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NuSAP is a microtubule-associated protein that plays an important role in spindle assembly. NuSAP defi-
ciency in mice leads to early embryonic lethality. Spindle assembly in NuSAP-deficient cells is highly inef-
ficient and chromosomes remain dispersed in the mitotic cytoplasm. ATM is a key kinase that
phosphorylates a series of substrates to mediate G1/S control. However, the role of ATM at the G2/M
phase is not well understood. Here we demonstrate that ectopic expression of NuSAP lead to mitotic
arrest observably dependent on the kinase activity of ATM. When endogenous ATM was depleted or
its kinase activity was inhibited, NuSAP could not cause mitotic arrest. We further show ATM interacts
with NuSAP and phosphorylates NuSAP on Ser124. The phosphorylation and interaction occur specifically
at G2/M-phase. Collectively, our work has uncovered an ATM-dependent checkpoint pathway that pre-
vents mitotic progression by targeting a microtubule-associated protein, NuSAP.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

One of the most critical steps during cell cycle progression is the
correct segregation of sister chromatids during mitosis. This pro-
cess depends on the reorganization of the interphase microtubules
into a highly dynamic bipolar array known as the mitotic spindle. In
animal cells, spindle assembly is initiated at the time when centro-
somes separate and involves changes in the functional properties of
several microtubule-associated proteins [1,2]. NuSAP (nucleolar
spindle-associated protein) was identified as an essential microtu-
bule-binding protein and a target of RanGTP to promote the forma-
tion of microtubules near chromosomes [3,4]. NuSAP plays a key
role in the mitotic RanGTP network, who is actively imported into
the nucleus during interphase, and localized to the spindle during
mitosis [5]. APC/C ubiquitin E3 ligase complex promotes the ubiq-
uitination and degradation of NuSAP during spindle formation
[6,7]. NuSAP expression is highly correlated with cell proliferation
during embryogenesis and adult life, making it a reliable marker
of proliferating cells. NuSAP deficiency in mice leads to early
embryonic lethality [8]. Spindle assembly in NuSAP-deficient cells
is highly inefficient and chromosomes remain dispersed in the mi-
totic cytoplasm. As a result of sustained spindle checkpoint activity,
the cells are unable to progress through mitosis, eventually leading
to caspase activation and apoptotic cell death.
ll rights reserved.
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A–T is a rare, autosomal recessive disorder characterized by pro-
gressive cerebellar ataxia, neuro-degeneration, radiosensitivity,
cell-cycle checkpoint defects, genome instability, and a predisposi-
tion to cancer [9–11]. The gene responsible for the A–T phenotype
encodes ATM, which belongs to phosphoinositol-3-kinase (PI3K)
family and plays a key role in DNA damage responses and cell-cycle
control [12]. Activated ATM phosphorylates a series of substrates on
SQ/TQ motif, including p53, MDM2, BRCA1, p95/NBS1, Chk2, RAD9,
RAD17, FANCD2, SMC1, at G1, S phase and at the G2/M transition
[10–16]. Cell lines derived from AT patients exhibit abnormalities
related to DNA damage and repair such as chromosomal instability,
cell-cycle checkpoint defects in G1, S and G2/M, sensitivity to ioniz-
ing radiation and telomere end-to-end fusions. However, the role of
ATM in mitosis arrest control is not well understood.

During mitosis, excessive amount or knockdown of NuSAP
could lead to disruption of cell division [8]. The molecular mecha-
nism by which NuSAP regulates the mitosis remains unclear. Here
we show that NuSAP regulates the cell cycle progression depen-
dent on the existing of functional ATM kinase. NuSAP was identi-
fied as a novel phosphorylation substrate of ATM during mitosis
but not G1/S phase. The phosphorylation is required for NuSAP
to promote the formation of microtubules.

