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Centrosomes are important cytoplasmic organelles involved in
chromosome segregation, defects in which can result in aneu-
ploidy, and contribute to tumorigenesis. It is known that DNA
damage causes the supernumerary centrosomes by a mechanism
in which centrosomes continue to duplicate during cell cycle arrest
at checkpoints. We show here that ionizing radiation induces the
overduplication of centrosomes in a dose-dependent manner, and
that the level of overduplication is pronounced in BRCA1- and
NBS1-deficient cells, even though their checkpoint control is abro-
gated. Conversely, marginal increases in overduplication were
observed in Ku70- and DNA-PKcs-deficient cells, which are intact in
checkpoint control. The frequency of radiation-induced overdupli-
cation of centrosomes might be associated with DNA repair, as it
was decreased with reduced cell killing after protracted exposures
to radiation. As a result, when the frequency of radiation-induced
centrosome overduplication was plotted against radiation-induced
cell killing, similar curves were seen for both protracted and acute
exposures in wild-type cells, Ku70-deficient, and DNA-PKcs-defi-
cient cells, indicating a common mechanism for centrosome over-
duplication. However, the absence of either BRCA1 or NBS1
enhanced radiation-induced overduplication frequencies by 2-4-
fold on the basis of the same cell killing. These results suggest that
radiation-induced centrosome overduplication is regulated by at
least two mechanisms: a checkpoint-dependent pathway involved
in wild-type cells, Ku70-deficient and DNA-PKcs-deficient cells; and
a checkpoint-independent pathway as observed in BRCA1-defi-
cient and NBS1-deficient cells. (Cancer Sci 2010; 101: 2531-2537)

T he centrosome, an organelle consisting of a pair of centri-
oles surrounded by pericentriolar material, is necessary for
proper chromosome segregation during cell division."""* Centro-
somes duplicate only once during each cell division cycle. When
the proper number of centrosomes is not present, the formation
of multiple mitotic spindles and aneuploidy can occur, leading
to tumorigenesis.>* BRCAL1, an ovarian and breast cancer-spe-
cific tumor suppressor protein,®~" localize at the centrosomes,
and suppression of BRCA1 leads to centrosome overduplica-
tion.® BRCALI is an E3 ubiquitin ligase that ubiquitinates
v-tubulin, a key protein for the formation of pericentriolar mate-
rial.® Defects in the ubiquitination activity of BRCA1 lead to
centrosome overduplication and abnormal aster formation,(g’w)
suggesting that the ubiquitination is required to maintain the
proper number of centrosomes in cells. Hypomorphic mutations
in the NBS1 protein result in Nijmegen breakage syndrome
(NBS), which is characterized by a predisposition towards
. . a1 . .
malignancies.” "’ NBS1 localizes at the centrosomes by forming
complexes with BRCAI; the knockdown of NBS1 in mamma-
lian cells results in centrosome overduplication."? Given that
downregulation of the NBS1 protein reduces the ubiquitination
of y-tubulin, NBS1 could be involved in the maintenance of
the proper number of centrosomes through BRCAI1-mediated
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ubiquitination of y-tubulin."® Other DNA repair proteins, such
as the DNA-dependent protein kinase catalytic subunit (DNA-
PKcs), also localize at the centrosome; however, their function
at the centrosome is not clear.

Ionizing radiation (IR) induces DNA double-strand breaks
(DSBs), a potentially lethal type of DNA damage, and generates
chromosome aberrations and gene mutations, and leads to apop-
tosis."* Two major pathways are involved in DSB repair:
homologous recombination gHR) repair; and non-homologous
end-joining (NHEJ) repair.">~'” Homologous recombination is
an accurate repair system comprising a number of proteins,
including the NBS1/MRE11/RAD50 (MRN) complex and
BRCA1.""Y The HR factors, BRCA1 and NBSI, are not only
involved with the repair of DSBs but also regulate cell cycle
checkpoints‘“(”ls) In contrast, NHEJ enzymes are not associated
with cell cycle checkpoints, but they constitute the dominant
repair mechanism in mammalian cells. DNA-PKcs forms a
complex with Ku70 and Ku80, which then recruits the XRCC4/
ligase 4 complex to directly rejoin the two ends of a DSB.!"”
The time required for rejoining DSBs depends on which repair
process is used; NHEJ takes approximately 1-2 h,""” but HR
requires more time.®”’ If not properly rejoined, DSBs could be
mis-repaired through interactions with other DSBs, which can
convert it into a lethal lesion. Exposure of cells to protracted IR
spacio-temporally promotes the correct rejoining of DSBs, and
consequently results in fewer DSBs being mis-repaired. This
will ultimately result in a lower degree of cell death after radia-
tion exposure."

