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Nucleolin is a pleiotropic protein involved in a variety of cellular processes. Although multipolar spindle formation
has been observed after nucleolin depletion, the roles of nucleolin in centrosome regulation and functions have not
been addressed. Here we report using immunofluorescence and biochemically purified centrosomes that nucleolin co-
localized only with one of the centrioles during interphase which was further identified as the mature centriole. Upon
nucleolin depletion, cells exhibited an amplification of immature centriole markers surrounded by irregular pericentrin
staining; these structures were exempt from maturation markers and unable to nucleate microtubules. Furthermore,
the microtubule network was disorganized in these cells, exhibiting frequent non-centrosomal microtubules. At the
mature centriole a reduced kinetics in the centrosomal microtubule nucleation phase was observed in live silenced
cells, as well as a perturbation of microtubule anchoring. Immunoprecipitation experiments showed that nucleolin
belongs to protein complexes containing 2 key centrosomal proteins, g-tubulin and ninein, involved in microtubule
nucleation and anchoring steps. Altogether, our study uncovered a new role for nucleolin in restricting microtubule
nucleation and anchoring at centrosomes in interphase cells.

Introduction

Centrosomes are the main microtubule organizing centers in
animal cells. They are formed by 2 barrel shaped microtubule
based structures named centrioles, surrounded by a dense protein
matrix: the pericentriolar material (PCM). In interphase cells, by
organizing the microtubule cytoskeleton, the centrosome controls
intracellular transport, organelle positioning, cell shape and
polarity, as well as cell motility.1 During mitosis, the duplicated
centrosomes are important for bipolar spindle establishment,
which in turn is crucial for the correct chromosome segregation
in anaphase.

Centrosome duplication is precisely controlled and coordi-
nated with the cell cycle to allow a single duplication per cell
cycle.2-4 Centriole duplication occurs in S phase and is initiated
in coordination with DNA replication by the cdk2-cyclinE
kinase. During centriole duplication a procentriole is assembled
orthogonally to the proximal end of each pre-existing centriole.
The procentrioles elongate until G2 phase so that the cell pos-
sesses 2 functional centrosomes in mitosis. During centrosome
maturation, phosphorylation-driven accumulation of g-tubulin
ring complexes and other PCM proteins, like pericentrin,
increases their ability to nucleate microtubules.5

Centrosome cycle deregulation can lead to the presence of
supernumerary centrioles in the cell. In mitosis, the presence of
multiple centrosomes can cause the establishment of a multipolar

spindle responsible for chromosome missegregation, which in
turn triggers aneuploid cell formation.6 This deregulation is a
common characteristic of several cancers.7,8 Therefore, it is par-
ticularly critical to go forward in understanding molecular mech-
anisms regulating the number, shape, and position of centrioles
in the cell, for preventing cell transformation.9,10

Within the centrosome, the 2 centrioles are different. The
older one (called mother or mature centriole in contrast with the
younger one called daughter or immature centriole) possesses 2
kinds of appendages.11 The distal appendages are important dur-
ing ciliogenesis to anchor the mother centriole to the plasma
membrane12,13 whereas the subdistal appendages are involved in
microtubule anchoring at the centrosome.13,14 Even though,
proteomic analyzes have identified several proteins associated
with the centrosomes,15,16 their localization within the centro-
some structure has only been characterized for a subset of pro-
teins. Development of super-resolution approaches in optics,
have recently contributed to decipher internal centrosomal orga-
nization.17,18 Indeed, several reports have lately revealed the pres-
ence of functional domains within the PCM, defined as
concentric layers enclosing the mature centriole in a tube- or
toroid-like arrangement.19-21 The outer PCM layer contains pro-
teins involved in microtubule nucleation such as g-tubulin.20

Pericentrin adopts an extended conformation and is organized
radially with its C terminus associated to the centriole wall and
its N terminus extending toward the PCM periphery.20
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Microtubule nucleation is initiated by protein complexes con-
taining g-tubulin and called gTuRC (g-Tubulin Ring Com-
plexes).22,23 The gTuRC is composed of gTuSC subunits
(g-Tubulin Small Complex) formed by g-tubulin, GCP2 and
GCP3 and assembled by additional proteins such as GCP4,
GCP5 and GCP6.24 Several additional proteins interacting with
the gTuRC have been identified and implicated in the recruit-
ment of this complex at microtubule nucleation sites like the cen-
trosome.25 When nucleated in the PCM, short microtubules are
either released in the cytoplasm or anchored at the mature centri-
ole subdistal appendages.26 Therefore, centrosome-dependent
organization of microtubules involves distinct processes such as
nucleation, anchoring and release of microtubules. Even though,
it is admitted distinct contributions of g-TuRC and ninein to
microtubule nucleation and anchoring processes, it has been pro-
posed that ninein constitutes a molecular link between microtu-
bule-nucleation and -anchoring activities at the centrosome.14

Nucleolin (NCL) is an abundant non-ribosomal protein of
the nucleolus where it is involved in ribosome biogenesis. Never-
theless, nucleolin functions are not restricted to nucleoli as it has
been identified in different compartments such as in the nucleo-
plasm, cytoplasm and at the cell membrane (for review see 27).
The presence of nucleolin in several cellular compartments
reveals its multifunctional nature. The depletion of nucleolin by
RNA interference leads to reduced proliferation and increased
apoptosis.28,29 In interphase cells, the absence of nucleolin results
in an increased nuclear size as well as numerous nuclear altera-
tions.28,29 Interestingly, when nucleolin-silenced cells reach mito-
sis, abnormal centrosome amplification is observed.28,29

However, the molecular mechanism linking nucleolin to centro-
some duplication regulation has not been elucidated to date. By
proteomic analysis, nucleolin has been identified in human cen-
trosomes15 and mitotic spindles.30 By immunofluorescence, a
phosphorylated form of nucleolin has also been detected in mito-
sis at the spindle poles28 but its function in these structures has
never been addressed.

In the present study, we have explored the functions of nucle-
olin in key regulatory processes governed by centrosomes. Specif-
ically, we focused on nucleolin’s role on interphase centrosome.
Our data clearly show that nucleolin is localized at the centro-
some and more specifically at the mature centriole throughout
interphase. By immunoprecipitation experiments, we also found
that nucleolin belongs to protein complexes containing 2 key
centrosomal proteins, g-tubulin and ninein, involved in microtu-
bule nucleation and anchorage steps. To assess centrosomal func-
tions of nucleolin we then investigated the consequences of
nucleolin silencing by RNA interference on centrosome structure
and function. Nucleolin silencing induces an amplification of
immature centriole markers in interphase cells surrounded by
pericentrin staining, but found to be devoided of maturation
markers and therefore unable to nucleate microtubules. We
showed that although the number of microtubules forming the
aster around the remaining mature centrosome is unchanged, a
dense microtubule network, not connected to the centrosomal
aster, is observed around the nucleus of nucleolin-silenced cells.
In addition, we highlighted that the microtubule nucleation step

in siNCL cells is slowed down compared to control cells. Finally,
we collected evidences that the microtubule anchoring step in
siNCL cells is perturbed since non-centrosomal microtubules are
clearly visible after only 5 minutes of microtubule repolymeriza-
tion. Altogether, our results point to a role for nucleolin in
restricting microtubule nucleation and anchoring to centrosomes.

Results

In interphase cells, nucleolin labels one of the 2 centrioles
In order to determine whether nucleolin is present at the cen-

trosome during interphase, immunofluorescence experiments
were performed in osteosarcoma U2OS cells with a monoclonal
antibody directed against the full-length human nucleolin. As
shown on Fig. 1, nucleolin was not only detected within DAPI
depleted regions corresponding to nucleoli (Fig. 1A, merge) but
also as a single dot co-distributing with one of the 2 centrioles,
labeled with centrin-1-GFP (Fig. 1A, merged zoom, z-stack gal-
lery and the corresponding intensity profile on Fig. 1D). This
observation was facilitated when cells were fixed at ¡20�C in
pure methanol (Fig. S1A, C). The presence of nucleolin at inter-
phase centrosome was confirmed using a second antibody
directed against the N-terminus domain (first one hundred
amino acids) of human nucleolin (Fig. S1E).

