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Abstract

Breast cancer–associated gene 1 (BRCA1) regulates the
duplication and the function of centrosomes in breast cells.
We have previously shown that BRCA1 ubiquitin ligase activity
directly inhibits centrosome-dependent microtubule nucle-
ation. However, there is a paradox because centrosome
microtubule nucleation potential is highest during mitosis, a
phase when BRCA1 is most abundant at the centrosome. In
this study, we resolve this conundrum by testing whether
centrosomes from cells in M phase are regulated differently by
BRCA1 when compared with other phases of the cell cycle. We
observed that BRCA1-dependent inhibition of centrosome
microtubule nucleation was high in S phase but was
significantly lower during M phase. The cell cycle–specific
effects of BRCA1 on centrosome-dependent microtubule
nucleation were detected in living cells and in cell-free
experiments using centrosomes purified from cells at specific
stages of the cell cycle. We show that Aurora-A kinase
modulates the BRCA1 inhibition of centrosome function by
decreasing the E3 ubiquitin ligase activity of BRCA1. In
addition, dephosphorylation of BRCA1 by protein phospha-
tase 1A enhances the E3 ubiquitin ligase activity of BRCA1.
These observations reveal that the inhibition of centrosome
microtubule nucleation potential by the BRCA1 E3 ubiquitin
ligase is controlled by Aurora-A kinase and protein phospha-
tase 1A–mediated phosphoregulation through the different
phases of the cell cycle. [Cancer Res 2007;67(23):11186–94]

Introduction

Centrosomes nucleate microtubules, resulting in the organiza-
tion of a dynamic polymer matrix that is necessary for numerous
cell functions including the maintenance of cell shape and polarity,
intracellular transport, and the segregation of chromosomes during
cell division (reviewed in ref. 1). At the end of the G1 phase of the
cell cycle, the single centrosome in the cell replicates such that by
the G2-M transition, the cell contains two centrosomes that form
the poles of the bipolar mitotic spindle. The mitotic spindle
ensures equal segregation of duplicated chromosomes to the two
dividing daughter cells. The control of centrosome duplication is

crucial because any aberration in centrosome number could lead
to multipolar spindles and subsequent missegregation of chromo-
somes, resulting in aneuploidy and genomic instability in the
daughter cells.
As centrosomes progress through the G2 and M phases of the cell

cycle, they undergo a process called maturation, which raises their
microtubule nucleation potential to high levels during mitosis
(reviewed in ref. 2). As a result of multiple structural changes,
mitotic centrosomes increase their microtubule nucleation poten-
tial 5-fold during mitosis, a process that is reversed and reset to a
relatively low nucleation potential when the daughter cells return
to interphase (3). Centrosomes are thus subject to cell cycle–
dependent regulatory mechanisms that control their microtubule
nucleation potential.
Breast cancer–associated gene 1 (BRCA1), the breast and ovarian

cancer–specific tumor suppressor, localizes to the centrosomes
(4, 5) and is important in the regulation of centrosome number
(6–9). The control of centrosome number is of interest because
breast cancer tumor cells accumulate supernumerary centrosomes,
which likely contribute to the aneuploidy that is common in lesions
(10, 11). Importantly, it has been shown that BRCA1 directly regu-
lates centrosome microtubule nucleation activity (5, 12). BRCA1, a
1,863 amino acid phosphoprotein, exhibits E3 ubiquitin ligase
activity as a heterodimer with BRCA1-associated RING domain 1
(BARD1; refs. 13, 14). The ubiquitin ligase activity is critical for the
inhibition of centrosome function because the expression in cells of
a point mutant of BRCA1 that can no longer function as a ubiquitin
ligase causes the dominant-negative phenotype of centrosome
amplification and hyperactive centrosomes (12). Many cancer-
associated mutations of the BRCA1 gene directly affect the E3
ubiquitin ligase activity because they alter the structure of the
RING domain and inactivate this enzymatic activity (15, 16). Thus,
the E3 ubiquitin ligase activity is critical to the tumor suppression
function of BRCA1. The most prevalent mutations of the BRCA1
gene are frame-shift or nonsense mutations, which result in the
loss of the COOH terminus but often leave the RING domain and
the E3 ubiquitin ligase activity intact. Although these truncated
BRCA1 proteins, in complex with BARD1, are active as ubiquitin
ligases in a nonspecific assay, these carboxyl-terminal truncation
mutant BRCA1 proteins are defective for the regulation of
centrosome function (8, 12). Thus, there is a correlation between
a variety of cancer-associated BRCA1 mutations and the BRCA1
ubiquitin ligase–mediated control of centrosome function.
BRCA1 ubiquitinates multiple centrosomal proteins, and one has

been identified as g-tubulin (8). Expression in cells of a mutant g-
tubulin, in which the lysine that is an ubiquitin acceptor site was
altered to an arginine, resulted in the same phenotype as those
caused by inhibition of BRCA1: centrosome amplification and
hyperactivity (5, 8). Because BRCA1 localizes to centrosomes at all
phases of the cell cycle (5), it is likely that the BRCA1 ubiquitin
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ligase activity is directly involved in regulating centrosome
function. Although BRCA1 localization to the centrosome was
questioned in one study in which the green fluorescent protein
fusion of BRCA1 failed to localize to the centrosome (17), a number
of other reports have shown endogenous BRCA1 localization to the
centrosome (4, 5, 18, 19).
RNA interference (RNAi) of BRCA1 in cells blocked in early

