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Abstract
Nucleolin is a multifunctional RNA-binding protein that resides predominantly not only in the nucleolus, but also in multiple 
other subcellular pools in the cytoplasm in mammalian cells, and is best known for its roles in ribosome biogenesis, RNA 
stability, and translation. During early mitosis, nucleolin is required for equatorial mitotic chromosome alignment prior to 
metaphase. Using high resolution fluorescence imaging, we reveal that nucleolin is required for multiple centrosome-associ-
ated functions at the G2-prophase boundary. Nucleolin depletion led to dissociation of the centrosomes from the G2 nuclear 
envelope, a delay in the onset of nuclear envelope breakdown, reduced inter-centrosome separation, and longer metaphase 
spindles. Our results reveal novel roles for nucleolin in early mammalian mitosis, establishing multiple important functions 
for nucleolin during mammalian cell division.
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Introduction

Eukaryotic cell division is characterized by a finely orches-
trated set of events that occur with a high degree of accuracy 
and precision to ensure the faithful segregation of chromo-
somes and cytoplasmic contents to the daughter cells. In 
vertebrate cells, the centrosomes that duplicated during 
S-phase lie in close apposition to the nuclear membrane 
(Ueda et al. 1999; Moens 1976). Mitosis commences at the 
G2-M cell cycle boundary with the disengagement and sepa-
ration of the duplicated centrosomes along the G2/prophase 
nuclear envelope to position themselves at roughly opposite 
sides of the nucleus, concomitant with chromatin condensa-
tion inside the nucleus (Tanenbaum et al.  2010). Following 
centrosome separation, the nuclear envelope disintegrates 
as a consequence of phosphorylation and disintegration of 
the sub-nuclear membrane lamin meshwork and subsequent 
events (Peter et al. 1990, 1991; Ward and Kirschner 1990), 
resulting in the mixing of the cytoplasm with the nuclear 

content following nuclear envelope breakdown (NEB). 
Microtubules nucleating from the oppositely positioned 
centrosomes radiate in all directions; “kinetochore micro-
tubules” are captured by the centromeric kinetochores on 
chromosomes, while “astral microtubules” are captured by 
conserved protein complexes on the plasma membrane, to 
generate a bipolar mitotic spindle. The mitotic spindle is 
used as a scaffold by microtubule-based molecular motors to 
align (congress) the sister chromatid pairs at the cell’s equa-
tor in metaphase (Gardner et al. 2008; Bancroft et al. 2015; 
Mayr et al. 2007; Auckland and McAinsh 2015; Bancroft 
et al. 2015; Li et al. 2007; Maiato et al. 2017), followed by 
kinetochore microtubule depolymerisation to segregate the 
sister chromatids equally to the daughter cells in anaphase 
(Cheerambathur et al. 2013; Kapoor 2004; Raaijmakers and 
Medema 2014; Saunders et al. 1995). The fidelity of early 
mitotic events is indispensable for generating two euploid 
daughter cells and is governed by several classes of mol-
ecules (Marumoto et al. 2003; Biggins and Walczak 2003; 
Michaelis et al. 1997; Nigg 2001).

Nucleolin is a well-studied RNA-binding protein that 
resides prominently not only within interphase nucleoli, but 
also in smaller pools in the nucleoplasm (Sapp et al. 1986; 
Lapeyre et al. 1987; Jordan 1987), the cytoplasm (Schwab 
and Dreyer 1997), and the inner and outer leaflets of the 
plasma membrane (Hovanessian et al. 2000; Sinclair and 
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O'Brien 2002; Chen et al. 2008; Inder et al. 2009; Otake 
et  al.  2007;   Soundararajan et  al. 2008; Soundararajan 
et al. 2009). Nucleolin has been best characterized for its 
roles in RNA binding and stability, ribosome biogenesis, and 
mRNA translation (Ginisty et al. 1999; Tajrishi et al. 2011; 
Tuteja and Tuteja 1998). Nucleolin is also known to reside 
at interphase centrosomes, wherein it is required for cen-
trosome-based microtubule nucleation (Gaume et al. 2015). 
Nucleolin has been reported to be directly required for the 

mitotic process of equatorial chromosome congression to 
form the metaphase plate, as well as in maintaining mitotic 
spindle pole integrity (Ma et al. 2007; Ugrinova et al. 2007). 
Despite the documentation of its multifaceted functions in 
interphase, other major mitotic roles for nucleolin have not 
yet been reported.