2. Materials and methods

2.1. Plasmid constructs, antibodies and reagents

Plasmids of NuSAP including its point-mutants were con-
structed by PCR, followed by subcloning into various vectors.
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Flag-ATM was a gift from Michael B. Kastan (Department of Hema-
tology–Oncology, St. Jude Children’s Research Hospital). Anti-Myc
antibody was purchased from Clontech. Anti-Flag M2 antibody,
caffeine, Nocodazole, thymidine and aphidicolin were from Sigma.
ATM polyclonal antibody Ab-1 (NB 100–104) was from Novus Bio-
logicals. NuSAP polyclonal antibody Ab-1 (ab-93779) was from Ab-
cam. Antibody against phospho-(Ser/Thr) ATM/ATR substrate,
phosphorylated Ser15 of p53, phosphorylated Ser10 of Histone
H3 and GFP-antibody were from Cell Signaling Technology. Anti-
bodies to Cyclin B and GAPDH were from Invitrogen and Santa
Cruz, respectively.

2.2. Cell culture and treatments

Most cell lines were maintained in DMEM (Hyclone). All cells
were supplemented with 10% fetal bovine serum (FBS; Hyclone),
penicillin (50 U/ml), and streptomycin (50 lg/ml) (Hyclone). Caf-
feine was added to the medium at the concentration of 2 mM 4 h
prior to transfection as described previously [17]. Cells were incu-
bated in the medium supplemented with 2 mM thymidine and
aphidicolin for G1-phase arrest or with 2 mM Nocodazole for M-
phase arrest [18].

2.3. Cell cycle distribution analysis

For each cell line, 2 � 105 cells were seeded per well in 6-well
plates. After 18 h of incubation, cells were transfected with pEGFP,
pEGFP-NuSAP wild-type or mutants. Attached cells were harvested
by trypsinized treatment and pooled with detached cells from the
growth medium. Cells were pelleted by centrifugation at 2000 rpm
for 5 min, washed twice with PBS, and resuspended in 300 ll PBS
(containing 30 ll FBS) and fixed in 2 ml ice cold 70% ethanol. Sam-
ples were kept at �20 �C until analysis by flow cytometry. Cells
were washed and treated with 0.1 mg/ml RNase A (Roche) for
30 min and stained with 40 lg/ml Propidium Iodide (Sigma).
DNA content was analyzed by FACS Calibur (B–D USA) [19].

2.4. Confocal microscopy, immuno-fluorescence analysis

For immuno-staining of endogenous tubulin, HEK293T and
ATS4 cells transfected with NuSAP-GFP were fixed in 4% PFA (para-
formaldehyde) for 10 min. Images of endogenous tubulin during
mitosis and interphase were primarily made using anti-tubulin
antibody in cells that were fixed in 0.1% PBST (containing 0.5% Tri-
ton X-100) for 15 min. Further processing included incubating cells
in 5% BSA for 10 min before incubations with primary for 3 h at
37 �C and with secondary antibody for 1 h at room temperature.
Secondary antibodies were conjugated to TRITC (Molecular Probes,
Inc.). Cells were analyzed in PBS when the nucleus was stained
with DAPI. Images of fixed cells were acquired on a confocal micro-
scope using LaserSharp software [20].

2.5. RNA interference and real-time PCR

The short interfering RNA (siRNA) specifically targeting ATM (50-
UGGUGCUAUUUACGGAGCU-30) and non-targeting control siRNA
(50-UUCUCCGAACGUGUCACGU-30) were synthesized by Shanghai
GenePharm. All siRNA and short hairpin RNA (shRNA) transfections
were performed with Lipofectamine 2000 (Invitrogen) and the RNA
interfering efficiency was assessed by Western blot analysis. Real-
time PCR was performed as described previously [21].