It has been reported that IR induces the overduplication of
centrosomes.®>*? Although the underlying mechanism is not
well understood, this effect could be due to an uncoupling
between cell cycle checkpoints and centrosome duplication.
Specifically, centrosome duplication is triggered by the activa-
tion of cyclin-dependent kinase (CDK)/cyclin-A/E and contin-
ues when the cell cycle is arrested in response to DNA damage.
This model is supported by evidence showing that centrosome
overduplication is strongly reduced by the presence of a
CDK/cyclin-A/E inhibitor such as roscovitine,"'® or by the
abrogation of cell cycle checkpoints in Chkl-deficient
cells.*>?® Thus, a cell cycle arrest should increase the chances
for overduplication to occur,”~” while also providing more time
for DNA repair by NHEJ and HR.*"*® Accumulating evidence
regarding the associations of DNA repair, NHEJ and HR, with
IR-induced cell killing has been reported, but the contributions
of NHEJ- and HR-repair proteins to the overduplication of
centrosomes following exposures to IR remains to be examined.
The aim of this study was to investigate the underlying mecha-
nisms involved in centrosome overduplication after IR
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exposures and the role of specific DNA repair proteins, which
localize at the centrosomes.

Materials and Methods

Cell culture and transfection. The human cell line U20S and
the mouse cell line NIH3T3 were used as control cell lines.
A31-1 cells (Nbs1™7) were established from mouse embryonic
fibroblasts from Nbsl knockout mice using SV40 infection.
Brcal™ ™ and Brcal*’™ mouse embryonic stem (ES) cells were
gifts from M.E. Moynahan, Developmental Biology, Memorial
Sloan-Kettering Cancer Center, New York, NY, USA. Ku70™" -,
SCID-IM (DNA-PKcs™7), and CB-17-IM (DNA-PKcs*™*) cells
were established from mouse embryonic fibroblasts obtained
from the appropriate knockout mice (a gift from F.W. Alg,
Department of Genetics and Pediatrics, Harvard University,
Boston, MA, USA) and the parental mice (Charles River, Wil-
mington, MA, USA) through SV40 infection. A31-1 cells com-
plemented with NBS1 cDNA (A31-1 + NBS1 cDNA) and
Ku70™"~ cells complemented with Ku70 ¢DNA (Ku70~" "+
Ku70 cDNA) were used as wild-type cell controls. Preparation
of (A31-1 + NBSI cDNA) cells and (Ku70~""+Ku70 cDNA)
cells was carried out as previously reported.'? Cells were
cultured in DMEM (Sigma-Aldrich, St. Louis, MO, USA) sup-
plemented with 10% FBS (HyClone, Waltham, MA, USA) at
37°C in a humidified atmosphere containing 5% CO,.

Immunostaining. The immunostaining was carried out
according to the methods of Saladino et al.®” Briefly, cells on
coverslips were washed with PBS, fixed in cold methanol
(=20°C) for 10 min, and incubated with a detergent solution
(0.1% Triton X-100, 20 mM HEPES [pH 7.4], 50 mM NaCl,
3 mM MgCl,, and 300 mM sucrose) at 4°C for 5 min. The cells
were then incubated with 3% non-fat milk for 30 min, followed
by incubation with primary antibodies against y-tubulin (Sigma-
Aldrich) and centrin-2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). The cells were subsequently incubated with the fol-
lowing secondary antibodies: Alexa-488-conjugated anti-rabbit
IgG for y-tubulin; and Alexa-546-conjugated anti-rabbit IgG for
centrin-2 (both Molecular Probes, Eugene, OR, USA). Fluores-
cence was visualized using a confocal laser-scanning micro-
scope (Olympus, Tokyo, Japan). At least 200 cells in each
sample were examined for centrosome number and nuclear mor-
phology.