Here, we reveal the requirement of nucleolin for multiple 
early mitotic functions in mammalian cells. We show its 
requirement in maintaining centrosome attachment to the 
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G2/prophase nuclear membrane, for optimal inter-centro-
some separation following disengagement at prophase, for 
the timely onset of NEB, and for maintaining metaphase 
spindle length. Our observations reveal multifaceted early 
mitotic functions of nucleolin.

Results

Nucleolin is required to maintain prophase 
centrosome attachment to the nuclear envelope

In order to examine whether nucleolin is required for centro-
some attachment to the nuclear envelope (NE), we depleted 
nucleolin from HeLa cells stably expressing end-binding 
protein 1 (EB1) tagged to GFP (EB1-GFP) to visualize 
centrosomes and histone 2B-mCherry (H2B-mCherry, to 
visualize chromosomes) using treatment with sequence-spe-
cific siRNAs. We confirmed specific depletion of nucleolin 
through immunoblotting with a nucleolin-specific antibody 
using either a single siRNA against human nucleolin (“NCL”, 
Fig. 1A) or a pool of multiple anti-nucleolin siRNAs (“NCL 
pool”, Fig. 1B) and ascertained robust protein depletion 
through densitometric quantification of the Western blot 
band intensities (Fig. 1A, B). We synchronized the cells at 
the G2/prophase transition using thymidine treatment and 
release (Chen and Deng 2018). Live cell, time-lapse fluo-
rescence confocal imaging of the treated cells revealed the 
position of the centrosomes to be closely attached to the G2 
NE in control cells, while treatment with nucleolin siRNA led 

to a marked dissociation of the centrosome(s) from the NE 
(shown for the NCL siRNA, Fig. 1C). Quantification of this 
phenotype revealed that the average centrosome-NE distance, 
measured at the maximal distance from the NE in every cell 
analyzed by time-lapse live-cell imaging, increased signifi-
cantly upon nucleolin depletion both by “NCL” (Fig. 1D) and 
by “NCL pool” (Fig. 1G). We quantified the fraction of cells 
showing centrosomes detached from the NE and observed an 
increase in this population by approximately 3-fold compared 
to control cells (Fig. 1E, H respectively for “NCL” and “NCL 
pool”). Closer analysis revealed that a significant proportion 
of mitotic cells showed a large centrosome displacement (> 
2 μm) from the NE, a distance limit that was rarely breached 
in control cells (Fig. 1F, I respectively for “NCL” and “NCL 
pool”). Overall, these results confirmed a novel and specific 
function for nucleolin in maintaining the attachment of G2 
centrosomes to the NE in mammalian cells.

Nucleolin is required for inter‑centrosome 
separation at the G2 phase

The two duplicated centrosomes normally stay together until 
just prior to NEB, when they disengage and separate from 
each other along the nuclear envelope, enabling the even-
tual formation of a bipolar spindle to facilitate chromosome 
segregation (M. E. Tanenbaum and Medema 2010). Upon 
nucleolin siRNA treatment, we observed through time-
lapse fluorescence confocal imaging that the two G2/pro-
phase centrosomes untethered from each other normally, but 
failed to separate completely from each other (Fig. 2A). We 
measured the inter-centrosome distance immediately after 
nuclear envelope breakdown (NEB), by which point further 
centrosome movement along the NE is not possible (Toso 
et al. 2009). Quantitative analysis of our live cell confocal 
imaging data revealed that the average inter-centrosome dis-
tance at G2/prophase reduced significantly upon nucleolin 
siRNA (NCL) treatment (Fig. 2B). These results suggested 
that nucleolin is required to ensure the proper separation of 
G2/prophase centrosomes along the NE. Nucleolin has been 
shown to be required for maintaining a bipolar spindle in 
metaphase and to prevent centrosomal fragmentation (Ma 
et al. 2007; Ugrinova et al. 2007). Our observations suggest 
that nucleolin may also facilitate the formation of a proper 
mitotic spindle by ensuring the optimal separation of the 
duplicated G2/prophase centrosomes.

