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Centrobin plays a role in the cellular response to DNA damage
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ABSTRACT

DNA repair proteins have been found to localize to the centrosomes and defects in these
proteins cause centrosome abnormality. Centrobin is a centriole-associated protein that is
required for centriole duplication and microtubule stability. A recent study revealed that
centrobin is a candidate substrate for ATM/ATR kinases. However, whether centrobin is involved
in DNA damage response (DDR) remains unexplored. Here we show that centrobin is phos-
phorylated after UV exposure and that the phosphorylation is detected exclusively in the
detergent/DNase |-resistant nuclear matrix. UV-induced phosphorylation of centrobin is largely
dependent on ATR activity. Centrobin-depleted cells show impaired DNA damage-induced
microtubule stabilization and increased sensitivity to UV radiation. Interestingly, depletion of
centrobin leads to defective homologous recombination (HR) repair, which is reversed by
expression of wild-type centrobin. Taken together, these results strongly suggest that centrobin
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plays an important role in DDR.

Introduction

Mirotubules (MTs) are polymers of tubulin that are
key components of the eukaryotic cytoskeleton and
provide structure and shape to the cytoplasm of the
cells [1,2]. Recently, it has been shown that fission
yeast with defective DNA repair functions dis-
played elongated morphology with stabilized
microtubules [3]. Another recent study demon-
strated that microtubule stabilization is required
for intracellular trafficking of DNA repair proteins
to the nucleus in response to DNA damage [4],
revealing a link between the DNA damage response
(DDR) and microtubules networks.

MTs are nucleated and organized by the micro-
tubule organizing center (MTOC), and centrosome
serves as the main MTOC in most animal cells [5,6].
Centrobin is a daughter centriole-specific protein
which is required for centriole duplication and
elongation [7-11]. Centrobin binds to microtubules
and this interaction is required for microtubule
polymerization and stabilization [8,11,12]. Two dif-
ferent serine/threonine kinase are known to regu-
late the microtubule stabilizing activity of
centrobin. PLK1 (polo-like kinase 1) enhances the
microtubule stabilizing activity of centrobin during

mitosis, while centrosomal kinase NEK2 (NIMA-
related kinase 2) antagonizes the microtubule sta-
bilizing the activity of centrobin during interphase
[8,12]. Centrobin is also detected outside the cen-
trosome and is essential for microtubule formation
in the cytoplasm [8,13]. Intriguingly, a proteomics
analysis for ATM/ATR substrates following IR irra-
diation identified centrobin as one of 700 putative
substrates [14]. Combined, we, therefore, hypothe-
sized that centrobin plays a role in the cellular
response to DNA damage, possibly through its abil-
ity to organize microtubules.

In the present study, we found that centrobin
is phosphorylated following UV radiation and
its phosphorylation is largely reduced by ATR
inhibition. Centrobin-depleted cells are sensitive
to UV exposure and had a defect in UV-induced
microtubule stabilization. Centrobin knockdown
in DR-GFP/U20S cells exhibits reduced DNA
repair efficiency of homologous recombination
(HR) and this HR defect is restored by expres-
sion of wild-type centrobin. Taken together, our
results suggest that centrobin plays an impor-
tant role in DDR, leading to DNA damage-
induced microtubule stabilization and efficient
DNA repair.
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Materials and methods
Antibodies

The anti-a-tubulin (T5168), anti-y-tubulin (T6557),
and anti-MCM?7 (M7931) antibodies were purchased
from Sigma Aldrich; anti-centrobin (ab70448) anti-
body was purchased from abcam; anti-lamin Bl
(sc374015) and anti-centrin 2 (sc27793) antibodies
were purchased from Santa Cruz; anti-ATR (#2790),
anti-phospho CHK1 (S345) (#2341), anti-phospho
CHK2 (T68) (#2661), and anti-K40 acetylated a-
tubulin (#5335) antibodies were purchased from
Cell signaling; anti-BRCA2 (OP95), anti-BRCAl
(OP92), anti-RPA2 (04-1481), anti-Histone H3 (06-
755), and anti-y-H2AX (05-636) antibodies were
purchased from Millipore; anti-ATM (A300-299A),
anti-RPA2 (S4/S8) (A300-245A), anti-RPA2 (S33)
(A300-246A), and anti-MCM3 (A300-192A) antibo-
dies were purchased from Bethyl Laboratory.

