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Centrosomal abnormalities are frequently observed in cancers
and in cells with defective DNA repair. Here, we used light and
electron microscopy to show that DNA damage induces centro-
some amplification, not fragmentation, in human cells. Caffeine
abrogated this amplification in both ATM (ataxia telangiectasia,
mutated)- and ATR (ATM and Rad3-related)-defective cells,
indicating a complementary role for these DNA-damage-
responsive kinases in promoting centrosome amplification.
Inhibition of checkpoint kinase 1 (Chk1) by RNA-mediated
interference or drug treatment suppressed DNA-damage-induced
centrosome amplification. Radiation-induced centrosome ampli-
fication was abrogated in Chk1—/~ DT40 cells, but occurred at
normal levels in Chk1—/~ cells transgenically expressing Chk1.
Expression of kinase-dead Chk1, or Chk1S345A, through which
the phosphatidylinositol-3-kinase cannot signal, failed to restore
centrosome amplification, showing that signalling to Chk1 and
Chk1 catalytic activity are necessary to promote centrosome
overduplication after DNA damage.
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INTRODUCTION

Recent findings that link aberrant centrosome number and
chromosome instability (Lingle et al, 2002) have refocused
attention on Boveri’s idea that centrosomal defects contribute to
tumorigenesis (Brinkley, 2001; Nigg, 2002). There are several
models that explain centrosome amplification. Numerical centro-
some aberrations can arise after failed cytokinesis (Meraldi et al,
2002). Extended G1-S arrest can decouple the centrosome and
chromosome cycles in hamster (Balczon et al, 1995; Meraldi et al,
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1999), human (Wong & Stearns, 2003) and chicken (Dodson et al,
2004) cells. From the frequent centrosome abnormalities seen in
p53-deficient cells (Fukasawa et al, 1996), in cells with DNA
repair deficiencies (Griffin et al, 2000; Dodson et al, 2004) and in
cells with telomere defects (Guiducci et al, 2001), we have
suggested that DNA damage signals have an impact on the
centrosome during an extended G2-M arrest (Dodson et al, 2004).

The principal signalling molecules involved in the DNA
damage response are the large serine-threonine kinases of the
phosphatidylinositol-3-kinase (PI3K) family—ATM (ataxia telan-
giectasia, mutated) and ATR (ATM and Rad3-related) (Shiloh,
2003). ATM responds primarily to DNA double-strand breaks
(DSBs), whereas ATR acts mainly in response to replication fork
stalling, although ionizing radiation also activates ATR. Recent
work has shown that ATR activity after DSB induction depends on
ATM (Jazayeri et al, 2006). The checkpoint kinase 1 (Chk1) is
activated by ATM and ATR and is necessary for cell-cycle
checkpoints (Bartek & Lukas, 2003). Chk1 is essential in
mammalian cells (Liu et al, 2000; Takai et al, 2000). Replication
defects and spontaneous DSBs in Chk1-deficient human and
chicken cells indicate that Chk1 might be important in the control
of DNA replication (Syljuasen et al, 2005; Zachos et al, 2005).
Loss of Chkl function in mammalian and chicken cells also
disrupts the G2-M checkpoint, giving rise to frequent aberrant
mitoses after genotoxic stresses that might also affect cell viability
(Takai et al, 2000; Zhao et al, 2002; Zachos et al, 2003).

RESULTS AND DISCUSSION

Early work showed the amplification of microtubule-organizing
centres (MTOCs) after irradiation of mouse cells. Electron
microscopy showed that a high percentage of these MTOCs did
not contain the paired centrioles and pericentrosomal material of
the normal centrosome (Sato et al, 1983). Later work on irradiated
human U20S cells (an osteosarcoma cell line) demonstrated
MTOC amplification after irradiation (Sato et al, 2000), although
the structure of these MTOCs was not determined. We tested
whether human lymphoblastoid cells undergo centrosome ampli-
fication after y-irradiation. As shown in Fig TA,B, we observed a
dose-dependent increase in the number of y-tubulin foci after
ionizing radiation treatment. More than two y-tubulin foci were