Nucleolin is required for ensuring timely nuclear 
envelope breakdown

Inter-centrosome separation at prophase to position the 
two centrosomes at opposite sides of the nucleus is closely 
followed by the onset of NEB, so as to enable the forma-
tion of a bipolar mitotic spindle (Agircan et al. 2014; van 

Fig. 1   Nucleolin depletion leads to centrosome-NE attachment 
defects. A Western blot and densitometric quantification showing 
the depletion of nucleolin (NCL) from HeLa cells stably expressing 
H2B-mCherry (red, chromatin in C) and EB1-GFP (green, micro-
tubule plus ends in C), under the indicated conditions of control 
(luciferase siRNA) or NCL siRNA. B Western blot and densitomet-
ric quantification showing the depletion of nucleolin from HeLa cells 
stably expressing H2B-mCherry (red, chromatin in C) and EB1-GFP 
(green, microtubule plus ends in C), under the indicated conditions of 
control (untransfected) or NCL pool siRNA. C Representative stills 
from time-lapse videos of the cells treated in A. Time-stamps (min) 
included in the images. Arrowheads, centrosomes. The boundary of 
the red stain indicated the NE. D, G Maximum centrosome-NE dis-
tance measured from analysis of live cell movies of the cells depicted 
in A (D) and B (G) after the indicated siRNA treatments. 90 G2 cells 
counted over three independent experiments per condition for D, and 
60 G2 cells counted over two independent experiments per condition 
for G. E, H Quantification of the fraction (%) of G2 cells showing at 
least one centrosome detached from the NE upon NCL siRNA treat-
ment (E) and NCL pool siRNA treatment (H). F, I Quantification of 
the fraction (%) of G2 cells showing centrosomes separated from the 
NE for at least 2 μm upon NCL siRNA treatment (F) and NCL pool 
siRNA treatment (I). IB, immunoblot. GAPDH, loading control. Error 
bars, mean +/− SEM. *P < 0.05, **P < 0.01, ****P < 0.0001. (D, 
G: Mann-Whitney test; E, F, H, I: unpaired t-test). Scale bar = 25 μm

◂
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Heesbeen et al. 2013). We analyzed the live cell movies of 
HeLa cells stably expressing EB1-GFP::H2B-mCherry to 
examine whether nucleolin is required for the timely onset 
and completion of NEB following separation. We observed 
that treatment with nucleolin siRNA led to a modest but 
consistent delay in the time taken from initial centrosome-
centrosome disengagement to the dissolution of the nuclear 
envelope, a phenotype that was reproducibly observed using 
both NCL and NCL pool siRNAs (Figs. 3A, B—“NCL”; 
E—“NCL pool”). Similarly, nucleolin siRNA treatment also 
led to a delay in the time taken to complete NEB, character-
ized by the disappearance of any remnants of a sharp bound-
ary demarcating the chromatin from the cytoplasm (Fig. 3A, 
C—“NCL”; F—“NCL pool”). To examine whether nucleolin 
is required for the progression of NEB itself once initiated, 
we analyzed the duration between NEB onset and NEB end 
in luciferase and nucleolin depleted cells. We observed no 
significant changes in NEB duration in nucleolin depleted 
cells as compared to controls (Fig. 3D—“NCL”; G—“NCL 
pool”). These observations suggested that nucleolin plays a 
role in ensuring the timely onset of nuclear envelope disinte-
gration at the beginning of mitosis, but not in its progression 
once initiated.