Irradiation and cell survival assays. The fraction of surviving
cells after IR exposures was determined by clonogenic survival
assays. Cells were irradiated with '*’Cs y-rays at a dose rate of
1 Gy/min using a Gammacell 40 system (MDS Nordion,
Ottawa, Canada) or at 0.5 mGy/min using a low dose rate irra-
diation system (Sangyo Kagaku, Tokyo, Japan). During expo-
sures (for a maximum period of 7 day), cells were maintained in
a 5% CO, atmosphere at 37°C. Following irradiation, cells were
trypsinized and an appropriate number of cells were plated on
100 mm dishes. After a 10-day incubation period, the surviving
fraction of the cell population was determined by counting the
number of colonies that had formed. An additional survival
experiment was carried out in which NIH3T3 cells were treated
with 25 pM roscovitine for 72 h after irradiation with '¥’Cs
y-rays at a dose rate of 1 Gy/min.

Results

Excess centrosomes accumulate after exposure of cells to acute
and protracted IR. To determine the number of centrosomes in
each cell, the expression of y-tubulin, a centrosome-specific pro-
tein, was quantified with immunostaining at various time points
after exposure to IR. In U20S cells, excess centrosomes in irra-
diated cells, defined as more than two centrosomes per cell,
reached a peak at 96 h after an acute 5 Gy exposure at a dose
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Fig. 1. Production of excess centrosomes in human U20S cells and
mouse NIH3T3 cells after acute and protracted exposures to y-
irradiation. (a) U20S cells were irradiated with 5 Gy at a dose rate of
1 Gy/min (left panel), and with a total dose of 5 Gy at a dose rate of
0.5 mGy/min (right panel). Cells were examined for excess
centrosomes at the indicated time points using y-tubulin antibodies.
(b) Dose-response curves for centrosome overduplication. U20S (left
panel) and NIH3T3 (right panel) cells were irradiated with the
indicated doses at a dose rate of 1 Gy/min and 0.5 mGy/min, and
centrosome numbers were counted 96 h after irradiation. (c) Cell
survival after protracted exposures to ionizing radiation. U20S (left
panel) and NIH3T3 (right panel) cells were irradiated with the
indicated doses at a dose rate of 1 Gy/min and 0.5 mGy/min. (d)
Roscovitine, a cyclin-dependent kinase inhibitor, had no effect on the
survival of NIH3T3 cells after exposure to 5 Gy of ionizing radition,
but strongly inhibited the induction of centrosome overduplication.
Bars represent the standard errors (n = 3).

rate of 1 Gy/min. The centrosome number then gradually
declined over the next 48 h (Fig. 1a, left panel). To determine
the dose rate effects of centrosome overduplication, we com-
pared their frequencies at a dose rate of 1 Gy/min with that of
0.5 m Gy/min, in which we observed the repair from DNA dam-
age after IR exposure.(21’22’30) After a protracted exposure (5 Gy
at a dose rate of 0.5 mGy/min), the frequency of cells contain-
ing excess centrosomes was relatively constant for at least 96 h
(Fig. 1a, right panel). When human U20S cells were compared
at 96 h post-exposure, it was found that IR increased the fre-
quency of centrosomes in a dose-dependent fashion (Figs 1b,
left panel,S1). Moreover, as observed for cell death frequencies
(Fig. 1c, left panel), the frequency of cells containing excess

doi: 10.1111/j.1349-7006.2010.01702.x
© 2010 Japanese Cancer Association



centrosomes after a protracted exposure to 5 Gy was reduced to
70-80% of that seen after an acute exposure to 5 Gy (Fig. 1b,
left panel). Because cell death frequencies appeared to correlate
with a reduced frequency of cells containing excess centro-
somes, cells were next treated with the CDK inhibitor roscovi-
tine to examine the causal relationship between the frequency of
cells containing excess centrosomes and cell death. Consistent
with a previous report,"'® roscovitine strongly suppressed the
accumulation of excess centrosomes in irradiated cells, whereas
the levels of cell death remained unchanged (Fig. 1d). This
observation indicates that there is no causal relationship between
the frequency of cells containing excess centrosomes and cell
death. A reduced frequency of cells containing excess centro-
somes after protracted exposures was also observed in mouse
NIH3T3 cells (Fig. 1b,c, right panel).

