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Loss of centrosome integrity induces p38–p53–p21-
dependent G1–S arrest
Keith Mikule1,4,5, Benedicte Delaval1,5, Philipp Kaldis2, Agata Jurcyzk1, Polla Hergert3 and Stephen Doxsey1,6

Centrosomes organize the microtubule cytoskeleton for both interphase and mitotic functions. They are implicated in cell-cycle 
progression but the mechanism is unknown. Here, we show that depletion of 14 out of 15 centrosome proteins arrests human 
diploid cells in G1 with reduced Cdk2–cyclin A activity and that expression of a centrosome-disrupting dominant-negative 
construct gives similar results. Cell-cycle arrest is always accompanied by defects in centrosome structure and function (for 
example, duplication and primary cilia assembly). The arrest occurs from within G1, excluding contributions from mitosis and 
cytokinesis. The arrest requires p38, p53 and p21, and is preceded by p38-dependent activation and centrosomal recruitment 
of p53. p53-deficient cells fail to arrest, leading to centrosome and spindle dysfunction and aneuploidy. We propose that loss of 
centrosome integrity activates a checkpoint that inhibits G1–S progression. This model satisfies the definition of a checkpoint in 
having three elements: a perturbation that is sensed, a transducer (p53) and a receiver (p21).

The centrosome is primarily known for its microtubule organizing 
function. However, centrosomes contain hundreds of proteins with 
diverse functions suggesting roles in numerous cellular activities1. 
Animal cell centrosomes are structurally complex organelles comprised 
of two microtubule–based centrioles surrounded by a protein matrix 
(pericentriolar material, PCM) and other structural elements. Similarly 
to DNA replication, the centrosome duplication process occurs once 
per cell cycle, is semi-conservative, initiates in G1 and is controlled 
by the same cyclin-dependent kinases2,3. A single interphase centro-
some yields two mature centrosomes at mitosis, which participate in 
organization of bipolar spindles and segregation of chromosomes. 
Most human carcinomas are characterized by aberrant centrosomes4,5, 
which are thought to organize dysfunctional spindles and contribute 
to genetic instability.

Recent studies indicate that centrosomes have a role in cytokinesis and 
that disruption of this function is associated with cell-cycle arrest. For 
example, when centrosomes are removed6,7 or disrutped8, cytokinesis is 
impaired and cells arrest in G1. In contrast, cell-cycle progression is not 
affected in cells with extra centrosomes, extra nuclei or after pharmaco-
logical disruption of cytokinesis9,10. These results indicate that centro-
some-associated G1 arrest occurs only when centrosomes are absent or 
compromised. Other studies demonstrate that progression from G1 into 
S phase requires binding of cell-cycle regulatory molecules to centro-
somes1,11. However, little is known about how centrosomes contribute 
to the G1 to S phase transition.

RESULTS
Depletion of centrosome proteins reduces their centrosome 
levels and induces G1 arrest
To address the role of centrosomes in cell-cycle progression, we targeted 
fifteen centrosome proteins for depletion using small-interfering RNAs 
(siRNAs). We used human diploid epithelial cells (RPE-1) and con-
firmed results with three other human diploid cell lines (see Methods). 
Targeted proteins included integral centrosome and/or centriole com-
ponents, as well as regulatory proteins that affect centrosome function. 
Three non-centrosomal proteins served as negative controls (including 
the intermediate filament protein lamin and the actin-associated protein 
zyxin). Indirect immunofluorescence staining of individual cells revealed 
a consistent reduction in the centrosome-associated fraction of all tar-
geted centrosome proteins (Fig. 1a and see Supplementary Information, 
Fig. S1a–c), even though many have significant cytoplasmic fractions. 
Western blots of whole-cell lysates showed reduction in the global level 
of targeted proteins (see Supplementary Information, Figs S1d).

Depletion of 14–15 centrosome proteins induced G1 arrest (Fig. 1). 
Cells failed to reach confluency, exhibited a low mitotic index, did not 
progress into S phase (BrdU-negative, Fig. 1b) and showed reduced 
reactivity for the proliferating antigen Ki-67 (Fig. 1c)12. Flow cytometry 
analysis of pericentrin-depleted cells revealed a small increase in the 
G1 peak (2N DNA content) over controls (Fig. 1d) and a concomitant 
decrease in the G2 peak was observed. Similar changes were observed 
for depletion of the centrosome proteins centriolin and PCM1, but not 
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for ninein (data not shown, Fig. 1d). To highlight cell-cycle differences, 
cells were treated with nocodazole to depolymerize microtubules, acti-
vate the spindle assembly checkpoint and accumulate cells in G2–M 
with 4N DNA content. Remarkably, nearly all centrosome-depleted cells 
were retained in the G1 peak with 2N DNA content and did not shift to 
the G2–M peak, whereas control cells did (Fig. 1d, e). Depletion of all 
centrosome proteins but one induced G1 arrest (Fig. 1b, e). Cells treated 
with siRNAs targeting control RNAs or ninein13 continued to cycle nor-
mally. Ninein depletion had no effect on cell-cycle progression despite 
the fact that it was significantly reduced at centrosomes following treat-
ment with two independent siRNAs (see Supplementary Information, 
Fig. S1c). We did not determine whether the lack of cell-cycle arrest in 

ninein-depleted cells (and the partial arrest in δ-tubulin-depleted cells, 
Fig. 1e) was due to insufficient protein reduction, a lack of function in 
this pathway or the presence of proteins with redundant functions (for 
example, ninein-like protein14). Targeted centrosome proteins were local-
ized to different centrosomal sites including PCM, centrioles, mother 
centriole or subdistal appendages, suggesting that a single centrosome 
substructure was not involved in the arrest.

