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Abstract
Breast cancer gene 1 (BRCA1) plays roles in DNA repair and centrosome regulation 
and is involved in DNA damage-induced centrosome amplification (DDICA). Here, 
the centrosomal localization of BRCA1 and the kinases involved in centrosome dupli-
cation were analyzed in each cell cycle phase after treatment with DNA crosslinker 
cisplatin (CDDP). CDDP treatment increased the centrosomal localization of BRCA1 
in early S–G2 phase. BRCA1 contributed to the increased centrosomal localization 
of Aurora A in S phase and that of phosphorylated Polo-like kinase 1 (PLK1) in late 
S phase after CDDP treatment, resulting in centriole disengagement and overdupli-
cation. The increased centrosomal localization of BRCA1 and Aurora A induced by 
CDDP treatment involved the nuclear export of BRCA1 and BRCA1 phosphoryla-
tion by ataxia telangiectasia mutated (ATM). Patient-derived variants and mutations 
at phosphorylated residues of BRCA1 suppressed the interaction between BRCA1 
and Aurora A, as well as the CDDP-induced increase in the centrosomal localization of 
BRCA1 and Aurora A. These results suggest that CDDP induces the phosphorylation 
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1  |  INTRODUC TION

Germline and somatic mutations in BRCA1 are present in several 
cancers, especially in breast and ovarian cancers.1–3 BRCA1 func-
tions in a variety of cellular processes, including DNA repair and cen-
trosome regulation.4–6

The DNA damage response is initiated by recognition of DNA 
damage by the sensor proteins ATM and ATR. These kinases phos-
phorylate the effector kinases checkpoint kinase 1 (CHK1) and CHK2 
to amplify the signal and induce cell cycle arrest and DNA repair. 
ATM responds primarily to DNA double-stranded breaks, whereas 
ATR protects the integrity of replicating chromosomes.7 BRCA1 is 
phosphorylated by ATM, ATR, and CHK2 after DNA damage.8,9

Centrosomes are the major microtubule (MT) nucleation cen-
ters in animal cells and are critical for the formation of a bipolar mi-
totic spindle.10 Each centrosome consists of a pair of centrioles, the 
mother and daughter centrioles, surrounded by the pericentriolar 
material. Centrosome duplication is controlled by centriole duplica-
tion during the cell cycle,11 and is initiated by the separation of a 
pair of centrioles (centriole disengagement) in late mitosis–early G1 
phase. The new daughter centriole starts to form a procentriole per-
pendicular to each mother centriole in early S phase. Each daughter 
centriole elongates during the S and G2 phases. In late G2 phase, 
the two centrosomes separate to form two mitotic spindle poles.10

BRCA1 localizes to the centrosome throughout the cell cycle12 
and functions in centriole duplication.12–14 BRCA1 binds to γ-tubulin, 
a component of centrosomes15 and ubiquitinates centrosomal pro-
teins.13 Inhibition of BRCA1 causes centriole reduplication.14 We 
identified Obg-like ATPase 1 (OLA1) and the receptor for activated 
C kinase 1 (RACK1) as BRCA1-interacting proteins.16,17 OLA1 regu-
lates centriole duplication together with BRCA1.16 RACK1 regulates 
centriole duplication by modulating centrosomal BRCA1.17,18

Centriole duplication is controlled by mitotic kinases.10,19 Polo-
like kinase 1 (PLK1) plays a critical role in centriole disengage-
ment.20,21 Aurora A phosphorylates PLK1 at Thr210, and activated 
PLK1 regulates centrosome maturation and mitotic entry.22 PLK4 
functions in the initiation of centriole duplication.10,19

Defects in the mechanisms regulating centrosome duplication 
cause centrosome aberrations that lead to chromosome segrega-
tion errors. DNA-damaging agents induce centrosome amplifica-
tion, a process known as DDICA.23–26 The activation of PLK1 and 
subsequent premature centriole disengagement are associated with 

centrosome amplification induced by S or G2 phase arrest or DNA 
damage.27–33 In addition, BRCA1 is involved in the centrosomal lo-
calization of PLK1 and DDICA induced by the DNA crosslinker mi-
tomycin C (MMC).25 However, it is unknown how the DNA damage 
signal is transported to the centrosome, resulting in centrosome 
amplification.

In this study, we performed quantitative analyses of the centro-
somal BRCA1 and the kinases that regulate centrosome duplication 
in each cell cycle phase after treatment with the DNA crosslinker cis-
platin (CDDP). The results showed that CDDP increased the centro-
somal BRCA1, Aurora A, and phosphorylated PLK1 (p-PLK1). These 
processes involved the phosphorylation by ATM and nuclear export 
of BRCA1. These results suggest that BRCA1 functions in the trans-
portation of the DNA damage signal from the nucleus to the cen-
trosome to induce centrosome amplification in response to CDDP.

2  |  MATERIAL S AND METHODS

2.1  |  Immunocytofluorescence

For immunostaining with anti-γ-tubulin and anti-cyclin B1 antibod-
ies, cells were fixed with methanol for 10 min at −20°C and washed 
with phosphate-buffered saline (PBS) containing 0.1% Tween-20 
(PBS-T). For immunostaining with other antibodies, cells were per-
meabilized in PBS containing 0.2% Triton X-100, 1 mM EGTA, and 
1 mM MgCl2 for 1 min, fixed in methanol for 15 min at −20°C, and 
washed with PBS-T. After blocking with PBS containing 0.5% bovine 
serum albumin (PBS–0.5% BSA) for 1 h, cells were incubated with 
primary antibodies in 1% BSA/PBS overnight. After washing with 
PBS-T, cells were incubated with secondary antibodies in PBS–0.5% 
BSA for 1 h. Cells were washed with PBS-T and mounted in mounting 
medium with Hoechst 33342 stain.

2.2  |  Image processing and measurement of 
fluorescence intensity

ImageJ software v1.49 (http://imagej.nih.gov/ij/) was used for 
image analysis. For analysis of fluorescence intensity of endogenous 
BRCA1, Aurora A, and t-PLK1 at centrosomes, the maximum in-
tensity was measured in a fixed-size area around each centrosome 

of BRCA1 by ATM in the nucleus and its transport to the cytoplasm, thereby promot-
ing the centrosomal localization Aurora A, which phosphorylates PLK1. The function 
of BRCA1 in the translocation of the DNA damage signal from the nucleus to the 
centrosome to induce centrosome amplification after CDDP treatment might support 
its role as a tumor suppressor.
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detected with GFP–centrin or staining with anti-γ-tubulin antibody. 
Cells showing colocalization of BRCA1 nuclear foci with the cen-
trosome were not analyzed. For analysis of p-PLK1, FLAG–BRCA1, 
and phosphorylated BRCA1, the integrated signal intensity (ID) was 
measured in a fixed-size area around each centrosome and the ad-
justed fluorescence intensity was calculated by subtracting the ID of 
the background at the nucleus or cytoplasm (according to the locali-
zation of each centrosome) from the ID at the centrosome.