Excess centrosomes result from overduplication, not frag-
mentation, following IR exposures. The production of an excess
number of centrosomes can potentially occur through two mech-
anisms, the overduplication of centrosomes, or centrosome
fragmentation. If centrosomes are produced through the first
mechanism, they will contain a normal number of centriole(s),
that is, we observed two centrioles in a centrosome when centri-
oles were immunostained with antibodies against centrin-2
(Fig. 2a,b). The second mechanism (fragmentation) results in
centrosomes containing no centrioles or centrosomes containing
a reduced number of centriole(s). After acute exposure to 5 Gy,
it was found that cells containing supernumerary centrioles,
defined as more than four centrioles per cell, comprised 30% of
the population (Fig. 2c, right panel). This result is consistent
with the existence of excess centrosomes, defined as more than
two centrosomes per cell (Fig. 2c, left panels). Moreover, cen-
trosomes lacking centrioles were not observed. Similar results
were obtained after protracted exposures (Fig. 2d), although the
frequency of cells containing excess centrosomes was lower
than that observed after acute exposures. These results indicate
that the presence of excess centrosomes after an IR exposure
is due to the overduplication of centrosomes, and that the
frequency of fragmentation, if any occurs, is very low.

Homologous recombination repair proteins are associated with
centrosome overduplication after IR exposures. It was previ-
ously reported that HR repair proteins, including NBS1 and
BRCAI, are localized at the centrosomes, and that the degletion
of these proteins leads to centrosome overduplication.'” Con-
sistent with this observation, after acute exposures to 5 Gy, the
frequency of cells containing excess centrosomes increased
threefold in Brcal-deficient ES cells when compared to irradi-
ated wild-type ES cells (Brecal™™) (Figs 3a,S1a,S2a). Protracted
exposures to IR resulted in a high frequency of cells containing
excess centrosomes. However, this was 80% and 79% of the fre-
quency of cells containing excess centrosomes observed after
acute IR exposures of Brcal-deficient and wild-type ES cells,
respectively (Figs 3a,S2a). Similar results were obtained when
using Nbs1-deficient A31-1 cells. Nbs1-deficient cells showed a
twofold frequency of cells containing excess centrosomes after
acute and protracted exposures to 5 Gy when compared to cells
complemented with wild-type NBS1 cDNA (Figs 3b,S1b,c). As
observed in Brcal ™~ cells, the frequency of cells containing
excess centrosomes decreased to 78% in wild-type NBS1 cells
and to 65% in A31-1 cells after protracted exposures to IR
(Figs 3b,S2b). Thus, the overduplication of centrosomes
observed after both types of exposure was considerably
enhanced in the absence of the BRCA1 and NBSI proteins,
although the protracted exposures similarly reduced these fre-
quencies in either the presence or absence of HR proteins.

Non-homologous end-joining deficiency slightly potentiates IR-
induced centrosome overduplication. It was previously reported
that DNA-PKGcs is localized at the centrosomes, SO we exam-
ined the overduplication of centrosomes after IR exposures in
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Fig. 2. Quantification of the number of centrosomes and centrioles
in U20S cells after acute and protracted exposures to y-irradiation.
Centrosomes and centrioles were immunostained with anti-y-tubulin
antibodies and anti-centrin-2 antibodies, respectively (a), and their
numbers were quantified in untreated U20S cells (b). U20S cells were
irradiated with 5 Gy of ionizing radiation at a dose rate of 1 Gy/min
and 72 h later, at least 200 cells were counted for quantitative
analysis of centrosomes and centrioles (c). Similarly, centrosomes and
centrioles were counted after irradiation with 5 Gy delivered at a rate
of 0.5 mGy/min (d).