Nucleolin was detected at centrosomes in 95% of interphase
cells (Fig. 1C, left column). The majority of the cells show only
one of the 2 centrioles positive for nucleolin, while a minority
(less than 10%) show both centrioles positive for nucleolin
(Fig. 1C). This minority was also found when analysis was per-
formed on G1 or S phase cells, but not on G2 cells (see below).
Centrosomal localization of nucleolin was also confirmed with
another marker specific to the pericentriolar matrix, g-tubulin
(Fig. 1B). Co-detection of nucleolin with centrin-1-GFP and
g-tubulin highlighted the difference of labeling: centrin-1-GFP
and g-tubulin delineated 2 distinct centrosomal structures, while
nucleolin labeled only one of them (Fig. 1B, zoom and intensity
profile on Fig. 1E). One can notice that nucleolin only partially
colocalized with centrin-1-GFP or with the g-tubulin signals
(Figs. 1A, B, D and E, zooms). Therefore, the centrosomal locali-
zation of nucleolin was likely distinct from the centriolar lumen
(labeled with centrin-1-GFP) or the pericentriolar matrix (labeled
with g-tubulin). The centrosomal labeling with nucleolin was
also observed in various murine and human cell lines, as illus-
trated for hTERT-RPE1 cells (Fig. S2). To test the specificity of
nucleolin’s centrosomal labeling (Figs. 1A–E), we quantified cen-
trosomal fluorescence intensity in nucleolin depleted cells
(Fig. S3). The nucleolin signal was reduced at background level
in silenced cells (Fig. S3H, black curve) compared to control cells
(Fig. S3G, black curve). Therefore, our results provide evidence
that nucleolin is a specific centrosomal marker of interphase cells,
preferentially decorating a single centriole.

In order to address whether the number of centrioles deco-
rated by nucleolin was cell cycle dependent, immunofluorescence
experiments were repeated with cell cycle markers (Figs. 1F–H).
Cells were grown in the presence of the uridine analog (EdU)
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prior cell fixation, to label
replicating cells (Fig. 1F
lower). G1 and G2 cells
were further discriminated
according to the number of
centrioles: 2 in the case of
G1 cells (Fig. 1F upper)
and 4 in the case of G2 cells
(Fig. 1G). In S phase, the
percentage of cells exhibit-
ing one out of 2 centrioles
positive for nucleolin was
almost identical to that of
G1 cells (Fig. 1F and 1H,
compare G1 and S histo-
grams), suggesting that
nucleolin was not recruited
during centriole duplica-
tion. However, the fact that
NCL labeling could be
found on both centrioles in
G1 and S phase cells (7 and
12 % respectively, see
Fig. 1H), suggests that tra-
nsient recruitment of NCL
occur on the second centri-
ole during those cell cycle
phases. In G2 cells, labeling
of more than 2 centrioles
was not observed, thereby
excluding transient recruit-
ment to immature cen-
trioles during G2
(Fig. 1H). Similarly to G1
and S cells, the majority of
G2 cells (> 80%) exhibited
one out of 4 centrioles posi-
tive for nucleolin (Figs. 1G,
and H, histogram G2).
Therefore, our results indi-
cate that the number of
centrioles positive for
nucleolin was not cell cycle
dependent and implies that
nucleolin loading at centro-
some might occur after the
end of G2 phase, i.e. in
mitosis or in early G1 cells.

Nucleolin is a core constituent of centrosomes,
independently of microtubules

To decipher whether nucleolin is really part of the centrosome
structure, KE37 cells were used to purify centrosomes according
to classical protocols.31 Purified centrosomes were analyzed by
Western blot using the nucleolin antibody (Fig. 2A). This analy-
sis confirmed the presence of nucleolin in the purified

centrosome fraction (Fig. 2A). Because nucleolin is an abundant
protein that has several cellular localizations, only a small amount
of nucleolin is expected to be associated with the centrosomal
structure. Therefore, no enrichment of nucleolin in the centroso-
mal fraction compared to the cell lysate was expected. As antici-
pated for a centrosomal preparation, the g-tubulin band
intensity increased in the purified centrosome lane compared to

Figure 1. For figure legend, see page 905.
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the cell lysate lane (Fig. 2B, upper). B23, another nucleolar pro-
tein, also localized at centrosomes 32, was also present in the puri-
fied centrosome fraction (Fig. 2B, lower panel).

The purity of centrosome preparation was assessed by micro-
scopic observation. No contaminants like membranes could be
detected in the centrosome fraction. Immuno-detection of nucle-
olin and g-tubulin on centrosome preparations spread onto cov-
erslips revealed that the nucleolin signal was co-distributed with
the g-tubulin signals (Fig. 2C) resembling the pattern previously
observed in whole cells (Fig. 1B). Altogether, our observations
clearly show that nucleolin is bound to centrosomes.

To determine whether molecular motors drive nucleolin local-
ization at centrosome, its localization was assessed after microtu-
bule depolymerization (Fig. 2D–I). As expected after
microtubule depolymerization, cells displayed a blurry a-tubulin
staining, highlighting the disassembled a-b tubulin dimers
(Fig. 2G compared to Fig. 2E). Nocodazole treatment did not
abolish the original centrosomal localization of nucleolin
(Fig. 2D and F). Similarly, no difference in nucleolin localization
at the centrosome was observed after a 3h cold treatment
(Figs. 2H–I), even though a quite complete disruption of micro-
tubule network was observed (Fig. 7A6). Thus, microtubule net-
work disruption by nocodazole or cold treatments does not affect
the centrosomal localization of nucleolin.

As nucleolin is often associated with another nucleolar pro-
tein, B23, we investigated whether nucleolin was co-recruited
with B23 at the centrosome. The experiments carried out in cells
depleted for B23 (Fig. S3A–B), revealed that nucleolin expres-
sion was unchanged in siB23 cells (ratio of NCL/ß-actin of 106
% and a B23/ßactin ratio of 19% in siB23 cells, against 100% in
control cells, derived from WB quantification shown in

Fig. S3A) and that nucleolin staining was still present at the cen-
trosome (compare Fig. S3D with Fig. S3C). In addition, siRNA
induced depletion of nucleolin did not change B23 expression,
nor its centrosomal localization, thereby supporting the fact that
these 2 nucleolar proteins are not mutually required for their
respective localization at centrosomes.

Altogether, our results provide evidence that centrosomal
localization of nucleolin is maintained in the absence of microtu-
bules and is independent of B23.

Non-random distribution of nucleolin toward the mature
centriole

Since nucleolin localizes at a single centriole (Fig. 1), we
then determined whether it was randomly distributed on the 2
centrioles, or if it was specifically associated with the centriole
carrying mature or immature markers. Nucleolin localization
was assessed by performing co-immunodetections with distal
(CEP164),33 subdistal (ninein)34 or both distal and subdistal
(cenexin)35 appendage proteins (Fig. 3). These analyzes con-
firmed that among cells exhibiting 2 centrioles visualized with
centrin-1-GFP (C1G), a single centriole co-distributed with
ninein (blue-green inset on Fig. 3A), cenexin (Fig. 3B, blue-
green inset) or CEP164 (Fig. 3C, blue-green inset). More
than 95% of G1/S cells had a single centriole positive for
ninein (Fig. 3F). 80% of these G1/S cells had both nucleolin
and ninein labeling (Fig. 3G, gray bars). Furthermore, 100%
of the centrioles labeled with nucleolin were also positive for
ninein (Fig. 3G black bars and Fig. 3A). A negligible percent-
age of cells showed both or no centrioles positive for nucleo-
lin, in agreement with our previous quantifications (see above
and Fig. 1C).