EMBO reports VOL 8 | NO 62007 603



scientificreport

o-Tubulin v-Tubulin Merge

al
L
-

50

40
30
20
10
N

Radiation dose ( Gy

Percentage of cells with
>2 centrosomes

Pericentrin ¥-Tubulin Merge

Fig 1| DNA-damage-induced centrosome amplification in human cells.
Cells shown were fixed and stained 48 h after 10 Gy ionizing radiation

treatment. DNA counterstains (DAPI) are shown in blue. Scale bars,

10 pm. (A) Upper series shows a cell with two centrosomes, and lower
series a cell with multiple centrosomes. Cells were stained for y-tubulin
(green) and o-tubulin (red). (B) Dose dependence of centrosome
amplification in human lymphoblastoid cells 48 h after treatment with the
indicated dose of ionizing radiation. The histogram shows mean + s.d. of
three separate experiments in which at least 500 cells were analysed.

(C) The upper series shows a cell with two centrosomes, and the lower
series a cell with multiple centrosomes. Cells were stained for pericentrin
(red) and y-tubulin (green). DAPI, 4,6-diamidino-2-phenylindole.

observed in 12% of cells at 24 h after irradiation, compared with
37% at 48h after 10 Gy treatment. High levels of cell death
precluded analysis at 72 h after ionizing radiation. We observed
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similar amplification in U20S cells (see later), Hct116 colon
carcinoma cells and in Jurkat T-cell lymphoma cells (data not
shown). These y-tubulin foci also contained pericentrin (Fig 1C),
indicating that they were indeed centrosomes.

As non-centrosomal aggregation of y-tubulin or centrosome
fragmentation can occur after various treatments (Keryer et al,
1984; Hut et al, 2003), we carried out serial-section electron
microscopy 48 h after 10 Gy irradiation of human lymphoblastoid
cells. Cells on glass coverslips were irradiated, then fixed and
stained for pericentrin. Cells with multiple pericentrin signals were
photographed and, after embedding and relocation, serially
sectioned for electron microscopy. We examined three irradiated
control cells with multiple pericentrin spots and observed a total
of 31 centrioles, of which 18 were clearly paired (Fig 2Ai,ii). In a
similar experiment analysing two A-T cells, we observed 15
centrioles, of which 10 were clearly paired (Fig 2Aiii,iv). As a
given section might not contain both centrioles of a centrosome,
the number of paired centrioles we describe here is the minimum.
These findings show that the additional MTOCs that we observed
contained duplicated centrosomes rather than fragments. Next,
we used immunofluorescence microscopy to verify the composi-
tion of the pericentrin/y-tubulin structures. As shown in Fig 2B,
we found that the centrosome components Aurora A, Cep170
(centrosomal protein  170), Neddl (neural precursor cell
expressed, developmentally downregulated 1), ninein and PCM1
(pericentriolar material 1) showed typical centrosomal localiza-
tions (supplementary Fig S1 online; Dammermann & Merdes,
2002; Meraldi et al, 2002; Guarguaglini et al, 2005). We conclude
that centrosome duplication, rather than centrosome splitting or
fragmentation, occurs after irradiation.

To define what elements of the DNA damage response regulate
centrosome amplification after irradiation of human cells, we
examined lymphoblastoid cells with defects in ATM and ATR. The
point mutation in ATR in Seckel syndrome cells causes a reduction
in the protein level, but not its complete loss (O’Driscoll et al,
2003). Centrosome amplification after irradiation was observed
in A-T cells by using electron microscopy (Fig 2Aiii,iv) and was
quantitated by light microscopy with vy-tubulin as a marker
(Fig 3B). DNA-damage-induced centrosome amplification was
also seen in Seckel syndrome cells (Fig 3B). Normal localization of
Aurora A, Cep170, Nedd1, ninein, PCM1 and pericentrin was
observed in amplified centrosomes in A-T and Seckel syndrome
cells (data not shown). This amplification was dose- and time-
dependent in both lymphoblastoid cell lines, and similar actual
numbers of centrosomes were seen in wild-type, A-T and Seckel
syndrome cells (data not shown). These findings show that neither
ATM nor ATR is essential for centrosome amplification.