DNA-PKcs-deficient, Ku70-deficient, and parental wild-type
cells. In contrast to Brcal- and Nbs1-deficient cells, centrosome
overduplication was detected only at low levels in non-irradiated
Ku70- and DNA-PKcs-deficient cells. The frequency of cells
containing excess centrosomes was only 10-30% higher in
Ku70-deficient cells than in wild-type cells after exposure to
5 Gy (Figs 4a,S1d,S3a), even though cell death was enhanced
markedly by Ku70 deficiency (Figs 5b, left panel,S1d). Simi-
larly, DNA-PKcs deficiency provided only marginal effect and
the increase in their frequencies was insignificant (Fig-
s 4b,S1e,S3b). In Ku70~"~ cells irradiated at a low dose rate,
the frequency of cells containing excess centrosomes was 77%
of that observed when these cells were irradiated acutely.
In addition, all of the excess centrosomes observed in both the
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Fig. 3. Centrosome overduplication in homologous recombination
repair protein-deficient cells. (a) Brcal™’~ and Brcal*’~ embryonic
stem (ES) cells were stained with anti-y-tubulin and anti-centrin-2
antibodies after irradiation with 5 Gy at dose rates of 1 Gy/min and
0.5 mGy/min. Cells were irradiated with the indicated doses and
centrosomes were quantified 72 h after irradiation. (b) As in (a),
Nbs1™/~ fibroblast cells (A31-1) and complemented A31-1 + NBS1
cDNA cells were stained, and centrosomes were quantified 72 h after
irradiation. Bars represent the standard errors (n = 3).

irradiated Ku70-deficient and wild-type cells contained a
normal number of centrioles (Fig. 4a). Therefore, in contrast to
Brcal- and Nbsl-deficient cells, the disruption of NHEJ repair
proteins slightly enhanced centrosome overduplication after IR
exposures.

Association between radiosensitivity and centrosome over-
duplication. Because the extent of DNA damage remaining
after exposure to IR can vary depending on the cell’s ability to
repair such damage, it was of interest to examine relationships
between centrosome overduplication and DNA damage, or
resulting cell death, in HR- and NHEJ-deficient cells. As
expected, cell death after acute exposure to 5 Gy was 100-1000
times higher in Ku70- and DNA-PKcs-deficient cells than in the
corresponding wild-type cells, and their cell death levels were
significantly lower after exposures to protracted IR (Fig. 5a).
Similarly, Brcal- and Nbsl-deficient cells were more sensitive
than their wild-type counterparts after an acute exposure to IR,
and they were less sensitive to protracted exposures (Fig. 5b).
As a result, both NHEJ- and HR-deficient cells showed
increased survival after a protracted exposure to IR. This result
is consistent with the fact that, although NHEJ is the dominant
repair mode in mammalian cells, both NHEJ and HR repair
mechanisms are involved in the repair of DSBs.?%"

We next evaluated the frequencies of cells containing centro-
some overduplication in radiation sensitive cells on the basis of
cell killing, as we described previously.®* When the frequency
of cells containing overduplicated centrosomes was plotted
against cell death, which was derived from Figs 3-5 (1-5 Gy)
and from Fig. S1 (8-15 Gy), the curves of all wild-type cells
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Fig. 4. Centrosome overduplication in non-homologous end-joining
repair protein-deficient cells. (a) Ku70™"~ fibroblast cells and
complemented Ku70™""+Ku70 cDNA cells were stained with anti-y-
tubulin antibodies and anti-centrin-2 antibodies after irradiation with
5Gy at dose rates of 1Gy/min and 0.5 mGy/min. Cells were
irradiated with the indicated doses and centrosomes were quantified
72 h after irradiation. *Student’s t-test indicated a statistically
significant increase (P> 0.05). (b) As in (a), DNA-PKcs™ ™ fibroblast
cells (SCID) and parental CB17 mouse fibroblast cells (DNA-PKcs*”*)
were stained, and centrosomes were quantified 72 h after irradiation.
Bars represent the standard errors (n = 3). *Student’s t-test indicated
no statistically significant increase (P < 0.05).