S phase by hydroxyurea treatment resulted in markedly enhanced
centrosomal microtubule nucleation activity (5). This result
suggested that in early S phase cells, centrosomes have relatively
low microtubule nucleation potential, and this low level of activity
depends on BRCA1 down-regulation of centrosome-dependent
microtubule nucleation potential. During mitosis, however, cen-
trosome microtubule nucleation is 5-fold higher (3), even though
the BRCA1 concentration at centrosomes is at peak levels (4),
bringing confusion on the role of BRCA1 in the regulation of
centrosome-dependent microtubule nucleation. To resolve this
issue, in the present study, we compare the BRCA1-dependent
inhibition of microtubule nucleation potential in centrosomes from
early S phase with those from M phase. We assayed centrosomes in
tissue culture cells using purified centrosomes in cell-free
reactions. We find that centrosomes in mitotic cells are refractory
to inhibition by BRCA1 due to Aurora-A kinase (AURKA) activity.
In addition, protein phosphatase 1a (PP1a) potentiates the activity
of BRCA1 in regulating centrosome function. These results, along
with published findings, suggest that a phosphorylation cascade
exists which controls BRCA1 ubiquitin ligase–mediated inhibition
of centrosome function in live cells.

Materials and Methods

Antibodies. Antibodies specific to g-tubulin and a-tubulin (Sigma),
ubiquitin (raised in rabbit), centrin (a kind gift from Dr. Jeffrey Salisbury,
The Mayo Clinic, Rochester, MN) were used at 1:1,000 dilution for both
immunoblots and immunofluorescence.
Cell culture and transfection. Hs578T (ATCC cell line HTB-1216) and

HeLa S3 cells (ATCC cell line CCL-2.2) were blocked in S phase either by
treatment with 20 mmol/L of hydroxyurea for 18 h or by a double thymidine
block protocol: incubating with 2 mmol/L of thymidine (Sigma) for 18 h,
followed by growth in thymidine-free medium for 9 h and reblocking in
2 mmol/L of thymidine for another 18 h.

Cells were blocked at M phase either by treatment with 50 Amol/L of
monastrol (Sigma) for 12 h, or by thymidine + nocodazole block. For
thymidine + nocodazole block, cells were grown in 2 mmol/L of thymidine
for 18 h, grown in thymidine-free medium for 3 h, followed by growth in
100 ng/mL of nocodazole (Sigma) for 12 h. Tissue culture experiments
involving the transient addition of Aurora kinase inhibitor II (EMD Bio-
sciences Inc.) were serum-free when in the presence of the drug.

The microtubule regrowth assays were done 48 h posttransfection with
short interfering RNA (siRNA). The BRCA1-specific oligonucleotide was
described earlier (BRCA1-a; ref. 5) and the control oligonucleotide was
specific for luciferase (5, 8).
Microtubule regrowth assay. The assay was performed as described

earlier (5). In the case of mitotic cells, 50 mitotic cells were identified based
on the absence of a nuclear membrane and the presence of condensed
chromosomes, and their aster morphology scored. The inStat program
(Graph Software Inc.) was used to compute statistical significance of the
biochemical data. A two-tailed t test compared control with test data series.
Statistically significant P values (P < 0.01) are indicated in the figure
legends.

Protein purification. The BRCA1/BARD1 protein preparations as well

as centrosome isolation were done as described earlier (8). Sea urchin
tubulin was cycled thrice and prepared as described (20). Purified

recombinant AURKA (Upstate), PP1a (EMD Biosciences), and ubiquitin

(Sigma) were purchased.

In vitro ubiquitination and aster formation assays. Ubiquitination
reactions were performed as described earlier (5). The ubiquitinated

centrosomes were centrifuged onto glass coverslips and allowed to grow

asters in the presence of either 0.35 mg/mL of purified tubulin in

reassembly buffer [100 mmol/L PIPES (pH 6.9), 1 mmol/L EGTA, 5 mmol/L
MgSO4, and 2 mmol/L GTP] or 200 Ag of Xenopus extract at 25jC for 12 to

15 min. Xenopus extract was used in experiments described in Fig. 1C and

D . Some reactions included phosphatase inhibitor cocktail (50 mmol/L NaF,

10 mmol/L h-glycerophosphate, 10 mmol/L sodium PPi, and 1 mmol/L
sodium orthovanadate).