G1 arrest is specifically suppressed by re-expression of the 
target protein
In addition to several control RNAs targeted in our siRNA experiments, 
we performed other experiments to demonstrate that the cell-cycle arrest 
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Figure 1 siRNA-mediated centrosome protein depletion triggers G1 
arrest. (a) Semi-quantitative pixel intensity profiles of centrosomes 
produced from optically sectioned (z-axis) fluorescence images show 
depletion of centrosomal PCM1 (inset shows enlarged pixel intensity 
profile of centrosome). Colour indicates staining intensity. Profiles for 
other proteins are shown in the Supplementary Information, Fig. S1. 
(b) BrdU incorporation (16 h pulse) in siRNA-treated (72 h) cells, as 
indicated. (c) Immunoflorescence microscopy images showing that Ki-67 
staining is not present in nuclei of most GCP2 siRNA-treated cells (72 h) 

but is present in cycling control cells (lamin). (d) Flow cytometry profiles 
of cells labelled with propidium iodide. Cells were treated with indicated 
siRNAs for 72 h without (red, DMSO) and with (blue) nocodazole for the 
final 12 h (>10000 cells per profile). More profiles are shown in the 
Supplementary Information, Fig. S2a. (e) Flow cytometry profiles of cells 
treated with the indicated siRNAs for 72 h then with DMSO (– noc) or 
nocodazole (+ noc) for the final 12 h. Profiles are representative of three 
experiments (>5000 cells per profile). The scale bar represents 
10 µm in b and c.
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was specific for depletion of centrosome proteins. We first tested whether 
G1 arrest could be suppressed by re-expression of the targeted RNA. An 
siRNA that targeted the 5ʹ-untranslated region (UTR) of endogenous 
centrin 2, but did not target ectopically expressed GFP–centrin 2, was 
used (Fig. 2). As expected, the UTR-directed siRNA efficiently depleted 
endogenous centrin 2 but not GFP–centrin 2, as determined by immu-
noblotting and immunofluorescence microscopy (Fig. 2a, b). Cell-cycle 
analysis demonstrated that control cells depleted of endogenous cen-
trin 2 arrested, whereas most cells ectopically expressing GFP–centrin 2 
continued to cycle (Fig. 2c). When GFP–centrin 2-expressing cells were 
treated with a siRNA targeting both endogenous centrin 2 and GFP–cen-
trin 2 (Fig.2b), G1 arrest was induced (Fig. 2a–c). This demonstrated 
that centrin 2 was specifically required for cell-cycle progression and 
suggested that centrosome localization was important for this function 
(GFP-tagged centrin localized to centrosomes, data not shown).

In a separate experiment, cells were kept under sustained cell-cycle 
arrest (for 10 days) by repeated treatment with siRNAs targeting 
pericentrin (see Supplementary Information, Fig. S2b). When siRNAs 
were washed out, cells resumed cycling only after pericentrin was re-
expressed and localized properly to centrosomes. These two ‘rescue’ 
experiments demonstrate that centrosome protein depletion induces a 
specific and reversible G1 arrest.

Mislocalization of centrosomal pericentrin by a dominant-
negative pericentrin domain induces G1 arrest
To more specifically test whether loss of protein from centrosomes 
induced G1 arrest, we expressed the carboxyl-terminus of pericentrin 
(PeriCT), which functions in a dominant-negative manner by disrupting 
the centrosome-bound fraction of endogenous pericentrin15. Most cells 
expressing RFP-tagged PeriCT were unable to incorporate BrdU after 
a 24-h pulse, whereas those expressing RFP alone were mostly BrdU-
positive (Fig. 3a, 17% versus 98% BrdU+, n = 50 cells). This experiment 
demonstrates that cell-cycle arrest can be induced by ectopic expression 
of a centrosome protein, in addition to centrosome protein depletion.

Other studies have shown that a G1-like arrest can be induced by 
microinjection of PCM1 antibodies into mouse embryos16 or centriolin 
antibodies into Xenopus embryos8. Thus, G1 arrest can be induced by cen-
trosome protein depletion, overexpression or antibody binding in both 
cultured cells and multicellular organisms. Cell-cycle arrest by three inde-
pendent centrosome-targeting methods in three different experimental 
systems argues that this phenomenon is specific for centrosomes.

G1 arrest can be induced in postmitotic cells from within G1
We next examined whether G1 arrest was a consequence of mitotic defects. 
In the experiment shown in Fig. 3a, cells were identified by time-lapse 
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Figure 2 G1 arrest can specifically be suppressed by overexpression of the 
target protein. (a) Western blots from RPE and RPE/ GFP–Cetn2 cells treated 
with siRNAs as indicated and probed with centrin antibody (20H5) to show 
endogenous (middle panel) and overexpressed (upper panel) centrin. Lamin, 
control. Cetn2UTR siRNA targets only endogenous Cetn2, Cetn2 siRNA targets 
both endogenous Cetn2 and GFP–Cetn2. γ-tubulin staining demonstrates 
equivalent loading conditions. (b) Immunofluorescence microscopy 
images taken from siRNA-treated RPE cells (72 h) show reduced level of 
endogenous Cetn2 protein (green) at the centrosome with both Cetn2UTR 
siRNA and Cetn2 siRNA, when compared with normal levels obtained with 