were similar, regardless of the radiation dose rate (Fig. 6a). This
trend was also observed in the curves of NHEJ-deficient cells,
although the frequency of cells containing centrosome over-
duplication is slightly lower in NHEJ-deficient cells than that in
wild-type cells (Fig. 6b). However, Brcal and Nbs1 deficiencies
produced differently shaped curves, in which the frequency of
centrosome overduplication increased in Brcal- and Nbs1-defi-
cient cells, even in the presence of high levels of cell death
(Fig. 6b). These results indicate that NBS1 and BRCAI are
required for centrosome maintenance after exposure to IR,
although Ku70 and DNA-PKcs appears to have marginal roles
in centrosome duplication.

Discussion

In this report, it was shown that centrosome overduplication
after IR exposure is dose-dependent and is significantly reduced
after protracted exposures to IR when compared to acute expo-
sures. Centrosome duplication is triggered by the activation of
CDK/cyclin-A/E, and the production of excess centrosomes is
caused by continued centrosome duplication during cell cycle
arrest in the G2 phase with the introduction of DNA damage.®

This model is supported by the observation that the number
of cells containing excess centrosomes increased during the
post-irradiation period (Fig. la, left panel)® and the number
of excess centrosomes observed after IR exposures decreased
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plotted as shown. Acute, 1 Gy/min; ES, embryonic stem (cells);
Protracted, 0.5 mGy/min.
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and centrosome duplication, as the period of cell cycle arrest
depends on the amount of DNA damage.** This trend was also
observed in DNA-PKcs- and Ku70-deficient cells, although the
frequency of cells containing centrosome overduplication was
slightly reduced (Fig. 6b). This might be due to their defects in
the rejoining of chromosomal aberration,**>" which is gener-
ated in cells containing centrosome overduplication.>
Recently, it has been reported that many HR proteins, includ-
ing NBS1, BRCAI, and BRCA2 can localize at the centro-
somes.®®*” It was shown here that the frequency of cells
containing excess centrosomes after an IR exposure is consider-
ably enhanced by deficiencies in the HR proteins BRCA1 and
NBSI1 on the same basis of cell killing, although their frequen-
cies is higher in BRCA1-deficient cells than in NBS1-deficient
cells (Fig. 6). This different frequency could be due to partial
function of NBS1 in NBS cells as a result of the hypomorphic
mutation.®® The elevated frequencies of both cells is an unex-
pected result, because NBS1 and BRCA1 are checkpoint pro-
teins®” and thus should abrogate G, arrest,° reducing
centrosome overduplication. Consequently, these results suggest
that BRCAI- and NBS1-mediated centrosome aberrations are
induced by a pathway independent of checkpoint activation.
It was previously reported that centrosome overduplication is
significantly increased by disruptions in the BRCA1 and NBS1

Cancer Sci | December 2010 | vol. 101 | no. 12 | 2535

© 2010 Japanese Cancer Association



proteins in the absence of DNA damage.'* Both proteins are
involved in the ubiquitination of y-tubulin for the maintenance
of centrosomes, a process in which the number of centrosomes
present in a cell is likely monitored by BRCAI and NBS1.”
Therefore, an absence of their monitoring functions could
enhance centrosome overduplication during growth arrest, even
though such an arrest may be shorter than in wild-type cells.

In summary, these results describing DNA repair on centro-
some overduplication in both wild-type and, most likely,
NHEIJ-deficient cells, are consistent with a model in which
excess centrosomes appearing after exposure to IR are generated
by continued centrosome duplication during an induced cell
cycle arrest.®? In addition, a deficiency of either BRCA1 or
NBSI1 greatly increases centrosome overduplication in irradiated
cells, possibly through an alternative pathway, because the
absence of either of these two proteins shortens or abolishes the
cell cycle arrest after an exposure to IR.***? Therefore, overdu-
plication of centrosomes after IR exposure is generated either
through the cell cycle arrest or through direct control of centro-
some duplication by centrosome-maintaining protein, such as
BRCAI1/NBS1. BRCAL is inactivated in familial breast cancer,
and this is observed in approximately 5% of breast cancer
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