Results

BRCA1 inhibits centrosome function in early S phase but
not M phase. BRCA1 regulates the microtubule nucleation
potential of centrosomes in breast cells via its E3 ubiquitin ligase
activity (5, 12). Centrosomal microtubule nucleation is responsible
for maintaining the cytoskeletal microtubule network in cells
during interphase and is involved in spindle formation during
mitosis.
We have shown that BRCA1-mediated inhibition of centrosome

microtubule nucleation potential was more pronounced in S phase
cells than in asynchronously growing cells (5). To further
investigate the cell cycle dependence of BRCA1 regulation of
centrosome function, we used Hs578T breast cancer cells blocked
in S phase by treatment with hydroxyurea or in mitotic phase by
treatment with monastrol (21). Using an in vivo microtubule
nucleation assay, we compared centrosome microtubule nucleation
potential in Hs578T cells with normal BRCA1 to cells with reduced
BRCA1 levels. Hs578T cells grown on glass coverslips were
transfected with siRNA targeting either BRCA1 or a control gene
(luciferase). Forty-eight hours later, these cells were subjected to
microtubule regrowth assay. Large asters were identified based on
the criterion that they had at least 10 long radiating microtubules
(5) as compared with small asters that had almost undetectable a-
tubulin staining. This criterion was useful in quantifying asters
from asynchronously growing cells and cells synchronized by
blockage with hydroxyurea. Asters in mitotic cells had a smaller
diameter and were more densely labeled by the a-tubulin–specific
antibody. The morphologic differences observed between asyn-
chronous and M phase centrosomes are consistent with previous
observations of a 5-fold higher microtubule nucleation potential for
isolated mitotic centrosomes (22–25) and a change in microtubule
dynamics as cells enter M phase (reviewed in ref. 26). In this study,
large mitotic asters were defined as those having microtubule
arrays emanating from the centrosome with a diameter >2.5 Am
(Supplementary Fig. S1). The effect of blocking the cell cycle using
monastrol on the percentage of cells with large asters in
microtubule regrowth assays from cells transfected with the two
siRNAs are shown in the histogram (Fig. 1A). Cultures of
asynchronously growing cells with BRCA1 silenced by RNAi had
a 2.5-fold higher fraction of cells with large asters. In cells blocked
in early S phase using hydroxyurea, RNAi of BRCA1 resulted in a 12-
fold higher fraction of cells with large asters. These results are
consistent with our prior observations (5) and support the notion
that during S phase, BRCA1 restrains centrosome function. In cells
blocked with monastrol, inhibition of BRCA1 by RNAi resulted in a
minimal change of the fraction of cells that contained large asters.
The modest inhibitory effect of BRCA1 on mitotic centrosomes

was further evident when centrosomes purified from cells blocked
at mitosis were tested using an in vitro aster formation assay.
Centrosomes were isolated from HeLa cells blocked at G2-M by
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blocking with thymidine followed by release into nocodazole.
Although BRCA1 localizes to the centrosome during mitosis,
isolated centrosomes contain no detectable BRCA1 protein (data
not shown). Centrosomes isolated from these cells were ubiquiti-
nated in vitro in the presence of E1, E2, ubiquitin, and BRCA1/
BARD1 (the BRCA1/BARD1 heterodimer is referred to as ‘‘BRCA1’’
in the subsequent sections). The ubiquitinated centrosomes were
centrifuged onto glass coverslips, washed, and allowed to nucleate
microtubules and form asters in the presence of isolated tubulin.
The asters were fixed and immunostained with a-tubulin–specific
(red) and g-tubulin–specific (green) antibodies to label micro-
tubules and centrosomes, respectively. The asters were observed as
red microtubules radiating from a yellow center (the centrosome).
Asters formed by centrosomes purified from asynchronous cells
were morphologically distinct from those formed from mitotic
centrosomes. The patterns of the asters were consistent with what
was observed with living cells: interphase or asynchronous
centrosomes formed asters that were longer and wispier than the
counterparts from mitotic centrosomes (Fig. 1B). This observation
indicated that centrosomes from the two different stages of the cell
cycle had intrinsic differences in the way they nucleated micro-
tubules. Importantly, upon inclusion of the BRCA1 ubiquitin ligase
in the nucleation reaction, microtubule nucleation of asynchronous