lamin siRNA (insets show enlargements of indicated centrosomes). Images 
taken from siRNA-treated RPE overexpressing GFP–Cetn2 (right columns) 
show reduced level of overexpressed GFP-Cetn2 at the centrosome with 
Cetn2 siRNA but not with Cetn2UTR siRNA. Enlargements of centrosomes 
from an overexpressing cell (ov, top inset from each picture) and a non 
overexpressing cell in the same field (E, endogenous, bottom inset) are 
shown on the right. γ-tubulin, centrosome marker (red). The scale bar 
represents 10 µm. (c) Quantification of BrdU incorporation (16 h pulse) in 
siRNA-treated RPE and RPE cells overepressing GFP-Cetn2. Average of three 
independent experiments ± s.e.m. is shown.
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Figure 3 G1 arrest can be induced from within G1, occurs in late G1 
with reduced Cdk2–cyclin A activity and is suppressed by deletion of 
the p21 gene. (a) Cells microinjected in late telophase or early G1 with 
plasmids encoding either the PeriCT–RFP or RFP alone, as indicated. BrdU 
incorporation was determined 24 h later (inset shows enlargement of the 
centrosome of a PeriCT–RFP expressing cell with no BrdU incorporation, 
nonexpressing cells in the same field incorporate BrdU). Quantification 
shows that most PeriCT–RFP expressing cells do not incorporate BrdU. 
(b) Cells accumulated in G1–G0 with low serum were loaded with a 
fluorescent probe to track population doublings then treated with the 
indicated siRNAs to deplete proteins within G1. Flow cytometry was 
performed on one set of samples before addition of siRNA to serve as a 
nondivided control population (green trace). Other samples were treated 
with indicated siRNAs for 72 h. Serum was added during the last 24 h 
to induce cycling. Flow cytometry profiles show that a population of 
pericentrin siRNA-treated cells (arrested by serum starvation at the 

time of transfection) retains the original label showing that cells did not 
divide at all (left, red trace within green) and others seemed to arrest 
after one or two divisions (additional peaks due to the fact that 24 h after 
serum starvation some cells are not yet arrested). Few lamin-depleted 
control cells were found in the undivided peak; most divided two or three 
times (blue trace). The histogram shows percentage of cells that did not 
divide. All results are representative of three experiments. (c) Cyclin A 
immunoprecipitations and cdk2 immunoprecipitation–kinase assays 
from cells treated with indicated siRNAs. Autoradiographs of histone H1 
phosphorylation from cyclin A immunoprecipitations and immunoblots 
for cdk2 are shown. Results representative of three experiments. The 
histograms show quantification of histone H1 phosphorylation by cdk2 
after normalizing for cdk2 levels. PI, phosphorimager units; ss, serum 
starved 0.25% serum. (d) BrdU incorporation (16 h pulse) in HCT116 
and HCT116 p21–/– cells as indicated following 60 h siRNA-treatment as 
indicated. The scale bars represent 10 µm in a and d.
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imaging as they completed cytokinesis17, and were then microinjected 
with a plasmid containing the dominant-negative pericentrin construct 
to induce protein expression in G1. As described earlier, G1-stage peri-
centrin-expressing cells never entered S-phase, whereas control cells con-
tinued to cycle, demonstrating that arrest was induced in postmitotic cells 
(Fig. 3a). In a second strategy, cells were accumulated in G0–G1 by serum 
withdrawal then treated with siRNAs to deplete pericentrin. Subsequently, 
bulk cellular proteins were labelled with a fluorescent dye (CFDA-SE), 
the total amount of which is halved after each cell division18, and serum 
was added to release cells from the G0–G1 arrest. Nearly all control cells 
divided about three times, whereas ~40% of pericentrin-depleted cells 
did not divide at all during the same time period (Fig. 3b). These two 
independent approaches demonstrate that G1 arrest can be induced from 
within G1, and that perturbation of mitotic events, such as spindle func-
tion and cytokinesis, are not required to trigger the arrest.

G1 arrest occurs concomitant with reduced Cdk2–cyclinA 
activity and requires p21
To more accurately determine the cell-cycle stage and molecular mecha-
nism of the G1 arrest, we examined the levels and activity of Cdk–cyclin 

complexes. Immunoprecipitations from pericentrin-depleted cells showed 
that Cdk2–cyclin A activity, but not cyclin A levels, was diminished in peri-
centrin-depleted cells compared with controls (Fig. 3c, data not shown). 
Similar results were obtained for several centrosome proteins (Fig. 3c). 
The diminished Cdk2 activity in the absence of a change in cyclin A levels 
suggested the presence of a Cdk inhibitory activity. In fact, human cells 
null for the Cdk inhibitor p21 suppressed the cell-cycle arrest (HCT116 
p21–/–, Fig. 3d), revealing a role for p21 in the inhibition of Cdk2–cyclinA 
complexes19 and a molecular mechanism for the arrest.

G1-arrested cells have defects in centrosome structure and/or 
organization
Because disruption of centrosome proteins induced G1 arrest from 
within G1, we examined G1-arrested cells for defects in centrosome 
structure and organization. Immunofluorescence microscopy imaging 
using markers for centrioles and PCM revealed three categories of struc-
tural defects: centriole loss, centriole separation and what seemed to 
be centriole fragments. Importantly, all centrosome protein depletions 
that showed cell-cycle arrest, also showed centrosome defects in one 
or more of these categories when compared to controls (10 out of 10). 
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Figure 4 G1 arrested cells show defects in centrosome structure and 
organization. (A) Quantification of cells with defects in centrosome structure 
and organization following siRNA treatment for the indicated proteins 
(fold difference normalized to GFP and compared to ninein, see Methods). 
The results are representative of two experiments (see Supplementary 
Information, Fig. S3). (B) Immunofluorescence microscopy images of 
seemingly incomplete centrosome-like structures that stain for centriole 
markers (centrin, CETN and polyglutamylated tubulin; Glut-tub) but not 

for PCM markers (pericentrin, peri; or γ-tubulin) in RPE-1 cells stably 
expressing GFP–centrin2 and depleted of the indicated centrosome proteins. 
The scale bars represent 2 µm. (C) Correlative electron microscopy of 
incomplete centrosome-like structures in serial sections (a–e) observed by 
immunofluorescence microscopy (d, arrows) and the two parent centrioles 
(arrowheads indicate daughter centriole in b and c and mother centriole in 
d and e). Enlargement of box in e shows mother centriole (g, centre) and 
incomplete centrosome-like structures (above and below).
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In Fig. 4A, we present data for the centrosome defect that exhibited the 
highest increase over control levels for each centrosome protein analysed 
(quantitative data for each of the three individual assays is shown in the 
Supplementary Information, Fig. S3). Some protein depletions induced 
defects in all three categories (for example, GCP2) and others in only 
one or two (see Supplementary Information, Fig. S3). For example, eight 
of nine centrosome protein depletions showed centriole loss (exclud-
ing ninein, see Supplementary Information, Fig. S3a) and six of nine 
showed separated centrioles (see Supplementary Information, Fig. S3b). 
Aberrant centrosomes did not result from cell-cycle arrest, as they were 
not detected in cells arrested by other means (for example, serum dep-
rivation or hydroxyurea treatment).

