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Introduction

Nuclear pore complexes (NPCs) are macromolecular assemblies 
that bridge the double membrane of the nuclear envelope (NE) 
and control nucleocytoplasmic transport in interphase cells.1-4 
The vertebrate NPC is composed of ~30 different proteins, 
called nucleoporins (Nups), which include Nup153. Nup153 
resides on the nuclear side of the NPC and immuno-electron 
microscopy (EM) analysis revealed that the N-terminal and 
central zinc-finger domains of Nup153 are anchored to different 
sites within the NPC’s nuclear basket.5 The localization of the 
Nup153 C-terminal domain, which mediates interactions with 
soluble nuclear transport receptors, is variable and dependent on 
the nucleocytoplasmic transport state.5,6 Through its interactions 
with various nuclear transport receptors, Nup153 is known to be 
critical for both nuclear import and export.7-11

Further support for the importance of Nup153 has resulted 
from RNA interference (RNAi) studies showing that it is required 
for maintaining the structural integrity of the nuclear basket 
and the survival of both tissue culture cells and C. elegans.11-13 
Nup153 also plays a role in NE breakdown in Xenopus nuclei14,15 
and in dosage compensation in Drosophila.16 In addition, chro-
mosomal rearrangements of NUP153 are associated with its 
increased expression in urothelial and retinoblastoma cancer.17,18 

The nucleoporin Nup153 is known to play pivotal roles in nuclear import and export in interphase cells and as the cell 
transitions into mitosis, Nup153 is involved in nuclear envelope breakdown. In this study, we demonstrate that the in-
teraction of Nup153 with the spindle assembly checkpoint protein Mad1 is important in the regulation of the spindle 
checkpoint. Overexpression of human Nup153 in HeLa cells leads to the appearance of multinucleated cells and induces 
the formation of multipolar spindles. Importantly, it causes inactivation of the spindle checkpoint due to hypophospho-
rylation of Mad1. Depletion of Nup153 using RNA interference results in the decline of Mad1 at nuclear pores during 
interphase and more significantly causes a delayed dissociation of Mad1 from kinetochores in metaphase and an increase 
in the number of unresolved midbodies. In the absence of Nup153 the spindle checkpoint remains active. In vitro studies 
indicate direct binding of Mad1 to the N-terminal domain of Nup153. Importantly, Nup153 binding to Mad1 affects Mad1’s 
phosphorylation status, but not its ability to interact with Mad2. Our data suggest that Nup153 levels regulate the local-
ization of Mad1 during the metaphase/anaphase transition thereby affecting its phoshorylation status and in turn spindle 
checkpoint activity and mitotic exit.
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Furthermore, Nup153 is a positive regulator of Hedgehog sig-
naling19 and it is required for centrosome reorientation during 
cell migration in neurons.20 These results suggest that Nup153 
is involved in differentiation and tissue development and that 
altering either the amount of Nup153 or its function is related 
to human disease. The mechanistic basis for Nup153 function 
in these different cellular processes has remained largely elusive. 
Many of these functions, however, point to a role in cell cycle 
regulation. A putative role for Nup153 in cell cycle regulation 
is further supported by the notion that Nup153 appears to be 
required for the localization of the spindle assembly checkpoint 
(SAC) protein Mad1 to NPCs in interphase cells.21

The SAC acts to prevent chromosome mis-segregation and 
aneuploidy by delaying the metaphase-anaphase transition until 
all chromosomes are properly attached to the mitotic spindle 
and aligned at the metaphase plate.22 Two SAC proteins, Mad1 
and Mad2, are located at NPCs in interphase cells.23,24 Mad2 
is thought to play a key role for mitotic checkpoint because of 
its inhibitory effect on the anaphase promoting complex/cyclo-
some (APC/C).22,25 The binding of Mad2 to Mad1 and Cdc20, 
a co-factor of APC/C, is thought to be crucial for Mad2 func-
tion. Loss of the interaction between these proteins results in an 
impaired SAC, aneuploidy and failed cytokinesis.22,25 The role of 
Mad1 during metaphase/anaphase transition on the other hand 



(Fig. 2C; see also Fig 1F). Multinucleation was not observed in 
23 untransfected HeLa cells that were followed through mito-
sis by live cell imaging (data not shown). Together these data 
indicate that multinucleation in the presence of increased GFP-
Nup153 levels in the cells is a consequence of failed cytokinesis 
and abnormal chromosome separation.