3  |  RESULTS

3.1  |  CDDP increases the centrosomal localization 
of BRCA1 during S and G2 phases

The centrosomal localization of BRCA1 changes during the cell cycle 
phases,13,25, and DNA damage alters the proportion of cells in each 
cell cycle phase.34 Therefore, we analyzed the centrosomal localiza-
tion of BRCA1 in each cell cycle phase in response to CDDP.

Here, HeLa cells expressing GFP-tagged centrin, a centriole 
marker (HeLa–GFP–centrin), were immunostained with anti-γ-
tubulin and anti-cyclin B1 antibodies to characterize the centrosome 
during the cell cycle (Figure  S1A–F). Cyclin B1 is a marker of late 
S–M phase.35 The number of GFP–centrin foci were consistent with 
the expression of cyclin B1 when analyzed in relation to the number 
and distance between γ-tubulin foci. In interphase, most cells with 
two GFP–centrin foci were cyclin B1-negative, indicating cells in G1–
early S phase, and most cells with three or four GFP–centrin foci 
were cyclin B1 positive, indicating late S–G2 phase (Figure S1A,B).

To analyze more precisely, cells were stained with anti-
proliferating cell nuclear antigen (PCNA), a marker of S phase.36 
Therefore, in cells with two GFP–centrin foci, PCNA-negative cells 
were in G1 phase and PCNA-positive cells were in early S phase. In 
cells with three or four GFP–centrin foci, PCNA-positive cells were in 
late S phase and PCNA-negative cells were in G2 phase (Figure 1A).

To analyze the effect of CDDP treatment, HeLa–GFP–centrin 
cells were treated with CDDP for 24 h and immunostained with 
anti-PCNA antibody, and cells in each cell cycle phase were counted 
(Figure 1B). CDDP decreased the number of cells in G1 phase and 
increased that of cells in S phase. These results were consistent with 
those by flow cytometry (Figures 1C, S2A).

BRCA1 knockdown decreased CDDP-induced centrosome am-
plification in HeLa cells, as reported in U2OS cells (Figure S2B,C).25 
To analyze the centrosomal localization of BRCA1 during the cell 

cycle in response to CDDP treatment, HeLa–GFP–centrin cells 
were treated with CDDP for 24 h and immunostained with mono-
clonal anti-BRCA1 and polyclonal anti-PCNA antibodies. Cells in the 
mitotic phase are recognized by chromatin staining using Hoechst 
33342. Consistent with previous studies,13,25 the centrosomal local-
ization of BRCA1 increased in S phase and decreased in G2 phase in 
the absence of CDDP (Figure 1D,E). CDDP treatment decreased the 
amounts of BRCA1 in whole cell lysates, as reported in cells treated 
with DNA-damaging agents (Figure S2D).37,38 However, CDDP treat-
ment increased the centrosomal localization of BRCA1 in early S–G2 
phases (Figure 1D,E). BRCA1 localization at the spindle poles was 
not detected in HeLa–GFP–centrin cells (Figure S2E) and HeLa cells 
(data not shown). Similar results were obtained using a different 
polyclonal anti-BRCA1 antibody in HeLa–GFP–centrin cells and nor-
mal human mammary epithelium-derived MCF10A cells expressing 
GFP–centrin (MCF10A–GFP–centrin) (Figure S2F,G). DDICA was in-
duced by CDDP in MCF10A cells similar to HeLa cells (Figure S2H,I).

3.2  |  BRCA1 is involved in the CDDP-induced 
increase in centrosomal localization of Aurora A in 
S phase

BRCA1 is associated with Aurora A and regulates its activity.39,40 
We examined the effect of CDDP on the centrosomal localization 
of Aurora A. HeLa–GFP–centrin cells were treated with CDDP and 
immunostained with monoclonal anti-Aurora A and polyclonal anti-
PCNA antibodies. CDDP treatment increased centrosomal Aurora A 
in early and late S phases, but not in G1 and M phases (Figures 2A,B, 
S3A,B). Similar results were obtained using a polyclonal anti-Aurora 
A antibody in HeLa–GFP–centrin cells (Figure S3C,D) and MCF10A–
GFP–centrin cells (data not shown).

BRCA1 knockdown reduced the CDDP-induced increase of cen-
trosomal Aurora A in both early and late S phases in HeLa–GFP–
centrin cells and MCF10A–GFP–centrin cells (Figures  2C,D, S3E; 
data not shown). HeLa–tet–shBRCA1 cells were used to analyze the 
effects of CDDP and BRCA1 knockdown in PCNA-positive cells con-
sidered to be in S phase. CDDP treatment increased the centrosomal 
localization Aurora A in S phase, and BRCA1 knockdown suppressed 
this effect (Figure S3F–H). A slight increase of CDDP-treated cells in 
S and G2/M phases in the BRCA1-knockdown group was observed 
by flow cytometry (Figure S3I). These results suggest that BRCA1 is 
involved in the CDDP-induced increase in the centrosomal localiza-
tion of Aurora A in S phase.

F I G U R E  1  CDDP increases the centrosomal localization of BRCA1. (A) HeLa–GFP–centrin cells were immunostained with anti-PCNA 
antibody and stained with Hoechst 33342. Scale bar, 10 μm. (B) In total, 600 cells from three independent experiments were counted. 
(C) HeLa–GFP–centrin cells were treated with 2 mM CDDP for 24 h and analyzed by flow cytometry. At least 10,000 cells were analyzed. 
(D) HeLa–GFP–centrin cells were treated with CDDP for 24 h, immunostained with monoclonal anti-BRCA1 and polyclonal anti-PCNA 
antibodies. Scale bar, 10 μm. (E) The fluorescence intensity data of centrosomal BRCA1 were collected from at least 100 cell images in each 
cell cycle phase from three independent experiments. Blue points and bars represent the median ± upper/lower quartiles. ****p < 0.0001, 
n.s., not significant.
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3.3  |  BRCA1 contributes to the CDDP-induced 
increase in centrosomal localization of p-PLK1 in late 
S phase

BRCA1 promotes the centrosomal localization of total PLK1 (t-PLK1) 
in response to MMC.25 However, CDDP treatment did not increase 
the centrosomal t-PLK1 in every cell cycle phase (Figure S4A; results 
of G2 and M phase are not shown).