Cell culture and transfection

HeLa and DR-GFP U20S were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10%
fetal bovine serum. Cell transfection was performed
using LTX (Thermo Fisher Scientific, Waltham, MA,
USA) for plasmids and RNAimax (Thermo Fisher
Scientific, Waltham, MA, USA) for siRNAs, respec-
tively, following the manufacturer’s protocol.

siRNAs

siRNAs were synthesized by Qiagen and Bioneer
(Korea). The sense sequence of centrobin #1 and #2
siRNAs are GGAUGGUUCUAAGCAUAUCATAT
and AGUGCCAGACUGCAGCAACATAT, respec-
tively. While both siRNAs efficiently knockdown
centrobin, siRNA#1 was used to perform all the
knockdown experiments throughout this study.
siRNA for centrin-2 (GAGCAAAAGCAGGAGA
UCCdTdT), PALB2, and BRCA2 were based on
previous report [15]. Negative Control siRNAs
were purchased from Qiagen and Bioneer (Korea).

Constructs and retroviral infection

Total RNA isolated from HeLa cells was reverse
transcribed and the full-length centrobin ¢cDNA
was amplified by PCR. Centrobin cDNA resistant
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to the siRNA was created by introducing silent
mutations. Site-directed mutagenesis was carried
out with QuickChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA) and verified
by sequencing. siRNA resistant centrobin cDNA
was sub-cloned into a pMSCV-FLAG retroviral
vector and then retroviral vectors were cotrans-
fected with pCL-Ampho into 293T cells for virus
production. The virus was collected 48 and 72 h
after transfection and subsequently used to infect
DR-GFP U20S cells. Two days after the last infec-
tion, cells were selected in 1 pg/ml puromycin
(Thermo Fisher Scientific, Waltham, MA, USA)
for the establishment of stable clones.

Cell fractionation

Cell fractionation was performed as described pre-
viously with some modifications [16]. Cell pellets
were suspended in modified CSK buffer (10 mM
HEPES-KOH (pH 7.5), 100 mM NaCl,
0.3 M sucrose, 0.1% Triton X-100, 0.1 mM
EDTA, 1 mM dithiothreitol (DTT) and protease
inhibitors. After 10 min of incubation on ice,
samples were centrifuged at 1000 x g for 5 min.
Supernatants (cytosolic & nucleoplasmic fraction)
were saved for S fraction, and remaining pellets
(chromatin-enriched fraction; P) were resus-
pended in the same buffer. Further fractionation
of P1 suspension were performed by treatment
with high-salt NaCl or DNasel (New England
Biolabs, MA, USA), then supernatants were saved
after high-speed centrifugation.

Lambda phosphatase treatment

Cell extracts were incubated with 400 U of A phos-
phatase (New England Biolabs, MA, USA) at 30°C
for 40 min and then analyzed by Western blotting.

Immunofluorescence

Exponentially growing cells were seeded onto cover-
slips and then treated (or mock-treated) with the
indicated DNA-damaging agent. After treatment,
the cells were washed with PBS and fixed in cold-
methanol. The cells were then permeabilized with
0.5% Triton X-100 for 5 min and blocked in 5% BSA
for 30 min. The cells were incubated with the
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indicated primary antibodies overnight at 4°C, and
Alexa-conjugated secondary antibodies (Thermo
Fisher Scientific, Waltham, MA, USA) for 1 h at
room temperature. After three washing steps, slides
were counterstained using DAPI (Sigma-Aldrich,
St. Louis, MO, USA), mounted with ProLong Gold
antifade (Thermo Fisher Scientific, Waltham, MA,
USA), and the results were visualized using a Leica
Fluorescence Microscope with a Plan-Apochromat
63x/1.4 oil immersion objective.

