochore fibrous corona
close to the ”neck“ of MTs that expose their dynamic end at the
outer plate.

Next, we determined the relative localization of both
CLASP proteins at the kinetochore by coexpressing mRFP-
CLASP2 in HeLa cells stably expressing EGFP-CLASP1 and
by analyzing chromosome spreads prepared in the absence
of MTs (Figure 2, D–D��). We found that CLASP2 signifi-
cantly colocalized with CLASP1 at kinetochores in the ab-
sence of MTs and that the C terminus of CLASP2 is required
for its kinetochore targeting (Duque, Maia, and Maiato, un-
published observations).

Furthermore, we determined the localization of CLASP2
relative to well-established kinetochore markers in chromo-

some spreads. ACAs that recognize CENP-A, CENP-B, and
CENP-C label the centromeric heterochromatin throughout
the inner kinetochore plate. We found that both EGFP-
CLASP2 and endogenous CLASP2 localized externally to
ACA antigens at kinetochores (Figure 3, A and B). We also
analyzed the position of CLASP2 relative to CENP-E (Figure
3, A–A��), a bona fide component of the kinetochore fibrous
corona (Cooke et al., 1997), and found extensive colocaliza-
tion of both proteins. These observations strongly suggest
that CLASP2 is likely associated with the kinetochore fi-
brous corona, but the significance of this conclusion is lim-
ited by the subresolution of the light microscope.

We then asked whether kinetochore-bound CLASP2 is
sensitive to the status of MT dynamics within the spindle. To
address this question, we treated HeLa cells with nanomolar
concentrations of taxol, which blocks mitosis by suppressing
the dynamics of individual MTs at the plus-ends (Jordan et
al., 1993). Under these conditions, CLASP2 remained at the
kinetochores, but it was also dramatically redistributed near
the spindle poles (Figure 3, C–C�), where short astral MTs
are known to initiate polymerization events in the presence
of taxol (Ault et al., 1991). This result implies that the local-
ization of CLASP2 on spindle MTs, but not on kinetochores,
is dependent on their dynamic properties and strikingly
similar with CLASP1.

Finally, in order to determine how MT attachment influ-
ences the accumulation of CLASP2 at kinetochores, we
quantified the fluorescence intensity of EGFP-CLASP2 in
mouse 3T3 fibroblasts stably expressed at near endogenous
levels relative to ACAs, in the presence and absence of MTs,
as well as in the presence of taxol-stabilized MTs, (Supple-
mental Figure S4). The results conclusively show that the
accumulation of CLASP2 at kinetochores decreases upon
MT attachment (p � 0.01; Student’s t test) but does not
depend on the dynamic state (p � 0.74), as was previously
shown for CLASP1 (Maiato et al., 2003a).

CLASP1 and CLASP2 Have Fast Turnover Rates at
Centrosomes and Kinetochores
CLASP1 and CLASP2 show remarkably similar localization
patterns in multiple compartments of the mitotic apparatus.
To gain further insight about the intrinsic dynamic proper-
ties of each CLASP protein when associated with particular
cellular substructures, as well as its dependence on MTs, we
performed FRAP experiments in stable cell lines expressing
nearly endogenous levels of either EGFP-CLASP1 or EGFP-
CLASP2 (Supplemental Figure S3; Drabek, van Ham,
Stepanova, Draegestein, van Horssen, Keijzer, van der Reij-
den, Akhmanova, Sayas, ten Hagen, Houtsmuller, van Cap-
pellen, Smits, Fodde, Grosveld, and Galjart, unpublished
data). The turnover rates resulting from the FRAP exper-
iments are summarized in Figures 4 and S5. Accordingly,
compared with interphase cells (Figures 4F and S5, A–A�),
EGFP-CLASP1 turnover rate at mitotic centrosomes was 2
to 3 times faster (Figure 4F and S5, B–B�), in the order of
2–3 s. Curiously, these turnover rates were not grossly
affected when MTs were depolymerized with 10 �M no-
codazole (Figures 4, A–A�, B–B�, and F) and were identical
at centrosomes and kinetochores (Figure 4, B–B�, C–C�,
and F).

Importantly, the dynamic behavior of EGFP-CLASP2 at
centrosomes during interphase and mitosis as well as its
independence of MTs was similar to EGFP-CLASP1 (Figures
4G and S5F). Unfortunately, mostly due to a low signal-to-
noise ratio and kinetochore size, we were unable to asser-
tively measure turnover rates for EGFP-CLASP2 at kineto-

Figure 3 (cont). Interpolated zoom of the selected region in C�.
Note that EGFP-CLASP2 still localizes to kinetochores. Bar, 10 �m.