The centriole-like fragments stained positively for centriole proteins 
(centrin) and often for a marker for stabilized tubulin (polyglutamylated 
tubulin), but not for PCM proteins (pericentrin and γ-tubulin, Fig. 4B). 
They were heterogeneous in size, usually smaller than centrioles and 
found in the vicinity of an intact centrosome. They were observed in four 
out of six centrosome protein depletions examined (see Supplementary 

Information, Fig. S3c). A few of the same structures were examined at 
higher resolution by correlative electron microscopy20. This revealed 
elements that seemed to be disorganized microtubule-like structures 
(Fig. 4C). Two cells had three GFP–centrin dots and all seemed to be 
incomplete microtubule-like structures by electron microscopy. A third 
cell showed no structural correlates and could represent less complete 
centriole structures as previously described20. These data suggested that 
centrosome-protein depletion induced formation of centriole intermedi-
ates, in addition to the original centrioles that were analogous to abnormal 
centrioles produced by mutation of genes involved in centriole duplica-
tion21,22. Taken together, the results from these three structural assays show 
that centrosome defects accompany G1 arrest for all centrosome deple-
tions analysed here, suggesting a strong link between these phenotypes.

G1-arrested cells exhibit defects in centrosome function
We reasoned that defects in centrosome structure and/or organization 
could perturb centrosome functions known to occur in G1, namely cen-
trosome duplication and primary cilia assembly. In fact, previous studies 
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Figure 5 G1 arrested cells exhibit defects in centrosome function. 
(a) Immunofluorescence microscopy images of centrosomes in control 
(lamin siRNA) and GCP3-depleted U2OS cells after treatment with 
hydroxyurea (48 h) to induce S-phase arrest and supernumerary 
centrosomes. (b) The histogram shows numbers of centrosomes and 
centrioles in hydroxyurea-treated U2OS cells after siRNA treatment 
(64 h) against the indicated proteins. Overduplication: >2 γ-tubulin dots 

(centrosome); >4 centrin dots (centrioles). n = 200 cells per bar. Results 
are representative of three experiments. (c) Immunofluorescence microscopy 
images and quantification of primary cilia assembly in cells depleted of the 
indicated proteins. Cells were stained with an antibody to polyglutamylated 
tubulin (Glut-tub) and γ-tubulin. >200 cells per bar, normalized to 100% 
in control (lamin), an average of three experiments ± s.e.m. are shown. The 
scale bar represents 5 µm in a and 2 µm in c.
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showed that loss of centrioles, as described above, was associated with 
improper centrosome duplication23–25. To examine defects in centrosome 
duplication, U2OS cells were treated with hydroxyurea to induce S-phase 
arrest and multiple rounds of centrosome duplication26. All centrosome 
protein depletions analysed that induced cell-cycle arrest and centro-
some defects, also inhibited formation of supernumerary centrosomes 
and supernumerary centrioles (six out of six, Fig. 5a, b). In addition, 
supernumerary centrosomes and centrioles that occur naturally in U2OS 
cells (without added hydroxyurea) were reduced to more normal or 
lower than normal numbers (see Supplementary Information, Fig. S3d). 
These two assays show that centrosomes with abnormal structure were 
unable to duplicate properly.

We next examined the ability of centrosomes depleted of centrosome 
proteins to assemble primary cilia. Primary cilia are solitary microtubule-
based structures that require functional centrosomes for their assembly27, 
serve as environmental sensors and are implicated in human disease28. 
siRNAs targeting ten proteins that induced G1 arrest inhibited primary 
cilia formation (Fig. 5c). This loss of functional integrity was consistent 
with the observed defects in centrosome structure (Fig. 4A).

All centrosome protein depletions that lead to G1 arrest also showed 
defects in centrosome structure and organization, and centrosome 
function. This correlation is remarkable and suggests that defects in 
centrosome structure and function are tightly linked to centrosome-
associated G1 arrest.

G1 arrest requires p53 and p38
We next investigated regulatory molecules and pathways that could 
control cell-cycle progression in centrosome protein depleted cells. 
Immunofluorescence microscopy imaging and biochemical strate-
gies, demonstrated that the p53 tumour suppressor accumulated in 
nuclei of siRNA treated cells before G1 arrest (Fig. 6a) and that p53 
did not translocate to nuclei in lamin siRNA-treated control cells 
(Fig. 6a). Translocation of p53 into the nucleus is consistent with its 
activation29 and indicates a role for the protein in G1 arrest. Cell lines 
with compromised p53 (HCT116 p53–/–, HeLa, Saos-2; Fig. 6b and 
see Supplementary Information, Fig. S4a) did not undergo G1 arrest, 
whereas cells with wild-type p53 arrested (RPE-1, BJ-1, HME-1 and 
HCT-116, Figs 1, 3d).

