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Formation of a bipolar spindle is indispensable for faithful chromosome segregation and cell division. Spindle in-
tegrity is largely dependent on the centrosome and the microtubule network. Centrosome protein Cep57 can bundle 
microtubules in mammalian cells. Its related protein (Cep57R) in Xenopus was characterized as a stabilization factor 
for microtubule-kinetochore attachment. Here we show that Cep57 is a pericentriolar material (PCM) component. Its 
interaction with NEDD1 is necessary for the centrosome localization of Cep57. Depletion of Cep57 leads to unaligned 
chromosomes and a multipolar spindle, which is induced by PCM fragmentation. In the absence of Cep57, cen-
trosome microtubule array assembly activity is weakened, and the spindle length and microtubule density decrease. 
As a spindle microtubule-binding protein, Cep57 is also responsible for the proper organization of the spindle micro-
tubule and localization of spindle pole focusing proteins. Collectively, these results suggest that Cep57, as a NEDD1-
binding centrosome component, could function as a spindle pole- and microtubule-stabilizing factor for establishing 
robust spindle architecture.
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Introduction

The centrosome, comprising two centrioles and a sur-
rounding pericentriolar material (PCM), is the primary 
microtubule-organizing center (MTOC) in animal cells. 
After duplication of the centrosome in interphase, sub-
sequent mitosis centrosome maturation and separation 
is required for orchestrating the bipolar spindle microtu-
bule arrays [1]. At the onset of mitosis, the centrosomes 
generate a large number of microtubules, which form the 
mechanical structure of the spindle [2, 3]. Thus, the cen-
trosome must form a strong structure that can withstand 

the spindle microtubule-based tensions during mitosis. 
The loss of centriole cohesion and PCM factors, such 
as astrin [4], Kizuna [5] and tastin [6], leads to centriole 
disengagement and PCM fragmentation. The collapse of 
the centrosome yields new MTOCs and multiple spindle 
poles. Thus, abnormalities in number, structure and com-
position of the centrosome frequently result in abnormal 
spindle formation.

The spindle microtubule architecture is also governed 
by microtubule-associated proteins (MAPs), including 
motor [7] and non-motor MAPs [8] at the spindle poles 
and kinetochores and along spindle microtubules, which 
modulate spindle microtubule organization spatially and 
temporally to determine spindle morphology. The spindle 
pole proteins NuMA [9] and TPX2 [10] focus the spindle 
microtubule minus end, while microtubule-dependent 
motor proteins Eg5 [11], MCAK [12] and the dynein 
complex [9] generate motor force in the microtubule and 
transport mitotic proteins to ensure spindle assembly. 
Defects in spindle MAPs often disrupt the balance of 
spindle microtubule-mediated forces, which in turn affect 
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the overall spindle assembly.
Cep57, originally named translokin, was shown to 

be involved in cytoplasmic FGF-2 intracellular traf-
ficking [13, 14] and was identified as a centrosome 
component by a proteomics screen [15]. There are two 
Cep57 family members in vertebrate cells, Cep57 and 
Cep57-related protein (Cep57R) [16]. Xenopus Cep57 
(xCep57), a Cep57R homologous protein, is localized to 
the kinetochore and centrosome and required for stable 
microtubule-kinetochore attachment and centrosome-
microtubule anchorage [17]. Mammalian Cep57 is a 
multidomain centrosome protein with an unconventional 
N-terminal centrosome-localization domain and a C-
terminal microtubule-binding domain, which is not local-
ized to the kinetochore. Exogenously expressed Cep57 
can bind, bundle and stabilize microtubules [16]. Thus, 
the two Cep57 family members may have different func-
tions during mitosis. Genetic analysis showed that Cep57 
mutations can cause mosaic variegated aneuploidy (MVA) 
syndrome [18]. The precise localization of Cep57 at the 
centrosome and its role during mitosis in mammalian 
cells remain elusive. Here, we show that Cep57 acts as 
a PCM component through binding to NEDD1 and is 
required for spindle microtubule organization and main-
tenance of spindle pole integrity.

Results

Cep57 is a PCM component and is associated with NEDD1
We generated polyclonal mouse and rabbit antibod-

ies against recombinant mouse Cep57. Immunoblotting 
of HeLa cell lysates with the affinity-purified antibody 
recognized a specific band with the expected molecular 
weight (Supplementary information, Figure S1A). Im-
munostaining of HeLa cells showed that Cep57 localized 
within the PCM proteins pericentrin and γ-tubulin (Figure 
1A and Supplementary information, Figure S1B), and 
localized adjacent to centrin-2, a marker of the centrioles 
(Figure 1B). The centrosome localization of Cep57 was 
irrespective of cell-cycle status (Supplementary informa-
tion, Figure S1B and S1C) and intact microtubule net-
work (Supplementary information, Figure S1D). Immu-
noelectron microscopy showed that Cep57 was localized 
to the electron-dense area around centrioles (Figure 1C, 
arrowheads and Supplementary information, Figure S1E 
and S1F), but not on the centriolar microtubule wall. The 
above data suggested that Cep57 is a PCM component 
rather than a centriole protein.