To further support this notion, we performed cell sorting 
and flow cytometric analysis to determine the DNA content of 
nuclei isolated from cells expressing GFP-Nup153 (nuclei, not the 
intact cells) as compared to nuclei from untransfected control 
cells. Our analysis revealed changes in ploidy in nuclei express-
ing GFP-Nup153 compared to nuclei from untransfected cells  
(Fig. 2D and E). GFP-Nup153 nuclei show a strong increase in 
aneuploidy indicated by both low N nuclei (Fig. 2E, arrow) as 
well as a substantial increase in high N nuclei (Fig. 2E, inset) 
compared to control nuclei (15.2 ± 5.1% versus 1.2 ± 0.2% aneu-
ploid cells). In both populations, the percentage of nuclei in G

1
, S 

and G
2
 phase of the cell cycle, respectively, and the overall G
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:G
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ratio were similar (Fig. 2D–F), indicating missegration of chro-
mosomes and/or failed cytokinesis, while DNA synthesis appears 
to be unaffected.

Expression of Nup153 induces multipolar spindles. Our data 
suggest a possible link between Nup153, mitotic spindle function 
and completion of cytokinesis. To better understand the effect of 
Nup153 on these processes, HeLa cells stably expressing histone 
H2B-GFP were transfected to express GFP-Nup153 and immu-
nostained for actin and microtubules, two key players in cell divi-
sion.30 Whereas these cells displayed a normal actin cytoskeleton 
in interphase and at the cleavage furrows in mitosis (not shown), 
we observed alterations in the microtubule networks (Fig. 3A–C). 
Cells expressing GFP-Nup153 displayed a substantial increase in 
the number of aberrant mitoses, shown by multipolar spindles 
(Fig. 3A and B) and lagging chromosomes (Fig. 3C). In con-
trols, 6% (5.8 ± 1.8%) of the mitotic cells displayed multipolar 
spindles, while ~26% (26.2 ± 3.7%; p < 0.005) of GFP-Nup153 
expressing cells exhibited multipolar spindles (Fig. 3G).

Nup153 is a multi-domain protein and we next aimed to 
determine which domain of Nup153 was responsible for the aber-
rant mitosis phenotype. To do so, various truncations of Nup153 
were prepared. The N-terminal domain of Nup153 harbors the 
NPC assembly region (NPAR), residues 39 to 339.31 The NPAR 
is sufficient to target Nup153 to the NPC, but lacks residues that 
are required to target soluble proteins, such as nuclear transport 
receptors, to the inner nuclear membrane.31,32 When fused to 
GFP and transfected into HeLa cells, GFP-Nup153-39-339 asso-
ciates with NPCs and the nucleoplasm (Fig. S3A), aggregates 
in intranuclei foci, induces nuclear deformation (Fig. S3B), and 
multinucleation (Fig. S3C and D). Moreover, GFP-Nup153-39-
339 causes multipolar spindle formation in ~25% of the mitotic 
cells (24.7 ± 2.5%; p < 0.005) as revealed by staining with an 
antibody against β-tubulin (Fig. 3D). Further truncating the 
NPAR into two fragments, residues 39–144 and 145–339, 
revealed that residues 145–339 induced multipolar spindles in 
~20% of the mitotic cells (Fig. 3E and I; 19.2 ± 5.5%; p < 0.005) 
and are targeted to the nucleus (Fig. S3E–H). GFP-Nup153-39-
144 is found in the cytoplasm and nucleus (Fig. S3I–M) and 

appears regulatory as the depletion of Mad1 results in SAC defi-
ciency without significantly altering the duration of mitosis.22

The function of the SAC proteins at the NPC has remained 
largely elusive, although it has been suggested that the NPC may 
play a role in the duration of the SAC.26,27 Here, we have exam-
ined the effect of altering Nup153 expression in HeLa cells and 
found that Nup153 levels affect spindle checkpoint activity due 
to binding of Nup153 to the SAC protein Mad1.

Results

Enhanced levels of Nup153 lead to multinucleation and multi-
lobulation of cells. To gain further insights into Nup153 func-
tion, we analyzed the effects of altering Nup153 levels in HeLa 
cells. Following transfection with GFP-human Nup153 (GFP-
Nup153), cells with low to moderate expression levels displayed 
typical nucleoporin staining patterns at the NE (Fig. 1A), while 
higher expression levels resulted in dramatic alterations in nuclear 
architecture. These alterations include misshapen nuclei and the 
accumulation of GFP-Nup153 in intranuclear foci that are fre-
quently associated with the NE (Fig. 1B and C) as has been pre-
viously described.7 Moreover, enhanced levels of GFP-Nup153 
cause highly lobulated nuclei (Fig. 1D–F) with some similari-
ties to so-called flower cells.28 Most strikingly, the accumulation 
of GFP-Nup153 induces the formation of multinucleated cells  
(Fig. 1F–L). The NEs of nuclei in multinucleated cells have an 
abnormal nuclear shape and are more invaginated than NEs in 
cells containing a single nucleus. In addition, nuclei in multi-
nucleated cells frequently appear to be closely apposed to each 
other, lending to the impression that their envelopes are fused 
in certain regions (Fig. 1G and J, arrows). These fusions are also 
detectable on electron microscopy levels (Fig. S1). Further work 
will be needed to elucidate the actual nature of these fusions.