2.6. Immunoprecipitation and immunoblotting

Transfection was performed with Lipofectamine 2000 (Invitro-
gen). At 24–48 h after transfection, cells were harvested and lysed
in Hepes lysis buffer (20 mM Hepes pH 7.2, 50 mM NaCl, 0.5% Tri-
ton X-100, 1 mM NaF, 1 mM dithiothreitol) supplemented with
protease inhibitor cocktail (Roche, Indianapolis, Indiana, USA).
The lysate was incubated with indicated antibody 3 h at 4 �C, then
added Protein A/G-plus Agarose (Santa Cruz) and rotated gently
more than 8 h at 4 �C. The immunoprecipitates were washed at
least three times in lysis buffer, and proteins were recovered by
boiling the beads in 2� SDS sample buffer and analyzed by Wes-
tern blotting followed by detection with the related secondary
antibody with a Super Signal chemiluminescence kit (Pierce).

3. Results

3.1. NuSAP overexpression-triggered mitotic arrest requires ATM

To investigate the consequence of dysregulation of NuSAP pro-
tein level, we performed a cell-cycle analysis to detect the effect of
overexpression of NuSAP on cell cycle progression. Fig. 1A showed
that increased mitotic index could be observed in several cells lines
transfected with NuSAP-GFP, including COS7, Bel-7402, MCF7,
SMMC-7721, HEK293, HEK293T, HCT15 and HCT116 cells, whereas
no increase was detected in cells transfected with vector mock.
Strikingly, NuSAP could not trigger such G2/M arrest in ATS4 fibro-
blast cells, which lack ATM but retain ATR (ATM and Rad3-related)
function [22]. Consistently, overexpressed NuSAP could induce mi-
totic microtubes bundling in HEK293T cells, while no significant
alteration of microtubule networks was detected in ATS4 fibroblast
cells transfected with NuSAP (Fig. 1B).

We ask whether ATM has a significant impact on the function of
NuSAP. First, we depleted ATM in COS7 and HEK293T cells using
specific siRNA duplexes against ATM and performed a cell-cycle
analysis by FACS. ATM depletion induced a significant decrease
of G2/M proportion even NuSAP was overexpressed (Fig. 1C),
implicating that NuSAP overexpression-triggered mitotic arrest re-
quires the presence of ATM. Second, to explore whether the kinase
activity of ATM is required for NuSAP to induce G2/M arrest, caf-
feine, a potent inhibitor of ATM and ATR to overcome cell-cycle
checkpoint responses [23,24] was used. Upon treatment with caf-
feine, cells overexpressing NuSAP-GFP failed to arrest at G2/M
phase, suggesting that the kinase activity of ATM is required for
NuSAP function (Fig. 1D).

3.2. ATM-mediated NuSAP phosphorylation on Ser124 is critical for
NuSAP-induced mitotic arrest

Considering that ATM is a Ser/Thr kinase, and NuSAP contains
five potential ATM phosphorylation sites (i.e. SQ/TQ motif), we
asked whether NuSAP is a phosphorylation substrate of ATM. Nu-
SAP was ectopic expressed and immunoprecipitated from
HEK293T cell extracts, and the possible phosphorylated form was
assessed by immunoblotting with an antibody specifically recog-
nizing the ATM/ATR substrate. As shown in Fig. 2A, NuSAP phos-
phorylation was easily detected when NuSAP was overexpressed
in HEK293T cells (lane 2). Importantly, ATM inhibition by caffeine
treatment or depletion by RNAi abolished this phosphorylation of
NuSAP (lanes 3 and 4). However, this phosphorylation could not
be detectable in ATS4 cells (Fig. 2B, lane 2). Re-introduction of
Flag-ATM wild-type but not the kinase-dead (KD) mutant into
ATS4 cells restored the NuSAP phosphorylation although the
expression level of total NuSAP was not altered (Fig. 2B, lanes 3
and 4). These results indicate that NuSAP is a phosphorylation sub-
strate of ATM kinase in mammalian cells.