It is possible that p53-deficient cell lines acquire additional genetic 
changes that contribute to cell-cycle arrest in a p53-independent 
manner. To overcome this potential problem, we depleted p53 
acutely using siRNAs in cells concurrently depleted of centrosome 
proteins and found that G1 arrest was also suppressed under these 
conditions (Fig. 6c and see Supplementary Information, Fig. S4b,c). 
p53 activation is sometimes linked to DNA damage30, but no evi-
dence was found for DNA damage in cells depleted of centrosome 
proteins using an early marker for double-strand DNA breaks, 53BP1 
(ref. 31). Robust 53BP1 staining was observed when DNA was dam-
aged by etoposide or hydroxyurea (see Supplementary Information, 
Fig. S4d). These results demonstrate that G1 arrest induced by cen-
trosome protein depletion is p53-dependent and occurs without 
detectable DNA damage.

p53 activity is modulated by multiple signal transduction pathways32, 
including p38. p38 is a member of a pathway that responds to cellular 
stress and is linked to the cell cycle through senescence and differen-
tiation pathways33. In cells depleted of centrosome proteins, p53 was 

activated on Ser 33 (p53P-Ser 33), a residue known to be phosphorylated 
by p38 (Fig. 7)34. This phosphorylation was not observed in ninein-
depleted or control siRNA treated cells (Fig. 7a). Consistent with the 
lack of detectable DNA damage in centrosome protein-depleted cells, 
we did not detect phosphorylation on Ser 15 of p53 by the DNA dam-
age-associated ATM kinase (data not shown).

H
C

T1
16

 p
53

−/
−

lamin−lamin

lamin−GCP2

p53−GCP2

2N     4N             2N    4N
l         I                I        I

− Noc

b

a

-p53

-p53

-H1

N
uc

le
ar

siRNA:
Lamin       PeriBp53

p53

la
m

in
G

C
P

2

p53

siRNA:

G
FP

92% BrdU +

95%  BrdU +

BrdU
DNA

c

0

20

40

60

80

100

HCT116
p53+/+ 

HCT116
 p53−/−

GFP siRNA

Pericentrin siRNA

si
R

N
A

:

P
er

ic
en

tr
in

si
R

N
A

:

P
er

ce
nt

ag
e 

of
 B

rd
U

 +
 c

el
ls

-p53

-actin

siRNA:

N
uc

le
ar

C
yt

op
la

sm
ic

lamin p53 

+ Noc

Figure 6 G1 arrest induced by centrosome protein depletion is p53-
dependent. (a) Immunofluorescence microscopy images showing nuclear 
accumulation of p53 in GCP2 siRNA-treated cells, but not controls. 
Immunoblots of cytoplasmic and nuclear extracts of siRNA-treated cells 
showing p53 nuclear accumulation after pericentrin siRNA treatment, 
but not after lamin siRNA treatment. Histone H1, loading control. (b) 
Immunofluorescence microscopy images and quantification of BrdU 
incorporation (16 h pulse) in pericentrin siRNA-treated cultures (60 h) of 
HCT116 p53–/– cells. (c) Immunoblot from p53 siRNA-treated and control 
cells. Actin, control. Flow cytometry profile of asynchronous (– noc) and 
nocodazole-treated (+ noc, 12 h) cells treated simultaneously with two 
siRNAs as indicated, >5000 cells per trace. Results are representative of at 
least two experiments. The scale bars represent 10 µm in a and b.
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We next examined whether p38 was required for the centrosome 
associated G1 arrest. We first showed that p38 was activated in PCM1-
depleted cells by its upstream kinases (MKK3/6) through phospho-
rylation on Thr 180 and Tyr 182 (data not shown). We next showed 
that SB202190 and another inhibitor of the α and β isoforms of p38 
(SB203580)35 suppressed the G1 arrest (Fig. 7b) and reduced nuclear 
translocation of p53P-Ser 33 if added before centrosome protein depletion, 
but not after (data not shown). In contrast, an inhibitor of the MEK 
signal transduction pathway (MAPK) had no effect on cell cycling. We 
confirmed pharmacological suppression of the G1 arrest by siRNA-
mediated depletion of p38α (Fig. 7c).

The p38-activated form of p53 accumulates at centrosomes 
before G1 arrest
Immunofluorescence microscopy imaging demonstrated that 
before G1 arrest, the p38-phosphorylated form of p53 (p53P-Ser 33) 

concentrated at centrosomes in response to centrosome protein 
depletion but not control protein depletion (Fig. 8a). Centrosome 
accumulation of p53P-Ser 33 occurred before its nuclear translocation 
(Fig. 8a), suggesting a multistep pathway for activation and nuclear 
entry of p53. Activated p38 was detectable at centrosomes in mitotic 
and most interphase cells (Fig. 8b). In summary, we show that p38 
localizes to centrosomes, that p53P-Ser 33 accumulates at centrosomes 
specifically in response to centrosome protein depletion and that 
both proteins are required for the centrosome-associated cell-cycle 
arrest. These observations are consistent with a role for p53 and p38 in 
transmitting signals from the centrosome to the cell-cycle machinery 
(p21–cyclinA–Cdk2 complexes) as part of a cell-cycle checkpoint that 
monitors changes in centrosome integrity and controls G1 to S phase 
progression. Consistent with this model are previous studies showing 
that p38 activates p53 (ref. 34), that p53 activates p21 (refs 36, 37) and 
that p21 inhibits Cdk2–cyclin complexes19.
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DISCUSSION
This study represents an extensive analysis of centrosome genes in ver-
tebrate cells. We unexpectedly found that nearly all centrosome genes 
tested induced G1 arrest when depleted or overexpressed. Also unex-
pected was the observation that defects in centrosome structure and G1-
centrosome functions always accompanied cell-cycle arrest, suggesting 
a link between these phenotypes. This work uncovers two functions 
common to many centrosome proteins (centrosome duplication and 
primary cilia assembly). We propose that these G1 functions are core 
functions of centrosomes in vertebrate cells. This study suggests that 
disruption of centrosome structure and/or function activates a ‘centro-
some damage’ checkpoint that leads to G1 arrest.

Work from other studies supports the idea that cell-cycle progression 
is linked to centrosomes. Cell-cycle arrest was observed in cultured cells 
following centrosome disruption by laser ablation6 or microsurgery7, 
and in mouse oocytes following microinjection of centrosome antibod-
ies16. Disruption of centrosome structure in all systems could logically 
lead to defects in centrosome functions such as duplication and primary 
cilia assembly, as described here. Links between premature centriole 
separation and aberrant centrosome duplication, and between defec-
tive centrosome duplication and cilia assembly, have been demonstrated 
previously38. Moreover,  a recent paper also showed that siRNA deple-
tion of PCM1 and pericentrin induced p53-dependent cell-cycle exit39. 
Taken together, all these studies provide a strong link between defective 
centrosomes and cell-cycle arrest.