Overexpression effects of Nup153 were not restricted to 
HeLa cells as the same phenotypes were obtained in HEK293 
and Xenopus A6 cells following transfection with GFP-Nup153  
(Fig. S2A and B), while expression of other nucleoporins, i.e., 
Nup358/RanBP2, Nup62, Nup88 (not shown) and Tpr (Fig. 
S2D–F), or GFP alone (Fig. S2C) did not result in nuclear foci, 
nuclear lobulation or multinucleation. These experiments indicate 
that overexpression of GFP-Nup153 can cause rearrangements in 
the nuclear envelope indicated by lobulation of the nuclei and 
multinucleation, which implies abnormal mitosis.

Enhanced levels of Nup153 lead to multinucleation in live 
cells. Multinucleation of cells can be a consequence of various 
alterations in cell division, such as altered chromosome separa-
tion or failures of the spindle checkpoint and cytokinesis.29 To 
determine how cells become multinucleated, we studied the 
effect of GFP-Nup153 overexpression in HeLa cells by live cell 
imaging. A representative series of time-lapse images shows a nor-
mal cell division (Fig. 2A) compared with an abnormal mitotic 
progression without cytokinesis in a cell containing an apparent 
tri-polar spindle culminating in a cell with at least two nuclei 
(Fig. 2B). Even more striking, progression through mitosis 
without cytokinesis of a cell with an apparent multipolar spin-
dle resulted in a multinucleated cell with more than 10 nuclei  
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Nup153 levels affect the spindle assembly checkpoint. 
Abnormal mitoses with lagging chromosomes and multipolar 
spindles indicated a weakened SAC and two SAC factors, Mad1 
and Mad2, are known to localize to NPCs in interphase cells. 

the number of cells with multipolar spindles is not significantly 
increased (12.1 ± 2.2%; Fig. 3I). Together these data show that 
the NPAR of Nup153 and in particular residues 145–339 inter-
fere with normal mitoses.
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Figure 1. Overexpression of human Nup153 causes changes in nuclear shape and aberrant mitosis. HeLa cells were transfected with GFP-Nup153 and 
visualized by direct fluorescence microscopy 48 hours post transfection. (A) At lower expression levels GFP-Nup153 localizes to nuclear pore com-
plexes as indicated by a typical rim staining, whereas at higher levels (B–E) GFP-Nup153 accumulates in the nucleus close to the nuclear envelope and 
causes strong lobulation of nuclei. (F–L) Enhanced levels of GFP-Nup153 lead to the appearance of multinucleated cells and in some cases micronuclei 
(F). Arrows in (G and J) mark nuclei of multinucleated cells, which appear to be closely apposed to each other or fused in certain regions. Shown are 
confocal fluorescence micrographs (A–F, G and J), differential-interference-contrast (H and K) and coincident fluorescence/differential-interference-
contrast images (I and L). Scale bars, 5 μm (A–E), 10 μm (F–L).
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Figure 2. For figure legend, see page 75.
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In turn, the Mad1- and Mad2-binding 
nucleoporins may have some activity 
during mitosis. Several nucleoporins 
appear to mediate the association of the 
Mad1-Mad2 complex to the NPC24,26,33 
and Nup153 has been suggested to be 
required for Mad1 localization.21,26 To test 
if Nup153 function in mitosis is related 
to the spindle checkpoint, we exam-
ined the potential interaction between 
Nup153 and Mad1 by indirect immuno-
fluorescence and found that Mad1 in fact 
colocalizes with NPCs as indicated by a 
punctated nuclear rim staining, typical 
for nucleoporins (Fig. 4A, top) and con-
sistent with previously published data.23

To more precisely determine the posi-
tion of Mad1 within the NPC, we next 
performed immuno-EM using Xenopus 
oocyte nuclei. Nuclei were isolated man-
ually and incubated with an anti-Mad1 
antibody directly conjugated to 8-nm 
colloidal gold and processed for thin-sec-
tioning EM. As illustrated in Figure 4B, 
the Mad1 antibody recognizes distinct 
epitopes on the nuclear side of the NPC. 
Quantification of the gold particle distri-
bution with respect to the central plane 
of the NE revealed the major epitope, 
with about 50% of the gold particles, 
at distances of -10 to -50 nm from the 
central plane with a peak at -28.8 nm  
(±8.5 nm). Together with corresponding 
radial distances of 0 to 30 nm (peak at 
19.1 nm ± 14.2 nm) this corresponds to 
an epitope at the nuclear ring moiety of 
the NPC.