CLASPs and Mitotic Fidelity in Mammals

Vol. 17, October 2006 4531



Figure 4. Determination of the turnover rates of CLASPs by FRAP in the absence of MTs. (A and B) Representative frames for bleaching
and recovery of centrosomal EGFP-CLASP1 at interphase and mitosis, respectively, in the presence of 10 �M nocodazole. (C) The same
experiment was performed for kinetochores. (D and E) Representative frames for bleaching and recovery of centrosomal EGFP-CLASP2 at
interphase and mitosis, respectively, in the presence of 10 �M nocodazole. (A�, B�, C�, D� and E�) The corresponding fluorescence recovery
signal after photobleaching was fit to a single-exponential curve as described in Materials and Methods. Inset, half-time of the exponential

A. L. Pereira et al.

Molecular Biology of the Cell4532



chores. Nevertheless, it was clear that the turnover rates of
EGFP-CLASP1 at kinetochores were identical with the val-
ues obtained for centrosomes, in the range of 1.5–3 s. These
findings provide evidence that mammalian CLASPs are sim-
ilar and highly dynamic proteins, whose association with
certain substructures of the mitotic apparatus is indepen-
dent of MTs. Curiously, the recovery of fluorescence associ-
ated with both CLASP proteins at the centrosomes (and
kinetochores, when available) was never 100%, suggesting
the existence of a nonexchangeable pool. Moreover, the
faster turnover rates of CLASPs at centrosomes during mi-
tosis compared with interphase are a strong indicator that
the association of these proteins to certain cellular substruc-
tures may be under specific cell cycle regulation.

Mammalian Cells Lacking Clasp2 Progress Normally
Through Mitosis, but They Are Prone to Aneuploidy,
Despite a Functional SAC
We have previously implicated CLASP1 as an essential reg-
ulator of spindle microtubule dynamics at the kinetochore
(Maiato et al., 2003a), but the role of CLASP2 in mitosis, if
any, remains to be investigated. We first attempted to ad-
dress this problem by RNA interference (RNAi) in HeLa
cells, but we were unsuccessful in efficiently depleting
CLASP2 (or CLASP1) to a level where a clear mitotic phe-
notype could be observed (Maia and Maiato, unpublished
observations; also see Mimori-Kiyosue et al., 2005).

To overcome this problem and investigate whether CLASP2
by itself has a role during mitosis, and whether its absence
causes any impairment in the proliferating capacity of a cell
population, we used embryonic day 13.5 MEFs (Drabek,
Vermeij, Nikoli, Drabek, Vreeburg, Grootegoed, Mommaas,
Limpens, Hendriks, Grosveld, Italiano Jr., and Galjart, un-
published data) and adult dermal fibroblasts (MAFs) that
carry a GFP-CLIP-170 knock in allele (Akhmanova et al.,
2005) derived from Clasp2 KO mice. For this purpose, a
Clasp2 KO allele was generated by the insertion of a GFP-
loxP-pMC1neo-loxP cassette in an exon that is common to
all known Clasp2 mRNAs, by using homologous recombi-
nation in embryonic stem (ES) cells. In this allele, expression
of Clasp2 is interrupted by the GFP open reading frame and
the transcription of a neomycin resistance gene in antisense
with respect to the clasp2 gene. As the result, Clasp2 is not
expressed in the KO cells. Importantly, in these cells it seems
that neither the levels of Clasp1 nor its normal cellular
localization is affected (Drabek, van Ham, Stepanova, Drae-
gestein, van Horssen, Keijzer, van der Reijden, Akhmanova,
Sayas, ten Hagen, Houtsmuller, van Cappellen, Smits,
Fodde, Grosveld, and Galjart, unpublished data; also see
Figure 8).

With the purpose of evaluating mitotic progression in
cells lacking Clasp2, we performed time-lapse recordings of
living primary embryonic fibroblasts by using DIC micros-
copy. MEFs derived from WT mice took on average 26.5 	
3.7 min (n � 10 cells) from nuclear envelope breakdown
(NEB) to anaphase onset, progressing normally through mi-
tosis and cytokinesis (Figure 5, A, G, and H and Supplemen-
tal Video 1). Surprisingly, �85% of Clasp2 KO fibroblasts

were able to enter anaphase and did so with just a slight
delay (on average 32.8 	 11.5 min; n � 24 cells), although a
small number of cells took 2 to 3 times longer than controls
(Figure 5, B, G, and H and Supplemental Video 2). More-
over, kinetochore–MT attachment was apparently normal,
because cold-resistant K-fibers as well as Mad2, BubR1, and
Bub1 staining on metaphase KO cells were indistinguishable
from WT cells (Lince-Faria, Maia, and Maiato, unpublished
observations).

In striking contrast with WT fibroblasts, one-third of the
cells lacking Clasp2 showed a wide range of chromosome
segregation defects (Figure 5G), including cells with chro-
mosomes organized in a rosette conformation, most likely
representing monopolar spindles (9.8%; Figures 5D and S6A
and Supplemental Videos 3 and 4), cells with chromosome
distributions typical of multipolar spindles (4.9%; Supple-
mental Figures S6B and C and Videos 5 and 6) and anaphase
cells with lagging chromosomes (12.2%; Figure 5C and Sup-
plemental Video 7). In a few cases, Clasp2 KO cells com-
pletely failed abscission during cytokinesis (4.9%; Supple-
mental Figure S6D and Video 8). Finally, a few Clasp2 KO
cells adapted to a mitotic delay and exited mitosis without
completing chromosome segregation (4.9%; Supplemental
Figure S6E and Video 9). Together, our live-cell analyses
provide direct evidence for a role of Clasp2 in chromosome
segregation and mitotic fidelity, but they also indicate that
most cells lacking Clasp2 progress normally through mi-
tosis.