centrosomes was strongly inhibited (Fig. 1Bb). We did detect
acentrosomal microtubules, not associated with g-tubulin. Quan-
titation of the microtubule content in these BRCA1-inhibited asters
was difficult because there were far fewer detectable asters in those
reactions that contained active BRCA1. The value of 10% to 20%
microtubule content is a minimum value because that much of an
aster must remain in order to be scored. Clearly, BRCA1 strongly
inhibited aster formation when using centrosomes purified from
asynchronous cells to nucleate tubulin. In contrast, asters formed
in vitro from mitotic centrosomes contained many more micro-
tubules that were shorter, perhaps in bundles (Fig. 1Bc).
Importantly, inclusion of BRCA1 in the ubiquitination reaction
resulted in only a partial decrease of the aster size (Fig. 1Bd).
Previously, when using mitotic Xenopus extracts as the source of
tubulin, we observed that BRCA1 inhibition of aster formation was
strong, but not as complete as observed in Fig. 1Bb (5). The effect
of BRCA1 inhibition on aster formation is significantly stronger
when using isolated tubulin to assay microtubule nucleation
potential, as in these experiments. We suggest that the use of the
mitotic Xenopus extracts in earlier experiments might have blunted
the inhibitory effect of BRCA1.
Centrosomes isolated from asynchronous, S phase, or M phase

cells formed asters in vitro in the absence or presence of 30 nmol/L

Figure 1. BRCA1-mediated inhibition of centrosomal microtubule nucleation is stronger at S phase than during M phase. A, histogram of the percentage of cells
with large centrosomal asters in cells blocked either in S or the M phase or asynchronously growing cells. Columns, mean from two independent experiments; bars, SE.
Cells were transfected with a control siRNA (blue ) or a BRCA1-specific siRNA (red). In the presence of monastrol, the difference between BRCA1 and control
was not significantly different. B, centrosomes were purified from asynchronously growing HeLa S3 cells as well as those blocked in S and M phases of the cell
cycle. Centrosomes were ubiquitinated in cell-free assays and tested for aster formation using isolated tubulin. Asynchronous centrosomes formed asters only
when BRCA1 was omitted from the reaction (a and b ), whereas centrosomes from monastrol blocked cells (M phase) formed smaller asters in the presence of BRCA1
(c and d). Bar, 10 Am. C, quantitation of the results from B are shown as a ratio of microtubule content (plus BRCA1: minus BRCA1) for centrosomes purified
from asynchronous cells (Asy) or from M phase cells using purified tubulin (P < 0.001). D, centrosomes purified from cells blocked either in S phase or M phase
were assayed for microtubule nucleation using crude mitotic Xenopus extracts as a source of tubulin. The mean microtubule content from 20 asters from asynchronous
cells or those blocked at S or M phase were quantified. The values were normalized to the paired reaction with no BRCA1. Columns, normalized mean values;
bars, SE (P < 0.001).
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of BRCA1, and in the presence of mitotic Xenopus extracts.
Whereas the microtubule content of asters from asynchronous and
S phase centrosomes was reduced 5-fold by BRCA1 ubiquitina-
tion activity, mitotic aster function was only inhibited by f2-fold

(Fig. 1C). Even though the source of tubulin in the experiment
shown in Fig. 1D was the mitotic extract, there was a differential
degree of sensitivity of the cell cycle–specific centrosomes to the
inhibition by the BRCA1 ubiquitin ligase, suggesting that some
factor is present or a covalent modification(s) occurs within the
centrosome that confers either resistance or sensitivity to the
inhibition by the BRCA1 ubiquitin ligase.
Resistance of mitotic centrosomes to BRCA1-dependent

inhibition is mediated by phosphorylation. BRCA1 is present at
centrosomes during all phases of the cell cycle, and levels are
particularly high during metaphase when the DNA is condensed,
the nuclear membrane dissolves, and most of the nuclear BRCA1
relocates to the centrosomes (4, 5). Because the microtubule
nucleation potential of centrosomes is highest during mitosis, it is
puzzling that BRCA1 is most abundantly localized to the organelle
at this time. Because the ubiquitination activity of the BRCA1
protein, and not just the presence of BRCA1, is important for
regulating centrosome function (12), it is possible that the BRCA1
associated with mitotic centrosomes has decreased E3 ubiquitin
ligase activity. Alternatively, it is possible that the centrosome-
bound substrates of the BRCA1 ubiquitin ligase are resistant to
inhibition by ubiquitination. Both possibilities could be affected by
protein phosphorylation, and there is a marked increase in
centrosome protein phosphorylation during mitosis (reviewed in
refs. 27, 28). Furthermore, there is a direct correlation between the
increased centrosome protein phosphorylation and the higher
microtubule nucleation potential of centrosomes (29). If protein
phosphorylation is responsible for either inactivating the E3
ubiquitin ligase activity of BRCA1 or decreasing its accessibility
to substrates, removal of the phosphate through the action of a
phosphatase should restore the BRCA1-dependent inhibition of
mitotic centrosome function. PP1a localizes to the nucleus and
centrosomes during interphase, and is localized to the centrosome
exclusively during mitosis (30). Importantly, PP1a has been shown
to dephosphorylate BRCA1 (31). Based on these reports, we tested
the effect of PP1a on in vitro aster formation using purified mitotic
centrosomes incubated with isolated tubulin. The inclusion of 1
unit of recombinant PP1a in the assay along with 30 nmol/L of
BRCA1 increased the BRCA1 effect, resulting in a 1.6- to 5-fold
higher inhibition of mitotic centrosome microtubule nucleation
potential (Fig. 2A). Inclusion of phosphatase inhibitors in the
reaction mixture containing BRCA1 and PP1a resulted in a near-
complete loss of BRCA1 inhibition of mitotic centrosome function,
thus reversing the effect of the phosphatase. These data clearly
show that mitotic centrosomes are resistant to inhibition by the
BRCA1 ubiquitin ligase due to phosphorylation events mediated by
one or more kinases.
AURKA modulates the BRCA1-dependent inhibition of