Figure 1 (See previous page). Nucleolin decorates one of the 2 centrioles throughout interphase in U2OS-centrin-1-GFP cells. (A) Co-visualization of
nucleolin, centrin-1-GFP (C1G) and nuclear counterstain (DAPI) shown as individual projections and as a 2- and 3-color merged projections. Nucleolin
was detected with a monoclonal antibody and revealed with an Alexa555 secondary antibody [red] and centrin-1-GFP detection was enhanced with a
GFP booster [green], while nuclei were counterstained with DAPI [cyan]. On the top left image, arrows show nucleoli and the centrosome area. Enlarged
images of the centrosome area (boxed on the 3 color image) are shown as insets. Full size images and insets on the first row correspond to the projection
of 5 consecutive optical sections centered on the focal plane, that have been previously submitted to a 3D constrained iterative deconvolution process.
Insets on second row correspond to the individual optical sections of the centrosome area, separated by 0.2 mm steps, used to obtain the projection on
the first row. Scale bars represent 5 mm on full size images and 1 mm on enlarged insets. (B) Co-visualization of nucleolin, g-tubulin, centrin-1-GFP (C1G)
and nuclear counterstain (DAPI) shown as individual projection and as a 3-color merged projection with nuclear outline. Nucleolin, centrin-1-GFP and
DAPI were detected similarly as in A, while g-tubulin was detected with a primary antibody directly coupled to TRITC [in white on the unmerged image
and in blue on merged images]. Enlarged projections of the centrosome area (boxed on the 3 color image) are shown as 2-color insets. Scale bars repre-
sent 5 mm on full size images and 1 mm on enlarged insets. (C) Quantification of the number of centrioles (centrin-1-GFP label) positive for nucleolin per
cell, for A and B experiments. Cells exhibiting 0/2, 1/2 and 2/2 centrioles labeled are reported as percentages of the number n of cells analyzed. ND
stands for “not determinable” and mainly corresponds to cases where the centrosomal signal is superimposed to the strong nucleolar signal obtained
with nucleolin. (D and E) Fluorescent intensity profiles, along a line (displayed on the 0.4 mm section of the z-stack gallery in A for D and on the 3-color
inset in B for E) of an individual section of the centrosome area, obtained for nucleolin [NCL, red], centrin-1-GFP [C1G, green] and for E, g-tubulin [blue].
The x axes represent the distance along the line in mm and the y axes correspond to fluorescence intensity in arbitrary units. (F and G) Co-visualization
of nucleolin and centrin-1-GFP (C1G) shown as individual projections and as a 2-color merged projection in G1 and S cell cycle phases (F) and in G2
phase (G). Asynchronously growing cells were selected under the microscope thanks to the 4 centrin dots specific of G2 cells (see 2 arrows pointing to
the 2 separated centrosomes on left image). Asynchronously growing cells were incubated with the nucleotide analog EdU for 30 min before fixation,
detected with Alexa647 [white] and visualized as an individual projection and on the 4-color merged projection in F. Nucleolin, centrin-1-GFP and DAPI
were detected similarly as in A. Enlarged projections of the centrosome area (boxed on the 2 color merged image) are presented in the insets. Scale bars
represent 5 mm on full size images and 1 mm on enlarged insets. (H) Quantification of the number of centrioles (centrin-1-GFP label) positive for nucleo-
lin per cell, for F and G experiments, in G1 (left), S (middle) or G2 (right) cell cycle phases. G1 and S cells exhibiting 0/2, 1/2 and 2/2 centrioles labeled are
reported as percentages of the number n of cells analyzed. G2 cells exhibiting 0/4, 1/4 and more than 4 (>1/4) centrioles labeled are reported as percen-
tages of the number n of cells analyzed. As in C, ND stands for “not determinable."
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To assess whether the
same remained true in G2
cells, ninein and CEP164
were further analyzed and
quantified in cells exhibit-
ing 4 centrin-1-GFP sig-
nals, separated or not
(Fig. 3D and E respec-
tively). As observed for
non-duplicated cells, ninein
and CEP164 labeled a sin-
gle centriole out of 4
(Fig. 3D and E, respec-
tively) in 100% of the ana-
lyzed G2 cells (Fig. 3H).
85% of G2 cells had both
nucleolin and ninein label-
ing (Fig. 3I, gray bars) and
100% of the centrioles
labeled with nucleolin were
also positive for ninein
(Fig. 3I black bars and
Fig. 3D). The association
of nucleolin with the
mature centriole was not
restricted to U2OS cells,
since this was also observed
in several cell lines such as
RPE1 cells, where nucleolin
co-distributed with ninein
in 84% of the cell popula-
tion (Fig. S2B). Therefore,
our results highlight that
nucleolin is widely found at
the mature centriole, co-
distributing with ninein,
cenexin and CEP164,
throughout the whole
interphase.

Nucleolin silencing
leads to amplification of
centriole immature
markers

One characteristic phe-
notype associated with
nucleolin silencing is the
presence of supernumerary
centrosome-like structures,
as identified by g-tubulin
staining together with mul-
tipolar spindle forma-
tion.28,29 The presence of
these supernumerary structures in interphase cells was analyzed in
regards to PCM components like g-tubulin (Figs. 4A-E and K),
pericentrin (Figs. 4F and G), as well as with specific markers of

mature (Fig. 4H, I, and L, ninein) or immature (Fig. 4H, I, and
M, centrobin) centrioles. A siRNA transfection approach was
used to decrease nucleolin protein level down to 20% in whole cell

Figure 2. For figure legend, see page 907.
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extracts (Fig S3 A and B). The percentage of interphase cells with
an abnormal number of centrin-1-GFP labeled structures
increased in nucleolin-silenced cells (compare Figs. 4D–E with
Figs. 4A–C). Indeed, cells exhibiting more than 4 centrin-1-GFP
signals reached about 80% in nucleolin-silenced cells, compared
to less than 5% in control cells, while the percentage of cells exhib-
iting 2 centrin-1-GFP signals dropped from 80% in control cells
down to about 5% in nucleolin-silenced cells (Fig. 4J). This is spe-
cific of silencing as when nucleolin is overexpressed we do not see
any difference in the centrosome cycle and in the cell proliferation
rate (data not shown). In these silenced cells, the elongated form
of the g-tubulin signal can appear as 2 (80% of the cells) or 4
(20% of the cells) individual signals (Figs. 4D, E, and K) colocal-
izing with centrin-1-GFP, revealing that, contrary to centrin-1-
GFP, the number of g-tubulin signals is not significantly increased
in these interphase silenced nucleolin cells. We next investigated
whether the fluorescence intensity of g-tubulin is increased. The
local fluorescence ratio of g-tubulin vs. centrin-1 was unchanged
(Fig. 4N). Altogether, our results indicate that absence of nucleo-
lin increases specifically the number of centrin-1-GFP signals
without affecting the number or fluorescence intensity of the
g-tubulin signal, thereby ruling out that nucleolin is involved in
the maintenance of g-tubulin at centrosome, but supporting a
role for nucleolin in the initial recruitment of g-tubulin on newly
formed centrioles.

In contrast to g-tubulin, another PCM marker, pericentrin,
was also found to be amplified in nucleolin-silenced cells and dis-
played a high number of dispersed dots associated with numerous
centrin-1-GFP signals (Fig. 4F and G compare merged insets).

As far as mature markers were concerned, the ninein signal did
not appear to be amplified and was always associated with a single
centrin-1-GFP signal in 100% of nucleolin-silenced cells
(Fig. 4H–I, red signals, and Fig 4L, black bars). This unique
ninein signal likely corresponds to the ancient mature centriole,
which exhibits a constant fluorescence ratio of ninein vs. centrin-
1 in nucleolin-silenced cells compared to control cells (Fig. 4O).
These results illustrate that the supernumerary centrin-1 contain-
ing structures observed in nucleolin-silenced cells are not able to
acquire maturation markers following nucleolin depletion.

Finally, centrobin was used to investigate the status of these
extra-centriolar markers within nucleolin-silenced cells. In about

40% of the control cells, centrobin appeared associated with a
single centrin-1-GFP dot deprived of ninein (Fig. 4H, white and
blue signals, Fig. 4M left, black bar). In agreement with previous
publication,36 centrobin was found associated with both cen-
trioles in more than 50% of the cells (Fig. 4M, left, gray bar).
This distribution is consistent with the U2OS cell cycle (data not
shown). In nucleolin-silenced cells, the percentage of 1 and 2
dots labeling diminished for centrobin, while 2 new classes
appeared: a class with 3 dots representing 15% of the cells
(Fig. 4H, blue and white signals; Fig. 4M, right, light gray bars)
and a class with more than 3 dots representing 20% of the cells
(Fig. 4M, right, white bars). Therefore, the number of centrobin
dots was also amplified in nucleolin-silenced cells. Altogether,
our results bring conclusive evidence for an amplification of
immature centriole markers and for a disorganization of the
PCM marker pericentrin, upon nucleolin silencing.

To gain some clues about the role of nucleolin in the centro-
some cycle, we performed co-immunoprecipitation with several
centrosomal proteins. Immunoprecipitation experiments with
nucleolin antibodies on whole cell lysates, were validated with a
nucleolar protein partner of nucleolin, B23 (Fig. 5A). We first
found that a major PCM protein, g-tubulin, could readily be
immunoprecipitated with nucleolin antibodies (Fig. 5A). This
result was specific to g¡tubulin, since this was not true for a or
b tubulin (data not shown). Since nucleolin was found to specifi-
cally localize at the mature centriole (Fig. 3), we next investigated
whether nucleolin might also interact with the mature centriole
appendage protein, ninein. Using cell extracts, ninein antibodies
were able to immunoprecipitate nucleolin (Fig. 5B). Therefore,
our results demonstrate that cytoplasmic nucleolin associates
with both soluble g-tubulin and ninein complexes. If these inter-
acting complexes need to be recruited together at immature cen-
trioles this could explain why supernumerary centrosomes do not
acquire mature markers in nucleolin-silenced cells.