Cell survival assay

Cells were seeded onto 12-well plates in triplicate
and then transfected with siRNAs. At 48 h after
transfection, cells were exposed to UV at the indi-
cated dose. Treated cells were grown for 24 h before
being collected and viable cells were counted by
methylene blue staining. Growth percentage was
calculated as treated cells/untreated cells x 100.

Homologous recombination (HR) assays

Homologous recombination (HR) assays were per-
formed as described previously [17]. DR-GFP
U20S cells were seeded onto 12-well plates in
triplicate and then transfected with the indicated
siRNAs. Twenty-four hours after transfection, the
cells were then transfected with either I-Scel plas-
mid or GFP plasmid. Forty-eight hours later, the
cells were harvested and analyzed for green fluor-
escent protein (GFP) by fluorescence-activated cell
sorting (FACS) analysis. In each experiment, the
percentage of green (GFP™) cells was measured in
triplicate samples. Values were normalized for the
transfection efficiency and were displayed as mean
+ SEM GFP" frequencies relative to that of control
siRNA-treated cells.

Nocodazole resistance assay

Nocodazole treatment to image stabilized microtu-
bules was performed as previously described [18]. At
72 hr after siRNAs transfection, HeLa cells were trea-
ted with 2 uM of nocodazole (Sigma-Aldrich,
St. Louis, MO, USA) at 37°C for 45 min and then pre-
extracted with 0.2% triton X-100 at 4°C for 1 min to
remove free tubulin. Then, cells were fixed with cold-
methanol, permeabilized with 0.5% Triton X-100 for

5 min and blocked in 5% BSA for 30 min. Cells were
incubated with a-tubulin and anti-K40 acetylated a-
tubulin antibodies for 2 h at room temperature, and
Alexa-conjugated secondary antibodies (Invitrogen)
for 1 h each at room temperature. After three washing
steps, slides were counterstained using DAPI (Sigma-
Aldrich), mounted with ProLong Gold antifade
(Thermo Fisher Scientific, Waltham, MA, USA),
and the results were visualized using a Leica
Fluorescence Microscope with a Plan-Apochromat
63x/1.4 oil immersion objective.

Results
Centrobin is phosphorylated after UV radiation

We first examined whether centrobin undergoes
post-translational modification in response to
DNA damage. HeLa cells were treated with different
types of DNA-damaging agents (Figure 1(a)). As
shown in Figure 1(a), a slower migrating band of
centrobin appeared in UV-radiated cells, while we
could not observe any change for other types of
DNA-damaging agents. Immunoblots of phos-
phorylated H2AX (y-H2AX) and Chkl (S345)
were used to show the extent of DNA damage
induced under the indicated conditions. y-H2AX
was induced at approximately similar levels in
UV-, CPT- and HU-treated cells, but the centrobin
band shift was only detected in UV-irradiated cells.
To determine whether the centrobin band shift was
due to protein phosphorylation, lysates were treated
with A phosphatase (Figure 1(b)). Lambda phospha-
tase treatment of centrobin from either untreated or
UV-treated cells reverted the shifted band to non-
shifted position, indicating that the centrobin band
shift seen in UV-treated cells appeared to result
from phosphorylation. As a positive control, we
confirmed that the phosphorylated form of
BRCALI disappeared in this condition (lower panel
in Figure 1(b)). To determine the kinetics of cen-
trobin phosphorylation, HeLa cells were irradiated
with 30 J/m? of UV, and the cells were harvested at
indicated time points (Figure 1(c)). y-H2AX
increased progressively during the time course.
Centrobin phosphorylation was detectable after
3 h of UV radiation, and the phosphorylation signal
lasted until 9 h post-UV radiation then decreased
with the appearance of cell death (data not shown).
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Figure 1. Centrobin is phosphorylated in response to UV radia-
tion. (a) Hela cells were either left untreated or treated with
ultraviolet (UV, 30 J/m? 6 h), ionizing radiation (IR, 10 Gy, 6 h),
mitomycin C (MMC, 50 ng/ml, 16 h), camptothecin (CPT, 100 nM,
16h), or hydroxyurea (HU, 2 mM, 16 h). Cells were lysed and
immunoblotted with the indicated antibodies. (b) Hela cells
were either left untreated or treated with UV (30 and 50 J/m?,
6 hr). Cell lysates were incubated with lambda phosphatase and
immunoblotted with the indicated antibodies. (c) HeLa cells were
exposed to UV (30 J/m?) in a time-course. Cells lysates were
immunoblotted with the indicated antibodies.