To investigate whether the chromosome segregation de-
fects observed in some Clasp2 KO cells were due to a de-
fective SAC response, we treated WT and Clasp2 KO MEFs
with 10 �M nocodazole to test for their ability to delay
mitosis in response to spindle damage, and we followed
cells by time-lapse DIC microscopy. We observed that the
response of Clasp2 KO cells was indistinguishable from WT
cells, because both entered mitosis and remained blocked for
several hours (Figures 5E and S6F and Supplemental Videos
10 and 11). Additionally, incubation with 10 �M nocodazole
for 3 h was sufficient to double the percentage of mitotic cells
in Clasp2 KO MEFs from 4.6 	 0.1 to 7.3 	 0.8, to the same
extent as in WT MEFs (from 3.5 	 0.6 to 6.4 	 1.2). The
results from these experiments indicate that Clasp2 KO cells
have a functional SAC. In support for these conclusions, we
further determined that the SAC proteins Mad2, Bub1, and
BubR1 were properly targeted to kinetochores in the absence
of Clasp2 and showed a normal localization pattern in
Clasp2 KO cells that progressed until metaphase (Lince-
Faria, Maia, and Maiato, unpublished observations).

Finally, because CLASPs were previously implicated in
chromosome alignment at the metaphase plate (Maiato et al.,
2002, 2003a), we wanted to test whether chromosomes lack-
ing Clasp2 were able to align and sustain their position at
the equatorial region in a situation where anaphase onset
was prevented by the use of the proteosome inhibitor
MG132. This experiment was also motivated by the suspi-
cion that chromosomes in Clasp2 KO MEFs could not form
a well-defined metaphase plate and showed an apparent
increase in chromosome oscillations (compare Supplemental
Videos 1, 2, and 7). However, after measuring the thickness
of the metaphase plates from live WT and KO MEFs, the
difference was not statistically significant. Moreover, it was
clear that in the presence of MG132, chromosomes lacking
Clasp2 were able to align and sustain their position at the
metaphase plate (Figure 5F and Supplemental Video 12). We
conclude that, although lack of Clasp2 may cause altered
chromosome dynamics, this is not sufficient to significantly

Figure 4 (cont). curve. Bar, 5 �m. (F) Average centrosomal fluo-
rescence recovery half-time is shown as a function of each EGFP-
CLASP, the cell cycle stage and the presence of nocodazole (�noc).
The error bars represent the SD of the measurements. (G) Summary
of the FRAP experiments on centrosomes and kinetochores for
EGFP-CLASP1 and EGFP-CLASP2, in the presence and absence of
MTs. ND, not determined.
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Figure 5. Live-cell imaging of mitotic progression in Clasp2 KO embryonic fibroblasts. (A) Selected frames from a time-lapse sequence of
mitosis in a WT MEF. The represented cell is shown from prophase, just before NEB, until anaphase onset and telophase. Chromosomes form
a normal metaphase plate and initiated segregation during anaphase in 
30 min. (B–D) Selected frames from three time-lapse recordings of
Clasp2 KO MEFs from prophase/NEB. (B) Most Clasp2 KO cells entered anaphase with normal kinetics. The cell shown progressed
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Figure 5 (cont). normally through mitosis, entering anaphase in �25 min after NEB. (C) A significant percentage of Clasp2 KO cells did,
however, show lagging chromosomes (arrowhead and higher magnification inset), despite entering anaphase at the same time as in controls.
(D) This cell never formed a metaphase plate, and the chromosomes were organized as rosettes typical of monopolar spindles, without
entering anaphase for � 50 min. This delay suggests a functional SAC in Clasp2 KO cells. (E) Clasp2 KO cell entering mitosis in the presence
of 10 �M nocodazole. The cell remained in mitosis for more than 2 h, indicating that the SAC is fully functional. (F) Clasp2 KO cell filmed
from prometaphase in the presence of 20 �M MG132 was able to form and maintain a metaphase plate. Time is shown in hours:minutes:
seconds. Bar, 25 �m. (G) Summary of the quantification of mitotic defects in Clasp2 KO MEFs analyzed by time-lapse DIC microscopy. (H)
Quantification of the duration of mitosis from NEB to anaphase onset in WT and Clasp2 KO MEFs. On average, WT MEFs took 26.5 	 3.7
min (n � 10) and KO MEFs 32.8 	 11.5 min (n � 24). This difference is not statistically significant (p � 0.1; Student’s t test), but in a few cases,
Clasp2 KO MEFs took 2 to 3 times longer to enter anaphase than controls.

Figure 6. Determination of anaphase rates in WT and Clasp2 KO MEFs. (A) Kymographs of selected WT and KO cells at the metaphase–
anaphase transition. (B) Position of chromatid masses over time for the ensembles of trackable cells (17 WT cells and 24 KO cells, respectively).
As a reference, the pole-facing chromatid mass edge was used to define its position. The positions at anaphase onset were set to zero by
subtraction of the initial distance D0, to facilitate visualization. (C) Anaphase chromosome poleward velocity histograms resulting from linear
regression applied to curves in B for the first 2 min (anaphase A). (D) Average and SD for chromosome velocity during anaphase A and B.
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impair the alignment of chromosomes at the metaphase
plate.