Microtubule network is disorganized in nucleolin depleted
cells

As nucleolin was associated with the mature centriole (Fig. 3),
investigation of the functional consequences of nucleolin silenc-
ing was focused on microtubule organization. The microtubule
network was first analyzed using a-tubulin staining in control

Figure 2 (See previous page). Nucleolin is stably bound to centrosomes independently of microtubules. (A–C) Nucleolin is present in pure centrosome
preparations. (A and B) Fluorescent Western blots of cell lysates and biochemically purified centrosomes (pur. centr.) probed with a nucleolin monoclo-
nal antibody (A), an anti g-tubulin polyclonal antibody (B, upper), and an anti B23 monoclonal antibody (B, lower). Monoclonal antibodies were detected
with a secondary antibody coupled to Alexa680, while the polyclonal antibody was detected with a secondary antibody coupled to IRdye800. C/ Co-visu-
alization of nucleolin and g-tubulin on purified centrosomes, derived from same experiment as in A and B. Purified centrosomes were spun down on cov-
erslips, fixed in cold methanol and submitted to immunofluorescence using a nucleolin monoclonal antibody (detected with a secondary antibody
coupled to Alexa488) [red] and an anti g-tubulin antibody directly coupled to TRITC [green]. The corresponding DIC (Differential Interference Contrast)
image is shown in gray. Scale bar represents 1 mm. (D–I) Nucleolin remains associated with centrosomes after nocodazole- (F and G) or cold- (I) induced
microtubule depolymerization in U2OS-centrin-1-GFP cells. Co-visualization of nucleolin and centrin-1-GFP (D, F, H and I) or a-tubulin and centrin-1-GFP
(E and G). Asynchronously growing cells were treated with nocodazole (F and G) or incubated at 4�C (I) for 3 hours before fixation. Control untreated
cells are presented in (D, E and H). Centrin-1-GFP detection was enhanced with a GFP booster [green], nucleolin (D, F, H and I) and a-tubulin (E and G)
were detected with a monoclonal antibody (detected with a secondary antibody coupled to Alexa555) [red], while in (D, F, H and I) nuclei were counter-
stained with DAPI [cyan]. In (D, F, H and I), enlarged images of the centrosome area (displayed on the 3 color merged images) are presented in the
insets. In D and F, the DAPI images were not submitted to a 3D constrained iterative deconvolution process. Scale bars represent 5 mm on full size images
and 1 mm on enlarged insets.
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and nucleolin-silenced cells (Fig. 6A). Nucleolin-silenced cells
exhibited the typical phenotype of centrin-1-GFP amplification
without any changes in CEP164 labeling (Fig. 6A). In nucleolin-
silenced cells, a single aster of microtubules arising from the
remaining mature centriole was observed despite numerous cen-
trin-1-GFP signals (Fig. 6A), as observed above (Figs. 3D and

E). Therefore, the amplified centrin-1GFP structures are not able
to nucleate microtubules.

In control and silenced cells the number of microtubules
forming a well-organized aster centered on the centriole doublets
was very similar (Figs. 6A and B). We next looked at the general
organization of microtubules outside the centrosomal area and

Figure 3. For figure legend, see page 910.
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we observed that 55% of silenced cells exhibited a dense network
of microtubules surrounding the nucleus which were not con-
nected to the centrosomal aster (Figs. 6A and C).

Inhibition of microtubule nucleation and alteration of
microtubule anchoring in nucleolin-silenced cells following
depolymerization

To characterize microtubule network formation in nucleolin-
silenced cells, we looked at the kinetics of microtubule initiation
following cold-induced depolymerization. Cells expressing cen-
trin-1-GFP were used to analyze microtubule regrowth after 2
minutes recovery at 37�C to assess microtubule nucleation
(Fig. 7A3–B3) and after 5 minutes at 37�C to assess centrosomal
microtubule anchoring (Fig. 7A4-B4). Microtubules were
detected by immuno-staining of a-tubulin (Figs. 7A and B,
black and white pictures) in control and nucleolin-silenced cells.
Complete depolymerization (Fig. 7A2 and red arrow on 7A6)
was observed in 100% of control and nucleolin-silenced cells
after a 3h incubation time at 4�C. Following a 2 minute incuba-
tion at 37�C a clear microtubule aster centered on the centro-
some was observed (Fig. 7A3 and green arrow in A7) in more
than 80% of the control cells (Fig. 7C, green bar, n D 563).
Comparable results were observed in control siRNA transfected
cells (Fig. 7C, cont. siRNA). In contrast, centrosomal microtu-
bule regrowth was significantly reduced down to less than 30%
in nucleolin-silenced cells, after 2 minutes at 37�C (Fig. 7B3,
7B7 and 7C -red bar, n D 182). Similar results were obtained
when experiment was performed with acetylated tubulin detec-
tion, showing microtubule regrowth in only 15% of nucleolin
siRNA cells against 65% in control (data not shown). In addi-
tion, the percentage of cells with centrosomal microtubule
regrowth at short times (2 minutes) was decreased by an addi-
tional factor of 2, in the sub-population of nucleolin-silenced
cells exhibiting supernumerary centrioles (less than 20% in cells
with >4 centriole dots, against 40% in cells with � 4 centriole
dots, see Fig. S4B). Therefore, these results reveal that, in the

absence of nucleolin, the kinetics of microtubule nucleation at
centrosome is either inhibited or delayed.

To discriminate between these 2 hypotheses, a longer incuba-
tion at 37�C was performed (Fig. 7A4–A8 and B4-B8). In con-
trol cells, the a-tubulin labeling formed an even better defined
aster (Fig. 7A8), centered on the centrosome area (Fig. 7A4, cen-
trin-1-GFP labeled in green), compared to that obtained at 2
minutes (Fig. 7A7). A closer view of the aster showed that micro-
tubules were well focus on the centrosome area (Fig. 7A8, zoom,
green arrowheads). In nucleolin-silenced cells incubated for 5
minutes following complete depolymerization, the centrosome
area appeared labeled with a-tubulin (Fig. 7B8), resembling
aster-like structures observed in control cells (Fig. 7A8). This
observation was in agreement with the fact that microtubules
could nucleate from centrosomes without nucleolin. However, a
difference was clearly visible between control and silenced cells.
Indeed, the presence of transverse microtubules, that were not
converging toward the centrosomal area, was observed in more
than 60% of nucleolin-silenced cells (Fig. 7B8, Fig. 7D – red
bars – and Fig. S5), while only 40% of these nucleolin-silenced
cells had the characteristic centrosomal anchored microtubules
(vs. 90% in control cells and 85 % in siRNA control cells). Alto-
gether, our results point to a role for nucleolin in restricting
microtubule nucleation and anchoring at centrosomes.

To explore in more detail microtubule polymerization after
complete depolymerization in nucleolin-silenced cells, we fol-
lowed microtubule regrowth in live cells. To this end, microtu-
bules were visualized using the plus tip tracker protein EB3 fused
to the tagRFP (Fig. 8 and Videos S1 and C2). After microtubule
depolymerization (cold and nocodazole treatment), EB3-tagRFP
staining was focused on the centrosome (Fig. 8A, time 0). In con-
trol cells, one minute after nocodazole washout, EB3-tagRFP
dots were observed around the centrosome area suggesting that
short microtubules were already nucleating from the centrosome
(Fig. 8A, time 1 min). Several EB3-tagRFP dots were also
observed in the cytoplasm showing that microtubule nucleation
was also effective in non-centrosomal sites. In nucleolin-silenced

Figure 3 (See previous page). Non-random distribution of nucleolin toward the mature centriole. (A–C) Co-visualization of nucleolin and centrin-1-GFP
(C1G) together with ninein (A), cenexin (B) or CEP164 (C) in U2OS-centrin-1-GFP cells. Enlarged images of the centrosome area (displayed on the 3 color
merged images) are presented in the insets as 2 color merged images to facilitate colocalization visualization. (D, E) Co-visualization of nucleolin (NCL)
and centrin-1-GFP (C1G) together with ninein (NIN, D) and with CEP164 (C164, E) in U2OS-centrin-1-GFP cells, exhibiting 4 centrin dots, characteristic of
G2 cells. The arrow on the left image shows the centrosome area. Enlarged images of the centrosome area (displayed on the 3 color merged images) are
presented in the upper insets for a single channel and in the lower insets as 2 color merged images to facilitate colocalization visualization. In A-E, nucle-
olin was detected with a monoclonal antibody (detected with a secondary antibody coupled to Alexa647) [red]; centrin-1-GFP detection was enhanced
with a GFP booster [green], while ninein, cenexine and CEP164 were detected with polyclonal antibodies (detected with a secondary antibody coupled
to Alexa555) [in white on the unmerged image and in blue on merged images]. Outline of the nuclei, counterstained with DAPI (not shown) is
highlighted on the merged images. Scale bars represent 5 mm on full size images and 1 mm on enlarged insets. (F) Quantification of the number of cen-
trioles (centrin-1-GFP label) positive for ninein [dark bars] and nucleolin [gray bars] per cell in G1/S cell cycle phase, from experiment in A. Cells exhibiting
0/2, 1/2 and 2/2 centrioles labeled for each marker are reported as percentages of the number n of cells studied. ND stands for not determinable and
mainly corresponds to cases where the centrosomal signal of nucleolin is superimposed to the strong nucleolar signal. (G) Quantification of co-distribu-
tion between both centrosomal markers, recorded in F. The presence of ninein on nucleolin positive centrioles is shown on the left, while the presence
of nucleolin on ninein positive centrioles is shown on the right, expressed as percentages of the number n of cells studied. Similarly as in F, ND stands
for “Not Determinable." (H) Quantification of the number of centrioles (centrin-1-GFP label) positive for ninein [dark bars] and nucleolin [gray bars] per
cell in G2 cell cycle phase, from experiment in D and E. Cells exhibiting 0/4, 1/4 and >1/4 centrioles labeled for each marker are reported as percentages
of the number n of cells studied. As in F, ND stands for “Not Determinable." (I) Quantification of co-distribution between both centrosomal markers,
recorded in H. The presence of ninein on nucleolin positive centrioles is shown on the left, while the presence of nucleolin on ninein positive centrioles
is shown on the right, expressed as percentages of the number n of cells studied. As in F, ND stands for “Not Determinable."
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cells, centrosomal and non-
centrosomal microtubule
nucleation were only
observed after 3 minutes fol-
lowing nocodazole washout
(Fig. 8A time 3 min), sug-
gesting a delay in microtu-
bule nucleation.