Centrobin phosphorylation is detected in nuclear
matrix-enriched fraction

Many DNA repair and checkpoint proteins change
its subcellular localization in response to DNA
damage and form intranuclear foci at DNA
damage sites [19]. To examine whether subcellular
localization of centrobin changes after DNA
damage, we initially used immunofluorescence
analysis (Figures S1 and S2). However, we did
not observe any significant differences in subcel-
lular localization between untreated and UV-
treated cells. Alternatively, we used a biochemical
fractionation method to examine the subcellular
localization of centrobin following DNA damage
(Figure 2(a)). Cells were lysed in a low salt
and detergent-containing CSK buffer (100 mM
NaCl and 0.1% Triton X-100), yielding a low
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salt-extractable fraction containing cytoplasmic
and nucleoplasmic proteins (S) and a remaining
pellet containing proteins stably bound to nuclear
structures, e.g. chromatin and nuclear matrix (P)
(Figure 2(b)). Only non-phosphorylated centrobin
was detected in both S and P fractions in untreated
cells. Following UV exposure, the phosphorylated
form of centrobin was found specifically in
P fraction. The whole-cell pellet was also sus-
pended in hypotonic buffer and soluble cytoplas-
mic proteins (PNL) were separated in the first
fraction (Figure 2(c)). By the addition of NaCl
(100 mM) and detergent (0.1% Triton X-100) to
the remaining pellet, soluble nuclear components
were released (NS 100). Subsequent addition of
500 mM NaCl to the resulting pellet released
DNA-binding proteins from DNA (NS 500), leav-
ing the complete matrix fraction in the final pellet.
Unexpectedly, centrobin was found in PNL at very
low levels and ~50% of centrobin was detected in
NS 100 fractions, while the majority of a- and
y-tubulin were detected in PNL and NS 100 frac-
tions. After further extraction with 500 mM NaCl,
the rest of centrobin (~50%) still remained in the
pellet, regardless of its phosphorylation state, sug-
gesting centrobin is stably associated with certain
stable nuclear structures such as nuclear envelope
or matrix. To further analyze its subcellular loca-
lization (Figure 2(d)), cell pellets were lysed with
100 mM NaCl CSK buffer, and the remaining
pellets (P) after centrifugation were subsequently
incubated with DNase I. As expected, chromatin-
bound MCM3 was mostly released into the super-
natant, whereas centrobin was not released.
Previously, it has been shown that after extraction
with 2 M NaCl, matrix proteins that are not part of
the core filament network localize in the super-
natant, whereas the core matrix fraction remains
in the pellet [20]. The remaining pellet after DNase
I digestion was further extracted with 2M NaCl. As
a result, significant amounts of centrobin were
released into the supernatant, but were still present
in the final pellet, while Histone H3 extracted with
2M NaCl was mostly detected in the supernatant,
further confirming the association of centrobin
with the nuclear matrix. Another centrosome pro-
teins, such as y-tubulin and centrin-2 [21], were
still detectable in the final pellet, suggesting that
centrosome proteins localize to nuclear-matrix
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Figure 2. Phosphorylation of centrobin is detected in the nuclear-matrix fraction. (a) Schematic diagrams of the fractionation
procedures described in (b—d). (b—d) Hela cells were either left untreated or treated with UV (30 J/m?, harvested at 6 hr after
irradiation). (b) Cells were fractionated into the cytosol and nucleoplasmic fraction (S) and the chromatin-containing fraction (P) with
100 mM CSK buffer. (c) Cells were fractionated into nuclei and postnuclear lysate (PNL). The nuclei were further fractionated into
NS100, NS500, and the final pellet. (d) Cells were fractionated into S and P. “P” was incubated with DNase | for 30 min at room
temperature and the supernatant was designated DNase I-S. The remaining insoluble material was further extracted with 2 M NaCl
CSK buffer, and the supernatant was designated 2M NaCl-S. The final pellet was re-suspended in PBS buffer. The volume of
extraction buffers used in all the above steps was kept the same. As a result, each lane represents protein fractions derived from
equivalent number of cells, except that final pellets were suspended in x1/2 vol. These fractions were subjected to SDS-PAGE
followed by immunoblotting with the indicated antibodies.