We have previously mapped the 
N-terminal domain of Nup153 to the 
nuclear ring moiety of the NPC5 and 
compared the localization of Nup153 
with the Mad1 epitope at the nuclear 
ring. As shown in Figure 4B (right), both 
antibody epitopes are overlapping, indi-
cating that in fact about 50% of Mad1 
colocalizes with Nup153’s N-terminal 
domain. The remaining 50% of Mad1 
epitopes are found within the nuclear 
basket of the NPC (Fig. 4B), consistent 

Figure 2. High levels of Nup153 expression interfere with cytokinesis and induce aneuploidy. GFP-Nup153 (green) and phase contrast time-lapse 
images of HeLa cells 48 hours post transfection and their progression through mitosis are presented. (A) Normal cell division and (B and C) nuclear 
division without cell separation can be observed. Scale bars, 10 μm (A), 5 μm (B and C). Nuclei from HeLa cells expressing GFP-Nup153 48 h post 
transfection were prepared for flow cytometry by staining DNA with propidium iodide and control cells not expressing GFP (D) were compared 
with GFP-Nup153 cells (E). Whereas no significant effect on cell cycle progression as demonstrated by the G1:G2 ratio was detectable, there was a 
significant increase in the number of aneuploid nuclei in GFP-Nup153 expressing cells. Insets are 6x enlarged in the vertical axis showing a substantial 
increase in high N nuclei in cells expressing GFP-Nup153. (F) Quantification of the cell cycle profiles from six independent experiments.

Figure 3. Overexpression of the nuclear pore complex assembly region (NPAR) of Nup153 
induces mitotic abnormalities. HeLa cells expressing histone H2B-GFP were transfected with GFP-
Nup153 (A–C), GFP-Nup153-39-339 (D; i.e., the NPAR of Nup153), GFP-Nup153-39-144 (E) or 
GFP-Nup153-145-339 (F) and prepared for immunofluorescence 48 hours post transfection using 
monoclonal antibodies directed against β-tubulin (E and F). Cells expressing either GFP-Nup153, 
GFP-Nup153-39-339, or GFP-Nup153-145-339 showed poor spindle morphology and a strong 
increase in the frequency of multipolar spindles (A, B, D and E) and lagging chromosomes (C). Cells 
expressing the N-terminal portion of the NPAR, GFP-Nup153-39-144, show predominantly normal 
bipolar spindles (F). Scale bars, 5 μm. (G) Quantification of the number of multipolar spindles 
among mitotic cells. Cells were significantly more likely to have multipolar mitotic spindles when 
expressing Nup153 (26.2 ± 3.7%), Nup153-39-339 (24.7 ± 2.5%), or GFP-Nup153-145-339  
(19.2 ± 5.5%) than control cells or cells expressing Nup153-39-144. Spindles were counted from 
3–4 independent experiments with typically 100–200 spindles per experiment.
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Figure 4. Nup153 interacts with the spindle checkpoint protein Mad1. (A) Mad1 localizes to nuclear pore complexes (NPCs) in interphase cells. 
HeLa cells were double immunostained with a polyclonal antibody against Nup153 and a monoclonal antibody against Mad1. Scale bars, 5 μm. (B) 
Immuno-electron microscopy localization of Mad1 in Xenopus oocyte nuclei. Nuclei were isolated manually and labeled with a monoclonal Mad1 
antibody directly conjugated to 8 nm colloidal gold. Mad1 localizes to the nuclear side of the NPC with several epitopes at the nuclear basket (left). 
Quantification of the gold particle distribution revealed that about 50% of the gold particles were associated with the nuclear ring moiety of the NPC 
(middle). The epitope at the nuclear ring moiety that is recognized by the Mad1 antibody overlaps with the epitope that is recognized by an antibody 
against the N-terminal domain of Nup153,5,11 as shown schematically by elliptic location clouds (right). Scale bar, 100 nm. (C) Total HeLa extracts 
from unsynchronized or nocodazole arrested cells were immunoprecipitated using either anti-Mad1 or anti-Nup153 antibody. Equivalent amounts 
of HeLa extracts (L), unbound immune supernatants (U) and bound immune precipitate (B) were separated by SDS-PAGE and analyzed by immuno-
blotting using Mad1 and Nup153 antibodies. Immunoprecipitations brought down the corresponding protein. (D) Bacterially expressed GST-Nup153, 
GST-Nup153-N, GST-Nup153-N339 and GST were bound to glutathione beads then incubated with in vitro-synthesized 35S-labeled Mad1. Expressed 
and purified GST was unable to bind 35S-Mad1 while all truncations of GST-Nup153 containing the NPAR region bound 35S-Mad1. Unbound and bound 
fractions were analyzed by SDS-PAGE and autoradiography.
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throughout the cell cycle. Under the same conditions, Mad2 was 
found to co-precipitate with Mad1 antibodies (Fig. S4B), but 
not with Nup153 (Fig. S4C), indicating that Nup153 specifically 
interacts with Mad1. Furthermore our data imply that no tri-
meric Nup153-Mad1-Mad2 complexes exist in the cell, but rather 
separate Nup153-Mad1 and Mad1-Mad2 complexes.