Analysis of NuSAP with Scansite software (http://scan-
site.mit.edu) at high stringency revealed Ser124 as a potential
ATM phosphorylation sites. Replacement of Ser124 with alanine
completely abolished NuSAP phosphorylation, whereas other four

http://scansite.mit.edu
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Fig. 1. NuSAP-triggered mitotic arrest requires ATM. (A) GFP-NuSAP or GFP vector was transfected into the indicated cells. Forty-eight hours after transfection, the cell cycle
distribution was analyzed by FACS and shown as mean ± SD of three independent experiments. SD, standard derivation. (B) HEK293T and ATS4 cells were each transfected
with GFP vector mock or GFP-NuSAP, at 36 h post-transfection, cells were fixed by formaldehyde and incubated with b-tubulin antibody for immuno-fluorescence analysis.
Then the cells were visualized with a confocal fluorescence microscope. (C) FACS analysis in COS7 and HEK293T cells transfected with NuSAP together with siRNA against
ATM or control siRNA. The efficiency of ATM knockdown was determined by real-time PCR and shown. (D) Caffeine was added to the culture medium at the concentration of
2 mM 4 h prior to transfection with NuSAP-GFP in HEK293T cells. The FACS data are shown.

Fig. 2. ATM-mediated NuSAP phosphorylation on Ser124. (A) NuSAP-Myc was transfected into HEK293T cells together with or without ATM siRNA. Four hours prior to
transfection, caffeine was added as indicated. NuSAP was immunoprecipitated by anti-Myc antibody and analyzed by Western blot with anti-pATM-substrate. Endogenous
ATM was analyzed by real-time PCR to show the efficiency of knockdown. (B) NuSAP-Myc and Flag-tagged wild-type or kinase-dead ATM were transfected into ATS4 cells as
indicated. Phosphorylation of immunoprecipitated NuSAP was analyzed by Western blot. (C) Wild-type NuSAP or the indicated Ser/Thr-to-Ala mutant was transfected into
HEK293T cells. The immunoprecipitated NuSAP proteins were analyzed to detect ATM-mediated phosphorylation. The total cell lysates were subjected to Western blot with
the indicated Myc, H3-pS10, Cyclin B or GAPDH antibody. (D) FACS analysis of HEK293T cells transfected with NuSAP WT or mutants as described in Fig. 1A.
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Ser/Thr sites mutation had little or weak effects (Fig. 2C). NuSAP-
S124A also lost the ability to induce the mitotic arrest (Fig. 2D)
and could not enhance the levels of H3-pSer10 and cyclin B
(Fig. 2C, lane 3), two well-defined mitotic markers [25]. These re-
sults suggested that overexpression of NuSAP induced mitotic ar-
rest dependent of ATM-mediated phosphorylation of NuSAP on
Ser124.

3.3. ATM-mediated NuSAP phosphorylation occurs specifically at G2/
M-phase

Most of the identified substrates of ATM regulate cell cycle at
G1/S phase. However, substrate of ATM function at G2/M phase
is rare, and it is still not clear how ATM regulate mitosis arrest.
Considering that NuSAP is selectively expressed in proliferating
cell cycle phases, its mRNA and protein levels peak at the transition
of G2 to mitosis and abruptly decline after cell division [4]. We ask
whether its phosphorylation form also selectively appears in cer-
tain phase. To investigate such hypothesis, we used two kinds of
drugs, thymidine–aphidicolin double block and nocodazole treat-
ment, to synchronize the cell cycle at G1/S boundary or G2/M
phase, respectively [26,27]. Histone H3 Ser10 phosphorylation
and Cyclin B were used as mitotic markers. Phosphorylated form
of NuSAP was observed robustly in cells synchronized at the G2/
M-phase (Fig. 3A, lane 3). By contrast, no phosphorylation of Nu-
SAP was detected in cells synchronized at the G1/S-phase although
the ectopic NuSAP was expressed at a high level (lane 4). As ex-
pected, when cells were overexpressed NuSAP or treated with
Fig. 3. ATM-mediated NuSAP phosphorylation occurs at G2/M-phase. (A) Myc-NuSAP
nocodazole for 12 h, and the other parallel group was treated with 2 mM thymidine–a
HEK293T cells were treated with 2 mM nocodazole for 12 h. At the indicated time poin
with anti-NuSAP and immunoblotted with the antibody against ATM substrate. The tota
antibody.