fraction. Collectively, these results suggest that centrobin phosphorylation state, and that
centrobin is part of the nuclear matrix or strongly  a portion of nuclear matrix-associated centrobin
interacts with its constituents, regardless of is selectively phosphorylated after UV radiation.



ATR is required for UV-induced phosphorylation
of centrobin

ATR is activated by UV-induced DNA damage
and replication stress, while ATM is activated by
IR [19,22-24]. Treating cells with 5 mM caffeine,
an inhibitor of ATR/ATM, 2 h prior to UV radia-
tion inhibited the phosphorylation of centrobin
(Figure 3(a)), indicating that ATR or ATM is
responsible for centrobin phosphorylation. Next,
the phosphorylation of centrobin was further ana-
lyzed after depletion of ATR and ATM by siRNA
(Figure 3(b)). After depletion of either ATR or
ATM, the phosphorylation of CHKI1 at Ser345
was significantly reduced, indicating an efficient
inhibition of ATR and ATM activity. In ATR-
depleted cells, there was a significant reduction
of centrobin phosphorylation compared to
control siRNA-treated cells, whereas depletion of
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Figure 3. UV-induced centrobin phosphorylation is dependent
on ATR activity. (a) Hela cells pretreated with and without
caffeine (5 mM) for 1 h prior to exposing them UV (30 J/m2).
Cells were collected at 6 h after UV radiation (30 J/m?) and then
fractionated the same as described in Figure 2(b). The chroma-
tin-enriched fractions (P) were immunoblotted with the indi-
cated antibodies. (b) Hela cells were transfected with the
indicated siRNAs for 72 hr then exposed to UV (30 J/m?). Cells
were collected at 6 h after UV radiation and then fractionated
same as described in Figure 2(b). The “P” fractions were immu-
noblotted with the indicated antibodies.
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ATM showed little effect on UV-induced centro-
bin phosphorylation. A similar reduction was
observed for combined depletion of ATM and
ATR. Taken together, these results indicate that
UV-induced phosphorylation of centrobin is
dependent on ATR.