Because Aurora A phosphorylates PLK1,22 we analyzed the ef-
fect of CDDP on the centrosomal p-PLK1 (Figures 3A,B, S4B–D). In 
a fraction of cells in late S phase, CDDP treatment markedly upregu-
lated centrosomal p-PLK1.

PCNA functions in DNA repair in G2 phase.41 We presumed that 
positive PCNA staining would identify cells in G2 phase after CDDP 
treatment. For the analysis of centrosomal p-PLK1, cells with two 
GFP–centrin foci were considered to be in G1–early S phase, and 
cells with three or four GFP–centrin foci were considered to be in 
late S–G2 phase (Figures 3C, S4E,F). Centrosomal p-PLK1 increased 
in late S and G2 phases, but not in G1–early S phase, suggesting that 
CDDP increases centrosomal p-PLK1 in late S phase. In HeLa–tet–
shBRCA1 cells, BRCA1 knockdown suppressed the CDDP-induced 
increase in centrosomal p-PLK1 in S phase (Figure 3D,E), suggesting 
that BRCA1 is involved in the CDDP-induced increase in the centro-
somal localization of p-PLK1.

To confirm the signaling pathways in CDDP-induced centrosome 
amplification, HeLa–GFP–centrin cells were treated with CDDP for 
53 h, followed by an additional 7 h of treatment with CDDP together 
with inhibitors of Aurora A, PLK1, and PLK4, namely, MLN8054, 
BI6727, and centrinone B, respectively. Treatment with Aurora A 
and PLK1 inhibitors decreased the proportion of CDDP-treated cells 
with centrosome amplification (Figure 3F,G).

3.4  |  BRCA1 regulates centriole disengagement 
induced by CDDP treatment

PLK1 overactivation results in premature centriole disengage-
ment.30 C-Nap1 localizes to the basal part of the mother centriole 
and disengaged daughter centrioles.42 Immunostaining shows that 
engaged centrioles have one C-Nap1 focus, whereas disengaged 
centrioles have two foci.43 More than two foci indicate premature 
centriole disengagement18 (Figure 4A).

CDDP treatment increased the cells with more than two C-Nap1 
foci in a time-dependent manner. BRCA1 knockdown decreased the 
cells with more than two foci (Figure 4B–E). These results suggest 
that CDDP promotes premature centriole disengagement, and that 
BRCA1 contributes to this process.

To determine whether CDDP treatment causes centriole overdu-
plication, HeLa–GFP–centrin cells were treated with CDDP and im-
munostained with anti-γ-tubulin antibody. Cells with more than five 
GFP–centrin foci and more than three γ-tubulin foci were counted. 
CDDP increased the fractions of cells with extra GFP–centrin foci 
and cells with extra γ-tubulin foci in a time-dependent manner 
(Figure  4F). Cells were categorized into the following four types: 
I, cells without extra centrioles or extra centrosomes; II, cells with 
extra centrioles and without extra centrosomes; III, cells without 
extra centrioles and with extra centrosomes; and IV, cells with extra 
centrioles and extra centrosomes. Cells with extra centrosomes 
without extra centrioles (III) were detected earlier (Figure  4G,H). 
These results suggest that CDDP treatment causes centriole over-
duplication by promoting premature centriole disengagement.

3.5  |  Nuclear export of BRCA1 contributes 
to the CDDP-induced increase in the centrosomal 
localization of BRCA1 and Aurora A and centrosome 
amplification

The NES of BRCA1 is important for the centrosomal localization 
of BRCA1.44 To analyze the effect of mutations in the NES, HeLa 
cells were transfected with FLAG-tagged BRCA1-wild-type (FLAG–
BRCA1–WT) or NES mutant (NESm, L86A + I90A)44 together with 
GFP–centrin, which was co-transfected to visualize centrioles and 
identify transfected cells, and BRCA1 siRNA to knockdown endog-
enous BRCA1. Mutations in the NES decreased the cytoplasmic 
localization of FLAG–BRCA1 and the centrosomal localization of 
BRCA1 and Aurora A after CDDP treatment (Figures 5A–D, S5A–C). 
No significant changes in the cell cycle were observed by the expres-
sion of FLAG–BRCA1–WT or NESm by flow cytometry (Figure S5D).

Next, we analyzed the effect of NES mutations on the CDDP-
induced centrosome amplification using HeLa–tet–shBRCA1 cells. 
BRCA1-WT rescued the reduction of CDDP-induced centrosome 
amplification by BRCA1 knockdown, but not the NES mutant 
(Figure 5E–G). These results suggest that nuclear export of BRCA1 
is important for the CDDP-induced increase in the centrosomal lo-
calization of BRCA1 and Aurora A and centrosome amplification.

3.6  |  The kinase activity of ATM contributes 
to the CDDP-induced increase in the centrosomal 
localization of BRCA1 and Aurora A

Next, we examined the effect of the kinase inhibitors KU55933, 
VE821, and PV1019, which are inhibitors of ATM, ATR, and CHK2, 

F I G U R E  2  BRCA1 is involved in the CDDP-induced centrosomal localization of Aurora A. (A) HeLa–GFP–centrin cells were treated 
with CDDP for 24 h and immunostained with monoclonal anti-Aurora A and anti-PCNA antibodies. Scale bar, 10 μm. (B) The fluorescence 
intensity data of centrosomal Aurora A were collected from at least 100 cell images from three independent experiments. Blue points 
and bars represent the median ± upper/lower quartiles. (C) HeLa–GFP–centrin cells were transfected as indicated, treated with CDDP, 
and immunostained with monoclonal anti-Aurora A and anti-PCNA antibodies. Scale bar, 10 μm. (D) The fluorescence intensity data were 
collected from at least 100 cell images from three independent experiments. ***p < 0.001, ****p < 0.0001, n.s., not significant.
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respectively. The ATM inhibitor markedly suppressed the CDDP-
induced increase in the centrosomal localization of BRCA1 in S 
and G2 phases, whereas treatment with an ATR inhibitor slightly 
decreased it only in early S phase; the CHK2 inhibitor reduced 
it slightly during late S and G2 phases (Figure 6A). Partially con-
sistent with these results, the CDDP-induced increase of cen-
trosomal BRCA1 was suppressed markedly by knockdown of 
ATM in S and G2 phases and by knockdown of CHK2 in S phase 
(Figure  S6A,B). The CDDP-induced increase of centrosomal 
Aurora A in S phase was suppressed markedly by ATM and ATR 
inhibitors, whereas the CHK2 inhibitor reduced it slightly in early 
S phase (Figure 6B).