Next, we used pharmacological means to probe the pathways
by which DNA damage causes centrosome amplification.
Caffeine is an in vitro inhibitor of the ATM/ATR kinases (Sarkaria
et al, 1999). As shown in Fig 3A, 2mM caffeine treatment
suppressed the G2-phase checkpoint normally observed in human
lymphoblastoid cells after irradiation. Caffeine treatment resulted
in near-normal numbers of centrosomes after irradiation of
control, A-T and Seckel syndrome cells (Fig 3B). That a caffeine-
sensitive activity allows centrosome amplification in both
ATM- and ATR-deficient cells indicated that they might act in a
complementary or redundant manner in driving centrosomal
responses to DNA damage.
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Fig 2| Microscopy analysis of amplified centrosomes in human cells. (A) Electron microscopy was carried out on human control (panels i,ii) or A-T

(panels iii,iv) lymphoblastoid cells 48 h after 10 Gy irradiation. Cells were processed for immunofluorescence microscopy of pericentrin and staining of
the DNA, as indicated. Cells were then flat-embedded and ultrathin serial sections were cut. Numbers on each pericentrin micrograph indicate the

positions of the centrioles shown in the corresponding electron micrographs. Scale bars, 0.5 pm. (B) Localization of centrosomal proteins to amplified

centrosomes in human lymphoblastoid cells. Cells were stained with antibodies to the indicated centrosomal or pericentrosomal proteins (green) and
to y-tubulin or pericentrin (red), then counterstained with DAPI (blue). Cells shown were fixed and stained 48 h after 10 Gy ionizing radiation

treatment. Scale bar, 10 pm. DAPI, 4,6-diamidino-2-phenylindole.

One response that is controlled by complementary activities of
ATM and ATR is Chk1 activation. UCN-01 (7-hydroxystaurospor-
ine) is a Chk1 inhibitor (Sarkaria et al, 1999; Graves et al, 2000).
We tested whether disruption of Chk1 function by UCN-01
treatment affected centrosome amplification after ionizing radia-
tion in human lymphoblastoid cells. At the minimum levels of
UCN-01 required to inhibit the G2-M checkpoint (Fig 3C), we
saw a reduction in the centrosome amplification caused by DNA
damage (Fig 3D). At higher UCN-01 concentrations, we noted a