mitotic centrosome function. Polo-like kinase I (32) and Aurora
kinase (reviewed in refs. 33, 34) are two important enzymes that are
essential for the maturation of centrosomes before the onset of
mitosis. We used kinase -specific inhibitors to test whether either
of these two kinases were involved in the protection of mitotic
centrosomes from inhibition by BRCA1.
Wortmannin selectively inhibits the phosphoinositide-3-kinases,

includingmammalian Polo-like kinase 1 at an IC50 of 24 nmol/L (35).
Various concentrations of Wortmannin were used in the in vitro
aster formation assay using centrosomes purified from mitotic cells
and isolated tubulin. The addition of up to 48 nmol/L ofWortmannin
had no effect on the level of inhibition of mitotic centrosome activity
by BRCA1 (Fig. 2B).

Figure 2. Phosphorylation attenuates the sensitivity of mitotic centrosomes
to BRCA1. A, purified centrosomes from mitotic HeLa S3 cells were ubiquitinated
and assayed for aster formation with isolated tubulin in the presence of 1 unit
(U ) of PP1a and/or phosphatase inhibitor cocktail (PI ) as indicated. The
microtubule content of 20 asters from each treatment was calculated and
normalized to the control reaction without BRCA1; columns, normalized mean
values; bars, SE (P < 0.001). Varying concentrations of the Polo-like kinase
inhibitor, Wortmannin (B ), and Aurora kinase inhibitor II (C ) were included in
the in vitro aster formation assay with mitotic centrosomes and isolated tubulin.
The mean microtubule content for each sample minus BRCA1 (x) or plus
BRCA1 (n) was normalized to its equivalent sample without any inhibitor.
These normalized values are plotted against the corresponding inhibitor
concentration used (P < 0.001).
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To test if AURKA was involved, various concentrations of aurora
kinase inhibitor II, which inhibits AURKA at an IC50 of 300 nmol/L
(36), were included in the in vitro assay. If AURKA modulates
BRCA1-mediated inhibition of centrosome function, then this
specific inhibitor should cause a BRCA1-dependent decrease in
microtubule nucleation by mitotic centrosomes. The addition of
120 nmol/L of the inhibitor to the in vitro assay reduced the
microtubule content of asters by 2-fold compared with the control
sample (Fig. 2C). This result indicates that active AURKA present in
mitotic centrosomes blocked the inhibitory activity of BRCA1. By
inhibiting AURKA, BRCA1 became effective in reducing the
microtubule nucleation potential of mitotic centrosomes. From
these observations, we identified AURKA as a modulator of BRCA1
inhibition of mitotic centrosome microtubule nucleation potential.
Because the inhibition of AURKA occurred during the course of the
in vitro reaction, the AURKA was most likely modifying the
recombinant BRCA1 protein added to the reactions. Alternatively,
phosphorylated epitopes on the centrosome might be unstable and
require continuous AURKA activity to maintain a resistance to the
BRCA1 ubiquitin ligase.
AURKA, which localizes to centrosomes in late S phase (34), is

known to phosphorylate BRCA1 (37). To test whether AURKA
blocks the BRCA1-mediated inhibition of centrosome-dependent
microtubule nucleation, we added purified recombinant AURKA to
centrosomes purified from asynchronous cells. Most of these
asynchronous cells are in the G1 phase of the cell cycle, as
determined by flow cytometry (data not shown), and these cells are
sensitive to the inhibition of centrosome-dependent microtubule
nucleation by BRCA1 (Fig. 1A). We hypothesized that the inclusion
of AURKA would confer resistance against BRCA1-mediated
inhibition of centrosome microtubule nucleation potential. In
support of this idea, inclusion of 1.4 mmol/L of AURKA in the
in vitro centrosome microtubule nucleation assay did indeed block
the inhibition of centrosome microtubule nucleation by BRCA1