Fig. 4. ATM interacts with NuSAP at G2/M-phase. (A) HEK293T cells were transfected w
anti-Flag antibody. The cell lysates and immunoprecipitates were detected by W
immunoprecipitation of endogenous NuSAP and endogenous ATM with each other
immunoprecipitates with anti-NuSAP and anti-ATM antibody are shown. (C) HEK293T
(2 mM) or thymidine–aphidicolin (2 mM) for 12 h. The cell lysates and Flag-immunopre
was also analyzed with anti-H3-pS10 antibody to indicate the G2/M arrest.
nocodazole, both H3 Ser10 phosphorylation and Cyclin B level
were up-regulated (Fig. 3A).

To further confirm the specificity of ATM phosphorylation on
NuSAP at the G2- or M-phase, we detected the phosphorylation
of endogenous NuSAP and performed a time-course analysis to
monitor the alteration of NuSAP phosphorylation after nocodazole
release. Upon nocodazole release, phosphorylation of endogenous
NuSAP was easily detected and maintained to 2.5 h. After 3 h of
nocodazole release, it was nearly difficult to detect NuSAP phos-
phorylation as well as total NuSAP protein (Fig. 3B), which might
be due to the degradation of NuSAP by APC/C ubiquitin ligase at
the anaphase before mitosis exit. Similar to the variation trend of
NuSAP phosphorylation, Histone H3 Ser10 phosphorylation and
Cyclin B also decreased with the nocodazole release. These results
clearly establish that ATM-mediated NuSAP phosphorylation spe-
cifically appears at G2/M-phase, suggesting NuSAP is a novel sub-
strate of ATM at G2/M-phase.

3.4. NuSAP interacts with ATM at G2/M-phase

Next, we went onto investigate the interaction between NuSAP
and ATM, and co-immunoprecipitation (Co-IP) assay was per-
formed to detect whether NuSAP protein could associate with
ATM in vivo. As shown in Fig. 4A, Myc-tagged NuSAP protein could
be detected in ATM immunoprecipitate (lane 6). As a positive con-
trol [28], CKIP-1 could be also co-immunoprecipitated with ATM
(lane 8). To test if NuSAP is able to interact with ATM under phys-
iological conditions, endogenous Co-IP assay was carried out. Cell
was transfected into HEK293T cells. One parallel group was treated with 2 mM
phidicolin for 12 h. Phosphorylation of NuSAP was analyzed by Western blot. (B)
ts after nocodazole release, endogenous NuSAP proteins were immunoprecipitated
l cell lysates were analyzed with the indicated NuSAP, H3-pS10, Cyclin B or GAPDH

ith the indicated expression plasmids. Cell lysates were immunoprecipitated with
estern blot with anti-Myc-HRP and anti-Flag antibodies as indicated. (B) Co-
from HepG2 cells. Western blot analysis of whole-cell lysate and the indicated

cells were transfected with Myc-NuSAP, Flag-ATM and treated with nocodazole
cipitates were analyzed by Western blot with anti-Myc-HRP or ATM. The cell lysate
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lysates prepared from HepG2 cells were immunoprecipitated with
an anti-ATM antibody or normal IgG as a control, followed by
immunoblotting with anti-NuSAP antibody. As shown in Fig. 4B,
endogenous NuSAP could be co-immunoprecipitated with endoge-
nous ATM but not the control IgG. Taken together, the results
showed that NuSAP could interact with ATM in vivo.