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

complete repression of centrosome amplification (Fig 3D, right
panel). Next, we used RNA-mediated interference to knock down
the expression of Chk1. Owing to the difficulties we experienced
in transfecting the lymphoblastoid cells, we carried out these
experiments in U20S cells. Cells were transfected with inhibitory
RNA duplexes and irradiated 24 h after transfection and then
analysed 72 h after transfection. As shown in Fig 3E,F, reduction of
Chk1 caused a significant repression of centrosome amplification
after DNA damage.
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Fig 3| Dependence of DNA-damage-induced centrosome amplification in human cells on ATM/ATR and Chk1 kinase activity. (A) Repression of the
G2-M checkpoint by caffeine treatment of human lymphoblastoid cells. Cumulative mitotic indices of human lymphoblastoid cells grown in the
presence of colcemid for the time periods indicated after no treatment or after 10 Gy y-irradiation (IR), with or without preincubation with 2 mM
caffeine, as shown. A total of 200 cells were counted per time point in three separate experiments and data presented are the means +s.d. of these
replicates. (B) Quantification of control, A-T and Seckel syndrome (SS) cells with multiple centrosomes before and 48 h after 10 Gy ionizing radiation
in the presence or absence of caffeine. Centrosomes were counted by immunofluorescence microscopy of y-tubulin. Data were obtained from at least
500 cells per experiment and histograms show the mean + s.d. of results from three separate blind experiments. (C) UCN-01-mediated abrogation of
radiation-induced cell-cycle arrest. Cumulative mitotic indices of human lymphoblastoid cells grown in the presence of colcemid for the time points
indicated after no treatment or after 2 Gy y-irradiation, with or without preincubation with 0.5 pM UCN-01. A total of 200 cells were counted per time
point. (D) UCN-01-mediated suppression of centrosome amplification 48 h after the indicated dose of y-irradiation in the presence or absence of the
indicated concentration of UCN-01. Centrosomes were counted by immunofluorescence microscopy of y-tubulin. Data were obtained from at least 500
cells per experiment and histograms show the mean + s.d. of results from three separate blind experiments. (E) Immunoblot analysis of Chk1
repression in U20S cells by RNAi at 72 h after transfection, the time at which centrosome counts were performed. Immunoblot for actin was used as a
loading control. (F) Chkl RNA interference-mediated suppression of centrosome amplification 48 h after 20 Gy irradiation of U20S cells. Centrosomes
were counted by immunofluorescence microscopy of y-tubulin. Data were obtained from at least 500 cells per experiment. Asterisks indicate
significant difference from irradiated controls (paired t-test, P<0.01). ATM, ataxia telangiectasia, mutated; ATR, ATM and Rad3-related; Chkl,
checkpoint kinase 1; RNAi, RNA-mediated interference.
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Fig 4| Genetic analysis of the requirement of Chkl activity for DNA-damage-induced centrosome amplification. (A) Centrosome amplification 12h
after 10 Gy irradiation in Chkl~—/~ DT40 cells and in Chkl~/~ cells expressing wild-type (WT), kinase-dead (KD) or Ser345Ala (SA) mutant Chkl
transgenes. Centrosomes were counted by immunofluorescence microscopy of y-tubulin spots. Data were obtained from at least 500 cells per
experiment and histograms show the mean + s.d. of results from three separate blind experiments. (B) Immunoblot analysis of Chk1 levels in cells
used for the experiments shown in (A). Antibodies recognizing Chkl protein, Chkl pSer®#® and actin were hybridized to total cell extract from cells of
the indicated genotype before or 2h after 10 Gy y-irradiation. (C,D) Cumulative mitotic indices over time of colcemid-blocked WT, ChkI~/~Chkl+
(Rev), Chk1~/~ChkIP13%A+ (KD) or Chkl~/~ChkIS3*>4+ (SA) cells after no treatment or after 2 Gy y-irradiation (IR), with or without preincubation
with 2mM caffeine (Caff). A total of 200 cells were counted per time point. Chkl, checkpoint kinase 1.

To confirm the role of Chk1, we turned to the Chk1—/~ DT40
line (Zachos et al, 2003). Chk1-deficient cells showed only
background levels of centrosome amplification after irradiation
(Fig 4A). When Chk1 was constitutively expressed in these cells,
DNA damage again induced centrosome abnormalities (Fig 4A,B).
Notably, the expression of a kinase-dead Chk1 mutant (Asp130Ala)
did not restore DNA-damage-induced centrosome amplification
(Fig 4A) and also expression of a Chk1 mutant in which serine
345, a PI3K kinase target site, is replaced by alanine (Ser345Ala).

©2007 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Fig 4B confirms the expression of the Chk1 transgenes. The
Asp130Ala mutant consistently shows an altered electrophoretic
mobility, but repeated sequencing of the expression construct has
confirmed that the Asp130Ala alteration is the only mutation. The
G2-M checkpoint, which is abrogated by Chk1 deficiency
(Zachos et al, 2003), was restored by expression of wild-type
but not by kinase-dead or Ser345Ala Chk1 (Fig 4C,D).

To test our model of G2-phase centrosome amplification after
DNA damage, we carried out fluorescence-activated cell sorting

EMBO reports VOL 8 | NO 62007 607
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analysis of human and chicken cells after ionizing radiation.
We saw no evidence of mitotic failure (polyploid cells) as an
alternative explanation for centrosome amplification (Fig 5A). As
we also saw Chk1-dependent centrosome amplification occurring
after DNA topoisomerase Il inhibition (data not shown), we
conclude that Chk1-controlled centrosome amplification is a
general response to DNA damage in tumour cells and we present
the current models (shown in Fig 5B) for how multiple
centrosomes might arise. It remains to be defined whether the
principal role of Chk1 is the imposition of a cell-cycle delay or
whether Chk1 signals directly to the centrosome duplication
machinery. Candidate pathways include Cdc25 regulation of
Cdk2. The centrosomal localization of Chk1 (Kramer et al, 2004)
also indicates a potential role at the centrosome.