To identify the centrosome-binding partner of Cep57, 
we performed immunoprecipitation (IP) experiments 
with the antibody against Cep57. The γ-TuRC compo-
nents γ-tubulin, GCP2 and NEDD1 were precipitated 

by the Cep57 antibody, whereas other representative 
centrosome components, pericentrin, centrin and ninein 
were not precipitated (Figure 1D). Among the tested 
γ-TuRC components, NEDD1 appeared to have the 
strongest binding affinity to Cep57. Immunostaining of 
HeLa cells showed that Cep57 colocalized extensively 
with NEDD1 at the centrosome (Figure 2A). To further 
investigate their interaction at the centrosome, we per-
formed fluorescence resonance energy transfer (FRET) 
analyses in HeLa cells probed by Cep57 (Alexa Fluor 
488) and NEDD1 (Alexa Fluor 568) using an acceptor 
photobleaching assay. Compared with the control cells 
probed by Cep57 and centrin-2, the fluorescence intensi-
ty increased after NEDD1 bleaching (Figure 2A and 2B), 
suggesting that the NEDD1-Cep57 FRET signal was not 
the consequence of experimental error. The presence of 
FRET confirmed the specific interaction between Cep57 
and NEDD1 (Figure 2B).

We then sought to find the region of NEDD1 that en-
abled the interaction with Cep57. NEDD1 consists of 

Figure 1 Cep57 is a PCM component. (A, B) Immunostaining of 
Cep57 (green, A; red, B), pericentrin (red, A) or centrin-2 (green, 
B) in HeLa cells. Nuclear DNA was stained with DAPI (blue) 
in all figures of this paper. Boxed regions, close-up of the cen-
trosome. Bar, 5 µm. (C) Immunoelectron microscopy images of 
HeLa cell centrosome. Arrowheads indicate 5 nm gold particles. 
Bar, 100 nm. (D) Cep57 is associated with γ-tubulin ring com-
plex components. Asynchronized (A) or metaphase-arrested 
(M) HeLa cell lysates were immunoprecipitated with anti-Cep57 
antibody or non-specific rabbit IgG. The inputs (left) and im-
munoprecipitants (right) were immunoblotted with the indicated 
antibodies.
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an N-terminal multiple WD-repeat domain (NTD) and a 
C-terminal coiled-coil domain (CTD) [19, 20]. We per-
formed a GST pull-down assay to test the interaction be-
tween exogenously overexpressed Cep57-GFP and GST-
NEDD1-NTD (1-350) or GST-NEDD1-CTD (341-end). 
The result revealed the interaction between NEDD1-
NTD and Cep57 (Figure 2C). Coimmunoprecipitations 
(Co-IP) further confirmed the interaction (Figure 2D).

The Cep57-NEDD1 interaction is necessary for the cen-
trosome localization of Cep57

To further investigate the interdependence between 
Cep57 and NEDD1 at the centrosome, we examined the 
localization pattern of Cep57-GFP in NEDD1-overex-
pressing cells. For quantification, we classified the exog-
enous Cep57-GFP localization pattern into three types: (1) 
extensive filaments that formed a basket-like microtu-
bule structure around the nucleus; (2) scattered filaments 
along microtubules; and (3) centrosome localization 
(Figure 3A). Compared with control cells, the propor-
tion of the centrosome-localized phenotype increased by 

more than 30% in Cep57 and NEDD1 coexpressing cells 
(Figure 3B). This indicated that NEDD1 may recruit 
Cep57 to the centrosome.

We then transfected HeLa cells with small interfering 
RNA (siRNA) duplexes targeted to Cep57 and NEDD1 
transcripts. Their expression levels were significantly 
reduced and became undetectable in more than 90% of 
siRNA-treated cells by immunofluorescence microscopy. 
Immunoblotting results showed that the reduction of 
Cep57 protein levels did not alter the level of NEDD1 
(Figure 3C), while the level of Cep57 was decreased 
after NEDD1 knockdown (Figure 3D). Addition of 
MG132, a proteasome inhibitor, rescued the reduction 
of Cep57 in NEDD1-depleted cells, which indicated 
that  Cep57 would be degraded without the protection of 
NEDD1 (Figure 3D). Consistent with the western blot 
results, the depletion of Cep57 had no effect on the cen-
trosome localization of NEDD1 (Figure 3E-3G), whereas 
the fluorescence intensity of Cep57 at the centrosome 
significantly decreased after NEDD1 depletion (Figure 
3H and 3I).