Centrobin is required for cell survival after UV
radiation

Next, to explore the role of centrobin in the DDR,
centrobin was depleted using specific siRNAs. As
expected, the levels of centrobin were greatly
reduced in the centrobin knockdown cells using
either siRNA #1 or #2 (Figure S3). To address the
impact of reduced expression of centrobin in UV-
induced checkpoint activation, immunoblotting
was performed (Figure 4(b)). After depletion of
centrobin, reduced G1/S population and concomi-
tant increase in S and G2/M population was
observed (Figure 4(a)). At 6 h after UV radiation,
change in cell cycle distribution was less obvious,
but both control and centrobin-depleted cells
exhibited reduced G1/S population compared with
untreated cells. The levels of CHK1 (Ser345), CHK2
(Thr68), and RPA2 (Ser33 and Ser4/8) phosphor-
ylation induced by UV radiation were comparable
between cells treated with control siRNA and cen-
trobin siRNA, indicating that centrobin is dispen-
sable for DNA damage checkpoint activation.
Rather, slightly increased levels of CHK1 S345 and
RPA2 Ser33 were observed, suggesting that deple-
tion of centrobin may induce a higher amount of
DNA damage following UV radiation. Next,
we evaluated the relevance of centrobin for cell
survival following treatment with UV radiation
(Figure 4(c,d)). Centrobin-depleted cells exhibited
a significant increase in UV sensitivity compared
with control cells (Figure 4(c)). In the absence of
UV exposure, the level of y-H2AX was slightly
higher in centrobin-depleted cells compared to
control cells (Figure 4(d)). Upon UV radiation,
significant increases in y-H2AX levels were
observed at 12 and 24 h in centrobin-depleted
cells. These results suggest that DNA damage was
not repaired efficiently in centrobin-depleted cells,
leading to the accumulation of unrepaired DNA
lesion and decreased cell viability.
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Figure 4. Depletion of centrobin causes the hypersensitivity to UV radiation. (a) HelLa cells were transfected with the indicated
SiRNAs for 72 hr then either left untreated or treated with UV (30 J/m?). Cells were collected at 6 h after treatment and cell cycle
distribution was analyzed by flow cytometry. Representative histograms for cell cycle distribution are presented. (b) HelLa cells were
transfected with the indicated siRNAs for 72 hr then either left untreated or treated with UV (30 J/m?). Cells were collected at 6
h after treatment and then analyzed by immunoblotting with the indicated antibodies. (c) Hela cells were transfected with the
indicated siRNAs for 60 hr then either left untreated or treated with UV (10 and 15 J/m?). After 24 h treatment, the viable cells were
counted by trypan blue staining. Data are expressed as a percentage of control siRNA. Each experiment was performed in triplicate
and repeated in three different sets of tests. *P< 0.05, **P< 0.01, ***P< 0.001 compared to the untreated cells transfected with
indicated siRNAs. (d) Hela cells were transfected with the indicated siRNAs for 60 hr then either left untreated or treated with UV (15
J/m?). Cells were collected 12-hr intervals after UV radiation and analyzed by immunoblotting with the indicated antibodies.

Depletion of centrobin impairs DNA
damage-induced microtubule stabilization

Recently it has been reported that microtubule-
depolymerizing agents, such as vincristine, increase
the toxicity of DNA-damaging agents by disrupt
intracellular trafficking of DNA repair proteins
[4]. Given that centrobin binds to microtubules
and this interaction is required for microtubule
polymerization and stabilization [8,11,12], one can
speculate that the DNA repair defect by centrobin
depletion may be partly due to defective microtu-
bule stability. To test this hypothesis, we examined

the microtubule stability in centrobin-depleted cells
by analyzing microtubule resistance to nocodazole
treatment after UV exposure (Figure 5(a,b)). In the
absence of UV radiation, very few nocodazole-
resistant microtubules were detected in either con-
trol, centrobin or ATR siRNA-treated cells and
there were no significant differences between the
groups. Following UV radiation, control siRNA-
transfected cells displayed an increased number of
nocodazole-resistant microtubules and enhanced
a-tubulin lysine 40 acetylation (aTu-Ac) around
the nucleus, indicative of increased microtubule
stability [25]. In contrast, in centrobin-depleted
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transfected with the indicated siRNAs. At 48 hr after transfection, cells were either left untreated or treated with 15 J/m? UV and
then incubated for 20 h. Before staining, siRNA-treated Hela cells were treated with 2 pM nocodazole for 45 min. (b) Representative
immunofluorescence (IF) images of siRNA-treated Hela cells stained for a-tubulin (red), acetylated a-tubulin (green), and DNA (blue).