(Fig. 3). Quantitation of the microtubule content of asters formed
in this assay clearly indicated that the addition of AURKA to
asynchronous centrosomes almost completely protected them
from the inhibitory effect of BRCA1 (Fig. 3B). These results indicate
that either by targeting proteins that are present at the
centrosomes at interphase as well as mitosis, or by modifying
BRCA1 enzymatic activity, AURKA offsets the inhibitory effect of
BRCA1 on centrosome function.
BRCA1 ubiquitin ligase activity is decreased in the presence

of mitotic centrosomes. The data presented thus far suggest that
mitotic centrosomes are refractory to inhibition by BRCA1 due to
decreased BRCA1-dependent ubiquitination of centrosome pro-
teins. To test whether the BRCA1-mediated ubiquitination activity
was different in the presence of asynchronous or mitotic
centrosomes, these centrosomes were ubiquitinated in vitro in
the presence of E1, E2, ubiquitin, and BRCA1 and the ubiquitinated
proteins were detected by Western blot analysis using antibody
specific to ubiquitin. In each reaction, the same recombinant
BRCA1 protein was tested. Importantly, in the presence of
centrosomes purified from asynchronous cells, the ubiquitin ligase
was more active than when in the presence of mitotic centrosomes.
In reactions containing BRCA1 plus asynchronous centrosomes
(Fig. 4A, lane 3), a high molecular weight smear was more intense
when compared with BRCA1 ubiquitination products generated in
the presence of mitotic centrosomes (Fig. 4A, lane 2). Centrosome
content in these assays was standardized based on the quantitation
of centrin content (Fig. 4A, bottom), indicating that the difference
in ubiquitinated products was indeed due to the difference in the
activity of the ubiquitin ligase. Although there is a direct
correlation between the degree of inhibition of centrosome
function by BRCA1 and the ubiquitin ligase activity of BRCA1, it
was not clear if the phosphorylation of BRCA1 directly affects its
ubiquitin ligase activity or whether centrosomal substrates were
refractory to ubiquitination by BRCA1.

Figure 3. AURKA renders centrosomes from asynchronous cells refractory to BRCA1-mediated inhibition. A, the in vitro aster formation assay was performed
with asynchronous centrosomes with or without 1.4 mmol/L of AURKA. BRCA1 inhibited centrosome aster formation (b) but the addition of AURKA (d) negated the
inhibitory effect of BRCA1. Bar, 10 Am. B, microtubule content of the asters formed in the assay were quantified and the mean values for each sample were
normalized to the sample with no BRCA1. Columns, normalized mean values; bars, SE (P < 0.001).
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Phosphatase treatment of BRCA1 enhances its E3 ubiquitin
ligase activity. The BRCA1 protein used in this study was
expressed in insect cells using recombinant baculoviruses that
each expressed BRCA1 and BARD1. Although the proteins were
recombinant, insect cells could phosphorylate proteins; thus, the
BRCA1 preparation likely has baseline phosphorylation. To study
the direct effect of phosphorylation/dephosphorylation of BRCA1
on its ubiquitin polymerizing activity, nonspecific ubiquitin
polymerization by BRCA1 was analyzed in the presence of PP1a
and AURKA. Ubiquitin polymers were synthesized in the presence
of E1, E2, and BRCA1, making this analysis independent of added
centrosomes.
BRCA1 catalyzes the polymerization of long ubiquitin chains

(Fig. 4B, lanes 2–4). Inclusion of 1 unit of PP1a in the BRCA1-
mediated ubiquitin polymerization reaction caused a significant

increase in the high–molecular weight ubiquitin chains observed as
a smear migrating at positions consistent with molecular mass
between 40 and 250 kDa (Fig. 4B, lane 3). The inclusion of a
phosphatase inhibitor in the reaction containing BRCA1 and PP1a
caused a reduction in the yield of ubiquitin chain formation,
similar to the amount in the reaction containing only BRCA1 and
no PP1a. Titrating different concentrations of PP1a into the
ubiquitin polymerization reaction resulted in a dose-dependent
increase in the concentration of high–molecular mass ubiquitin
chains (Fig. 4C). As little as 0.05 units of PP1a strongly stimulated
the BRCA1 ubiquitin ligase activity. These data clearly indicate that
PP1a specifically increased BRCA1-mediated ubiquitin chain
formation. Because no centrosomal proteins were present in this
reaction, we suggest that the recombinant BRCA1 protein, purified
from baculovirus-infected insect cells, has a baseline level of