Nucleolin is required for maintaining spindle length 
in metaphase

Bipolar spindle formation and mitotic spindle integrity are criti-
cal for proper chromosome segregation (van Heesbeen et al. 
2014; Brouwers et al. 2017). Nucleolin is required for proper 
chromosome congression and maintenance of spindle pole 

integrity in mitosis (Ma et al. 2007; Ugrinova et al. 2007). In 
order to understand whether nucleolin has a role in regulating 
spindle length during mitosis, we depleted nucleolin in U2OS 
cells using sequence-specific siRNAs (NCL) and confirmed 
efficient knockdown by immunoblotting (Fig. 4A). We con-
firmed the efficiency of knockdown by quantifying protein 
levels in control and nucleolin depleted conditions by densi-
tometric analysis of the respective immunoblots (Fig. 4B). We 
performed immunofluorescence analysis of the cells, imaged 
them by confocal microscopy, generated three dimensional 
reconstructions from the depth stacks, and measured the 
distance between the spindle poles from the reconstructions 
(Fig. 4C). Examination of the inter-centrosomal distance at 
metaphase revealed a significant increase in the average mitotic 
spindle length, as depicted by the representative linescans of 
the inter-centrosomal spindle axes (Fig. 4D). The fluorescence 
intensity profile of gamma-tubulin (centrosomes) clearly 
peaked at the centrosomal area, but was significantly reduced 
along the spindle axis. The average distance between the two 
gamma tubulin peaks (x-axes of the linescans in Fig. 4D) was 
greater upon nucleolin siRNA treatment by about 12% as com-
pared to control treatment (Fig. 4E). These observations con-
firmed that nucleolin has essential roles in maintaining optimal 
metaphase spindle length during mammalian cell division.

Discussion

Nucleolin is a multifunctional protein that has been 
well studied for its functions in RNA binding, stability, 
translation (Ginisty et al. 1999; Tuteja and Tuteja 1998; 

Fig. 2   Nucleolin depletion leads to reduced inter-centrosome separa-
tion following NEB. A Representative stills from time-lapse videos 
of HeLa cells stably expressing H2B-mCherry (red, chromatin) and 
EB1-GFP (green, microtubule plus ends) upon treatment with the 
NCL siRNA. Arrowheads, centrosomes. B Inter-centrosome lin-

ear distance measured from analysis of live cell movies of the cells 
depicted in A after the indicated siRNA treatments. 90 G2 cells 
counted over three independent experiments per condition. Error bars 
= mean +/− SEM. ****P < 0.0001. (B: unpaired t-test). Scale bar = 
10 μm
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Mongelard and Bouvet 2007) and ribosome biogenesis 
(Srivastava and Pollard 1999). The role of nucleolin 
in mitosis had been reported in ensuring equatorial 
chromosome alignment (congression), maintaining 
kinetochore-microtubule attachment stability and to a 
lesser extent, in maintaining centrosome integrity in 

mitosis (Ma et al. 2007; Ugrinova et al. 2007). Here, we 
report novel functions of nucleolin in the early stages 
of mitosis in maintaining prophase centrosome-NE 
tethering, inter-centrosome separation during prophase, 
governing the timely onset of NEB, and in maintaining 
metaphase spindle length. Together, these observations 

Fig. 3   Nucleolin depletion leads to a delay in the onset of NEB. A 
Representative stills from time-lapse videos of HeLa cells stably 
expressing H2B-mCherry (red, chromatin) and EB1-GFP (green, 
microtubule plus ends), upon treatment with the indicated siR-
NAs. Time-stamps (min) included in the images. Arrowheads, cen-
trosomes, arrows, NE. B, E Time taken (min) from inter-centrosome 
disengagement to NEB onset upon treatment with the indicated siR-

NAs. C, F Time taken (min) from inter-centrosome disengagement to 
NEB end. D, G Time taken (min) from NEB onset to NEB end upon 
treatment with the indicated siRNAs. 90 G2 cells counted over three 
independent experiments per condition for B–D, and 60 G2 cells 
counted over two independent experiments per condition for E–G. 
Error bars = mean +/− SEM. (B–G: Mann-Whitney test). *P < 0.05, 
ns, non-significant. Scale bar = 25 μm
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reveal multifaceted roles for nucleolin in mammalian 
mitosis.