Figure 2 Cep57 binds to the N-terminus of NEDD1. (A, B) Immunostaining of Cep57 (Alexa Fluro 488) and centrin-2 or 
NEDD1 (Alexa Fluro 568) in HeLa cells, which were subjected to acceptor photobleaching. Representative images show the 
pre- and post-photobleaching states of the centrosome. Insets show the FRET intensities encoded by using the scale bar on 
the right. Bar, 1 µm. The graph shows the FRET efficiencies. n = 10. Error bars represent mean ± SEM. (C) Lysates of 293T 
cells expressing Cep57-GFP were incubated with glutathione-agarose beads coated with GST or GST-NEDD1 fusion protein. 
The inputs and the proteins bound to the beads were immunoblotted with anti-GFP antibody. (D) Co-IP with anti-Myc and anti-
GFP antibodies were performed in lysates of 293T cells coexpressing Cep57-GFP and Myc vector or Myc-NEDD1 constructs, 
followed by immunoblotting with the indicated antibodies. FL, Myc-NEDD1 full-length. 1-350, Myc-NEDD1 (1-350). 341-end, 
Myc-NEDD1 (341-end).
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Next, we tested whether the NEDD1 truncates could 
interfere with the centrosome localization of Cep57 and 
whether NEDD1 is related to the centrosome localiza-
tion of Cep57. Western blot results showed that overex-
pressed NEDD1 full-length (NEDD1-FL) and NEDD-
NTD, which can bind Cep57, increased the level of 
Cep57, whereas NEDD1-CTD did not (Supplementary 
information, Figure S2). Overexpressed NEDD1-NTD 
and -CTD had diffuse localizations within the cytoplasm, 

which is consistent with previous observations [21]. Ex-
pression of the NEDD1-NTD truncate, as a dominant-
negative mutant, led to a dramatic decrease of Cep57 lev-
els at the centrosome (Figure 3J). In contrast, expression 
of NEDD1-CTD, which was unable to bind Cep57, did 
not affect the centrosome localization of Cep57 (Figure 
3K). Taken together, the Cep57-NEDD1 interaction may 
protect Cep57 from degradation and be indispensable for 
the centrosome localization of Cep57.

Figure 3 The centrosome localization of Cep57 requires its interaction with NEDD1. (A) Representative phenotypes of 
Cep57-GFP-transfected cells. Bar, 10 µm. (B) The graph shows the proportion of cells with indicated phenotypes (n = 3; > 
80 cells per experiment). Error bars represent mean ± SEM. (C) At 72 h after Cep57 siRNA transfection, the protein levels of 
Cep57 and NEDD1 in HeLa cells were examined by immunoblotting with the indicated antibodies. (D) At 65 h after NEDD1 
siRNA transfection, HeLa cells were subjected to DMSO or MG132 treatment. Protein expression of Cep57 and NEDD1 
was examined by immunoblotting with the indicated antibodies. (E-I) NEDD1 RNAi results in the loss of Cep57 from the cen-
trosome. (E, F, H) Immunofluorescence images of HeLa cells treated with the indicated siRNAs. NEDD1 (green), Cep57 (red). 
(G, I) Quantification of the fluorescence intensities within the centrosome (n = 3; > 60 cells per experiment). Error bars rep-
resent mean ± SEM. (J, K) Immunostaining of Cep57 (green) in HeLa cells transfected with NEDD1 truncates (red). Arrows 
and arrowheads indicate the centrosomes in untransfected and transfected cells, respectively. Bars, 5 µm.
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Depletion of Cep57 causes spindle pole fragmentation
We found that more than 50% of mitotic metaphase 

cells displayed visible spindle assembly defects, includ-
ing multipolar spindles and unaligned chromosomes, 
48 h after Cep57 siRNA treatment (Figure 4A-4C). 
Consistent with these defects, the average mitosis time 
span was significantly increased from 95 min in control 
cells (Supplementary information, Movie S1) to 215 min 
in Cep57-depleted cells (Supplementary information, 
Movies S2-S4). The overexpression of NEDD1-NTD, 
which interferes with the centrosome localization of en-
dogenous Cep57, also induced an increased amount of 
cells with spindle defects (Figure 4D). Thus, Cep57 and 
its proper centrosome localization are critical to proper 
spindle establishment.