S988 of BRCA1 is phosphorylated by CHK2, whereas S1423 
and S1524 of BRCA1 are phosphorylated by ATM and ATR.8,9 We 
analyzed the effect of phosphomimetic and nonphosphorylated 
mutations at these residues. HeLa cells were transfected with 
FLAG–BRCA1–WT or these variants together with GFP–centrin 
and BRCA1 siRNA. S1423A and S1524A mutations significantly sup-
pressed the CDDP-induced centrosomal localization of BRCA1 in S 
and G2 phases, which was significantly restored by the S1524D mu-
tation in S and G2 phase, and moderately restored by the S1423D 
mutation (Figures  6C, S6C). The CDDP-induced centrosomal lo-
calization of Aurora A was decreased by S1423A and S1423D mu-
tations in early and late S phases and by S1524A mutation in late 

F I G U R E  3  BRCA1 is involved in the 
CDDP-induced centrosomal localization 
of p-PLK1. (A) HeLa–GFP–centrin cells 
were treated with CDDP for 24 h, and 
immunostained with anti-p-PLK1 and 
anti-PCNA antibodies. Scale bar, 10 μm. 
(B) The fluorescence intensity data of 
centrosomal p-PLK1 were collected 
from at least 100 cell images from three 
independent experiments. Blue points and 
bars represent the median ± upper/lower 
quartiles. (C) The fluorescence intensity 
data in cells with three or four centrin foci 
were collected from at least 90 cell images 
from three independent experiments. (D) 
HeLa–tet–shBRCA1 cells were treated 
with Doxycycline (DOX) for 48 h, and then 
treated with DOX and CDDP for 24 h. 
Cells were immunostained with polyclonal 
anti-p-PLK1, monoclonal anti-PCNA, and 
monoclonal anti-γ-tubulin antibodies. 
Scale bar, 10 μm. (E) The centrosomal 
fluorescence intensity in S phase was 
quantified from at least 150 cell images 
from three independent experiments. 
(F) HeLa cells were treated with CDDP 
for 53 h, and then with CDDP and 1 μM 
MLN8054, 100 nM BI6727, or 500 nM 
centrinone for 7 h, and immunostained 
with anti-γ-tubulin antibody. Scale bar, 
10 μm. (G) The percentages of cells 
with more than three γ-tubulin foci 
were calculated from at least 100 cells 
in each sample. The mean of three 
individual experiments is shown. Error 
bars indicate ± SEM. *p < 0.05, **p < 0.01, 
****p < 0.0001, n.s., not significant.
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S phase (Figure  6D). S1524D mutation significantly increased the 
CDDP-induced centrosomal localization of Aurora A. Mutations at 
S988 slightly attenuated the CDDP-induced centrosomal localiza-
tion of BRCA1, but not that of Aurora A. No significant changes 
in the cell cycle were observed in response to the expression of 
FLAG–BRCA1–WT or the variants by flow cytometry (data not 
shown). CDDP treatment increased the centrosomal localization 
of both S1423- and S1524-phosphorylated BRCA1 in G1–G2 phase 
(Figure S6D−H).

3.7  |  Patient-derived variants of BRCA1 
abolish the CDDP-induced increase in the 
centrosomal localization of BRCA1 and Aurora A

Endogenous BRCA1 co-immunoprecipitated with endogenous 
Aurora A (Figures  7A, S7A). Exogenous Aurora A interacted with 

the full-length, middle portion, and N-terminal region of BRCA1 
(Figures  7B, S7B,C). N-terminal region of BRCA1 interacted with 
Aurora A independently of the RING domain (Figure S7D). Aurora A 
bound directly to the middle portions of BRCA1, BRCA1-301–660, 
and BRCA1-594–1080 (Figures 7C, S7E,F).

S1423A and S1524A variants reduced the BRCA1–Aurora A 
association (Figure  7D). As we possess the vectors for expressing 
patient-derived BRCA1 variants within amino acids (aa) 1–200 from 
the Breast Cancer Information Core (BIC) database,45 we analyzed 
the association of 14 variants within aa 70–200 with Aurora A. Three 
variants, Y105C, N132K, and V191I weakened the BRCA1–Aurora A 
association (Figure 7E).

The N132K variant, but not the Y105C and V191I variants, sup-
pressed the CDDP-induced increase in the centrosomal localization 
of BRCA1 (Figure  7F,G). The N132K and V191I variants, but not 
Y105C, decreased the CDDP-induced increase in the centrosomal 
localization of Aurora A (Figure 7H).

F I G U R E  4  BRCA1 is involved in the 
CDDP-induced premature centriole 
disengagement. (A) Schematic illustration 
of C-Nap1 foci number and centriole 
disengagement. (B) HeLa–GFP–centrin 
cells were treated with CDDP and 
immunostained with anti-C-Nap1 
antibody. Scale bar, 10 μm. (C) The 
percentages of cells with more than 
two C-Nap1 foci were calculated from 
at least 100 cells in each sample. The 
mean of three individual experiments 
is shown. Error bars indicate ± SEM. (D) 
HeLa–GFP–centrin cells were transfected 
as indicated, treated with CDDP for 
36 h, and immunostained with anti-C-
Nap1 antibody. Scale bar, 10 μm. (E) The 
percentages of cells with more than two 
C-Nap1 foci were calculated from at least 
100 cells in each sample. The mean of 
three individual experiments is shown. 
(F) HeLa–GFP–centrin cells were treated 
with CDDP and immunostained with 
anti-γ-tubulin. The percentages of cells 
with more than five GFP–centrin foci and 
cells with more than three γ-tubulin foci 
were calculated from at least 100 cells in 
each sample. The mean of three individual 
experiments is shown. Significant 
differences relative to 0 h are indicated. 
(G) Cells were categorized into four 
types. Scale bar, 1 μm. (H) At least 300 
cells in each sample from three individual 
experiments were counted. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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4  |  DISCUSSION

DNA repair factors that localize to the centrosome and are involved 
in centrosome regulation, including BRCA1, have been identified.46 
Moreover, deficiencies of centrosomal proteins abrogate the DNA 
damage response.47 These suggest a connection between centroso-
mal regulation and the DNA damage response. DNA damage causes 

centrosome aberrations.23 However, the underlying mechanism are 
poorly understood.