Our results reveal that nucleolin makes a significant func-
tional contribution in maintaining centrosome-NE attach-
ment (Fig. 1). Cytoplasmic dynein plays an important role in 
this function as well, with dynein depletion leading to severe 
centrosome detachment from the NE (Raaijmakers et al. 
2013; Kumari et al. 2021). The dynein motor is also known 
to exist in distinct complexes at various cellular locations 
(Purohit et al. 1999; Tynan et al. 2000). Taken together with 
the fact that nucleolin exists in multiple overlapping cellular 
pools as well (Berger et al. 2015), it is possible to envision a 
particular subcellular fraction of nucleolin, perhaps the cen-
trosomally localized pool (Gaume et al. 2015), collaborating 
with cytoplasmic dynein to enable centrosome-NE tethering. 
Interestingly, certain dynein populations begin to decorate 
centrosomes only from the entry to mitosis (Horgan et al. 
2011; Mahale et al. 2016a, b), suggesting the possibility of 
a mitotic collaboration between nucleolin and dynein to help 
anchor centrosomes to the NE. Indeed, nucleolin has been 
identified as an interactor of dynein in asynchronous mam-
malian cell cultures (Redwine et al. 2017).

In addition to the centrosome-NE detachment observed 
upon nucleolin siRNA treatment, we also observed reduced 
inter-centrosome separation at G2 (Fig. 2). Observations 
from the live imaging data showed that centrosome-cen-
trosome disengagement occurred normally in most cells; 
however, the inter-centrosome distance was lower on aver-
age upon nucleolin siRNA treatment than in control cells 
(Fig. 2). Inter-centrosome separation is governed by the 
outward pushing-apart of the disengaged centrosomes due 
to centrosomal astral microtubules nucleating in oppos-
ing directions (van Heesbeen et al. 2013). Nucleolin has 
been shown to be required for centrosomal microtubule 
nucleation (Gaume et al. 2015), which could have a direct 
role in mediating centrosome separation. Nucleolin may 
also contribute to centrosome separation through other 
mechanism(s). The microtubule plus end-directed motor 
kinesin 5 (Eg5) plays a major role in centrosome sepa-
ration by causing outward spindle microtubule sliding 
to separate the centrosomes (She et  al. 2022; Agircan 
et al. 2014; Smith et al. 2011; Ferenz et al. 2010), a mecha-
nism in which nucleolin could perhaps also be required. 
The demonstration of a functional or physical interaction 

Fig. 4   Nucleolin depletion leads to elongated metaphase spindles. 
A Western blot showing the depletion of nucleolin from U2OS cells 
after the indicated siRNA treatments. IB, immunoblot. GAPDH, 
loading control. B Densitometric quantification of band intensi-
ties from A to show the level of protein depletion. C Representative 
3-dimensional confocal immunofluorescence reconstructions of the 
cells in A under the indicated treatments. White spheres, centrosomes 

(spindle poles); red, alpha-tubulin (microtubules). D Representative 
linescans depicting the inter-centrosomal distance (spindle length, 
x-axis) under the indicated siRNA treatments. E Quantification of the 
average spindle length. 75 metaphase cells counted over three inde-
pendent experiments per condition. Error bars = mean +/− SEM. (E: 
Mann-Whitney test). ***P < 0.001. Scale bar = 3 μm
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of nucleolin with kinesin 5 would give credence to this 
hypothesis. Independent of Eg5, centrosome-NE-associ-
ated dynein, can also move individual centrosomes along 
the NE (van Heesbeen et al. 2013), as demonstrated by the 
depletion of either dynein, or the dynein adaptor BICD2 
(Raaijmakers et al. 2012). It would be logical to surmise 
that nucleolin may enable NE-associated dynein function 
in separating the prophase centrosomes as well. The over-
all effect of nucleolin depletion may very well be medi-
ated partially through both motors and will need detailed 
investigations to delineate.