Formation of a multipolar spindle is normally caused 
by abnormal amplification of the centrosome, cytokine-
sis failure, de novo assembly of extra spindle poles or 

spindle pole fragmentation [22]. We examined whether 
Cep57 depletion would lead to centrosome over-dupli-
cation. Centriole numbers were assessed at 60 h post-
transfection by centrin-2 staining. The Cep57 depletion 
increased the percentage of cells with unduplicated cen-
trioles (≤ 2 per cell) compared with the controls (Supple-
mentary information, Figure S3A). Moreover, depletion 
of Cep57 markedly suppressed the centriole over-am-
plification induced by hydroxyurea (HU) (Supplemen-
tary information, Figure S3B and S3C), which could 
uncouple the centrosome duplication cycle from the cell 
cycle [23]. Furthermore, the majority of Cep57-depleted 
cells did not show extra centrosomes during interphase 
(Supplementary information, Figure S3A), indicating 
that multipolar spindle formation was not a consequence 
of centriole over-duplication and cytokinesis failure. In 
addition, live-cell microscopy showed that a small ecto-
pic pole budded from one centrosome pole (Figure 4E, 

Figure 4 Depletion of Cep57 causes spindle assembly defects and PCM fragmentation. (A, B) Immunostaining of α-tubulin 
(green, A) or γ-tubulin (green, B) in HeLa cells. Arrowheads indicate unaligned chromosomes (A) or extra spindle poles (B). (C, 
D) Quantification of different spindle phenotypes in synchronized metaphase HeLa cells after siRNA treatment (C) or NEDD1-
NTD transfection (D) (n = 3; > 100 cells per experiment). Error bars represent mean ± SEM. (E) Representative time-lapse 
images of the mitotic progression of HeLa cells cotransfected with Cep57 siRNAs and α-tubulin-pCAsalGFP of Supplemen-
tary information, Movie S2. Arrowheads indicate a budded pole. Arrows indicate an unfocused spindle pole. (F) Immunostain-
ing of metaphase siRNA-transfected HeLa cells for Cep57, centrin-2 or pericentrin (green) and γ-tubulin (red). Arrowheads 
indicate extra spindle poles.
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arrowheads and Supplementary information, Movie S2), 
suggesting that the extra spindle pole did not derive from 
de novo assembly.

Spindle pole fragmentation can be caused by either an 
aberrant centriole split or PCM fragmentation. Consis-
tent with the time-lapse result, the extra spindle poles in 
Cep57-depleted cells usually contained smaller γ-tubulin 
staining areas associated with less microtubules (Figure 
4A and 4B; arrowheads in B and Supplementary infor-
mation, Movies S2-S4). In Cep57 siRNA-treated cells, 
pairs of centrioles were localized to only two spindle 
poles and centrin-2 staining on extra γ-tubulin foci was 
negative (Figure 4F, arrowheads). In contrast, the PCM 
protein pericentrin was localized to all γ-tubulin-positive 
foci. Thus, the formation of a multipolar spindle caused 
by the depletion of Cep57 was a consequence of PCM 
fragmentation at the spindle poles.

Spindle forces are responsible for the spindle pole frag-
mentation in Cep57-depleted cells

Optimal spindle organization requires spindle micro-
tubule forces. Eg5, a kinesin involved in the segregation 
of microtubule asters during prometaphase, is required 
for bipolar spindle formation [11]. We used monastrol 

(MA) [24], a cell-permeable inhibitor of Eg5 [25], to 
determine whether the multipolar spindle formation in-
duced by Cep57 depletion required Eg5. We observed 
that MA-treated Cep57-depleted cells showed no differ-
ence from the controls, with two centrosomes localized 
to the center of monopolar spindles (Figure 5A and 5B). 
Since the effect of MA is reversible, the MA-treated cells 
were replenished with fresh culture medium. After 1 h 
of MA removal, 24% of Cep57-depleted metaphase cells 
restored multipolar spindles (Figure 5B). Furthermore, 
we eliminated K-fiber formation by depleting hNuf2 to 
attenuate kinetochore microtubule-mediated forces [26] 
(Figure 5C). The percentage of cells with multipolar 
spindles caused by Cep57 depletion also decreased with 
hNuf2 siRNA transfection (Figure 5D and 5E). There-
fore, spindle forces are required for centrosome abnor-
malities induced by Cep57 depletion.