To determine which domain of Nup153 interacts with Mad1, 
we next performed solution-binding assays. Purified recombi-
nant Nup153 domains fused to GST were attached to glutathi-
one sepharose beads and incubated with in vitro transcribed and 
translated 35S-labeled Mad1. Mad1 interacts with GST-Nup153, 
with the N-terminal domain of Nup153 (GST-Nup153-N, i.e., 
residues 2–610) and a truncation of the N-terminal domain com-
prising the first 339 residues of Nup153 (GST-Nup153-N339), 
but not with GST alone (Fig. 4D). Together these data indi-
cate that the interaction of Nup153 with Mad1 is mediated by 
Nup153’s NPAR.

Nup153 affects the spindle checkpoint. We next explored 
the functional significance of the Nup153-Mad1 interac-
tion on the spindle checkpoint. To do so, we treated control,  

with Mad1 having multiple binding partners at the NPC.21,33 In 
contrast to Mad1, Mad2 was not found in close proximity to 
Nup153. Antibodies against Mad2 conjugated to 8-nm colloidal 
gold recognized distinct epitopes in the centre as well as on the 
cytoplasmic face of the NPC (Fig. S4).

Nup153 and Mad1 are directly interacting. To further 
confirm that Nup153 interacts with Mad1 at NPCs, lysates 
from HeLa cells were immunoprecipitated both with antibod-
ies directed against Mad1 (Fig. 4C, top) and Nup153 (Fig. 4C, 
middle). The HeLa extracts, supernatant and pellet proteins were 
separated by SDS-PAGE, transferred to a PVDF membrane and 
probed with antibodies to Nup153 and Mad1. This set of experi-
ments demonstrated that Nup153 associates with Mad1 in HeLa 
cells, while Mad1 antibodies do not recognize protein G-agarose 
beads alone (Fig. S6). To elucidate if the interaction between 
Nup153 and Mad1 is maintained during mitosis, we prepared 
lysates from HeLa cells that had been arrested in mitosis after 
treatment with nocodazole. Mitotic lysates that were immuno-
precipitated with antibodies against Mad1 co-precipitated Nup153 
(Fig. 4C, bottom), indicating that Nup153 and Mad1 interact 

Figure 5. Enhanced levels of Nup153 affect spindle checkpoint activity. (A) Phase contrast images of untransfected HeLa cells or cells that were 
transfected with control siRNA, Mad1 siRNA, Nup153 siRNA, GFP-Nup153 or GFP-Nup153 and GFP-Mad1, respectively, and treated with nocodazole 
for 20 hours to activate the spindle checkpoint. Whereas untransfected or GFP-Nup153/GFP-Mad1 transfected HeLa cells or cells treated with con-
trol and Nup153 siRNAs rounded up and arrested in mitosis, cells treated with Mad1 siRNA or expressing GFP-Nup153 did not. (B) HeLa cells were 
transfected with siRNAs or GFP-Nup153, respectively, and treated with nocodazole for 20 hours. After nocodazole treatment, cells were stained with 
a phospho-histone H3 antibody and immunofluorescence microscopy was performed. Quantification of the mitotic index by counting the population 
of cells positive for phospho-histone H3 staining (n > 300). (C) Total HeLa extracts from GFP-Nup153 transfected and untransfected nocodazole 
arrested cells were immunoprecipitated using anti-Mad1 antibody. Equivalent amounts of HeLa extracts (L), unbound immune supernatants (U) and 
bound immune precipitate (B) were separated by SDS-PAGE and analyzed by immunoblotting using an anti-pSTY antibody (αpSTY) that specifically 
recognizes a phosphorylated serine/threonine/or tyrosine residue and an anti-Mad2 antibody. Asterisks mark the antibody light chain. Immunoblotting 
using anti-Mad1 verified the immunoprecipitation of Mad1.
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in control cells, but only 17.8% in the GFP-Nup153 transfected 
cells. The amount of Mad2 that co-precipitated with Mad1 was 
not affected in cells expressing GFP-Nup153 (Fig. 5C, left) or 
Nup153-depleted cells (Fig. 5C, right). Together these data sug-
gest that increased levels of Nup153 abrogate SAC function by 
impairing Mad1 phosphorylation without affecting its associa-
tion with Mad2. However, we cannot rule out that the decrease 
in Mad1 phosphorylation is at least in part due to different cell 
cycle stages as GFP-Nup153 expressing cells have an impaired 
SAC and do not arrest in mitosis as compared to control cells. 
Reduced levels of Nup153 on the contrary do not impair Mad1’s 
phosphorylation status, leaving the SAC functional.