Together, our results indicate that most cells lacking
Clasp2 progress with normal kinetics through mitosis, but

they show increased aneuploidy events, despite having a
functional SAC. This suggests that Clasp2 contributes to
mitotic fidelity by preventing mitotic defects that are invis-
ible to the SAC.

Figure 7. Mitosis in mouse embryonic and adult fibroblasts derived from Clasp2 KO mice. (A and B) Immunofluorescence analyses
of wild-type and Clasp2 KO embryonic and adult fibroblasts, respectively. MEFs and MAFs were immunostained to reveal the mitotic
spindle and centrosomes by antibody detection of �-tubulin (green) and �-tubulin (red), respectively, and DNA was counterstained
with DAPI (blue). (A) Normal mitosis from wild-type MEFs, from prophase to telophase. (B) Fibroblasts lacking Clasp2 show a higher
incidence of spindle abnormalities such as monopolar, disorganized, and multipolar spindles as well as several aneuploidy and
chromosome missegregation events. (C) Quantification of the frequency of mitotic events in WT and KO fibroblasts. (D) Quantification
of the frequency of mitotic abnormalities in WT and KO fibroblasts. Both charts show average numbers from three independent
experiments, and error bars correspond to SD. In total, 5000 –10,000 cells were scored for each genotype. Bar, 10 �m.
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The Rate of Poleward Chromosome Movement during
Anaphase Is Reduced in Clasp2 KO Embryonic
Fibroblasts
After a careful observation of the time-lapse sequences derived
from WT and Clasp2 KO fibroblasts, we got the impression
that in those KO cells where anaphase took place, the rates of
poleward chromosome movement were significantly reduced.
To get quantitative support for this observation, we performed
kymograph analyses of both WT and Clasp2 KO MEFs and
determined the rates of interchromatid half-distance over time
(Figure 6, A and B). Consistently, chromosome poleward
movement throughout anaphase in Clasp2 KO fibroblasts (n �
24) was significantly slower compared with WT MEFs (n � 17).
Given that CLASPs show preferred localization both at the
kinetochore–MT interface and spindle midzone and because
the degree of chromosome separation during anaphase is a
direct function of kinetochore–MT dynamics (anaphase A) and

spindle elongation (anaphase B), our results put CLASPs as
key players in several steps involved in anaphase chromosome
segregation.

In mammalian cells, anaphase A lasts for �3 min, where
there is barely any contribution from spindle elongation to
chromosome movement (Amin-Hanjani and Wadsworth,
1991). Therefore, to distinguish between the specific contri-
bution of CLASP2 during anaphase A and B, we measured
the rates of interchromatid half-distance in the first 2 min
and between 3 and 5 min after anaphase onset. Accordingly,
we found that the rate of chromosome poleward movement
during anaphase A was 40% slower in the KO cells, respec-
tively, 1.3 	 0.4 �m/min, compared with 2.2 	 0.5 �m/min
in WT cells (Figure 6, C and D). This difference was statis-
tically highly significant (p � 1.05 � 10�7; Student’s t test)
and is consistent with a key role of Clasp2 in the regulation
of kinetochore function during anaphase A. Additionally,

Figure 8. Rescue of mitotic defects in Clasp2 KO MEFs by ectopic expression of EGFP-CLASP1 or EGFP-CLASP2. (A and B) Clasp2 KO
MEFs were transduced with recombinant lentivirus containing EGFP-CLASP1 or EGFP-CLASP2 vectors and analyzed with the fluorescence
microscope. Bar, 25 �m. (C–D�) Prometaphase and metaphase Clasp2 KO MEFs expressing ectopic EGFP-CLASP1 (green), which was able
to target to kinetochores. (E–F�) Prometaphase and metaphase Clasp2 KO MEFs expressing ectopic EGFP-CLASP2 (green), which showed
normal localization at kinetochores. Selected chromosomes are shown at higher magnification on the right columns. DNA was counterstained
with DAPI (blue). Bar, 10 �m. (G) Quantification of mitotic defects in Clasp2 KO MEFs before and after rescue with ectopic EGFP-CLASP1
or EGFP-CLASP2. Values represent the average numbers from three independent experiments, and error bars correspond to SD.
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we found significant differences in the rate of chromosome
poleward movement during anaphase B. In the KO cells,
there was �35% reduction in chromosome velocity to the poles
compared with WT cells (Figure 6D), 0.5 	 0.2 and 0.8 	 0.2
�m/min, respectively (p � 0.002; Student’s t test). These re-
sults indicate that Clasp2 also has a role during anaphase B,
where it might be involved in spindle elongation.