Cep57 contributes to spindle microtubule organization
Proper spindle microtubule organization is associated 

with maintenance of spindle pole integrity. To determine 
the role of Cep57 in microtubule organization, we exam-
ined the microtubule network assembly following Cep57 
depletion. Endogenous Cep57 was successfully knocked 

Figure 5 Spindle forces are responsible for the formation of multipolar spindles induced by Cep57 depletion. (A, B) Immuno-
fluorescence images of MA-treated Cep57-depleted cells with α-tubulin (green) and γ-tubulin (red) staining (A). The propor-
tion of mitotic cells with different phenotypes was quantified after MA treatment or MA washout (n = 3; > 200 cells per experi-
ment). Error bars represent mean ± SEM. (C) At 72 h after siRNA transfection, levels of hNuf2 in HeLa cells were examined 
by immunoblotting. (D, E) Representative images of Cep57 and hNuf2 siRNA-transfected cells with γ-tubulin (green) staining 
(D). H2B-RFP was used as a transfection marker. Bars, 5 µm. The proportion of mitotic cells with different phenotypes was 
quantified (n = 3; > 100 cells per experiment). Error bars represent mean ± SEM.
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down in CHO cells by RNA interference (RNAi; Supple-
mentary information, Figure S4A and S4B). A nocoda-
zole recovery assay showed that microtubule fluores-
cence intensity decreased and the assembly state lagged 
behind in Cep57-depleted cells (Figure 6A and 6B). 
Overexpression of centrosome-localized Cep57-N-ter-
minus (Cep57(1-388)-GFP), which lacks a microtubule-
binding domain and inhibits the centrosome localization 
of endogenous Cep57, induced a similar microtubule 
assembly defect (Figure 6C and 6D). These data sug-
gested that Cep57, unlike xCep57, was responsible for 
centrosome MTOC activity and microtubule assembly. In 
addition, the mean fluorescence intensity of half-spindle 
microtubules in Cep57-depleted cells decreased by 30% 

compared with control cells (Figure 6E). Cep57 deple-
tion also resulted in a shortening of spindle length (20%; 
Figure 6F), which is consistent with a previous study [16].

A direct interaction of exogenous Cep57 and micro-
tubules has been shown previously [16], but there was 
no evidence for microtubule localization of endogenous 
Cep57. The microtubule cooling-rewarming assay 
showed that endogenous Cep57 localized to the spindle 
poles and microtubules along with microtubule regrowth 
(Figure 7A). A small amount of Cep57 was shown to 
localize along the spindle microtubules by electron mi-
croscopy (Supplementary information, Figure S4C). 
We found that a low level of exogenous Cep57 (only 
centrosome localized) was sufficient to stabilize micro-

Figure 6 Cep57 functions in spindle microtubule assembly. (A, B) CHO cells were transfected with pSUPER-RFP or pSU-
PER-RFP-Cep57 and treated with nocodazole. After nocodazole washout, the cells were immunostained for α-tubulin (green; 
A). The graph shows the results of the microtubule regrowth assay at 5 min. Quantification of tubulin immunofluorescence in-
tensities in cells (n = 3; >100 cells per experiment). Error bars represent mean ± SEM. (C, D) GFP (upper panels) and Cep57 
(1-388)-GFP (middle and lower panels) expressing cells were subjected to a microtubule recovery assay. Arrowheads indi-
cate the centrosome localization of Cep57 (1-388)-GFP. Bar, 10 µm. The graph shows the results of the microtubule regrowth 
assay at 5 and 10 min (n = 3; > 100 cells per experiment). Error bars represent mean ± SEM. (E) Quantification of spindle 
microtubule intensity indicated by α-tubulin staining in siRNA-treated cells (n = 3; > 75 cells per experiment). Error bars repre-
sent mean ± SEM. (F) Half spindle lengths indicated by α-tubulin staining were measured in control and Cep57-depleted cells 
(n = 3; > 60 cells per experiment). Error bars represent mean ± SEM.
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tubules (Supplementary information, Figure S4D and 
S4E). Furthermore, compared with normal cells, spindle 
microtubules were at a lower density and disrupted in 
Cep57-depleted cells under electron microscope (Figure 
7B and Supplementary information, Figure S4F). Thus, 
the endogenous Cep57 on the spindle microtubules might 
also serve as a stabilization factor of microtubule organi-
zation.

Immunoprecipitation experiments showed that Cep57 
interacted with a dynein subunit, p150 (Figure 1D), 
which is responsible for the spindle microtubule minus 
end localization of NuMA [9]. Therefore, we investigated 
the localization of these spindle pole-focusing proteins in 
Cep57-depleted cells. In Cep57 siRNA-treated cells, they 
were still localized to all the spindle poles, but the inten-
sities of NuMA and p150 labeling on the spindle poles 
were weakened (Figure 7C and 7D), which is consistent 
with the previous study of xCep57 [17], while another 

spindle pole focusing protein TPX2 was not significantly 
affected (Supplementary information, Figure S5). The 
loss of NuMA weakened the focusing forces within the 
minus ends of microtubules [9], which in turn exacer-
bated the process of spindle pole fragmentation.