Scale bar, 10 pM.

cells, considerably reduced number of nocodazole-
resistant microtubules were detected and these were
very short and dispersed throughout the cells.
Similarly, ATR depletion resulted in defective UV-
induced microtubule stabilization, as observed in
centrobin-depleted cells. Taken together, these
results suggest that centrobin is required for UV-
induced microtubule stabilization and this may
promote UV damage repair.

Centrobin depletion causes an impairment in HR
repair

While UV irradiation is not expected to directly
cause DNA double-strand breaks (DSBs), replica-
tion-associated one-ended DSBs could accumulate
when elongating forks encounter UV lesions
[26,27]. Moreover, centrobin has been known to
interact with BRCA2 tumor suppressor [9,10],
a key regulator of DSB-induced homologous
recombination (HR) repair. Therefore, we exam-
ined the effect of centrobin depletion in HR repair
(Figure 6). The direct repeat green fluorescent
protein (DR-GFP) assay is a commonly used
assay to measure HR in living cells [28,29].

Centrobin was depleted in U20S cells integrated
with DR-GFP reporter substrate in which expres-
sion of I-Scel endonuclease generates a DSB that
when repaired by HR restores GFP expression, and
GFP fluorescence then can be measured by flow
cytometry (Figure 6(a,b)). Depletion of either
BRCA2 or PALB2 showed an expected reduction
in HR frequency. Whereas, DR-GFP/U20S cells
treated with control siRNAs displayed efficient
HR repair, approximately 40% of reduction in
HR efficiency was observed after centrobin deple-
tion. Depletion of centrin-2, another centriole pro-
tein, resulted in a moderate reduction (~20%). For
the rescue experiment, we generated DR-GFP
U20S cells that stably expressing siRNA-resistant
wild-type centrobin cDNA (Figure 6(c-e)). The
diminished centrobin staining in centrobin-
depleted cells was completely restored by forced
expression of wild-type centrobin (Figure 6(c))
and HR deficiency was efficiently recovered
(Figure 6(d,e)). The cell cycle distribution between
DR-GFP U20S cells transfected with control
siRNA and centrobin siRNA was comparable
(Figure S4), suggesting that the observed effect is
not due to an indirect effect of cell cycle change.
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Figure 6. Centrobin-depleted cells have defects in homologous recombination repair. (a,b) DR-GFP U20S were transfected with
the indicated siRNAs for 24 hr and then transfected with an I-Scel expression plasmid to induce double-stranded breaks. Flow
cytometric analysis of GFP™ cells was carried out 48 hr after I-Scel transfection. (a) At 48h after |-Scel transfection, cells were
collected and immunoblotted with the indicated antibodies. (b) Quantification of the I-Scel -induced HR frequency. HR assay
were performed in triplicate and repeated N = 6 times. Values are normalized for the transfection efficiency and are displayed
as mean = SEM GFP* frequencies relative to that of control siRNA-treated cells. (c-e) DR-GFP U20S cells stably expressing
either empty vector or siRNA-resistant centrobin were transfected with the indicated siRNAs, and then 24hr later transfected
with 1-Scel plasmid. The cells were grown for 2 days after transfection and then analyzed. (c) Representative IF images of
siRNA-treated DR-GFP U20S cells stained for centrobin (green), and DNA (blue). Scale bar, 10 uM. (d) Cells lysates were
immunoblotted with the indicated antibodies. (e) Quantification of the I-Scel -induced HR frequency. HR assay were performed
in triplicate and repeated N= 3 times. Values are normalized for the transfection efficiency and are displayed as mean + SEM
GFP™ frequencies relative to that of each control siRNA-treated cell line. **P< 0.01, ***P< 0.001, compared to control siRNA-
transfected each cell line.



Taken together, these results indicate that centro-
bin is required for an efficient HR repair.