CLASP2 Contributes to Normal Spindle Architecture and
Function
We have found in our time-lapse microscopy studies that
only a small proportion of Clasp2 KO cells have problems in
chromosome segregation. To gain additional insight onto
the nature of these mitotic abnormalities, we performed
immunofluorescence analyses of mitotic Clasp2 KO MEFs
and MAFs and compared results with WT cells (Figure 7).
Quantification of several mitotic parameters revealed only a
slight increase in the mitotic index in cells lacking Clasp2
(Figure 7C). Curiously, although KO and WT MAFs were
undistinguishable, in KO MEFs a significant increase in
prometaphases and consequent decrease in the number of
prophases and metaphases was evident (Figure 7C). In gen-
eral, wild-type MEFs and MAFs showed a normal mitosis,
but a low frequency of mitotic defects was also found (Fig-
ure 7, A and D; our unpublished data). In striking contrast,
both KO MEFs and MAFs were enriched in prometaphase
cells with monopolar and disorganized spindles (Figure 7, B
and D). Moreover, especially in the KO MEFs, there was a
significant increase in cells with multipolar spindles, many
of them in anaphase (Figure 7, B and D). This is a situation
that favors the occurrence of aneuploidy, because these mis-
takes are not detected by the SAC (Sluder et al., 1997; Sup-
plemental Figures 6SA and B).

Finally, we noticed that a significant proportion of KO MAFs
were markedly bigger with apparently more chromosomes
than in the wild type (Figure 7B) and showed a strong occur-
rence of chromatin bridges in telophase and cytokinesis (Figure
7, B and D), once again highly suggestive of chromosome
missegregation in cells lacking Clasp2.

Ectopic Expression of CLASP1 or CLASP2 Extensively
Rescues the Mitotic Defects Observed in the Clasp2 KO
Cells
The colocalization of CLASP2 and CLASP1 to the same
mitotic compartments and their identical dynamic proper-
ties are strong indications that they may be part of a com-
mon protein pool that participates in the same or related
processes throughout mitosis. However, it is not clear
whether these proteins play distinct or overlapping roles
during mitosis in mammals. Attempts to individually or
simultaneously deplete CLASPs with small interfering
RNAs in HeLa cells revealed an effect on MT dynamics at
the cell cortex but only after simultaneous depletion of
�70% of each protein (Mimori-Kiyosue et al., 2005). Impor-
tantly, these effects could be reverted by the ectopic overex-
pression of CLASP2 alone. Moreover, the majority of cells
lacking Clasp2 (this study) progress normally through mi-
tosis, and Clasp2 KO mice are viable (Drabek, Vermeij,
Nikoli, Drabek, Vreeburg, Grootegoed, Mommaas, Limpens,
Hendriks, Grosveld, Italiano Jr., and Galjart, unpublished
data). Together, these data suggest that mammalian CLASPs
play redundant roles during mitosis to ensure cell viability
and normal proliferation.

To directly test this hypothesis, we ectopically expressed
EGFP-CLASP1 or EGFP-CLASP2 by lentiviral-mediated
transduction into Clasp2 KO MEFs (Figure 8, A and B). This
approach has several advantages over standard transfection

methods, including high delivery efficiencies (virtually all
cells are infected) and expression of the ectopic proteins
close to endogenous levels (for review, see Tonini et al.,
2004). As a first step toward the investigation of possible
cooperative roles between mammalian CLASPs, we per-
formed immunofluorescence analyses of infected Clasp2 KO
MEFs to address whether the ectopic proteins localized
properly. We found that both EGFP fusion proteins were
able to target to their usual mitotic compartments, including
centrosomes, spindle MTs, kinetochores, spindle midzone,
and midbody (Figure 8, C–F�; our unpublished data). These
results further demonstrate that CLASP1 is able to localize to
kinetochores, among other cellular substructures, in the ab-
sence of CLASP2 (Figure 8, C–C� and D–D�). Additionally,
we confirmed that the same is true for endogenous CLASP1

Figure 9. Karyotype determination in Clasp2 KO adult fibroblasts.
(A–A�) Chromosome spread from a WT adult fibroblast showing
DNA (blue) and ACA staining at kinetochores (red). The normal
euploid number of chromosomes in mice is 40. (B–B�) Chromosome
spread from a Clasp2 KO adult fibroblast showing DNA (blue) and
ACA staining at kinetochores (red). A higher chromosome number
is evident. (C) Quantification of the typical chromosome number in
WT and Clasp2 KO MAFs. Clasp2 KO MAFs show severe chromo-
somal instability with a peak distribution between 71 and 75 chro-
mosomes per cell. Bar, 10 �m.
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and all the kinetochore markers we had access to, including
CENP-A, -B, -C, and -E, CLIP-170, Mad2, Bub1, and BubR1
(Lince-Faria, Maia, and Maiato, unpublished observations).
These results strongly suggest that the mitotic defects de-
scribed in Clasp2 KO cells are specific and due to the ab-
sence of Clasp2.

We next investigated whether the ectopic expression of
EGFP-CLASP1 or EGFP-CLASP2 would be able to rescue
the mitotic defects associated with lack of endogenous
Clasp2. For this purpose, we scored infected cells by immu-
nofluorescence microscopy and found that, indeed, the in-
cidence of monopolar, disorganized, or multipolar spindles
as well as the prevalence of chromatin bridges was signifi-
cantly decreased in both rescue experiments, indicating that
the ectopic fusion proteins were functional (Figure 8G). Nev-
ertheless, the rescue efficiency was higher in the case of
EGFP-CLASP2, indicating that extra CLASP1 molecules can-
not fully compensate for the lack of Clasp2. Overall, these
results strongly suggest that mammalian CLASP1 and
CLASP2 are partially redundant and cooperate during mi-
tosis to ensure mitotic fidelity.