In order to quantify
microtubule nucleation,
EB3-tagRFP fluorescence
intensity was measured
around the centrosome
area (Fig. 8B). In control
cells, centrosomal EB3-
tagRFP fluorescence inten-
sity increased starting 1
minute after nocodazole
washout to reach a maxi-
mum value at 3 minutes
(Fig. 8B, red line). Next,
EB3-tagRFP fluorescence
intensity decreased to reach
the initial value at 20
minutes suggesting a stabi-
lization of microtubule
polymerization (Fig. 8B,
red line). In nucleolin-
silenced cells, EB3-tagRFP
centrosomal fluorescence
intensity increased starting
2 or 3 minutes following
nocodazole washout, show-
ing that centrosomal
microtubule nucleation was
delayed compared to con-
trol cells. Next, fluores-
cence intensity reached a
maximal value at 10
minutes in siNCL cells
before decreasing. Alto-
gether, these results clearly
demonstrate a delay in
microtubule nucleation in
live nucleolin-silenced cells,
thereby supporting a role
for nucleolin in the regula-
tion of centrosomal micro-
tubule nucleation timing.

Discussion

In this report, we characterized the centrosomal localization of
nucleolin and explored the functions of nucleolin at centrosome.
For the first time, we provided evidences to show that nucleolin

is a centrosomal component of interphase cells. Indeed, by
immunofluorescence, nucleolin was detected at the centrosome
(Fig. 1) and specifically associated with the mature centriole
throughout interphase (Fig. 3). Biochemically, we also proved
that nucleolin is a core component of centrosome, as it remains

Figure 4. For figure legend, see page 111.
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associated with the centrosomal structure after centrosome purifi-
cation. Furthermore, the centrosomal fraction of nucleolin does
not require microtubule activity since microtubule depolymeriza-
tion by nocodazole or cold treatment did not affect its

localization (Fig. 2 D–I). Even though
an amplification of centrin-1 containing
structures was highly frequent in nucleo-
lin-silenced cells, microtubule nucleation
was not found on these supernumerary
centrin1-structures, which colocalized
with centrobin, an immature centriole
marker and with pericentrin, a PCM
marker, but did not colocalized with
mature markers like ninein or CEP164
(Fig. 4). Using co-immunoprecipitation
experiments, we showed that nucleolin
interacts with g-tubulin and ninein, 2
key centrosomal proteins involved in
microtubule nucleation and anchoring
(Fig. 5). Even though the number of
microtubules emanating from the single
mature centriole in silenced cells was not
decreased compared to control, we fre-
quently observed a highly dense microtu-
bule network surrounding the nucleus of
silenced cells not connected with the cen-
trosomal area (Fig. 6), suggesting that
nucleolin is involved in restricting micro-
tubule nucleation and anchoring at cen-

trosomes. In agreement with that, we show that both in fixed and
live silenced cells (Figs. 7 and 8), microtubule nucleation and
anchoring steps were delayed or disrupted after microtubule
depolymerization treatment, compared to control cells.

Figure 4 (See previous page). Nucleolin depletion leads to amplification of immature centriole markers. (A–E) Presence of centrosome amplification in
nucleolin-silenced cells during interphase. Co-visualization of g-tubulin, centrin-1-GFP (C1G) and nuclear counterstain (DAPI) shown as individual projec-
tions and as a 2- and 3-color merged projections in untransfected control (A, B and C) or nucleolin siRNA transfected (D, E) U2OS-centrin-1-GFP cells.
Cells were harvested 4 days after transfection. Centrin-1-GFP detection was enhanced with a GFP booster [green] and g-tubulin was detected with a pri-
mary antibody directly coupled to TRITC [red]. Nuclei were counterstained with DAPI [cyan]. Asynchronously growing cells were selected under the
microscope with reference to the number of centrin dots (2 dots for G1/S cells and 4 dots for G2 cells). Early G2 and late G2 control cells are shown in B
and C respectively. Enlarged projections of the centrosome area (boxed on the 3-color image) are shown as insets. Scale bars represent 5mm on full size
images and 1 mm on enlarged insets. (F, G) Nucleolin silencing leads to an amplification of pericentrin. Co-visualization of centrin-1-GFP (C1G) and peri-
centrin in untransfected control (F) or in nucleolin-silenced (G) U2OS-centrin-1-GFP cells. Cells were harvested 4 days after transfection. Centrin-1-GFP
detection was enhanced with a GFP booster [green] and pericentrin was detected with a monoclonal antibody (detected with a secondary antibody cou-
pled to Alexa555) [red]. Nuclei were counterstained with DAPI [cyan]. Enlarged images of the centrosome area (displayed on the 3 color merged images)
are presented in the insets. Scale bars represent 5 mm on full size images and 1 mm on enlarged insets. (H, I) Nucleolin silencing leads to a specific ampli-
fication of centriole immature mark. Co-visualization of centrin-1-GFP (C1G) with ninein and centrobin in untransfected control (H) or in nucleolin-
silenced (I) U2OS-centrin-1-GFP cells. Cells were harvested 4 days after transfection. Centrin-1-GFP detection was enhanced with a GFP booster [green],
ninein was detected with a polyclonal antibody (detected with a secondary antibody coupled to Alexa 555) [red] and centrobin was detected with a
monoclonal antibody (detected with a secondary antibody coupled to Alexa 647) [in white on the unmerged images and in blue on the merge images].
Nuclei were counterstained with DAPI [cyan]. Enlarged images of the centrosome area (displayed on the 3 color merged images) are presented in the
insets. Scale bars represent 5 mm on full size images and 1 mm on enlarged insets. (J, K) Quantification of the number of centrin-1-GFP dots (C1G, J), and
of g-tubulin positive centrin-1-GFP dots (g-tubulin C, K) per cell in untransfected control (Cont., left) or nucleolin siRNA transfected (NCL siRNA, right), for
A-E experiments. Cells exhibiting 2 dots [dark bars], 3 or 4 dots [gray bars] and more than 4 dots (>4) [white bars] are expressed as percentages of the
number n of cells studied. The error bars correspond to standard deviations calculated for 3 independent experiments. *: Significant difference with a p
value < 0.01 with control populations (left columns). n: non-significant difference with a p value < 0.01 with control populations (left columns). (L, M)
Quantification of the number of ninein positive centrin-1-GFP dots (ninein C, L) and of centrobin positive centrin-1-GFP dots (centrobin C, M) per cell in
untransfected control (Cont., left) or nucleolin siRNA transfected (NCL siRNA, right), for H and I experiments. Cells are distributed in different classes
according to their number of dots (see individual legends), whose values are expressed as percentages of the number n of cells studied. (N, O) Quantifi-
cation of g-tubulin and ninein at the centrosome in absence of nucleolin. g-tubulin (N) or ninein (O) fluorescence intensity were measured at the centro-
some in untransfected control or nucleolin siRNA transfected U2OS-centrin-1-GFP cells. Fluorescence intensities of g-tubulin or ninein were measured
on the centrin-1-GFP dots positive for g-tubulin or ninein respectively. These intensities were normalized to that of centrin-1-GFP. For each condition,
the mean value is reported on the graph with standard deviation error bars.