Nup153 levels affect Mad1 localization. To explore how 
Nup153 might affect Mad1 phosphorylation, we tested whether 
Nup153 is important for regulating the localization of Mad1 in 
interphase and/or mitosis. To do so, Nup153 was depleted from 
HeLa cells using RNA interference. Transfection of HeLa cells 
expressing histone H2B-GFP with short interfering (si) RNAs 
resulted in an 80% reduction in Nup153 both at the mRNA 
and protein levels as determined by quantitative real-time PCR 
(qRT-RCR) and immunoblotting, respectively (Fig. S7A and B). 
Under these conditions the HeLa cells remain viable, whereas a 
more complete knock down causes growth arrest of the cells.12 
The siRNAs specifically depleted Nup153 from NPCs without 
co-depleting other nucleoporins, such as Nup62 or Tpr as ana-
lyzed by western blotting (Fig. S7B) and immunofluorescence 
(Fig. S7D). Additionally, qRT-PCR demonstrated that Tpr 
mRNA was also not reduced (Fig. S7C). These results are at vari-
ance with a recent study, where a near complete loss of Nup153 
resulted in a Tpr mislocalization and a reduction in its protein 
level.35 These discrepancies likely result from the different levels 
of Nup153 depletion (~80% versus ~100%).

Having determined that our siRNA treatment specifically 
affected Nup153, we studied the effect of Nup153 depletion on 
Mad1 localization throughout the cell cycle.

This resulted in a reduced localization of Mad1 at the NPC in 
interphase (Fig. 6A), indicating that Nup153 is in part required 
for Mad1 binding to the NPC. As cells progress through mito-
sis, Mad1 localization at kinetochores in prometaphase remains 
unchanged in the presence or absence of Nup153 (Fig. 6A). 
However, in metaphase, Mad1 dissociates from kinetochores and 
is found dispersed in control cells, whereas it remains associated 
with kinetochores in Nup153-depleted cells. Moreover, in telo-
phase, the recruitment of Mad1 to the newly formed NE is inef-
ficient in the absence of Nup153 (Fig. 6A).

We next performed co-localization experiments of GFP-
Nup153 with Mad1 and determined that by indirect immu-
nofluorescence Mad1 and GFP-Nup153 colocalize at the NE 
and in the intranuclear GFP-Nup153 foci of interphase cells  
(Fig. 6B). We have not observed colocalization with GFP-Nup153 
foci for Tpr (Fig. S7), other FG-repeat nucleoporins recognized 
by the mAb414 antibody or the nuclear lamina protein lamin A 
and only partially with lamin B2 (not shown), indicating that 
Nup153 overexpression specifically perturbs Mad1 localization. 
Nup153 overexpression most likely also affects Mad1 localization 
during mitosis, however, our attempts to colocalize GFP-Nup153 

Nup153-depleted (see below), Mad1-depleted (80% reduction of 
Mad1 mRNA as determined by qRT-PCR; data not shown) and 
GFP-Nup153 expressing HeLa cells, respectively, with nocoda-
zole to activate the spindle checkpoint and analyzed their ability 
to arrest in mitosis by light microscopy. As shown in Figure 5A, 
HeLa cells as well as HeLa cells transfected with control siRNA 
rounded up and became arrested in mitosis upon nocodazole treat-
ment for 20 hours. Similarly, Nup153 depleted cells were able to 
arrest in mitosis. In contrast, cells overexpressing GFP-Nup153 or 
depleted for Mad1 failed to arrest in mitosis. Although unlikely, 
a lack of mitotic cells after nocodazole treatment could also be 
due to a G

1
 and a G

2
 arrest upon overexpression of Nup153. To 

exclude this possibility, HeLa cells transfected with GFP-Nup153 
were subjected to a double thymidine block to study their ability 
to progress into mitosis after release. Cells overexpressing GFP-
Nup153 were able to enter mitosis, similarly to various control 
cells (Fig. S5).

Together our data therefore indicate that enhanced Nup153 
levels disable a functional checkpoint. To test if Nup153 in fact 
directly affects the SAC via Mad1, we co-expressed GFP-Nup153 
together with GFP-Mad1. GFP-Mad1 was found to localize to 
NPCs in interphase cells and to kinetochores in prometaphase 
(data not shown), indicating that it is functional. HeLa cells 
that were co-transfected with GFP-Nup153 and GFP-Mad1 
were found to arrest in mitosis when treated with nocodazole  
(Fig. 5A), suggesting that Nup153 directly acts on the SAC via 
Mad1.