METHODS

Cloning. Site-directed mutagenesis using a Quikchange kit
(Stratagene, La Jolla, CA, USA) was used to replace the sequence
encoding Ser345 or Asp130 with the sequence for alanine
residues in pcDNA3.1zeo-Chk1 (encoding chicken Chk1;
Zachos et al, 2003) to generate pcDNA3.1zeo-Chk1S345A
or pcDNA3.1zeo-Chk1KD, respectively. Constructs were verified
by DNA sequencing.
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Cell culture and analysis. DT40 cell culture was as described
by Dodson et al (2004). Chk1=/~ DT40 cells were transfected
with linearized Chk1 expression constructs and overexpressing
clones selected as described by Zachos et al (2003). Human
lymphoblastoid cells GM07521 (apparently normal), GM01525
(A-T) and GM18367 (Seckel syndrome) were obtained
from Coriell Cell Repositories and U20S cells were from
the ATCC (Middlesex, UK). UCN-O1 was provided by the
Division of Cancer Treatment and Diagnosis, National Cancer
Institute (Bethesda, MD, USA), and was dissolved in dimethyl
sulphoxide at 1mg/ml. lonizing radiation experiments were
carried out using a '37Cs source at 23.5Gy/min (Mainance
Engineering, Hampshire, UK). Microscopy analysis of mitotic
indices and flow cytometry were carried out as described by
Dodson et al (2004).

RNA-mediated interference. An siGENOME™SMART pool of
RNA duplexes inhibitory to Chkl and an siCONTROL non-
targeting short interfering  RNA (siRNA) pool (Dharmacon,
Lafayette, CO, USA) were transfected into U20S cells by
using lipofectamine (Invitrogen, Carlsbad, CA, USA). A
300pmol portion of siRNA was complexed with 12yl
lipofectamine in serum-free medium and added to cells in a
6 ml final volume.

Microscopy. Monoclonal antibodies 3G11 (Dammermann &
Merdes, 2002) recognizing pericentrin and 35C1 (Abcam, Cam-
bridge, UK) against Aurora A were used at dilutions of 1:250 and
1:1,000, respectively. Polyclonal antibodies to Cep170 were used
at 1:1,000 after methanol fixation (Guarguaglini et al, 2005) and
antisera to Nedd1, ninein and PCM1 were used as described by
Dammermann & Merdes (2002) and Haren et al (2006).
Immunofluorescence microscopy of pericentrin before electron
microscopy and of phospho-H2AX was carried out after fixation
with 4% paraformaldehyde and permeabilization with 0.15%
Triton X-100, both in cytoskeleton buffer (137 mM NaCl, 5mM
KCl, 1.1 mM Na,HPO,, 0.4mM KH,PO,, 2mM MgCl,, 2mM
EGTA, 5mM PIPES, 5.5mM glucose). Further preparation and
electron microscopy were carried out as described by Dodson
et al (2004). Otherwise, immunofluorescence microscopy of
pericentrin was carried out as described by Dodson et al (2004).
Antibodies, cell fixation and staining and light microscopy using
an Olympus BX51 microscope were as described previously
(Dodson et al, 2004).

Immunoblot analysis. Cell extracts were analysed by western
blotting as described previously (Zachos et al, 2003). We used
monoclonal antibodies G4 against Chk1 (Santa Cruz, Santa Cruz,
CA, USA) and AC-40 against actin (Sigma-Aldrich, Dublin,
Ireland) and polyclonal antibodies against Chk1 phosphorylated
at Ser345 (New England Biolabs, Ipswich, MA, USA) or, for
analysis of the RNAi experiment, polyclonal anti-actin (A2066)
and monoclonal anti-Chk1 DCS310 (both Sigma).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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