Nucleolin is known to be present on G2 centrosomes in 
mammalian cells and is vital for microtubule nucleation 
in interphase (Gaume et al. 2015). Microtubule nucleation 
has been proposed to facilitate NEB by causing membrane 
rupture (Beaudouin et al. 2002). We observe that nucleo-
lin depletion leads to a mild delay in the onset of NEB in 
HeLa cells. Cytoplasmic dynein has been reported to be 
a key facilitating factor of NEB (Salina et al. 2002). Cer-
tain dynein subpopulations are known to be constitutively 
present at mammalian cell centrosomes throughout the 
cell cycle, while others arrive at centrosomes at mitotic 
onset (Horgan et al. 2011; Mahale et al. 2016a, b). It is 
attractive to imagine that the function of nucleolin in ena-
bling timely NEB onset could be in collaboration with 
either/both of these centrosomal dynein complexes. The 
cytoplasmic pool of nucleolin is likely to be the primary 
subpopulation responsible for both proper centrosome-NE 
attachment as well as timely NEB onset, since this popu-
lation would have access to the centrosome and/or the NE. 
Elucidation of the mechanisms underlying the function of 
nucleolin in timely NEB onset merits an independent and 
detailed investigation.

We observe a requirement for nucleolin in maintain-
ing proper mitotic spindle length, with nucleolin depletion 
leading to longer spindles (inter-polar distance) on average 
(Fig. 4). This effect is again reminiscent of dynein phe-
notypes, since dynein’s role in maintaining proper spin-
dle length is well documented (Gaetz and Kapoor 2004; 
Gatlin and Bloom 2010; Nannas et al. 2014; Raaijmakers 
et al. 2013; Mahale et al. 2016a; Tanenbaum et al. 2009). It 
is possible to envision a scenario wherein mitotic nucleolin 
collaborates with mitotic dynein populations to regulate 
spindle length, a model consistent with nucleolin being 
an interactor of dynein in interphase cells. Mitotic spin-
dle length is regulated by a balance between the opposing 
forces exerted on spindle microtubules by dynein and kine-
sin 5 (Eg5) (Ferenz et al. 2009; Tanenbaum et al. 2008). 
Nucleolin has also been reported to interact with multiple 
kinesin families in neuronal cells through its C-termi-
nal GAR domain (Doron-Mandel et al. 2021), although 
not specifically yet with kinesin 5. It remains to be seen 
whether nucleolin also interacts with kinesin(s) to control 

spindle length. Further studies into the possible interplay 
of nucleolin with these opposing motors have the potential 
to reveal deeper insights into its role in regulating spindle 
length.

Our study reveals a broad spectrum of mitotic func-
tions for nucleolin and opens up new questions in the 
field. RNA transcription and translation are known to be 
suppressed during mitosis (Michelotti et al. 1997; Heix 
et al. 1998; Sif et al. 1998; Sirri et al. 2000; Bonneau 
and Sonenberg  1987; Pyronnet and Sonenberg  2001; 
Tanenbaum et al. 2015). Nevertheless, it would be inter-
esting to explore whether nucleolin’s RNA-binding abil-
ity is required for mitotic functions. It would be equally 
interesting to explore whether a potential dynein-nucle-
olin mitotic interaction could be required for nucleolin’s 
mitotic functions, especially for regulating centrosome-NE 
attachment. Another attractive idea is to explore whether 
nucleolin could serve as a linker between the two oppo-
sitely directed dynein and kinesin motors to fine-tune the 
balance between them during the regulation of spindle 
length. Indeed, it would be worthwhile to examine which 
of the spectrum of nucleolin’s mitotic functions may be 
through a collaboration with one or the other microtubule-
based motors. Future investigations in these directions will 
clarify the mechanisms through which nucleolin performs 
its diverse array of mitotic functions.