Figure 5. Nucleolin belongs to protein complexes containing centrosomal proteins. (A) g-tubulin
coimmunoprecipitates with nucleolin. Immunoprecipitation (IP) assay was performed in HeLa cells
with anti nucleolin polyclonal antibody (polyclonal antibody 5567). Following immunoprecipitation,
proteins were separated on a SDS-PAGE gel and probed with an anti nucleolin polyclonal antibody
(polyclonal antibody 134, first row), detected with a secondary antibody coupled to IRdye800, and
with anti g-tubulin (second row) and B23 (third row) monoclonal antibodies, detected with a second-
ary antibody coupled to Alexa680. (B) Nucleolin coimmunoprecipitates with ninein. Immunoprecipi-
tation (IP) assay was performed in HeLa cells with anti ninein monoclonal antibody. Following
immunoprecipitation, proteins were separated on a SDS-PAGE gel and probed with an anti nucleolin
polyclonal antibody (polyclonal antibody 5567, lower row), detected with a secondary antibody cou-
pled to IRdye800, and with anti ninein monoclonal antibody (upper row), detected with a secondary
antibody coupled to Alexa680. IP without antibody (No Ab) and preimmune serum (IgG) were used
as control. Input: input pre-immunoprecipitation fractions; IP: immunoprecipitated proteins; Superna-
tant: supernatant after immunoprecipitation.
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Figure 6. Microtubule network is disorganized in nucleolin depleted cells. (A) Co-visualization of a-tubulin, CEP164 and centrin-1-GFP (C1G) shown as individual
projections and as 3-color merged projections in control or nucleolin siRNA transfected U2OS-centrin-1-GFP cells. Cells were harvested 4 days after transfection.
Centrin-1-GFP detection was enhanced with a GFP booster [green], CEP164 was detected with a polyclonal antibody (detected with a secondary antibody cou-
pled to Alexa647) [red] and a-tubulin was detected with amonoclonal antibody (detected with a secondary antibody coupled to Alexa555) [black]. Enlarged pro-
jections of the centrosome area (boxed on the 3-color image) are shown as insets. Scale bars represent 10 mm on full size images and 3 mm on enlarged insets.
(B) Quantification of the number of microtubules emanating from the centrosome of untransfected control (cont.) and nucleolin siRNA transfected (NCL siRNA)
U2OS-centrin-1GFP cells. Each black mark corresponds to a cell (cont. nD 50 and NCL siRNA nD 50) and the red lines correspond to the mean (cont. 27.72C/¡
2.74 and NCL siRNA 27.24 C/¡ 2.97). (C) Quantification of the changes in the interphase microtubule network organization following nucleolin depletion from
experiment in A. The histogram shows the percentage of the number n of U2OS-centrin-1-GFP cells analyzed for untransfected control (cont., left), control siRNA
transfected (Cont. siRNA, middle), or nucleolin siRNA transfected (NCL siRNA, right), harboring a microtubule network mainly organized from the centrosome
[green bars, see example on first row of A], or disorganized [red bars, see examples on second and third row of A].
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Within the centrosome, ninein localizes at the subdistal
appendages of the mature centriole 37 and is involved in microtu-
bule anchoring to the mature centriole.34,38 Ninein localizes to
the centriole via its C-terminus and interacts with g-tubulin con-
taining complexes via its N-terminus, linking microtubule nucle-
ation and anchoring at the centrosome.14 Nucleolin localization
at the mature centriole (Fig. 3) and its interaction with ninein
and g-tubulin containing complexes (Fig. 5) suggest a role for
nucleolin in microtubule nucleation and/or anchoring at the cen-
trosome. The centrosomal microtubule nucleation delay observed
in absence of nucleolin (Fig. 7 and 8) is not a consequence of
g-tubulin displacement from the centrosome (Fig. 4), as it was
shown to be the case after overexpressing a dominant negative
form of ninein.14 This nucleation delay is neither a consequence
of NCL silenced cells accumulating in G2,29 since the rate of
microtubule nucleation is unchanged in G2 compared to G1.39

Since purified nucleolin did not favor microtubule nucleation by
itself (data not shown), we concluded that nucleolin might act as
an activator of microtubule nucleation when bound to centroso-
mal gTuRC, thereby playing a role in the acquisition of mature
markers on immature centrioles.

In a microtubule regrowth experiment, we also observed a
microtubule anchoring defect at the centrosome in nucleolin-
silenced cells (Fig. 7 and Fig. S4C). Thus, as ninein,14 nucleolin
is involved in both microtubule nucleation and anchoring at the
centrosome. Nucleolin could anchor microtubules directly or via
other anchoring protein localizing at the mature centriole such as
ninein14 since nucleolin antibodies immunoprecipitated ninein,
or through p150glued, APC, FOP, CAP350 and EB1,40-42

Kif3a,43 nudel 44 or 4.1R-135.45

Previous studies have shown the presence of extra centrosomes
markers containing structure in mitotic cells silenced for nucleo-
lin.28,29 Thus, it was suggested that nucleolin may act as a nega-
tive regulator of centriole duplication as it is the case for B23,46

p53,47 cdk1,48 BRCA149 and CDK5RAP2.50 However, the link
between nucleolin and centrosome duplication regulation is
unknown. In this report, we observed an amplification of centrin
dots in nucleolin-silenced cells during interphase (Fig. 4). Inter-
estingly, these extra centrin dots contained centriole immature
markers such as centrobin (Fig. 4I and M) but were devoid of
mature markers such as ninein (Fig. 4I and L) and CEP164
(Fig. 6). This observation is in agreement with the fact that these
extra centrin dots appear during interphase, suggesting that in
nucleolin-silenced cells, centrosome cycle and cell cycle are
uncoupled. In the absence of nucleolin, cells accumulate in G2
phase.29 Centriole amplification has been previously shown to
occur as a consequence of a prolonged window in G2 that is per-
missive for centriole duplication.51 Moreover, no transmission of
maturation markers is observed in nucleolin-silenced cells on the
extra centrin-1 structures indicating that their presence could not
be explained by cytokinesis failure. Thus, the centriole amplifica-
tion observed in nucleolin-silenced cells might be an indirect
effect of nucleolin depletion due to a prolonged G2 phase.

On the mother centriole, whereas subdistal appendages are
involved in microtubule anchoring, distal appendages are impor-
tant during ciliogenesis. Cenexin is localized on these 2 types of

appendages35 and is involved in both ciliogenesis and the stabiliza-
tion of centrosomal microtubules.13 It remains to be determined if
nucleolin could also have a function related to ciliogenesis.

Several key centrosomal proteins have been observed in the
nucleoli: g-tubulin,52 cenexin53 and centrin.54 On the other
hand, nucleolar proteins such as B23,32 HCA6655 and fibrillarin
15 have also been detected at the centrosome. Nucleolin and B23
have numerous functions in common. Both proteins interact 56

and are involved in ribosome biogenesis within the nucleoli. In
the same manner as nucleolin, B23 is localized to the centrosome
during interphase57 and its absence leads to microtubule poly-
merization defects.58 All these observations suggest a cross talk
between centrosome and nucleoli. A molecular communication
between the 2 compartments may be essential to coordinate
nucleolar and centrosomal functions.

Materials and Methods

Antibodies and reagents
Nucleolin was detected with a mouse monoclonal antibody

(4E2 Assay designs #ADI-KAM-CP100-E / Immunogen: human
full length nucleolin / dilution: IF 1/300 and WB 1/1000), a rab-
bit polyclonal antibody raised against purified human nucleolin
(number 134, developed in our laboratory / dil. WB 1/1000),29

a rabbit polyclonal antibody raised against 3 peptides of human
nucleolin (Covalab, pab0971-P / dil. WB 1/1000),59,60 or a rab-
bit polyclonal antibody raised against the first hundred amino
acids of human nucleolin (Abcam ab#22758 / dil. IF 1/300).
g-tubulin was detected with a mouse monoclonal antibody
(GTU-88 Sigma-Aldrich #T6557 / dil. WB 1/1000) and a rabbit
polyclonal antibody coupled to TRITC (C-20 Santa-Cruz #SC-
7396 / dil. IF 1/100). B23 was detected with a mouse monoclo-
nal antibody (FC82291 Sigma-Aldrich #B0556 / dil. WB 1/
1000) and a rabbit polyclonal antibody (kind gift from K. Fuka-
sawa / dil. IF 1/100).57 Ninein was detected with a rabbit poly-
clonal antibody (kind gift from M. Bornens / dil. IF 1/5000) and
a mouse monoclonal antibody (Millipore #MABT29 / dil. WB
1/1000). Cenexin was detected with a rabbit polyclonal antibody
(Rockland #600-401-A46 / dil. IF 1/100). CEP164 was detected
with a rabbit polyclonal antibody (Novus NBP1-81445, dil. IF
1/200). Pericentrin was detected with a mouse monoclonal anti-
body (Abcam #ab28144 / dil. IF 1/300). Centrobin (Abcam
#ab70448 / dil. IF 1/1000). a-tubulin was detected with a mouse
monoclonal antibody (DM1A Sigma-Aldrich #T9026 / dil. IF 1/
300). b-actin was detected with a mouse monoclonal antibody
(AC-15 Sigma-Aldrich #A5441 / dil. WB 1/1000). GFP detec-
tion was boosted with an anti-GFP antibody directly coupled to
Atto488 (Chromotek / dil. IF 1/200).