We asked whether the interaction between the two proteins oc-
curs in certain cell cycle phase. Similar co-immunoprecipitation
study was performed under the condition of nocodazole or thymi-
dine–aphidicolin treatment. In agreement with the former results,
NuSAP could interact with ATM. Importantly, the treatment of
nocodazole significantly enhanced the amount of co-immunopre-
cipitated NuSAP. By contrast, NuSAP could not associate with
ATM at the G1/S-phase (Fig. 4C). Taken together, these data suggest
that the binding of NuSAP to ATM specifically occurs at G2/M-
phase, in conformity with phosphorylation on NuSAP.

4. Discussion

Cell-cycle checkpoints protect mammalian cells from the per-
manent genetic damage that can lead to transformation and onco-
genesis. ATM has been identified to mediate cell-cycle control at
different phases. A multitude of DNA repair and checkpoint pro-
teins have been identified as substrates of ATM kinase. For exam-
ple, the tumor suppressor p53 was shown to play a critical role
in the G1/S checkpoint and efficient induction of p53 after ionizing
radiation requires ATM phosphorylation [16]. MDM2, RAD9, Chk2
were also known as ATM targets at G1-phase [11]. It has also been
shown that the MRN complex and ATM function in a common
pathway, and that NBS1 in particular plays a role at S-phase as a
substrate of ATM kinase activity [28]. ATM target BRCA1, RAD17
on multiple sites at G2-phase, and these different phosphorylation
events elicited different effects on cell cycle progression [11]. Spin-
dle assembly is the result of many balanced processes. Chromatin
generates the formation of a gradient of RanGTP bound molecules
which promote microtubule polymerization around chromatin.
Substrates of checkpoint proteins such as Chk2 take an active role
in this process. Chk2 is indeed required to inhibit mitosis and spin-
dle assembly in Drosophila embryos in the presence of DNA dam-
age [15]. In spite of the recent progress in the elucidation of the
role of ATM, the effects of ATM activation in cells progressing
through mitosis are poorly understood, and substrates of ATM in
mitotic arrest cells remain seldom and elusive.

NuSAP induces extensive bundling of spindle microtubules and
causes bundled microtubules within spindle-like structures to be-
come longer. Previous studies showed that NuSAP plays an impor-
tant role in spindle assembly and its depletion by RNAi results in
spindle deficiency [4,8]. Our results indicated that NuSAP overex-
pression could impressively trigger mitotic arrest and induce mito-
tic microtubes bundling in a series of cell lines. However, NuSAP
had a much lower activity in ATS4 fibroblast cells, which lost
ATM but retain ATR function. Microtubules appeared less com-
pacted around chromatin and chromosome capture, alignment
and segregation were inefficient. Moreover, under ATM knock-
down, or ATM kinase inactive conditions, no significant alteration
of mitotic arrest was detected even overexpressing NuSAP. We fur-
ther showed that ATM phosphorylated NuSAP robustly at the G2/M
phase. Our primary data may provide the evidence that ATM takes
part in the spindle assembly by regulating the function of micro-
tube associate protein NuSAP.

Similar to NuSAP, the centrosomal protein CEP63 has been iden-
tified as an ATM and ATR target required for normal spindle assem-
bly. ATM and ATR phosphorylate Xenopus CEP63 (XCEP63) on
Ser560 and promote its delocalization from the centrosome. Sup-
pression of ATM and ATR activity or mutation of XCEP63 Ser560
to Ala prevented spindle assembly defects. Consistently, inactiva-
tion of the CEP63 gene in avian DT40 cells impaired spindle assem-
bly and prevented ATM- and ATR-dependent effects on mitosis
[29,30]. Our study provided that ATM phosphorylates NuSAP on
Ser124, whereas the S124A mutant had no effect in mitotic arrest.
In addition, ATM-mediated NuSAP phosphorylation occurs at G2/
M-phase, suggesting NuSAP is a substrate of ATM at G2/M-phase.
Future study should be performed to deeply investigate the role
of NuSAP in the effects of ATM on spindle assembly and mainte-
nance of genome stability.
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