Chromosomal Instability and Aneuploidy in Clasp2 KO
Adult Fibroblasts
Our fixed and live-cell analysis of Clasp2 KO embryonic fibro-
blasts have provided strong evidence for the presence of mi-
totic spindle abnormalities and a high incidence of aneuploidy.
Moreover, in the absence of Clasp2, most cells were able to
undergo anaphase, but the efficiency of the process was af-
fected, given the increased frequency of chromosome misseg-
regation events. To gain further insight into how these mitotic
abnormalities may contribute over consecutive cell cycles to
chromosomal instability in a mammalian model system, we
prepared chromosome spreads from adult Clasp2 KO mouse
fibroblasts and determined their karyotype. Strikingly, com-
pared with WT MAFs (Figure 9, A–A�), which showed a chro-
mosome number around the euploid value of 40 (Figure 9C),
Clasp2 KO MAFs were nearly tetraploid with a peak distribu-
tion around 71–75 chromosomes per cell (Figure 9, B–B� and
C). Interestingly, a significant percentage of KO MAFs were
found to be highly polyploid, showing �100 chromosomes per
cell. The mitotic defects, together with cytokinesis failure in a
small proportion of Clasp2 KO MEFs, are likely to be in the
basis for the observed chromosomal instability. These data
strongly suggest that in the absence of Clasp2, cell viability per
se is not grossly affected, but mitotic fidelity is critically com-
promised. Over time, the cumulative effects due to the absence
of Clasp2 during embryonic development may contribute to
chromosomal instability in the adult.

DISCUSSION

CLASPs Are Kinetochore- and Spindle-associated Proteins
That Play Specific but Partially Overlapping Roles during
Mitosis in Mammals
CLASPs are widely conserved proteins in nature. In yeast,
Drosophila, and Xenopus, there is a single CLASP ortholo-
gue, which is essential for cell division in these organisms
(Pasqualone and Huffaker, 1994; Lemos et al., 2000; Inoue et
al., 2000; Hannak and Heald, 2006). In C. elegans, rodents,
and humans, more than one CLASP paralogue is present
(Lemos et al., 2000; Inoue et al., 2000; Akhmanova et al., 2001).
It is not known, however, whether the existence of multiple
CLASPs reflects an overlapping role to make a process more
efficient or whether they work in separate cellular processes.
In C. elegans, despite the existence of three CLASP paral-
ogues, only one seems to be essential for mitosis and viabil-

ity of the one-cell embryo (Gönczy et al., 2000; Cheeseman et
al., 2005). In humans, injection of peptide antibodies that
recognize CLASP1 but not CLASP2 into HeLa cells is also
sufficient to compromise mitosis, strongly suggesting that
CLASPs have specific functions, but not excluding the pos-
sibility that they may act cooperatively to ensure cell viabil-
ity (Maiato et al., 2003a, b). Indeed, recent RNAi studies in
HeLa cells have shown that the phenotype caused by partial
depletion of both CLASPs during interphase can be rescued
by expression of CLASP2 alone, suggesting that CLASP1
and CLASP2 play redundant roles in MT stabilization
(Mimori-Kiyosue et al., 2005). However, in those experi-
ments only a partial depletion of one or both CLASPs was
achieved, leaving open the possibility that residual CLASP
levels can still be sufficient to mask essential phenotypic
aspects.

The results described in this article unequivocally show
that Clasp2 per se has a function in mitosis and plays a key
role during anaphase, where it contributes for efficient chro-
mosome poleward movement. However, removal of the
clasp2 gene by homologous recombination in mice had little
impact on the viability and proliferation capacity of isolated
fibroblasts in culture, but these were prone to chromosomal
instability and aneuploidy. In another article, it is also
shown that Clasp2 by itself is not required during interphase
under normal circumstances but becomes essential to regu-
late cell polarity in response to specific extracellular signals
(Drabek, van Ham, Stepanova, Draegestein, van Horssen,
Keijzer, van der Reijden, Akhmanova, Sayas, ten Hagen,
Houtsmuller, van Cappellen, Smits, Fodde, Grosveld, and
Galjart, unpublished data). Importantly, Clasp2 KO mice are
viable, yet they have a reduced body weight, severely af-
fected germ cell development and distinct hematopoietic
defects (Drabek, Vermeij, Nikoli, Drabek, Vreeburg, Groot-
egoed, Mommaas, Limpens, Hendriks, Grosveld, Italiano Jr.,
and Galjart, unpublished data), supporting the idea that
absence of Clasp2 does not completely hamper cell prolif-
eration during embryonic development but has dramatic
consequences after birth in highly proliferating tissues.