Discussion

The DDR is a network of cellular pathways that
sense, signal, and repair DNA lesions. Many check-
point or DNA repair proteins including ATR,
CHKI, BRCALI, and Rad51 have been shown to
localize in the nucleus and the centrosomes [30,31],
implicating the existence of a molecular crosstalk
between two organelles following DNA damage.

In the present study, we propose that centrobin
plays a role during DDR, which is required for
genotoxic resistance following DNA damage.
Centrobin is phosphorylated in response to UV
radiation in an ATR-dependent manner (Figures
1-3). Interestingly, we did not observe phosphor-
ylation-induced centrobin band shifts for other dif-
ferent types of DNA-damaging agents (Figure 1).
However, because not all phosphorylation leads to
any observable change in mobility shift, we cannot
completely rule out the possibility of phosphoryla-
tion by other types of DNA-damaging agents with-
out using anti-phospho specific antibodies.

As shown in Figure 2, phosphorylated centrobin
was detected in DNAase I and high-salt resistant
fraction, suggesting that centrobin phosphoryla-
tion may occur in nuclear matrix. Since it has
been shown that centrosomes is closely associated
with the nuclear envelope (NE) in interphase cells
[32,33], we speculate that centrosomal centrobin
might be phosphorylated by ATR. How does ATR
phosphorylate nuclear matrix-bound centrobin in
response to UV radiation? It has been well estab-
lished that in response to DNA damage, ATR
activation is dependent on its binding with
ssDNA-RPA complex [22,34]. Recently, however,
some studies support the notion of an alternative
pathway for ATR activation in response to DNA
damage [35]. ATR responds to membrane stress
caused by external forces or altered membrane
fluidity [36,37]. Under these stress conditions,
ATR relocates into the nuclear envelope and phos-
phorylates Chk1 locally [36]. Following UV radia-
tion, deterioration of the cell membrane can cause
increased membrane permeability [38]. In this
scenario, we think that ATR may relocate into
the nuclear envelope and phosphorylate centrobin.

CELL CYCLE (&) 2669

A recent study in yeast showed that DDR induces
microtubule stabilization in an ATR-dependent
manner [3]. Consistently, we observed defective
microtubule stabilization following ATR depletion
(Figure 5). Given that centrobin-depleted cells also
displayed impaired microtubule stabilization and
increased sensitivity to UV exposure (Figure 4),
we speculate that centrobin might function as
a DDR target for microtubule reorganization in
response to DNA damage. Moreover, we found
that centrobin depletion had a significant reduction
in HR efficiency. Since centrobin interacts with
BRCA2 tumor suppressor [9,10], a key regulator
of DNA double-strand break (DSB) repair, it
would be interesting to investigate the effect of
centrobin depletion on BRCA2 stability or subcel-
lular localization, which may clarify how centrobin
deficiency causes HR defect.

Although our results suggest the potential role
of centrobin in DDR, it is not clear whether and
how centrobin phosphorylation is involved in this
process. Nine potential ATR/ATM substrate sites
(SQ/TQ) are present in centrobin. The Serine 781
was identified as a putative phosphorylation site of
the ATM/ATR following IR irradiation [14], how-
ever, its physiological function remains largely
unknown. The Serine 36 has been shown to be
phosphorylated by NEK2, a cell cycle-regulated
serine/threonine kinase, during interphase that
suppresses the microtubule-stabilizing activity of
centrobin [8,12]. Because NEK2 activity is inhib-
ited by DNA damage such as IR irradiation
[39,40], Serine 36 could become available for phos-
phorylation by another kinase such as ATR follow-
ing DNA damage. Thus, it will be very interesting
to investigate if these phosphorylation sites are
directly phosphorylated by ATR or ATM kinases
in vivo and to determine their functional signifi-
cance in DDR-related activities of centrobin. In
the present study, some links between centrobin
and DDR are proposed, however, additional stu-
dies are required to understand the exact role of
centrobin in the DDR.
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