Figure 4. BRCA1 ubiquitin ligase
activity is attenuated by phosphorylation
with AURKA. A, mitotic (lane 2) and
asynchronous (lane 3 ) HeLa centrosomes
were ubiquitinated in the presence
of E1, E2, ubiquitin, and BRCA1. The
sample analyzed in lane 1 contained no
BRCA1. The reactions were subjected
to electrophoresis on a 4% to 12%
SDS-PAGE gel, blotted and probed with
antiubiquitin antibody. The same blot was
probed for centrin as a loading control.
B–D, the efficiency of BRCA1-dependent
ubiquitin polymerization was analyzed in
the presence of PP1a or AURKA. The
ubiquitin polymers were analyzed on 4%
to 12% gel, blotted and probed with
antiubiquitin antibody. B, lane 1 contained
no BRCA1, PP1, or PI. Reactions
contained 30 nmol/L of BRCA1 without
PP1 (lane 2), 30 nmol/L of BRCA1 with
1 unit of PP1 (lane 3 ), and 30 nmol/L of
BRCA1 plus 1 unit of PPI + phosphatase
inhibitor cocktail (PI ; lane 4 ). C, titration
of ubiquitin polymerization activity of
15 nmol/L of BRCA1 in the presence of
0, 0.05, 0.2, and 1 unit of PP1 (lanes 1–4 ,
respectively). Bottom, short exposure of
the antiubiquitin blot (top ), to show the
extent of monomer ubiquitin utilization in
these reactions. D, titration of ubiquitin
polymerization activity of 30 nmol/L of
BRCA1 in the presence of 0, 0.07, 0.35,
1.4, and 2.8 mmol/L of AURKA (lanes 1–5 ,
respectively).
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phosphorylation that inhibits its E3 ubiquitin ligase activity. PP1a
thus raised the activity level of the BRCA1 preparation.
Conversely, we found that phosphorylating BRCA1 directly

repressed its ubiquitin polymerization activity in this nonspecific
assay. When increasing concentrations of recombinant AURKA
were titrated into the polymerization reaction, a modest decrease
in the ubiquitin polymerization activity by BRCA1 was observed
(Fig. 4D). The low-magnitude effect by AURKA was likely due to the
baseline phosphorylation of the purified BRCA1 protein. Based on
these results, we suggest that the AURKA kinase activity inhibits
BRCA1 ubiquitin ligase activity directly. It is also possible that
AURKA renders at least some of the centrosomal substrates
refractory to BRCA1 ubiquitination.
Transient inhibition of AURKA in cells blocked in G2-M

increases the inhibition of centrosome function by BRCA1.
Thus far, the cell cycle stage–specific effects on centrosome
function of blocking BRCA1 expression and the cell-free assays for
centrosome function have been consistent. The BRCA1 ubiquitin
ligase inhibits centrosome function, but this inhibitory effect of
BRCA1 is blocked in mitotic centrosomes by active AURKA. We
tested whether this correlation is true in cells arrested in mitosis by
pretreating cells with monastrol followed by a brief exposure to the
AURKA inhibitor. We predicted that the inhibitory effect of BRCA1
on centrosome function would be more pronounced under these
conditions because AURKA would be inhibited, but we anticipated

that the effect would be small due to the predicted slow decay of
phosphorylated epitopes on the BRCA1 protein. To our surprise,
the effect of blocking BRCA1 expression was remarkably strong,
with severe changes to centrosome structure and significant
changes to centrosome function.
Hs578T cells grown on glass coverslips were transfected with

either BRCA1-specific or control luciferase siRNA. Thirty-six hours
posttransfection, these cells were treated with monastrol for 12 h.
Forty-six hours posttransfection, cells were treated with 600 nmol/L
of Aurora kinase inhibitor II for 2 h. The cells were then stained for
g-tubulin. Centrosomes in BRCA1 knockdown cells exhibited
increased g-tubulin staining in multiple adjacent foci associated
with centrosomes (Fig. 5A and B). The inhibition of BRCA1 resulted
in a 3.5-fold increase in the number of cells with aberrant g-tubulin
accumulation at the centrosomes (Fig. 5C). Although clearly
aberrant, these supernumerary aggregations of g-tubulin do not
reflect centrosome amplification because the stain for centrin,
which marks the centrioles, was normal (data not shown).
These cells were also assayed for centrosome function. Mitotic

cells were assayed for microtubule nucleation capacity in the
presence of normal or decreased BRCA1 when AURKA activity is
reduced by the addition of the inhibitor and compared with when
AURKA is fully active (Fig. 5D). The aster sizes of the different
samples were normalized with respect to that of the control
siRNA–treated cells in the absence of AURKA inhibitor. In the

Figure 5. Inhibition of AURKA in mitotic cells results in aberrant g-tubulin accumulation at centrosomes. Hs578T cells transfected with the control siRNA (A) or the
BRCA1-specific siRNA (B ) were blocked at M phase by monastrol treatment. These cells were stained for g-tubulin (to mark centrosomes) and 4¶,6-diamidino-2-
phenylindole (to visualize the nucleus). Centrosomes (white arrows ). Amplified images of the centrosome (insets in A and B ). Bar, 10 Am. C, cells with aberrant
g-tubulin staining were scored in the control and the BRCA1 siRNA-treated samples; columns, mean percentages; bars, SE (P < 0.006). D, a histogram of the
percentage of mitotic cells with large asters after being transfected with either the control or BRCA1-specific siRNA and with or without AURKA inhibitor (as indicated).
Columns, mean from two independent experiments; bars, SE.