DNA damage activates cell cycle checkpoints and causes cell 
cycle arrest. We analyzed quantitatively the effect of CDDP treat-
ment on centrosomal BRCA1 and the kinases that regulate centro-
some in each cell cycle phase. Analysis of the centrosome during the 
cell cycle was performed by measuring the number of centrioles and 

F I G U R E  5  Nuclear export of BRCA1 
contributes centrosome amplification 
induced by CDDP treatment. (A) HeLa 
cells were transfected as indicated, 
treated with CDDP for 24 h, and 
immunostained with anti-FLAG (FLA-1) 
and anti-PCNA antibodies. Scale bar, 
10 μm. (B) The fluorescence intensity 
data were collected from at least 80 
cell images from three independent 
experiments. Blue points and bars 
represent the median ± upper/lower 
quartiles. (C) HeLa cells were transfected 
as indicated, treated with CDDP for 24 h, 
and immunostained with anti-Aurora A 
and anti-PCNA antibodies. Centrosomal 
fluorescence intensity was quantified 
from at least 100 cell images from three 
independent experiments. (D) HeLa cells 
were transfected as indicated. Whole cell 
lysates were immunoblotted. (E) HeLa–
tet–shBRCA1 cells were transfected as 
indicated, treated with DOX for 8 h, and 
then treated with DOX and CDDP for 
60 h. Cells were immunostained with 
anti-γ-tubulin antibody. Scale bar, 10 μm. 
(F) The percentages of cells with more 
than three γ-tubulin foci were calculated 
from at least 100 cells in each sample. 
The mean of three individual experiments 
is shown. Error bars indicate ± SEM. (G) 
HeLa–tet–shBRCA1 cells were transfected 
as indicated. Whole cell lysates were 
immunoblotted. **p < 0.01, ***p < 0.001, 
****p < 0.0001.

F I G U R E  6  BRCA1 phosphorylation by ATM contributes the CDDP-induced centrosomal localization of BRCA1 and Aurora A. (A) HeLa–
GFP–centrin cells were treated with 100 nM KU55933, 5 μM VE821, or 5 μM PV1019 for 1 h and then treated with each inhibitor and CDDP 
for 24 h. Cells were immunostained with anti-BRCA1 and anti-PCNA antibodies. The centrosomal fluorescence intensity was quantified 
from at least 100 cell images from three independent experiments. Blue points and bars represent the median ± upper/lower quartiles. (B) 
The centrosomal fluorescence intensity was quantified from at least 100 cell images from three independent experiments. (C) HeLa cells 
were transfected as indicated, treated with CDDP for 24 h, and immunostained with anti-FLAG (FLA-1) and anti-PCNA antibodies. The 
centrosomal fluorescence intensity was quantified from at least 78 cell images from three independent experiments. (D) The centrosomal 
fluorescence intensity was quantified from at least 100 cell images from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, n.s., not significant.
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by PCNA nuclear staining (Figure 1A,B). MMC increases the centro-
somal localization of BRCA1 in G2 phase.25 We showed that CDDP 
increased the centrosomal localization of BRCA1 in in early S − G2 
phase (Figures 1D,E, S2F,G).

CDDP increased the centrosomal localization of Aurora A in S 
phase (Figures 2A,B, S3C,D), and the kinase activities of Aurora A 
and PLK1 were important for CDDP-induced centrosome amplifi-
cation (Figure  3F,G). We did not detect increased centrosomal lo-
calization of t-PLK1 in response to CDDP treatment (Figure S4A); 
however, the centrosomal localization of p-PLK1 was significantly 
increased in late S phase (Figure 3A,B). The increased centrosomal 
localization of Aurora A in S phase by CDDP treatment was observed 
earlier than the increase of centrosomal p-PLK1 in late S phase. The 
results suggest that Aurora A activates PLK1 at the centrosome after 
CDDP treatment.

In addition, premature centriole disengagement was observed 
after CDDP treatment (Figure  4B). Centriole disengagement is also 
induced by cell cycle arrest or DNA damage induced by ionizing ra-
diation and doxorubicin.29–31,33 Aurora A inhibitor suppresses G2 
arrest-induced centriole disengagement.31 CDDP-induced centrosome 

amplification seemed to be inhibited by treatment with a PLK4 inhibi-
tor (Figure 3F,G). Centriole overduplication was detected after 60 h of 
CDDP treatment, whereas centriole disengagement appeared earlier 
than centriole overduplication (Figure 4B,C,G–H). These results sug-
gested that premature disengagement and subsequent centriole over-
duplication result in CDDP-induced centrosome amplification.

BRCA1 contributed centrosomal localization of Aurora A and 
p-PLK1 (Figures  2C,D, 3D,E, S3F,G) and premature centriole dis-
engagement induced by CDDP treatment (Figure 4D,E), in addition 
to CDDP-induced centrosome amplification (Figure  S2B). These 
results suggested that BRCA1 functions upstream of these pro-
cesses. Conversely, Sankaran and colleagues reported that Aurora A 
suppresses the ubiquitin ligase activity of BRCA1 that inhibits cen-
trosome microtubule nucleation in M phase.48 The increased cen-
trosomal Aurora A in S phase after CDDP treatment might affect 
the BRCA1 ubiquitin ligase activity and centrosome microtubule 
nucleation.

Prosser and colleagues used an inhibitor of the CRM/exportin 
1 export factor to show that nuclear export of unknown factors is 
required for centrosome amplification induced by S phase arrest.49 
Consistent with this, nuclear export of BRCA1 promoted the CDDP-
induced centrosomal localization of BRCA1 itself and Aurora A and 
centrosome amplification (Figures 5, S5A−C).

The phosphorylation of BRCA1 following DNA damage facili-
tates its function in checkpoint activation.50 By contrast, homolo-
gous recombination repair requires S988, but not S1423 and S1524.51 
The present results suggest that phosphorylation of BRCA1 S1524 
by ATM is important for the BRCA1–Aurora A association and for 
promoting the centrosomal localization of BRCA1 and Aurora A in 
response to CDDP treatment, which also involve phosphorylation 
BRCA1 S1423. S1423D rescued the CDDP-induced centrosomal lo-
calization of BRCA1 partially, but not that of Aurora A. Although the 
S1423D mutant was associated with BRCA1 (Figure 7D), it might not 
function sufficiently in the CDDP-induced centrosomal localization 
of Aurora A. In addition, the CDDP-induced increase in the cen-
trosomal localization of Aurora A was suppressed by ATR inhibitor 
(Figure 6B). ATR may also contribute to the CDDP-induced increase 
in the centrosomal localization of Aurora A in a manner independent 
from BRCA1.