This study provides the first evidence for concordance between three 
distinct phenotypes — defective centrosome structure, centrosome dys-
function and G1 arrest. These observations provide strong support for a 
causal relationship between these phenotypes. We propose that cell-cycle 
arrest is triggered by defects in centrosome structure and/or function. 
Consistent with this idea, was the observation that the centrosome-bound 
fraction of targeted proteins was always reduced following centrosome 
protein depletion or expression of dominant-negative constructs. None 
of three phenotypes was observed following depletion of control proteins 
or ninein. The ability to induce G1 arrest from within G1 is consistent 
with disruption of centrosome and/or centriole structure and centrosome 
functions in G1. Finally, specific recruitment of regulatory molecules to 
centrosomes (p53) in response to centrosome protein depletion is consist-
ent with a role for centrosomes in the cell-cycle arrest pathway.

The structural defects in centrosomes observed following depletion of 
centrosome proteins could arise through production of centrosome dupli-
cation intermediates that fail to mature, defects in parent centrosomes 
and/or centrioles that occur before G1, or the inability to remodel centro-
somes during centrosome duplication40. We propose that most, if not all, 
centrosome proteins are required, perhaps as parts of an assembly line, to 
complete the construction of a functional centrosome. Master regulators 
likely control the overall process (for example, Plk4; refs 23, 25).

Our results suggest the presence of a novel cell-cycle checkpoint that 
prevents cells from entering S phase when they acquire defects in cen-
trosome structure and/or function. Consistent with a checkpoint is the 
observation that centrosome-protein-depleted cells arrest with ‘centro-
some damage’ (structural and/or functional defects) and re-enter the 
cell cycle only after target protein levels are restored. This mechanism of 
cell-cycle arrest, involving p53 recruitment to the centrosome may also 
apply to cells in which centrosomes have been physically altered6, 7, as 
these cells re-organize a functional microtubule-organizing centre that 

lacks centrioles but contains pericentriolar material. As with other check-
points, cell-cycle arrest can be overcome by depleting and/or inhibiting 
elements of the checkpoint pathway (for example, p53, p38 and p21). Our 
data thus satisfy the definition of checkpoint as having three elements: 
a change in a condition that is sensed by the cell (altered centrosome 
structure and/or function), a transducing system (p38 and/or p53) and 
a receiver element (p21).
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Abrogation of the proposed centrosome-damage checkpoint has del-
eterious downstream consequences. In p53-deficient HeLa cells, deple-
tion of proteins involved in centrosome duplication induces spindle 
defects, cytokinesis failure and aneuploidy24,25. In much the same way, 
p53-deficiency in many human tumours may abrogate the centrosome-
damage checkpoint and contribute to centrosome defects, spindle dys-
function and aneuploidy5,41.

DNA and centrosomes are semi-conservatively replicated once every 
cell cycle, their replication is initiated at the same cell-cycle stage (G1) 
and is controlled by some similar regulatory molecules1. In response to 
DNA damage, signalling molecules such as the DNA-damage checkpoint 
kinase, ataxia-telangiectasia mutated (ATM) are recruited to damaged 
DNA. We propose that in response to centrosome damage, activated 
p53P-Ser 33 is recruited to centrosomes. In vivo, the centrosome-damage 
checkpoint could prevent cell cycling when centrosomes are compro-
mised by pathogens42–44 or other external perturbations (for example, 
heat; data not shown)45. Additional studies will be required to identify 
other centrosome-associated molecules of the checkpoint-control path-
way, to determine how p53 and p38 are anchored at centrosomes and to 
uncover the precise mechanism of pathway activation. 

METHODS
Antibodies. We are indebted to the following investigators for providing antibod-
ies: GCP2 and 3 (T. Stearns, Stanford, CA); ninein (G. Chan, Edmonton, Canada); 
Nek2a and cNap1 (A. Fry, Leicester, UK); pericentrin B (T. Davis, Seattle, WA); 
PCM-1 (A. Merdes, Edinburgh, UK); 20H5 Centrin-2 (J. Salisbury, Rochester, 
NY); cdc14A and cdc14B (P. Jackson, Stanford, CA); polyglutamylated tubulin 
(GT335) antibody (P. Denoulet, Paris, France); p53P-Ser 33 (Y. Taya, Tokyo, Japan); 
and 53BP1 (T. Halazonetis, Geneva, Switzerland). Commercially available 
antibodies were also used: α-tubulin, γ-tubulin, ε-tubulin, actin, BrdU (Sigma, 
St Louis, MO); Ki-67 (BD Biosciences, Franklin Lakes, NJ); lamin A/C (Cell 
Signaling, Boston, MA); p38, histone H1, zyxin, Nek2, δ-tubulin, ε-tubulin 
(Santa Cruz Biotechnology, Santa Cruz, CA); phospho-p38 (Thr180/Tyr182, Cell 
Signaling); p53 (ab-2), p53 (ab-6). Pericentrin A/B27 5051 (ref. 46) and cyclins A2, 
B1, cdk1-2 (ref. 47) have been described previously.