Discussion

We have shown that Cep57 is a PCM component 
and its interaction with NEDD1 is essential for its cen-
trosome localization. Previous studies have shown that 
Cep57, as a centrosome protein, has an unconventional 
N-terminal centrosome-localization domain and can 
form dimers through this domain [16]. However, it was 
still unknown how Cep57 localized to the centrosome. 
Our biochemical studies found that Cep57 interacted 
with the γ-TuRC component NEDD1 through its NTD 
(Figure 2C and 2D). It has previously been suggested 

Figure 7 Cep57 binds spindle microtubules and contributes to spindle microtubule organization. (A) HeLa cells in interphase 
and mitosis were incubated on ice for 1 h and then warmed to 37 °C for 10 min. The recovery state was studied by immu-
nofluorescence using anti-Cep57 (green) and γ-tubulin (red) antibodies. (B) Electron microscopy images of the representa-
tive control and Cep57 RNAi spindle. Insets show high magnification images of spindle poles. Bars, 1 µm. (C, D) HeLa cells 
treated with siRNAs were stained for NuMA (green), P150 (green) and γ-tubulin (red). Bars, 5 µm. Fluorescence intensities 
in bipolar spindles were measured within a half spindle (D, n = 3; > 100 cells per experiment). Error bars represent mean ± 
SEM.
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that NEDD1 interacts with the γ-TuRC through its CTD, 
whereas the NTD corresponded to its centrosome attach-
ment [19]. The NEDD1-NTD contains repeated WD40 
motifs, which usually act as a protein-protein interaction 
site [27]. An overexpressed NEDD1-NTD mutant had a 
diffused cytoplasm localization pattern [21] and blocked 
the centrosome localization of endogenous Cep57 in a 
dominant-negative manner (Figure 3K). Combined with 
the NEDD1-FL overexpression and RNAi experiments, 
our data suggest the critical role of NEDD1 in the re-
cruitment of Cep57 to the centrosome.

In addition to centrosome localization, exogenous 
Cep57 localized to microtubules and resulted in micro-
tubule bundling. By immunoelectron mircroscopy, we 
observed that endogenous Cep57 was localized along the 
spindle microtubules (Supplementary information, Fig-
ure S4C). The molecular mechanism of Cep57 as a MAP 
is still vague. The C-terminal of Cep57 was reported to 
contain a novel microtubule-binding domain with no 
sequence similarity with classical domains [16]. Bioin-
formatical analysis showed that the ratio of positively 
charged to negatively charged residues in the C-terminus 
of Cep57 is nearly 2:1. The isoelectric point (pI) value 
is as high as 9.62. This kind of characteristic amino-acid 
composition was also found in other MAPs, such as Tau, 
MAP1A and MAP2 [28, 29] and has been hypothesized 
to enable MAPs to electrostatically bind to the negatively 
charged surface of microtubules. In view of the fact that 
Cep57 could form homodimers through its N-terminus 
[16], we speculate that it probably acts as a cross-linker 
between microtubules. This may explain the microtu-
bule-bundling phenotype induced by Cep57 overexpres-
sion. Our results showed that exogenous Cep57, with a 
low expression level (only the centrosome-localized pat-
tern could be detected by immunofluorescence), helped 
microtubules to resist nocodazole treatment (Supple-
mentary information, Figure S4D and S4E), which 
implies a role for the endogenous spindle microtubule-
associated Cep57 in spindle microtubule stabilization. 
Microtubule recovery experiments showed that depletion 
of Cep57 decreased the assembly rate and density of the 
centrosome microtubules, which suggests that Cep57, as 
a γ-TuRC-binding protein, may also be involved in the 
initial process of centrosome microtubule assembly.

In the present study, we have revealed the novel func-
tions of Cep57 in maintaining spindle integrity. Knock-
down of Cep57 leads to mitosis delay and multipolar 
spindles, which is due to PCM fragmentation. Our data 
suggest that Cep57 governs spindle bipolarity through 
stabilizing microtubules and centrosomes during mitosis. 
It is known that optimal spindle organization requires 