Aurora A interacted with the N-terminal region and the middle 
portion of BRCA1, whereas direct binding of Aurora A occurred 
at the middle portions of BRCA1 (Figures 7A−C, S7A−F). The mid-
dle portion (aa 504–803) is associated with OLA1 via binding to 

F I G U R E  7  BRCA1 binds to Aurora A and promotes the CDDP-induced centrosomal localization of Aurora A. (A) HEK-293 T cell lysates 
were immunoprecipitated (IP) with control IgG or anti-Aurora A antibody and immunoblotted (IB). (B) HEK-293 T cells were transfected as 
indicated. Cell lysates were immunoprecipitated using anti-FLAG antibody. (C) Glutathione–Sepharose beads bound to GST or GST–BRCA1 
fragments were incubated with His–Nus Aurora A. The bound proteins were immunoblotted. The GST–BRCA1 bands were marked with 
asterisks. (D, E) HEK-293 T cells were transfected as indicated. Cell lysates were immunoprecipitated using anti-FLAG antibody. (F) HeLa 
cells were transfected as indicated, treated with CDDP, and immunostained with FLAG (FLA-1) and anti-PCNA antibodies. The fluorescence 
intensity data were collected from at least 79 cell images from three independent experiments. Blue points and bars represent the 
median ± upper/lower quartiles. (G) Whole cell lysates were immunoblotted. (H) The centrosomal fluorescence intensity was quantified from 
at least 57 cell images from three independent experiments. *p < 0.05, **p < 0.01, ****p < 0.0001, n.s., not significant.

F I G U R E  8  Schematic of centrosome amplification induced by 
CDDP treatment.



4242  |    QI et al.

γ-tubulin,16 and the aa 802–1002 portion is associated with γ-
tubulin.52 The N-terminal region corresponds to the binding region 
of RACK1,17 which directly binds to Aurora A and functions in the 
activation of PLK1 by Aurora A.18 OLA1 and RACK1 might medi-
ate the interaction between Aurora A and BRCA1 and contribute to 
PLK1 activation after CDDP treatment.

Finally, we identified three patient-derived variants, which re-
duced the interaction of BRCA1 with Aurora A (Figure  7E). The 
N132K variant, which moderately decreases homologous recom-
bination activity,53 reduced the CDDP-induced centrosomal lo-
calization of BRCA1 and Aurora A, whereas V191I reduced that of 
only Aurora A (Figure  7F,G). The Y105C variant, which induced a 
mild reduction of the BRCA1–Aurora A association compared with 
N132K and V191I, did not affect the CDDP-induced centrosomal 
localization of BRCA1 and Aurora A. The weak association might be 
sufficient for the centrosomal localization of BRCA1 and Aurora A. 
Therefore, the mislocalization of BRCA1 after CDDP treatment and 
the dissociation of BRCA1 from Aurora A might abolish the CDDP-
induced centrosomal localization of Aurora A.

The present data suggest that, in response to nuclear DNA 
damage, BRCA1 is phosphorylated by ATM in the nucleus, moves 
to the cytoplasm, localizes to the centrosome, and promotes the 
centrosomal localization of Aurora A, which phosphorylates PLK1. 
Activated PLK1 causes premature centriole disengagement and cen-
triole overduplication, leading to DDICA (Figure  8). Therefore, we 
presume that BRCA1 plays an important role in the translocation 
of the nuclear DNA damage signal to the centrosome to cause cen-
trosome amplification. Loffler and colleagues reported that DDICA 
occurs through the excessive formation of centriole satellites.54 
Involvement of BRCA1 in this process should be investigated.

As centrosome amplification causes mitotic catastrophe,55,56 
DDICA may be a cell death mechanism for cells with DNA damage that 
cannot be repaired. Conversely, BRCA1 functions in the regulation of 
centrosome duplication and microtubule aster formation to maintain 
genome stability, and its suppression under physiological conditions 
causes centrosome amplification.5,6 BRCA1 variants derived from fa-
milial breast cancers causes centrosome amplification,57 suggesting 
that BRCA1 function in centrosomal regulation under physiological 
conditions is important for tumor suppression. In this study, we iden-
tified other BRCA1 variants that abolish the CDDP-induced centro-
somal localization of BRCA1 and Aurora A. We propose that the role 
of BRCA1 in DDICA is crucial for its tumor suppressor function in 
parallel with its role in the physiological centrosome regulation and 
the DNA repair pathway. Further investigation of the relationship be-
tween centrosomal regulation and the DNA damage response may 
provide insight into the mechanisms underlying carcinogenesis.

ACKNOWLEDG MENTS
We thank Satoko Kaneko for technical assistance.

FUNDING INFORMATION
This study was supported by grants-in-aid from JSPS KAKENHI grant 
numbers JP16H04690 (to N. Chiba and Y. Yoshino), JP19H03493 

(to N. Chiba, Y. Yoshino, and K Otsuka), and JP22H02896 (to N. 
Chiba and Y. Yoshino). Research Grant of the Princess Takamatsu 
Cancer Research Fund, and Research Program of the Smart-Aging 
Research Center, Tohoku University (to N. Chiba).

CONFLIC T OF INTERE S T
The authors declare no competing interest. Chikashi Ishioka and 
Yoshio Miki are Associate Editors of Cancer Science.

ORCID
Yuki Yoshino   https://orcid.org/0000-0003-0029-3467 
Chikashi Ishioka   https://orcid.org/0000-0002-3023-1227 
Natsuko Chiba   https://orcid.org/0000-0001-6504-1290 

R E FE R E N C E S
	 1.	 Miki Y, Swensen J, Shattuck-Eidens D, et al. A strong candidate for 

the breast and ovarian cancer susceptibility gene BRCA1. Science. 
1994;266:66-71.

	 2.	 Cancer Genome Atlas N. Comprehensive molecular portraits of 
human breast tumours. Nature. 2012;490:61-70.

	 3.	 Cancer Genome Atlas Research N. Integrated genomic analyses of 
ovarian carcinoma. Nature. 2011;474:609-615.

	 4.	 Tarsounas M, Sung P. The antitumorigenic roles of BRCA1-BARD1 
in DNA repair and replication. Nat Rev Mol Cell Biol. 2020;21:​
284-299.