Here, we show that, as for CLASP1 where direct im-
muno-EM studies are provided, CLASP2 is a very external
component of the kinetochore largely colocalizing with each
other and with the fibrous corona protein CENP-E. The idea
that CLASPs are found in the fibrous corona is in strong
agreement with the fact that they are the last components
known to assemble at kinetochores (Maiato et al., 2002,
2003a; Desai et al., 2003; Cheeseman et al., 2005; Emanuele et
al., 2005). This strongly suggests that the relative position of
kinetochore components is directly linked to their hierarchi-
cal assembly within the structure itself and is a strong argu-
ment in favor of the specificity of loss-of-function studies
with CLASPs.

Our FRAP analyses revealed that CLASP1 and CLASP2
have remarkably similar dynamic properties when associ-
ated with particular cellular substructures, such as centro-
somes and kinetochores. It is noteworthy that the recovery
time at kinetochores, at least for CLASP1, are much faster
than that of CLIP-170, whose half-time of recovery is �20 s
(Tanenbaum et al., 2006). This indicates that CLASPs and
CLIP-170 are targeted to kinetochores independently of each
other, in spite of their potential to interact. Indeed, in HeLa
cells the association of CLASPs with kinetochores is inde-
pendent of CLIP-170 and cytoplasmic dynein activity
(Mimori-Kiyosue, personal communication; our unpub-
lished observations).

Consistent with their identical distribution during mitosis,
our FRAP data, together with our rescue experiments, also
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suggest that CLASPs participate in the same mitotic pro-
cesses and may be redundant, namely, in bipolar spindle
assembly and kinetochore function. However, if this were
solely the case, we would not expect to observe a mitotic
phenotype in Clasp2 KO primary fibroblasts, unless there is
a dosage-dependent mechanism controlling CLASP function
in particular situations throughout mitosis. Therefore, we
propose that both CLASPs share identical functional prop-
erties and act as a common pool, which below certain levels
may compromise the mitotic process. In support of this
conclusion, reducing the levels of both CLASPs by RNAi in
HeLa cells causes mitotic spindle defects and a significant
mitotic delay, which often results in abnormal exit from
mitosis (Mimori-Kiyosue, personal communication). In con-
trast, restoration of Clasp2 or introduction of additional
Clasp1 into Clasp2 KO cells partially rescues their mitotic
defects. This scenario opens up the exciting possibility that
mammals have evolved to produce two functionally identi-
cal CLASP proteins from two distinct and independent
genes to ensure mitotic fidelity and prevent aneuploidy. It
will be interesting in the future to further investigate how
the expression of CLASPs is regulated to functionally affect
mitosis in different tissues and how this is reflected in the
context of the organism.

CLASPs, Mitotic Fidelity, and Cancer
The fidelity of mitosis is ensured by the action of the SAC.
However, there are several abnormal situations that are
invisible to the SAC and may directly contribute to chromo-
somal instability in mammals. The presence of multiple
poles, incorrect kinetochore–MT attachments, cytokinesis
defects, or adaptation to a mitotic delay are just a few known
examples that can generate aneuploidy, without being pre-
vented by the SAC. Here we show that primary mammalian
cells lacking Clasp2 exhibit several of these defects that are
either invisible to or bypass the SAC. Interestingly, compen-
sation with ectopic CLASP1 was able to rescue a significant
proportion of the mitotic defects, suggesting that CLASPs
cooperate at different levels to ensure mitotic fidelity in
mammals.

We have recently demonstrated that the single Drosophila
CLASP orthologue, MAST/Orbit, contributes to spindle bi-
polarity by regulating the incorporation of MT subunits at
the kinetochore, and is thus essential for MT poleward flux
(Maiato et al., 2005; fore review, see Rogers et al., 2005).
Recent findings have also suggested that flux only contrib-
utes to a minor fraction of the force (�20%, presumably on
kinetochore-MTs only) required to move chromosomes dur-
ing anaphase in human cells, but the lack of flux may com-
promise the fidelity of the mitotic process (Ganem et al.,
2005). Likewise, the relative contribution of CLASPs during
mitosis may only be critical under particular circumstances,
where their malfunction could impair the success of mitosis,
by affecting, among other processes, the correction of mero-
telic attachments at kinetochores. In support of this idea, we
show that ectopic expression of EGFP-CLASP1 or EGFP-
CLASP2 rescues the formation of chromatin bridges in
Clasp2 KO MEFs.

Independent disruption of CLASP1 and CLASP2 can sig-
nificantly compromise spindle assembly and function in
mammals (Maiato et al., 2003a). However, our live cell anal-
yses indicate that most cells lacking Clasp2 are able to un-
dergo anaphase but show a significant reduction in pole-
ward chromosome movement. This could be partially
explained if CLASP2 plays a critical role in the regulation of
kinetochore–MT flux during anaphase A, by contributing to
incorporate tubulin (Wadsworth et al., 1989); however, this

would imply that the MT minus-end–depolymerizing activ-
ity is also down-regulated in the absence of CLASP2. In
contrast, CLASPs may also affect ”pac-man“ activity at ki-
netochores (Gorbsky et al., 1987). To directly distinguish
between these possibilities, it will be important in the future
to develop a live-cell system where flux velocities on kinet-
ochore MTs could be measured while simultaneously as-
sessing the corresponding roles of CLASPs and minus-end
depolymerases such as Ki2f2a (Ganem et al., 2005) in an-
aphase chromosome movement.