Materials and methods

Cell culture, siRNA transfection, and cell 
synchronization

The H2B-mCherry::EB1-GFP stable cell line was a kind 
gift from Dr. Mahak Sharma, Indian Institute of Science 
Education and Research, Mohali, and U2OS cells a kind gift 
from Prof. Stephen J. Doxsey, University of Massachusetts 
Chan Medical School, Worcester, MA. Both cell lines were 
cultured in DMEM media (Invitrogen/Gibco) supplemented 
with 10% fetal bovine serum (FBS) and an antibiotic solu-
tion containing penicillin and streptomycin (HiMedia). Cells 
were cultured at 37 °C with 5% carbon dioxide and 95% 
humidity.

The siRNA sequences and respective working concen-
trations used in the study were Luciferase (Dharmacon; 
100 nM), 5′-CAU​UCU​AUC​CUC​UAG​AGG​AUGUU-3′; 
nucleolin (NCL, Dharmacon, 100 nM), 5′-AGA​GUU​UGC​
UUC​AUU​CGA​AUU-3′; NCL pool (35 nM, Mission esiRNA 
from Sigma-Aldrich, EHU080431). Individual siRNAs were 
transfected using Dharmafect 1 (Dharmacon) for 48 h. For 
late G2/prophase enrichment, HeLa and U2OS cells were 
arrested at the G1/S boundary by single thymidine treatment 
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for 18 h (2.5 mM, Sigma-Aldrich), followed by a washout 
and release for 8 h (for HeLa cells) and 9 h (for U2OS cells).

Antibodies and chemicals

The following primary antibodies were used: nucleolin 
(Bethyl labs A300-709A), GAPDH (DSHB S1-1588), 
alpha-tubulin (Abcam ab18251), gamma tubulin (Abcam 
ab11316). The following antibodies were procured from 
Jackson Immunoresearch USA: HRP-conjugated anti-mouse 
(715-035-150) and anti-rabbit (711-035152) secondary anti-
bodies for immunoblotting and fluorophore-attached anti-
mouse and anti-rabbit AlexaFluor 488–conjugated second-
ary antibodies (715-545-150) and anti-rabbit AlexaFluor 
594–conjugated secondary antibody (715-585-150) for 
immunofluorescence staining.

Western blotting (immunoblotting)

Cells were lysed by adding 2X Laemmli buffer contain-
ing 2-mercaptoethanol (Sigma) to the cells, followed by 
scraping and passing the sample through a syringe fitted 
with a 26-gauge needle a few times, boiled at 95 °C for 10 
min, and resolved by 10% SDS-PAGE followed by trans-
fer onto polyvinylidene difluoride membrane (PVDF, Mil-
lipore). After transfer, the membrane was blocked with 5% 
skimmed milk prepared in phosphate buffered saline con-
taining 0.1% Tween 20 (PBST), followed by overnight incu-
bation in the primary antibody at 4 °C. Following a 1 h wash 
after primary antibody incubation, horseradish peroxidase 
(HRP)-conjugated secondary antibody was incubated for 1 
h at room temperature. The blot was washed before being 
developed for chemiluminescence signal using the Lumi-
nata Forte reagent (Millipore WBLUF0500) and captured 
in the ImageQuant LAS-4000 gel documentation system 
(GE Healthcare). The dilutions used for the various primary 
and secondary antibodies were as follows: NCL 1:1,000; 
GAPDH 1:60; anti-rabbit HRP 1:10,000; and anti-mouse 
HRP 1:10,000. Whole-image brightness and contrast were 
adjusted in Adobe Photoshop for final figure preparation.