To further examine whether cells were in mitosis following 
nocodazole treatment, cells were immunostained with anti-
bodies directed against histone H3 phosphorylated on Ser10. 
Cells expressing GFP-Nup153 were substantially decreased in 
their mitotic index (20%) as compared to control cells (60%). 
Similarly Mad1-depleted cells exhibited a low mitotic index 
(6%), while Nup153-depleted cells and cells co-expressing 
GFP-Nup153 and GFP-Mad1 were more similar to controls  
(50%; Fig. 5B). Together these data indicate that enhanced levels 
of Nup153 abrogate SAC function, while the SAC remains intact 
in the absence of Nup153.

A functional SAC requires the interaction between Mad1 and 
Mad2. Mad1 is a phosphoprotein and hyperphosphorylated when 
bound to Mad2 in mitosis and phosphorylation of Mad1 is critical 
for SAC function.34 To determine if Nup153 effects Mad1 phos-
phorylation, we conducted co-immunoprecipitation experiments 
of cells after nocodazole treatment. We immunoprecipitated 
Mad1 from lysates of nocodazole arrested HeLa cells that were 
either transfected with GFP-Nup153 or Nup153 siRNAs using a 
monoclonal Mad1 antibody. Mad1 phosphorylation was assessed 
by western blotting using an antibody that recognizes a phospho-
rylated serine/threonine/or tyrosine residue (α-pSTY). Indeed, 
the α-pSTY antibody detected phosphorylated Mad1 in control 
cells, whereas the levels of phosphorylated Mad1 were reduced by 
~10% in GFP-Nup153 transfected cells (Fig. 5C, left), but not in 
Nup153-depleted cells (Fig. 5C, right). Neither the Mad1 nor the 
pSTY antibody was found to bind to the protein G-agarose beads 
alone (Fig. S6). Quantification of the band intensity revealed 
that about 28% of the precipitated Mad1 was phosphorylated 
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Figure 6. Localization of the spindle assembly checkpoint protein Mad1 is dependent on Nup153. (A) HeLa cells expressing histone H2B-GFP were 
transfected with control or Nup153 siRNAs, fixed and stained with anti-Mad1 antibodies. Control nuclei displayed a significant localization of Mad1 at 
the nuclear rim, while cells depleted for Nup153 lost Mad1 from the nuclear rim. Mad1 localizes to kinetochores in prometaphase cells and dissociates 
from the kinetochores in mitosis, before it is recruited back to the NE in telophase (left). In the absence of Nup153, Mad1 is present at kinetochores in 
prometaphase, where a significant pool remains during mitosis. Mad1 recruitment to the reforming NE in telophase is impaired in cells lacking Nup153 
(right). (B) Overexpression of GFP-Nup153 perturbs Mad1 localization in HeLa cells. HeLa cells were transiently tranfected with GFP-Nup153 and 
immunostained with a Mad1 antibody. Mad1 colocalizes with GFP-Nup153 foci in the nucleus (bottom), while both proteins reside at NPCs in control 
cells stained with antibodies against Mad1 and Nup153, respectively. Scale bars, 5 μm.
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control siRNA underwent normal cytokinesis 
(Fig. 7A). In contrast, Nup153-depleted cells 
co-immunostained with an anti-β-tubulin 
antibody frequently showed abnormal mid-
bodies and peripheral midbody remnants 
(Fig. 7B and C), prolonged persistence of 
midbodies in interphase cells (Fig. 7D) and 
unresolved midbodies between multiple cells 
(Fig. 7E). These effects are consistent with 
delayed and abortive cytokinesis.36-38 Overall, 
the number of midbodies in Nup153-depleted 
cells was twice that of control cells (Fig. 7F). 
Failed cytokinesis upon Nup153 depletion does 
not affect the ploidy of the nuclei or cell cycle 
progression as monitored by flow cytometry of 
isolated nuclei from Nup153-depleted cells as 
compared to nuclei isolated from cells treated 
with control siRNA (Fig. S8). Together, these 
data indicate that Nup153 depletion results in 
delayed and/or aborted cytokinesis.

Discussion

NPCs control the trafficking of macromole-
cules between the nucleus and the cytoplasm of 
interphase cells and the nucleoporin Nup153 is 
a critical player in both nuclear import as well 
as export. Besides their function in interphase, 
it has become evident that many nucleoporins 
have important roles in mitosis, such as the 
nucleoporins of the Nup107-160 complex or 
Nup358.39-42 The mitotic function of nucleo-
porins is often associated with their localiza-
tion to kinetochores in mitosis, while on the 
other hand kinetochore proteins, such as the 
SAC proteins Mad1 and Mad2 are found at 
NPCs during interphase.23 In this study we 
show that Nup153 binds directly to Mad1 and 
that Nup153 expression levels regulate Mad1 

phosphorylation, which in turn modulates checkpoint activity.
Altered Nup153 levels are associated with abnormal mitosis. 