balanced microtubule structure and motor forces [30]. 
As we mentioned above, Cep57 could form homodimers 
and cross-link microtubules. Moreover, Cep57 also as-
sociates with NEDD1 and is localized to the minus end 
of the spindle microtubule. Thus, Cep57 might tether the 
minus ends of spindle microtubules together. In addition, 
knockdown of Cep57 leads to a decrease in the spindle 
pole localization of another spindle pole microtubule-
focusing protein, NuMA [31]. Thus, combined defects 
of Cep57 and NuMA might result in force imbalances 
within spindle microtubule minus ends, which would 
be expected to have deleterious effects on spindle struc-
ture. On the other hand, after the cell enters mitosis, 
the centrosome expands by recruiting numerous PCM 
proteins. At the same time, the pulling and pushing 
forces mediated by microtubules increase to ensure the 
separation of centrosome asters and bipolar spindle for-
mation [3]. The PCM proteins must assemble properly 
to form a strong structure that can withstand the spindle 
microtubule-based tensions. Depletion of several PCM 
stabilizing proteins, including Kizuna [5], Cep72 [32] 
and Cep90 [33], induces microtubule-dependent cen-
trosome fragmentation. Cep57, as a component of salt-
stripped centrosome scaffolds [15], interacts with other 
PCM proteins like p150 (Figure 1D), RanBMP [13] and 
Cep152 [34], which suggests that Cep57 may also serve 
as a PCM stabilization component at the spindle pole to 
protect the expanded centrosome from collapse. Deple-
tion of Cep57 could therefore cause spindle microtubule 
disorganization and PCM instability, which would cause 
some PCMs to be pulled out by microtubule-mediated 
forces. Those PCM fragments do not contain centrioles 
but are able to recruit other PCM components and nucle-
ate microtubules [35], eventually forming new spindle 
poles.

Recently, cep57 loss-of-function mutations were iden-
tified as a cause of MVA syndrome, which is character-
ized by mosaic aneuploidies and predisposition to cancer. 
Individuals with MVA have random gains and losses of 
chromosomes in their cells [18]. Our results may provide 
a clue to the etiology of MVA. However, it should be 
noticed that Cep57 may have other currently unknown 
functions that could also contribute to the phenotypes 
observed in MVA individuals.

In summary, the loss of Cep57 disrupts the balance 
of forces within the spindle poles and has an adverse ef-
fect on spindle microtubule organization, which in turn 
results in disorganized spindle morphology (Figure 8). 
Thus, Cep57 is important for the maintenance of correct 
chromosome numbers during the cell cycle, which may 
provide an explanation of the cause of MVA syndrome.
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Materials and Methods

Cell culture, transfections and cell synchronization
All cell lines used were grown in DMEM (Gibco) with 10% 

fetal bovine serum (Gibco) at 37 °C in an atmosphere of 5% CO2. 
Transient transfection was carried out with jetPEI (Polyplus trans-
fection) or Lipofectamine™ 2000 (Invitrogen) according to the 
manufacturer’s instructions.

For mitosis synchronization, HeLa cells were treated with 2.5 
mM thymidine (Sigma) for 24 h and then released for 11-12 h. For 
MA treatment, cells were synchronized at the G1/S boundary with 
thymidine, and then released for 7 h, followed by treatment with 
100 µM MA (Sigma) for 4 h. For HU (Sigma) treatment, CHO 
cells were treated with 2 mM HU for 72 h. For MG132 treatment, 
MG132 (20 µM) was added into cell culture media at 65 h after 
NEDD1 siRNA transfection and incubated for 6 h at 37 °C.

Antibodies
The full-length mouse Cep57 cDNA from a mouse liver cDNA 

library was cloned into pET28a (Novagen). The recombinant pro-
tein was purified by affinity chromatography on Ni-NTA beads 
(Invitrogen) under denaturing conditions. Purified protein was 
injected into mice and rabbits to produce polyclonal antibodies. 
The rabbit anti-Cep57 antibody was affinity purified against the 
recombinant GST-Cep57332−500 fusion protein.

The following antibodies were also used: anti-centrin2 (Santa 
Cruz Biotechnology), anti-pericentrin (Abcam), anti-GCP2 (Santa 
Cruz Biotechnology), anti-ninein (Abcam), anti-α-tubulin (DM1A, 
Sigma), anti-γ-tubulin (GTU88, Sigma), anti-γ-tubulin (rabbit 
antiserum, Sigma), anti-p150 (BD Transduction Laboratories), 
anti-GAPDH (Biolinks), anti-TPX2, anti-NEDD1 (gift from Dr. 
C Zhang), anti-NuMA (Santa Cruz Biotechology), anti-myc (Mil-
lipore) and anti-GFP (rabbit polyclonal antibody, produced by our 
lab; mouse monoclonal antibody, MBL). The following florescent 

secondary antibodies were used: Alexa Fluor 488-conjugated goat 
anti-mouse IgG, Alexa Fluro 488-conjuagated goat anti-rabbit IgG, 
Alexa Fluro 568-conjugated goat anti-mouse IgG and Alexa Fluro 
568-conjugated anti-rabbit IgG (Molecular Probes).

RNAi
Cep57 siRNAs were obtained from GenePharma with the fol-

lowing sequences: 5′-AAGCATGCAGAAATGGAGAGG-3′, 
5′-AACCATCAAGGTCTAATGGAA-3′ and 5′-AACCA-
AATAACTAAAGTTCGA-3′. hNuf2 siRNA: 5′-AAGCATGC-
CGTGAAACGTATA-3′ [26]. Negative control siRNA: 5′-UU-
CUCCGAACGUGUCACGUTT-3′. The pSUPER-RFP encoding 
Cep57 and control siRNAs were constructed according to the 
pSUPER RNAi System protocols. The pSUPER-NEDD1 plasmid 
was kindly provided by Dr C Zhang [20].