Immunofluorescence staining

U2OS cells were cultured on glass coverslips, washed with 
1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
and 2 mM KH2PO4, pH 7.2) before fixing them in chilled 
methanol. Fixed coverslips were transferred to a humidified 
chamber and rehydrated using 1x PBS for 10 min, followed 
by incubation in blocking solution (1% BSA, 1x PBS and 
Triton X-100) for 1 h at room temperature. Primary anti-
body incubation for 1 h at room temperature was followed 
by washing and incubation with the appropriate second-
ary antibodies for 1 h. Primary antibody dilutions used for 

immunofluorescence staining were as follows: gamma tubu-
lin 1:500; alpha-tubulin 1:800. Secondary antibodies (listed 
above) were used at a dilution of 1:800. After washing twice 
with 1X PBSAT and once with PBS, DAPI was added at 
1:10,000 dilution (from a 5 mg/ml stock solution) for 2 min, 
followed by washing twice with 1X PBS and once with 
deionized water (Millipore), and mounted on a frosted glass 
slide using Prolong Diamond antifade mounting medium 
(Invitrogen). Coverslips were dried overnight in the dark 
and stored at −20 °C until confocal/fluorescence imaging.

Fluorescence imaging and analysis

For live-cell imaging, HeLa cells stably expressing EB1-GFP 
and H2B-mCherry were maintained in DMEM supplemented 
with hygromycin and puromycin. Cells were grown on glass 
coverslips and transfected with siRNAs. Following 24 h of 
transfection, cells were treated with thymidine (2.5 mM) for 
18 h to enrich cells at S-phase. Cells were then washed twice 
with PBS and incubated in DMEM for 8 h to enrich cells at the 
G2 phase. Set up for live-cell imaging was performed using 
a customized aluminum slide containing 12 mm chambers as 
described earlier (Mahale et al. 2016a). Time-lapse images 
with z-stacks containing planes 0.5 μm apart were acquired 
every 5 min for 12 h on a Leica TCS SP8 laser scanning optical 
confocal microscope using an HCX PL APO CS 63x-1.4 NA 
oil-immersion objective fitted in a humidified heating chamber 
(OkoLab) maintained at 37 °C. All image acquisition settings 
were kept identical for control and test samples. The Leica 
LASX software was used to control various imaging param-
eters during image acquisition as well as for post-acquisition 
image analysis. Fluorescence images were analyzed for meas-
uring centrosome-NE distance, inter-centrosome distance, 
NEB onset, and NEB end times, starting from inter-centro-
some disengagement during G2 phase using the Leica LASX 
offline image analysis software. Representative immunofluo-
rescence images shown are 3D reconstructions made using 
the Imaris software suite (v5.7, Bitplane). Micrographs were 
imported into the Adobe Photoshop CS6/Photoshop v22.0 at 
300-dpi resolution.

Quantification of NE‑centrosome distance, 
inter‑centrosome distance, NEB onset/end timings, 
and mitotic spindle length

NE-centrosome distance was measured by drawing a line 
connecting the nuclear envelope and centrosomes using 
the Leica LASX software. Inter-centrosome distances were 
measured by drawing a line connecting both the centrosomes 
at the end of prophase using the Leica LASX software. NEB 
onset/end timings were measured from inter-centrosome 
disengagement to the NEB start/end respectively in min-
utes, using the Leica LASX software. Spindle length was 
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measured as the distance between the two centrosomes 
(gamma tubulin spots) using the Imaris software suite. 
Briefly, the inter-polar distance was measured by drawing 
spheres of 2 μm using the “spot function” to select the spin-
dle poles and then measuring the linear distance between the 
two spots using the “measurement function”.

Statistical analysis

Statistical analysis and representation of the data were 
done using the Prism 7 software (GraphPad Software). 
Data was first analyzed for normality, and the appropriate 
downstream statistical test(s) performed as indicated in the 
figure legends. Data are presented as mean ± SEM. The 
sample sizes are specified in the figure legends for all the 
quantitative data. Error bars represent SEM from at least 
three independent experiments.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00412-​023-​00808-4.
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