An alternative, but not exclusive explanation could be that
CLASP2 (and probably CLASP1) participates also in spindle
elongation during anaphase B. This hypothesis is particu-
larly attractive given their specific localization at the spindle
midzone where interpolar MT plus-ends cross-interact.
Spindle elongation during anaphase B seems to depend on
motor activity and requires dynamic microtubule plus-end
incorporation of tubulin subunits (Cande, 1982; Shelden and
Wadsworth, 1990). More recently, it was shown that during
anaphase B in Drosophila embryos, interpolar MT depoly-
merization ceases at the minus-ends but tubulin incorpora-
tion still occurs at plus-ends while the spindle elongates
(Brust-Mascher et al., 2004). Moreover, by using different
doses of taxol, which act preferentially by suppressing MT
dynamics at the plus-ends, spindle elongation during an-
aphase B was consistently inhibited (Cande et al., 1981; De
Brabander et al., 1986; Amin-Hanjani and Wadsworth, 1991).
Curiously, taxol treatment also induces a dramatic reorga-
nization of interpolar microtubules, which are nearly absent
from the center of the spindle midzone, the same interpolar
MT population that is more severely affected in Drosophila
MAST/Orbit mutants (Inoue et al., 2004). Therefore, we
propose that CLASPs, in addition to mediating MT subunit
incorporation at the kinetochore (Maiato et al., 2005), may
also be involved in the same process at the plus-ends of
interpolar MTs during anaphase B.

Additionally, we found several defects in Clasp2 KO cells
that cannot be explained by an exclusive role of Clasp2 at the
kinetochore–MT interface. Accordingly, some cells lacking
Clasp2 fail to complete cytokinesis or exit mitosis without
chromosome segregation after a delay imposed by inability
to satisfy the SAC. Cytokinesis failure also occurs after si-
multaneous depletion of human CLASPs by RNAi in HeLa
cells (Mimori-Kiyosue, personal communication). Consis-
tently, CLASPs had been implicated in cytokinesis in C.
elegans and Drosophila hypomorph mutants (Inoue et al.,
2004; Skop et al., 2004). Interestingly, the cytokinesis failure
in a few Clasp2 KO cells was usually associated with the
presence of chromatin bridges that may have resulted from
incorrect kinetochore–MT attachments (Supplemental Fig-
ure S6D and Video 8), a phenomenon that has been partic-
ularly well characterized by Khodjakov and colleagues
(Khodjakov and Rieder, 2001). Nevertheless, cytokinesis fail-
ure or checkpoint adaptation may lead to the formation of
the observed multipolar spindles in Clasp2 KO cells in the
subsequent mitosis. In support of this hypothesis, previous
RNAi studies and analyses of CLASP mutant alleles in Dro-
sophila have shown the formation of monopolar spindles,
which escape an initial block to produce large, highly
polyploid cells that were usually associated with multiple
asters (Lemos et al., 2000; Maiato et al., 2002). The low fre-
quency of any of these events in Clasp2 KO MEFs explains
why most Clasp2 KO mice are viable until adulthood, a
stage where the cumulative effect of disrupting the Clasp2
gene may become critical for the individual.

The full implications of our findings can only be appreci-
ated after understanding that a few incorrect or nonfunc-
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tional kinetochore–MT attachments cannot be detected by
the SAC and may directly lead to aneuploidy and the chro-
mosomal instability characteristic of human tumors. Recent
studies on APC and EB1 have provided evidence that, after
depleting or mutating these proteins, cells exit mitosis with
nearly normal kinetics, tolerating spindle defects and defi-
cient positioning of chromosomes at the metaphase plate
(Tighe et al., 2004; Green et al., 2005; Draviam et al., 2006).
Thus, it was proposed that APC and EB1 regulate spindle
function to prevent errors in chromosome segregation, typ-
ical of tumor cells. As in CLASPs, the apparent toleration of
spindle defects after APC and EB1 RNAi could easily be
explained by evoking a functional overlap between different
mammalian paralogues (van Es et al., 1999; Nakagawa et al.,
2000; Bu and Su, 2001; Komarova et al., 2005). For example,
human EB3 has also been documented to localize to centro-
somes and mitotic spindles (Bu and Su, 2001), and, despite
the lack of such evidence for human APC2, several studies in
Drosophila have shown that both APC proteins in this organ-
ism are required for mitosis (for review, see Nathke, 2004).

Based on these observations, we propose that CLASPs,
and possibly other �TIPs, have overlapping roles during
mitosis and have evolved to ensure mitotic fidelity. This
scenario may change when one of the corresponding para-
logues is absent or deficient, sporadically compromising the
accuracy of the process and leading to the genesis of aneu-
ploidy. Over time, this situation may confer advantageous
and selective properties for cell survival and contribute to
the origin of cancer. The availability of Clasp2 KO mice
represents a unique system to directly test this hypothesis
and to investigate how the impairment of CLASP function
may be related with tumorigenesis in mammals.
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