Cell culture, siRNA, transfection and microinjection. These studies primarily used 
diploid, telomerase-immortalized RPE-1 cells (Clontech, Mountain View, CA)48, cell 
lines containing wild-type p53 (BJ-1, HCT116, IMR-90, HCT116 p21–/–) or com-
promised p53 (Saos-2, HeLa, HCT116 p53–/–; HCT116 series, generous gift from B. 
Vogelstein, Baltimore, MD). HeLa and U2OS stably expressing GFP–centrin2 were 
prepared in our laboratory. Cells were grown as described by American Type Culture 
Collection (Manassas, VA). For G0–G1 synchrony, cells were grown for 24 h in media 
with reduced serum (0.25%) before experimentation. Targeted proteins were depleted 
with siRNAs delivered to cells at 1–200 nM using Oligofectamine or Lipofectamine 
2000 (Invitrogen, Carlsbad, CA) per manufacturers instructions. Synthetic double-
stranded siRNAs (Dharmacon, Lafayette, CO) were designed according to recently 
published suggestions48 (for siRNA sequences see Supplementary Information, 
Fig. S1e). For rescue experiment siRNA, Smart pool siRNA localized in the UTR 
region was purchased from Dharmacon. Several genes were targeted with a second 
siRNA to eliminate possible non-specific effects. p38 (SB202190; Calbiochem, La 
Jolla, CA) and MAPK (PD98059) inhibitors were used at 10 μM and 50 μM respec-
tively. For telophase microinjection experiments, cells synchronized in mitosis by 
10 h nocodazole incubation (0.5 μg ml–1), were microinjected into the nucleus 1 h 
after release, with either a plasmid encoding RFP–PeriCT, or a control RFP plasmid 
using an Eppendorf transjector 5246 and Micromanipulator (Brinkman, Westbury, 
NY). Immediately after microinjection, cells were incubated with 10 μM BrdU for 
24 h before fixation and staining. Alternatively, cells were transfected using calcium 
phosphate and incubated for 24 h with BrdU followed by fixation and staining.

Immunofluorescence microscopy and immunoblotting. Cells were prepared for 
immunofluorescence microscopy, imaged, deconvolved (Meta-Morph; Universal 
Imaging Corp., Downington, PA), displayed as two-dimensional projections of 

three-dimensional reconstructions to visualize the entire cell volume, and quan-
tified as previously described8. Pixel intensity profiles (total intensity plot) were 
constructed from maximal intensity projections using Meta-Morph. Crude cell 
lysates were analysed for protein depletion. Cells were treated with siRNAs for 
48–72 h, harvested and lysed in PBS supplemented with 1% Triton X-100 and a 
cocktail of protease inhibitors. Cell lysates were clarified at top speed in a micro-
fuge for 15 min at 5 °C. Protein concentration for each lysate was determined 
using Bio-Rad protein dye reagent, loads were adjusted and proteins were resolved 
by SDS–PAGE and analysed by western blot. Uncropped images of key western 
blots are shown in the Supplementary Information, Fig. S5.

Kinase assays and nuclear fractions. Immunoprecipitations and kinase assays 
were performed as previously described47. Affinity-purified cyclin A antibodies 
were cross-linked to Sepharose beads and incubated with cell lysates (100–300 μg 
proteins) for 3 h before being washed four times in buffer. Precipitated proteins 
were resuspended in 20 μl 1× SDS–PAGE sample buffer for immunoblot analysis. 
For kinase assays, immunoprecipitation beads were dissolved in 5 μl kinase buffer 
with 10 mM DTT and 20–50 μM ATP. Each sample was incubated with 5–10 μCi 
γ-32P-ATP (#BLU-502A; PE/NEN Life Sciences, Boston, MA) and 1.5 μg histone H1 
(#1004875; Roche, Basel, Switerland) in a final volume of 16 μl for 30 min at 30 °C. 
Reactions were terminated with 8 μl 5× SDS–PAGE sample buffer and processed for 
autoradiography and quantified by phosphorimage analysis (Storm 820, Molecular 
Probes, Carlsbad, CA). Nuclear fractions were prepared by resuspending trypsinized 
cells in cold nuclear extraction buffer (320 mM sucrose, 5 mM MgCl2, 10 mM 
HEPES, 1% Triton X-100 at pH 7.4) by gentle vortexing, followed by incubation 
on ice for 10 min. Nuclei were then pelleted at 2,000g and washed twice with nuclei 
extraction buffer without Triton X-100. Nuclei yield and integrity were confirmed 
by microscopic examination. All washes were combined to obtain the cytoplasmic 
fraction and both fractions were processed for immunoblot analysis (as above).

Flow cytometry, BrdU assay and proliferation assay. Cells treated with siRNAs 
for 48–72 h were exposed to 1–5 μg ml–1 nocodazole for 12 h, removed from 
plates and fixed in ethanol. Cells stained with propidium iodide were analysed 
by flow cytometry (FACSCAN, Becton Dickinson, Franklin Lakes, NY) using 
FlowJo software (Tree Star, Inc., Ashland, OR). BrdU labelling was performed 
essentially as previously described49. Cells were incubated with 10 μM BrdU 
for 16–24 h before fixation in 4% formaldehyde for 2 min and post-fixation in 
100% methanol. Generational tracking of cell populations by flow cytometry 
was accomplished by labelling cellular proteins with 2 μM carboxyfluoroscein 
diacetate, succinimidyl ester (CFDA-SE, Molecular Probes) for 5 min according 
to the manufacturers’ specifications, so that each cell division results in halving 
of the total cellular fluorescence.