Cancer Research

Cancer Res 2007; 67: (23). December 1, 2007 11192 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/23/11186/2576460/11186.pdf by guest on 19 M

ay 2023



absence of AURKA inhibitor, BRCA1 knockdown caused only a
modest increase in the percentage of cells with large asters. In
contrast, cells with reduced BRCA1 and in the presence of AURKA
inhibitor had a 1.5-fold increase in the percentage of cells with
large asters as compared with cells with normal BRCA1 content but
reduced AURKA activity.
These observed changes to the centrosome due to AURKA and

BRCA1 remarkably require only 2 h to occur. These results strongly
confirm that the in vitro experiments using purified centrosomes and
purified BRCA1, PP1a, and AURKA enzymes apply to the cell in
mitosis. Thus, one of the mechanisms by which AURKA positively
stimulatesmicrotubule nucleation activity of themitotic centrosome
is by blocking the inhibitory effects of the BRCA1 ubiquitin ligase.

Discussion

In this study, analyzing centrosome function in breast cancer cells
in tissue culture and in cell-free reactions, we found that phos-
phorylation by AURKA inhibits BRCA1 ubiquitin ligase–mediated
control of centrosomal microtubule nucleation. We propose a
mechanism by which BRCA1, together with AURKA and PP1a, regu-
lates centrosome-dependentmicrotubule nucleation potential during
the cell cycle (Fig. 6). We do not suggest that this is the only mecha-
nism by which AURKA stimulates microtubule nucleation activity of
centrosomes, but rather this AURKA-BRCA1 axis significantly
contributes to how AURKA stimulates centrosome function.
We show that BRCA1-mediated inhibition of centrosome

microtubule nucleation is stronger during S phase but weak during
M phase, even though BRCA1 is present at higher concentrations at
the centrosomes at the early phases of mitosis (4, 5). We propose
that PP1a, a serine-threonine phosphatase with a cellular distribu-
tion similar to BRCA1 (30), dephosphorylates BRCA1, resulting in an
increased ubiquitin ligase activity, thus strongly inhibiting centro-
some-dependent microtubule nucleation. Furthermore, because
AURKA localizes to centrosomes during late S phase (34), our model
proposes that AURKA inhibits the enzymatic activity of BRCA1
directly. PP1a is known to inhibit AURKA (38) and we have now
shown that it stimulates BRCA1. PP1a is in turn regulated by cdc2,
cdc25, and AURKA (39–42). Hence, through these positive and
negative regulatory loops, AURKA antagonizes BRCA1 and PP1a-
induced inhibition of centrosome function, promoting the
increased microtubule nucleation potential of mitotic centrosomes
(Fig. 6A). High BRCA1 ubiquitination activity is promoted by high
PP1a phosphatase activity, resulting in decreased centrosome
microtubule nucleation during G1 and S phases. With the increase
in AURKA localization to the centrosomes during G2 and M phases,
both BRCA1 and PP1a activities are suppressed, resulting in a
dramatic increase in centrosome-dependent microtubule nucle-
ation (Fig. 6B). With the degradation of AURKA at the end of
mitosis, both BRCA1 and PP1a activities are restored, re-establish-
ing the BRCA1-mediated inhibition of centrosome microtubule
nucleation. BRCA1 is also degraded at the end of mitosis (43), but
some BRCA1 remains at the centrosome in G1 (5).
AURKA is an oncogene that is overexpressed in 62% of breast

cancers (44). BRCA1 is phosphorylated by AURKA (37) and
overexpression of AURKA leads to phenotypes similar to those
associated with BRCA1 knockdown, i.e., absence of the G2-M
checkpoint (45) and centrosome amplification (46). Therefore, we
propose that these two proteins are part of the same regulatory
pathway that is responsible for the control of centrosome function,
and a delicate balance in the activities of these two proteins is
crucial for tumor suppression.
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Figure 6. Model for BRCA1-mediated regulation of centrosomal microtubule
nucleation through different phases of the cell cycle. A, based on published data
and results from this study, the factors that control BRCA1 E3 ubiquitin ligase
activity during M phase are shown: (�) inhibition and (+) activation of enzymatic
activity. BRCA1 is maintained in a phosphorylated state during M phase by the
concerted effects of AURKA kinase activity and the inhibition of PP1a
phosphatase. Phosphorylated BRCA1 has reduced E3 ubiquitin ligase activity,
resulting in reduced inhibition of centrosomal microtubule nucleation. B, relative
enzymatic activity at the centrosome of BRCA1, PP1a, and AURKA through
the cell cycle phases is shown schematically. At G1 and S phases, BRCA1
ubiquitin ligase activity is potentiated by high PP1a activity. At late G2-M phase,
AURKA activity peaks resulting in the inactivation of both BRCA1 and PP1a with
the net effect being enhanced centrosomal microtubule nucleation. At the
beginning of the next G1, the BRCA1-mediated inhibition of centrosomal
nucleation activity is re-established.
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