For IF, secondary antibodies used were coupled to Alexa555
(Molecular Probes DaMAlexa555 #A31570 dil. 1/2000 and
DaRAlexa555 #A31572 dil. 1/1000), Alexa647 (Molecular
Probes DaMAlexa647 #A31571 dil. 1/200) and Alexa488 (Invi-
trogen GaMA488 #A11025 dil. 1/1000). For WB, secondary
antibodies used were coupled to IRdye800 (Li-Cor #92632211
dil. 1/2500) and Alexa680 (Li-Cor #92632220 dil. 1/15000).
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Nocodazole was obtained from Sigma-Aldrich (#M1404) and
cytochalasin D from Tocris (#1233).

Cell culture
U2OS-centrin-1-GFP (kind gift from M. Bornens) 38 were

grown in Dulbecco’s modified Eagles medium DMEM (PAA
#E15-883) supplemented with 10% fetal calf serum (FCS) (PAA
#A15-151), 1% of non essential amino acids (PAA #M11-003),

1% of penicillin-streptomycin (PAA #P11-010) and 1mM of
Sodium Pyruvate (PAA #S11-003).

HTERT-RPE1 cells were grown in a mixture of DMEM and
Ham’s F12 (PAA # E15-890) medium supplemented with 10%
FCS, 1% of non-essential amino acids and 1% of penicillin-
streptomycin.

Instead of trypsin, we used a mixture of collagenases referred
to as accutase for cell detachment (PAA).

Figure 7. For figure legend, see page 915.
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KE37 cells were grown in RPMI (PAA #E15-039) supple-
mented with 10% fetal calf serum, 1% of penicillin-streptomycin
and 2mM of glutamax (PAA #M11-006). Cells were maintained
at 37�C in a 5% CO2-humidified incubator.

siRNA transfection
For nucleolin siRNA, a mixture of functional small interfering

RNAs (siRNAs) specific for human nucleolin was used as previ-
ously described.29,61,62 For B23 silencing, a mixture of siRNAs
specific for human B23 was used (Invitrogen NPM1-
HSS143152 GAUGGAACUCCACCCUUUGCUUGGU and
NPM1-HSS143153 UGUAUGGAAUGUUAUGAUAGGA-
CAU).63 All siRNAs were reconstituted at a concentration of
100mM and stored at ¡20�C. As a control siRNA, we used
stealth high GC siRNA (Invitrogen). Cells were transfected in a
6-well dishes using siRNA at 20nM final concentration. SiRNAs
were diluted in 200ml of OptiMEM and plated in a well. 80ml
of INTERFERin (Polyplus) diluted 1/10 in RNase-free water
were added. After 10 min incubation, 2 ml of medium contain-
ing 3.105 cells were added. After 2 days, cells were detached and
plated in 24-well dishes onto glass coverslips for further immuno-
fluorescence or plated in 10cm dishes for western blot analysis.
Cell fixation and cell lysis were performed 96 h after siRNA
transfection. For EdU incorporation and detection, immediately
before fixation, cells were incubated with 10 mM EdU (5-ethy-
nyl-20-deoxyuridine) for 20 min (Click-iT EdU kit from Invitro-
gen). EdU detection was performed using an Alexa647
fluorophore according to the manufacturer’s instructions.

Immunofluorescence
Cells were plated 5.104 cells/well in 24-well dishes onto glass

coverslips. 2 days after plating, cells were usually fixed in cold
methanol for 3 min at ¡20�C and then permeabilized with
0.1% Triton X-100 in PBS (PBS-T) for 2 £ 10 min (more fixa-
tion procedures are described in Fig. S1A). All subsequent incu-
bations were performed in a humidified chamber maintained at
37�C. Non specific binding of antibodies was blocked by 10%
FCS, 3% BSA and 0.1% Triton X-100 in PBS (blocking buffer)

for 30 min. Coverslips were next incubated with primary anti-
bodies diluted in the blocking buffer for 30 min. After 3 washes
at room temperature in PBS-T, they were incubated with second-
ary antibodies also diluted in the blocking buffer, for 30 min.
After 3 more washes in PBS-T, coverslips were washed in PBS,
rinsed in ddH2O and briefly dipped in absolute ethanol. After a
quick dry, coverslips were mounted on a slide with Fluoromount
G (FMG Southern biotech #0100-01) containing 400 ng/ml
40,60-diamidino-2-phenylindole (DAPI).

Microscopic image acquisition and treatment
12-bit images were acquired using a Cool Snap HQ charge-

coupled-device (CCD) camera mounted on a Zeiss Axio-Imager
Z1 equipped with a 63x oil-immersion objective lens (numerical
aperture [NA] D 1.4 / working distance 0.19 mm) and fluores-
cence filters suited for the visualization of DAPI, Alexa488 and
Atto488, Alexa555 and Alexa647. For each field of view, z-stacks
of about 25 images with a pixel size of 102 nm were obtained by
setting the z-step at 200 nm. Image stacks were processed using a
3D constrained iterative deconvolution module running under
Metamorph (Meinel Algorithm on Metamorph [iteration: 7x /
s: 0.7 / frequency: 5 / without auto background]), using the
Point Spread Functions (PSF) measured for the different chan-
nels under similar acquisition conditions for PS-speck beads
(Molecular probes) mounted in the same mounting medium.
For each analyzed cell, the optical section in which the centro-
some was the most in focus was chosen and a projection of 5 con-
secutive sections around this focus section was performed (for
DAPI and DIC, images correspond to a single section). The x, y
and z shifts between individual channels were corrected on the
3D stack by imaging 100 nm multi fluorescent microspheres
under similar acquisition conditions (translation of red channel
x-1 and z-1).

Western blot
Cells were detached, lysed in 2% SDS, 10% glycerol and

20% b-mercapto-ethanol for a final concentration of 1.104

cells/ml, and boiled at 95�C for 5 min. 1.105 cells were

Figure 7 (See previous page). Alteration of microtubule regrowth in nucleolin-silenced cells after depolymerization. (A-B) Microtubule regrowth after
microtubule induced depolymerization in untransfected control (A) and nucleolin siRNA transfected (B) U2OS-centrin-1-GFP cells. Co-visualization of
a-tubulin (a-tub), centrin-1-GFP (C1G) and nuclear counterstain (DAPI) shown as 3-color merged projections (first row) and as individual sections for
a-tubulin (inverted dynamics, second row) before depolymerization (A1, A5, B1 and B5), immediately after depolymerization (A2, A6, B2 and B6), after 2
minutes at 37�C (A3, A7, B3 and B7), and finally after 5 minutes at 37�C (A4, A8, B4, B8, and zooms A4, A8, B4, and B8). Centrin-1-GFP detection was
enhanced with a GFP booster [green]; a-tubulin was detected with a monoclonal antibody (detected with a secondary antibody coupled to Alexa555)
[red on the 3-color merged images and black on individual projections]. Enlarged projections of the centrosome area (boxed on the 3-color images) are
shown as insets (A1-A3 and B1-B3) or as full sized pictures (A4, A8, B4, and B8 zooms). Arrows pointing to the centrosomal area appear red when no
microtubule regrowth is observed (A6, B6 and B7) or green when microtubule regrowth is observed (A7). Arrowheads pointing to microtubules appear
light green when microtubules are directed to the centrosomal area (A8 zoom) or orange when microtubules are not pointing to the centrosomal area
(B8 zoom). Scale bars represent 10 mm on full size images, 5 mm on the zoomed images and the insets. (C–D) In C, quantification of the cells incubated
for 2 minutes at 37�C (A7 and B7) exhibiting either microtubules regrowth (green bars on C, see also green arrows in A7) or no microtubule regrowth
(red bars on C, see also red arrows in B7). In D, quantification of the cells incubated for 5 minutes at 37�C (A8 and B8) exhibiting either absence (green
bars on D, see also cells with only green arrowheads on A8 zoom) or presence of cytoplasmic microtubules (orange bars on D, see also cell with orange
arrowheads on B8 zoom). These classes are displayed for untransfected control cells (Cont., left), cells transfected with control siRNA (Cont. siRNA, middle)
and nucleolin siRNA transfected cells (NCL siRNA, right), whose values are expressed as percentages of the total number n of cells studied. Error bars rep-
resent the standard deviation from 4 independent experiments. *: Significant difference with a p value < 0.01 with control populations (left columns). n:
non-significant difference with a p value< 0.01 with control populations (left columns).
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loaded onto a 10% SDS poly acrylamide gel electrophoresis.
The proteins were then transferred to Protan membranes
(Protran BA85, Whatman, /GE Healthcare/ #/10 401 196).
Membranes were blocked in 5% milk and incubated with the
primary antibodies over night at 4�C in PBS containing 1%
milk. Membranes were washed in PBS and secondary anti-
body incubations were performed for 30 min in PBS contain-
ing 1% milk at room temperature. Monoclonal antibodies
were generally detected with a secondary antibody coupled to
Alexa680, while polyclonal antibodies were detected with a
secondary antibody coupled to IRdye800. After PBS washes,

protein gel blot imaging was performed with an Odyssey
Infrared Imaging System (Li-Cor Biosciences).