Centrosome duplication, primary cilia formation and quantification of cen-
trosome defects. After 24 h of siRNA-mediated depletion of centrosome proteins, 
U2OS cells were blocked in S-phase by incubation in hydroxyurea-containing 
growth media (4 mM) for an additional 40 h before fixation in 100% ice-cold 
methanol. To unambiguously identify centrioles in interphase, cells were pre-
treated with nocodazole (5 μg ml–1) for 2 h or incubated on ice for 30 min to 
depolymerize microtubules before fixation. Centrioles from untreated U2OS cells 
in interphase and mitosis were also counted. The indicated antibodies were used 
to detect centrosomes and centrioles. Primary cilia were detected as described 
using GT335 antibody27. Briefly, cells were retransfected 48 h after the first siRNA 
transfection using Oligofectamine. At 72 h, primary cilia were induced by cul-
turing RPE1 cells in medium with 0.25% serum for 48 h. To quantify centro-
some defects (Fig. 4A), three categories of centrosome defects were an analysed 
(structure, separation and loss). For each depleted centrosome protein, the assay 
showing the largest difference compared with control was plotted as the fold dif-
ference and compared with ninein.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 siRNAs specifically deplete centrosomal proteins. a, 
Immunofluorescence images show reduction of GCP2 protein at the 
centrosome 72h after GCP2 siRNA treatment compared to control (lamin). 
Inset : 5X magnification of centrosomal GCP2 signal. 5051, centrosome 
marker. Scale bar: 5µm b, Graph displays the average fluorescence 
intensity/pixel of cdc14A at individual centrosomes (bars) in siRNA-treated 
cells (72h). Arrow shows that 68% of cdc14A siRNA-treated cultures 
are below the lowest control levels.  c, Semi-quantitative pixel intensity 
profiles, constructed from optically sectioned (Z-axis) fluorescence images 

of cells treated with siRNAs targeting lamin (left, control) or centrosomal 
proteins (right, as indicated),  shows that siRNAs deplete targeted proteins 
at the centrosomes . d, Western blots from siRNA-treated cultures (72h) 
probed for the targeted protein (Target) or control (Con,  usually lamin), as 
indicated. Actin, γ tubulin, or pan-specific tubulin immunoblots demonstrate 
equivalent loading conditions as indicated (lower panels of each set). 
e, siRNAs sequences used to target centrosome proteins. Underlined 
sequences are presented in the paper.   

e

© 2006 Nature Publishing Group 
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Supplemental figure 2 a, Cell cycle arrest is 
induced after centrosome protien depletion. 
Flow cytometry traces of RPE cells treated with 
indicated siRNAs. Red, no nocodazole; blue, + 
nocodazole. The number of cells examined are 
shown in parentheses where the colors indicate -
noc/+noc. See Fig.1 for details.
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Figure S2  a, Cell cycle arrest is induced after centrosome protien depletion. 
Flow cytometry traces of RPE cells treated with indicated siRNAs. Red, no 
nocodazole; blue, + nocodazole. The number of cells examined are shown 
in parentheses where the colors indicate -noc/+noc. See Fig.1 for details. 
b, Cell cycle arrest induced by pericentrin depletion (periA/B, 72h, upper 
panel) is relieved upon return to normal protein levels (periA/B, 240h, lower 

panel). BrdU incorporation in cells treated with lamin or pericentrin-specific 
siRNAs for 72 or 240 hours. Centrosome pixel intensity profiles (right 
panels) show that centrosomal levels of pericentrin returns to normal (top) 
when cells begin cycling and incorporate BrdU. Scale bar: 10µm. Insets: 
DAPI stain. Dotted lines: nucleus.  

siRNA:  lamin periA/B

72h

BrdU BrdU periA/B

periA/BBrdU BrdU

240h

b
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Figure S3 Structural and functionnal defects induced in RPE cells 
after centrosome protein depletion. a, Immunofluorescence images  
and quantification of  RPE cells with single centriole (stained with 
polyglutamylated-tubulin, Glut-tub) after siRNA-depletion of the indicated 
proteins and serum withdrawal. Scale bar: 2µm. Average of 2 experiments 
± SEM. >200 cells /bar. b, Immunofluorescence images  and quantification 
of  RPE cells with separated centrioles (stained with Glut-tub) after siRNA-
depletion of the indicated proteins and serum withdrawal. Scale bar: 2µm. 
Average of 2 experiments ± SEM. >200 cells /bar. c, Quantification of GFP-
centrin  expressing RPE cells with extra GFP-centrin structures (presumed 

centriole intermediates) induced in RPE cells after siRNA treatment as 
indicated. >200 cells/bar. d, Defects in centrosome duplication leads to 
reduction of centriole number  in U2OS cells in the absence of hydroxyurea 
(HU). Immunofluorescence images of centrosomes in control (GFP siRNA) 
and periB siRNA-depleted non-hydroxyurea-treated U2OS cells showing 
centriole number reduction (GFP-centrin). Quantification of centriole 
reduction (Glut-tub) in interphase (left) and mitotic (right) U2OS cells 
following siRNA treatment of the indicated proteins. Scale bar: 10µm. >100 
interphase cells or >150 mitotic cells/ bar.  
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Figure S4 G1 arrest is p53-dependent  and occurs without detectable DNA 
damage. a, p53-deficient cells (HeLa, Saos) do not arrest. Graph shows 
percentage of Hela, Saos-2, and RPE cells staining negatively for Ki67 
following depletion of lamin or pericentrin B (peri B). n=1000 cells/bar b, 
p53 depletion suppresses cell cycle arrest in RPE cells. BrdU incorporation 
in cells pretreated with siRNAs directed against either lamin or p53 for 24h, 
then treated with indicated siRNA (after backslash) for 72 hour. BrdU was 
added 24h before processing. Scale bar: 10µm. c, Quantification of cell 
cycle arrest suppression after p53 depletion. BrdU incorporation in cells 

pretreated with siRNAs directed against either lamin or p53 for 24h, then 
treated with siRNA (after backslash: lam, periA/B). Average of 3 experiments 
+/- SD. d, Cell cycle arrest occurs without detectable DNA damage.  p53BP1 
is not affected following centrosome protein depletion. Cell cultures treated 
with either etoposide (positive control) or pericentrin depleted cells were 
stained with an antibody directed against p53BP1, to reveal damaged DNA. 
Co-staining of pericentrin (periA/B) included to show specificity of protein 
depletion. Scale bar: 10µm.
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Figure S5  Western blots shown in full a, Western blots from Supplemental 
Fig1. C: control siRNA, T: target siRNA b, Western blots from Fig. 3c.  c, 

Western blots from Fig. 6c . d, Western blots from Fig 7a. e, Western blots 
from Fig. 7c.  C: control siRNA, T: target siRNA 
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