	 5.	 Otsuka K, Yoshino Y, Qi H, Chiba N. The function of BARD1 in 
centrosome regulation in cooperation with BRCA1/OLA1/RACK1. 
Genes (Basel). 2020;11:842.

	 6.	 Yoshino Y, Fang Z, Qi H, Kobayashi A, Chiba N. Dysregulation of the 
centrosome induced by BRCA1 deficiency contributes to tissue-
specific carcinogenesis. Cancer Sci. 2021;112:1679-1687.

	 7.	 Awasthi P, Foiani M, Kumar A. ATM and ATR signaling at a glance. J 
Cell Sci. 2015;128:4255-4262.

	 8.	 Ouchi T. BRCA1 phosphorylation: biological consequences. Cancer 
Biol Ther. 2006;5:470-475.

	 9.	 Zhang J, Powell SN. The role of the BRCA1 tumor suppressor in 
DNA double-strand break repair. Mol Cancer Res. 2005;3:531-539.

	10.	 Nigg EA, Holland AJ. Once and only once: mechanisms of centriole 
duplication and their deregulation in disease. Nat Rev Mol Cell Biol. 
2018;19:297-312.

	11.	 Fujita H, Yoshino Y, Chiba N. Regulation of the centrosome cycle. 
Mol Cell Oncol. 2016;3:e1075643.

	12.	 Sankaran S, Starita LM, Groen AC, Ko MJ, Parvin JD. Centrosomal 
microtubule nucleation activity is inhibited by BRCA1-dependent 
ubiquitination. Mol Cell Biol. 2005;25:8656-8668.

	13.	 Starita LM, Machida Y, Sankaran S, et al. BRCA1-dependent ubiq-
uitination of gamma-tubulin regulates centrosome number. Mol Cell 
Biol. 2004;24:8457-8466.

	14.	 Ko MJ, Murata K, Hwang DS, Parvin JD. Inhibition of BRCA1 in 
breast cell lines causes the centrosome duplication cycle to be dis-
connected from the cell cycle. Oncogene. 2006;25:298-303.

	15.	 Hsu LC, Doan TP, White RL. Identification of a gamma-tubulin-
binding domain in BRCA1. Cancer Res. 2001;61:7713-7718.

	16.	 Matsuzawa A, Kanno S, Nakayama M, et al. The BRCA1/BARD1-
interacting protein OLA1 functions in centrosome regulation. Mol 
Cell. 2014;53:101-114.

	17.	 Yoshino Y, Qi H, Kanazawa R, et al. RACK1 regulates centriole du-
plication by controlling localization of BRCA1 to the centrosome in 
mammary tissue-derived cells. Oncogene. 2019;38:3077-3092.

	18.	 Yoshino Y, Kobayashi A, Qi H, et al. RACK1 regulates centriole du-
plication through promoting the activation of polo-like kinase 1 by 
Aurora A. J Cell Sci. 2020;133:jcs238931.

https://orcid.org/0000-0003-0029-3467
https://orcid.org/0000-0003-0029-3467
https://orcid.org/0000-0002-3023-1227
https://orcid.org/0000-0002-3023-1227
https://orcid.org/0000-0001-6504-1290
https://orcid.org/0000-0001-6504-1290


    |  4243QI et al.

	19.	 Wang G, Jiang Q, Zhang C. The role of mitotic kinases in coupling 
the centrosome cycle with the assembly of the mitotic spindle. J 
Cell Sci. 2014;127:4111-4122.

	20.	 Tsou MF, Wang WJ, George KA, Uryu K, Stearns T, Jallepalli PV. 
Polo kinase and separase regulate the mitotic licensing of centriole 
duplication in human cells. Dev Cell. 2009;17:344-354.

	21.	 Shukla A, Kong D, Sharma M, Magidson V, Loncarek J. Plk1 relieves 
centriole block to reduplication by promoting daughter centriole 
maturation. Nat Commun. 2015;6:8077.

	22.	 Joukov V, De Nicolo A. Aurora-PLK1 cascades as key signaling 
modules in the regulation of mitosis. Sci Signal. 2018;11:eaar4195.

	23.	 Mullee LI, Morrison CG. Centrosomes in the DNA damage response–
the hub outside the centre. Chromosome Res. 2016;24:35-51.

	24.	 Cosenza MR, Kramer A. Centrosome amplification, chromosomal 
instability and cancer: mechanistic, clinical and therapeutic issues. 
Chromosome Res. 2016;24:105-126.

	25.	 Zou J, Zhang D, Qin G, Chen X, Wang H, Zhang D. BRCA1 and FancJ 
cooperatively promote interstrand crosslinker induced centrosome 
amplification through the activation of polo-like kinase 1. Cell Cycle. 
2014;13:3685-3697.

	26.	 Wang H, Huang Y, Shi J, et al. XPC deficiency leads to centrosome 
amplification by inhibiting BRCA1 expression upon cisplatin-
mediated DNA damage in human bladder cancer. Cancer Lett. 
2019;444:136-146.

	27.	 Liu X, Erikson RL. Activation of Cdc2/cyclin B and inhibition of cen-
trosome amplification in cells depleted of Plk1 by siRNA. Proc Natl 
Acad Sci U S A. 2002;99:8672-8676.

	28.	 Saladino C, Bourke E, Conroy PC, Morrison CG. Centriole sepa-
ration in DNA damage-induced centrosome amplification. Environ 
Mol Mutagen. 2009;50:725-732.

	29.	 Inanc B, Morrison CG. Getting permission: how DNA damage 
causes centrosome amplification. Cell Cycle. 2011;10:1890-1891.

	30.	 Loncarek J, Hergert P, Khodjakov A. Centriole reduplication during 
prolonged interphase requires procentriole maturation governed 
by Plk1. Curr Biol. 2010;20:1277-1282.

	31.	 Prosser SL, Samant MD, Baxter JE, Morrison CG, Fry AM. Oscillation 
of APC/C activity during cell cycle arrest promotes centrosome am-
plification. J Cell Sci. 2012;125:5353-5368.

	32.	 Zou J, Tian F, Li J, et al. FancJ regulates interstrand crosslinker in-
duced centrosome amplification through the activation of polo-like 
kinase 1. Biol Open. 2013;2:1022-1031.

	33.	 Douthwright S, Sluder G. Link between DNA damage and centriole 
disengagement/reduplication in untransformed human cells. J Cell 
Physiol. 2014;229:1427-1436.