IP and immunoblotting
24 h after transfection, cells were washed three times with PBS 

and lysed in lysis buffer (50 mM HEPES pH 7.4, 1 mM EDTA, 
150 mM NaCl, 0.5% Triton X-100, 2 mM PMSF, 10 µg/ml Apro-
tinin and 5 µg/ml Pepstatin A) on ice for 30 min. The lysates were 
centrifuged at 20 000× g for 10 min and the supernatant was then 
mixed with the appropriate antibody. The mixtures were incu-
bated overnight at 4 °C, followed by 2 h incubation with protein 
A-Sepharose beads (Pharmacia). After five washes with the lysis 
buffer, the bound immunocomplexes were eluted by boiling in 
SDS-PAGE loading buffer and subjected to immunoblotting analy-
sis as described previously [36]. Briefly, the immunoprecipitated 
complexes were resolved by SDS-PAGE and transferred to PVDF 
membrane (Millipore). The membranes were incubated with pri-
mary antibodies followed by HRP-conjugated or AP-conjugated 
secondary antibodies.

Microscopy
Cells grown on coverslips were fixed in methanol at −20 °C for 

7 min or in 4% paraformaldehyde with 0.1% Triton X-100 at room 
temperature for 15 min. Alexa 488- and Alexa 568-conjugated 
highly cross absorbed goat anti-mouse and goat anti-rabbit IgG 
were used as secondary antibodies. The fixed cell samples were 
observed at room temperature under a TCS SP2 laser-scanning 
confocal microscope, with a 100× 1.4 NA Apo oil immersion lens 
on an upright microscope (DM IRBE; Leica), or under a IX 71 
inverted fluorescent microscope (Olympus), equipped with a 60× 
1.4 NA Apo oil immersion lens (Leica). Images were acquired by 
Leica Confocal Software and DP controller software (Olympus). 
Image processing was performed in DP manager (Olympus) and 
Photoshop (CS2; Adobe).

For FRET assays, the 488 nm laser of a LSM 710 (Zeiss) was 
used to excite Alexa Fluor 488, and the 568 nm laser was used to 
excite and bleach Alexa Fluor 568. The centrosome region and 
randomly chosen cytoplasmic regions were drawn for bleaching. 
The FRET images and efficiencies were generated and calculated 
by Zeiss LSM 710 software.

For time-lapse microscopy, HeLa cells transfected with Cep57 
siRNA and α-tubulin-pCAsalGFP [37] were randomly selected 
and placed in a 37 °C heated microscope chamber with 5% CO2. 
Live-cell video microscopy was carried out on a PerkinElmer 
UltraVIEW VoX system, with an inverted microscope (ECLIPSE 
TiE, Nikon) equipped with a CFI Plan Apochromat VC 60XH N.A. 

Figure 8 Schematic model highlighting the role of Cep57 in 
robust spindle architecture establishment. Cep57 acts as a mi-
crotubule and PCM stabilization factor at the centrosome and 
along the spindle microtubules. The loss of Cep57 disrupts the 
balance of forces within the spindle poles and spindle microtu-
bule organization, which in turn results in disorganized spindle 
morphology, including multipolar spindles and unaligned chro-
mosomes.
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1.40, W.D.0.13 mm lens (Nikon). The time-lapse confocal images 
were acquired with Volocity Imaging Software (PerkinElmer).

The immunoelectron microscopy was performed according 
to a pre-embedding immunogold staining protocol. HeLa cells 
were grown on coverslips, extracted for 5 min in extraction buffer 
(PEM buffer, 10 µm taxol, 0.1% Triton X-100) and fixed with 2% 
PFA and 0.1% GA in PBS. Cells were incubated with mouse anti-
Cep57 antibody and Nanogold-conjugated anti-mouse IgG anti-
body (Sigma) overnight at 4 °C. For spindle ultrastructure obser-
vation, the HeLa cells were transfected with pSUPER-RFP (control) 
or pSUPER-RFP-Cep57. The cells were processed according to a 
standard EM sample preparation procedure [38], and dehydrated 
and embedded in Epon resin. The samples were observed with a 
transmission electron microscope (JEOL, JEM 1010).

Measurement and statistical analysis
Spindle lengths were measured by Image J (NIH) software. 

The fluorescence intensity was measured by Scion image (NIH) 
software. Statistical methods employed by SPSS software are 
described in the figure legends. Statistical significance was deter-
mined by the Student’s t-test.
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