Co-immunoprecipitation
For Nucleolin immunoprecipitation 5.106 cells were resus-

pended in 400 ml of lysis buffer (150 mM NaCl, 10 mM Tris
-HCl pH 8, 1% NP-40 and a cocktail of protease inhibitor) and
incubated on ice for 10min. Lysates were then clarified (12 000g
for 10 min at 4�C). To avoid unspecific binding to the beads,
the supernatants were incubated with protein A sepharose beads
(Sigma-Aldrich #P3391) at 4�C for 3h. Beads were then

Figure 8. Analysis of microtubule regrowth after depolymerization using the microtubule plus-end tracking protein EB3-tagRFP. (A) Still frames from
time-lapse experiments show EB3-tagRFP expressing untransfected control and nucleolin siRNA transfected U2OS-centrin-1-GFP cells, after microtubule
depolymerization. Enlarged images of the centrosome area (displayed on the full size images) are shown under the full size images. For each time point
(except for t D 0min), a projection of 10 temporal images prior to the image matter was performed. Scale bars represent 5 mm on full size images and
2 mm on enlarged images. Times are given in minutes (full videos are available in supplementary material as video S1 and S2). (B) Quantification of cen-
trosomal fluorescence intensity at the indicated times in untransfected control and nucleolin siRNA transfected U2OS-centrin-1-GFP cells, after microtu-
bule depolymerization from A. Mean values of 3 control [red line] and 5 nucleolin depleted (NCL siRNA) [blue line] cells were plotted.
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eliminated by centrifugation. Meanwhile, 5ml of the antibody
(rabbit polyclonal anti-nucleolin 5567 antibody, no antibody or
pre-immune serum for controls) was incubated with beads at
4�C for 3h. Equal amounts of lysates were then added on beads
and incubated over night at 4�C. Supernatants (supernatant
unbound fraction) were then mixed with 5x protein loading
buffer (250 mM Tris-HCl pH 6.8, 2% SDS, 50% glycerol,
500 mM b-mercapto-ethanol and 0.5% Bromophenol Blue)
and beads (IP fraction) were extensively washed and eluted at
95�C for 5 min in protein loading buffer for western blot
analysis.

For Ninein immunoprecipitation 5.106 cells were resus-
pended in 1ml of homogenization buffer (250mM sucrose,
10 mM Tris-HCl pH 7.4 and protease inhibitors) and centri-
fuged (2000rpm for 5min at 4�C). Pellet was resuspended in
200 ml of homogenization buffer and was homogenized on ice.
Nuclei were eliminated by centrifugation (4000rpm for 5 min at
4�C) and the supernatant containing the cytosolic fraction was
used for immunoprecipitation as described before for nucleolin
immunoprecipitation using the ninein monoclonal antibody
(Millipore #MABT29).

Centrosome isolation
Centrosomes were isolated from KE37 cells as previously

described.31 One liter of cultured KE37 cells was incubated with
0.2 mM nocodazole and 1mg/ml cytochalasin D for 1h at 37�C.
All subsequent steps were performed at 4�C. Cells were recovered
by low centrifugation, and after one wash step in 1xPBS, they
were resuspended in 8% sucrose, 0.1xPBS solution. Cells were
then extracted for 5min in lysis buffer (1 mM HEPES, 0.5 mM
MgCl2, 0.5% NP-40, 1mM PMSF and containing a mixture of
protease inhibitor). After centrifugation (10 min at 2500 g),
supernatant was filtered; HEPES was added to have a 10mM
final concentration and then incubated for 30 min with 2units/
ml of DNase (Roche #10 776 785). Centrosomes were sedi-
mented on 12.5 ml of 60% sucrose solution (30 min at 10 000
g). Pellet (25 ml) was then transferred to a sucrose gradient (3ml
70%, 3 ml 50% and 3ml 40% sucrose solutions) and centrifuged
for 1h15 min at 40 000 g. 12 fractions of 0.5 ml were collected
from the bottom of the tube and immediately frozen in liquid
nitrogen. Aliquot of each fraction was collected to analyze cen-
trosome enrichment by IF and WB. For Immunofluorescence
analysis of sucrose gradient fractions, 10ml centrosome fraction
aliquots were resuspended in 4 ml of kPIPES, sedimented on
glass coverslips (10 min 20 000 g) and fixed 6 min in cold
methanol before IF experiment. For Western blot analysis, cen-
trosome fractions were resupended in 1 ml of kPIPES and cen-
trifuged 20 min at 15 000 g. Pellets were then resupended in
protein loading buffer and boiled 5min at 95�C for protein gel
blot analysis.

Establishment of U2OS-centrin-1-GFP cells stably
expressing EB3-tagRFP

EB3-tagRFP construct was extracted from a pTagRFP-EB3
plasmid (Evrogen #FP365), using the SalI and NotI restriction
sites. To obtain a resistance to blasticidin, the construct was then

cloned in the pbos-H2B-GFP plasmid (kind gift of T. Kanda),64

in which the H2B-GFP construct was previously removed using
the same restriction sites.

A U2OS-centrin-1-GFP cell line stably expressing the new
EB3-tagRFP construct was then established (for protocol see 61).

Time-lapse analysis of microtubule regrowth after
depolymerization using EB3-tagRFP

150 000 cells (U2OS-centrin-1-GFP cells stably expressing
EB3-tagRFP) were plated on 35mm Ibidi dishes (m-dish high
Ibidi treat, Biovalley) 2 days before imaging. Before live cell
imaging, cells were incubated in a pre cold medium containing
10 mM nocodazole for 2 hours. Next, cells were incubated at
37�C for 20 min and then washed once in PBS and imaged in
FluoroBrite DMEM medium without phenol red (Gibco
#A18967) and supplemented with 10% FCS and 2 mM of gluta-
max. 16 bits images were acquired with a spinning disk confocal
microscope setup on a Leica-inverted microscope equipped with
an EMCCD camera (iXon3 897 / Andor). Using the 491 and
561 nm laser lines and a 100x oil immersion objective lens (NA
D 1.4), individual sections were acquired every 5s during 20min
in a 37�C thermo regulated atmosphere. For each time point
(except for T D 0 min), a projection of 10 temporal images prior
to the image matter (sum intensity projection of 10 temporal
images from Ti to Ti-45s) was performed. Centrosomal fluores-
cence intensity was measured using a 30 pixel squared ROI
(20.79mm2). In order to compensate that TD 0 min is not a pro-
jected image; the intensity value was multiplied by 10. Centroso-
mal fluorescence intensity was setup to 1 at T D 0 min. For each
time point, the relative fluorescence intensity compared to T D 0
min was measured.

Quantification of the number of microtubules emanating
from the centrosome

U2OS-centrin-1-GFP cells were labeled for a-tubulin and
analyzed. The fluorescence intensity profile was measured on
the perimeter of a circle (diameter D 10.24 mm) centered on
the centrosome using the Oval Profile Plot plugin on ImageJ
freeware. For each pixel, the fluorescence intensity value was an
average of the 6 surrounding pixels. To measure the number of
fluorescent peaks (corresponding to the number of microtu-
bules), the fluorescence intensity profile curve was next derived.
Between the 2 conditions, the mean values were compared using
a Student test.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

The authors thank PLATIM (PLAteau Technique d’Imagerie
et de Microscopie, UMS3444, Lyon, FRANCE) for assistance in
the acquisition and analysis of microscopic data and Christophe
Place for critical reading of the manuscript.

www.tandfonline.com 917Cell Cycle



Funding

This project was funded thanks to the Agence Nationale de la
Recherche [ANR-07-BLAN-0062-01], the Association pour la

Recherche sur le Cancer n_ECL2010R01122, Ligue contre le
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