	34.	 Krenning L, van den Berg J, Medema RH. Life or death after a break: 
what determines the choice? Mol Cell. 2019;76:346-358.

	35.	 Knorz VJ, Spalluto C, Lessard M, et al. Centriolar association 
of ALMS1 and likely centrosomal functions of the ALMS motif-
containing proteins C10orf90 and KIAA1731. Mol Biol Cell. 
2010;21:3617-3629.

	36.	 Leonhardt H, Rahn HP, Weinzierl P, et al. Dynamics of DNA replica-
tion factories in living cells. J Cell Biol. 2000;149:271-280.

	37.	 Fan S, Liu B, Sun L, et al. Mitochondrial fission determines cisplatin 
sensitivity in tongue squamous cell carcinoma through the BRCA1-
miR-593-5p-MFF axis. Oncotarget. 2015;6:14885-14904.

	38.	 Hammond-Martel I, Pak H, Yu H, et al. PI 3 kinase related kinases-
independent proteolysis of BRCA1 regulates Rad51 recruitment 
during genotoxic stress in human cells. PLoS One. 2010;5:e14027.

	39.	 Ertych N, Stolz A, Stenzinger A, et al. Increased microtubule as-
sembly rates influence chromosomal instability in colorectal cancer 
cells. Nat Cell Biol. 2014;16:779-791.

	40.	 Ertych N, Stolz A, Valerius O, Braus GH, Bastians H. CHK2-BRCA1 
tumor-suppressor axis restrains oncogenic Aurora-A kinase to en-
sure proper mitotic microtubule assembly. Proc Natl Acad Sci U S A. 
2016;113:1817-1822.

	41.	 Bartova E, Suchankova J, Legartova S, et al. PCNA is recruited to 
irradiated chromatin in late S-phase and is most pronounced in G2 
phase of the cell cycle. Protoplasma. 2017;254:2035-2043.

	42.	 Mayor T, Stierhof YD, Tanaka K, Fry AM, Nigg EA. The centrosomal 
protein C-Nap1 is required for cell cycle-regulated centrosome co-
hesion. J Cell Biol. 2000;151:837-846.

	43.	 Tsou MF, Stearns T. Mechanism limiting centrosome duplication to 
once per cell cycle. Nature. 2006;442:947-951.

	44.	 Brodie KM, Henderson BR. Characterization of BRCA1 protein tar-
geting, dynamics, and function at the centrosome: a role for the 
nuclear export signal, CRM1, and Aurora A kinase. J Biol Chem. 
2012;287:7701-7716.

	45.	 Towler WI, Zhang J, Ransburgh DJ, et al. Analysis of BRCA1 vari-
ants in double-strand break repair by homologous recombination 
and single-strand annealing. Hum Mutat. 2013;34:439-445.

	46.	 Shimada M, Komatsu K. Emerging connection between centrosome 
and DNA repair machinery. J Radiat Res. 2009;50:295-301.

	47.	 Arquint C, Gabryjonczyk AM, Nigg EA. Centrosomes as signalling 
centres. Philos Trans R Soc Lond B Biol Sci. 2014;369:20130464.

	48.	 Sankaran S, Crone DE, Palazzo RE, Parvin JD. Aurora-A ki-
nase regulates breast cancer associated gene 1 inhibition of 
centrosome-dependent microtubule nucleation. Cancer Res. 
2007;67:11186-11194.

	49.	 Prosser SL, Straatman KR, Fry AM. Molecular dissection of the 
centrosome overduplication pathway in S-phase-arrested cells. Mol 
Cell Biol. 2009;29:1760-1773.

	50.	 Wu J, Lu LY, Yu X. The role of BRCA1 in DNA damage response. 
Protein Cell. 2010;1:117-123.

	51.	 Zhang J, Willers H, Feng Z, et al. Chk2 phosphorylation of 
BRCA1 regulates DNA double-strand break repair. Mol Cell Biol. 
2004;24:708-718.

	52.	 Tarapore P, Hanashiro K, Fukasawa K. Analysis of centrosome local-
ization of BRCA1 and its activity in suppressing centrosomal aster 
formation. Cell Cycle. 2012;11:2931-2946.

	53.	 Endo SYY, Shirota M, Watanabe G, Chiba N. BRCA1/ATF1-mediated 
transactivation is involved in resistance to PARP inhibitors and cis-
platin. Cancer Res Commun. 2021;1:90-105.

	54.	 Loffler H, Fechter A, Liu FY, Poppelreuther S, Kramer A. DNA 
damage-induced centrosome amplification occurs via excessive 
formation of centriolar satellites. Oncogene. 2013;32:2963-2972.

	55.	 Ganem NJ, Godinho SA, Pellman D. A mechanism linking extra cen-
trosomes to chromosomal instability. Nature. 2009;460:278-282.

	56.	 Dodson H, Wheatley SP, Morrison CG. Involvement of centrosome 
amplification in radiation-induced mitotic catastrophe. Cell Cycle. 
2007;6:364-370.

	57.	 Kais Z, Chiba N, Ishioka C, Parvin JD. Functional differences among 
BRCA1 missense mutations in the control of centrosome duplica-
tion. Oncogene. 2012;31:799-804.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Qi H, Kikuchi M, Yoshino Y, et al. 
BRCA1 transports the DNA damage signal for CDDP-induced 
centrosome amplification through the centrosomal Aurora A. 
Cancer Sci. 2022;113:4230-4243. doi: 10.1111/cas.15573

https://doi.org/10.1111/cas.15573

	BRCA1 transports the DNA damage signal for CDDP-­induced centrosome amplification through the centrosomal Aurora A
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Immunocytofluorescence
	2.2|Image processing and measurement of fluorescence intensity

	3|RESULTS
	3.1|CDDP increases the centrosomal localization of BRCA1 during S and G2 phases
	3.2|BRCA1 is involved in the CDDP-­induced increase in centrosomal localization of Aurora A in S phase
	3.3|BRCA1 contributes to the CDDP-­induced increase in centrosomal localization of p-­PLK1 in late S phase
	3.4|BRCA1 regulates centriole disengagement induced by CDDP treatment
	3.5|Nuclear export of BRCA1 contributes to the CDDP-­induced increase in the centrosomal localization of BRCA1 and Aurora A and centrosome amplification
	3.6|The kinase activity of ATM contributes to the CDDP-­induced increase in the centrosomal localization of BRCA1 and Aurora A
	3.7|Patient-­derived variants of BRCA1 abolish the CDDP-­induced increase in the centrosomal localization of BRCA1 and Aurora A

	4|DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