To gain further insight into the cellular function(s) of Nup153 
we have altered its expression levels in HeLa cells and found that 
enhanced levels of Nup153 coincide with a number of nuclear 

and Mad1 in mitotic cells were inconclusive likely due to a tem-
porary interaction between Mad1 and Nup153.

Depletion of Nup153 causes cytokinetic abnormalities. To 
further examine the role of Nup153 in mitosis, we studied the 
effect of Nup153 depletion on cell division. Cells transfected with 

Figure 7. Depletion of Nup153 inhibits cytoki-
nesis. HeLa cells expressing histone H2B-GFP 
treated with cyclophilin B siRNA and then stained 
with anti-β-tubulin antibodies (A) show a normal 
mitotic spindle interrupted at the midbody 
following cytokinesis. Knocking down Nup153 
gave a variety of phenotypes: peripheral residual 
midbodies (B and D), poorly defined midbody 
spindles (C), and multipolar midbody spindles (F). 
(G) Quantification of the number of midbodies 
on random areas of a coverslip. 500–1,000 cells 
per coverslip from four independent experiments 
were analyzed. Scale bars, 10 μm.
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GFP-Nup153 as compared to untransfected control cells, GFP-
Nup153 nuclei exhibited a significant increase in aneuploid 
cells (Fig. 2D–F), corresponding to cells undergoing abnormal 
mitoses.

The given similarities in the phenotypes that result from Mad1 
inactivation and enhancing Nup153 levels, respectively, and the 
known localization of Mad1 to NPCs in interphase, prompted 
us to explore a direct interaction between Nup153 and Mad1. We 
found in fact that both proteins bind to each other in unsynchro-
nized as well as in cells arrested in mitosis (Fig. 4C), indicating 
that the interaction between Nup153 and Mad1 is maintained 
throughout the cell cycle. Moreover, we could show that Nup153’s 
NPAR mediates binding to Mad1, consistent with the observa-
tion that expression of this domain causes abnormal mitoses (see 
above). By immuno-EM, we furthermore found Mad1 to colocal-
ize with the N-terminal domain of Nup153 on the nuclear face of 
the NPC (Fig. 4B). Our findings therefore strongly suggest that an 
interaction between the NPAR of Nup153 and Mad1 contributes 
to the regulation of the Mad1 and spindle checkpoint activity.

During the course of our study, a recent report has implicated 
Tpr, another component of the NPC and a known interacting 
partner of Nup153,35 in proper spindle checkpoint activation 
due to direct binding of Tpr to Mad1 and Mad2.33 The func-
tion of Nup153 and Tpr in SAC regulation appear independent 
from each other, as we found that the loss of Nup153 neither 
affect mRNA nor protein levels of Tpr (Fig. S7B–D). Moreover, 
Nup153 and Tpr appear to have opposing effects in SAC regula-
tion, as increased levels of Nup153, but reduction of Tpr cause 
multinucleation and impaired checkpoint activity. Evidently both 
components of the NPC’s nuclear basket are critically engaged in 
SAC regulation and further investigations are required to more 
systematically dissect the underlying regulatory mechanisms.

Nup153 levels regulate SAC activity. Challenging HeLa 
cells that either express GFP-Nup153 or are depleted for Mad1 
with nocodazole lead to a lowered mitotic index as com-
pared to control cells, in contrast to Nup153-depleted cells  
(Fig. 5B). This data indicated that Nup153 overexpression abro-
gates the mitotic checkpoint to a comparable extend to depletion 
of Mad1, whereas the SAC remains functional in the absence of 
Nup153. Importantly, co-expression of Nup153 and Mad1 res-
cue cells from Nup153-induced SAC impairment, indicating that 
the Nup153-Mad1 ratio is important for proper SAC function. 
Consistent with an impaired SAC, we found phosphorylation of 

abnormalities, such as intranuclear Nup153 foci, nuclear lobula-
tion and multinucleation (Figs. 1 and 2), coinciding with multi-
polar spindles (Fig. 3). Depletion of Nup153 from HeLa cells by 
RNAi results in an increase in cells with unresolved midbodies, 
indicative of delayed or aborted cytokinesis (Fig. 7). Therefore, 
both up and downregulation of Nup153 causes abnormal mito-
ses, indicating that Nup153 levels need to be tightly controlled 
to achieve normal cell division. Nup153 function in mitosis is 
linked to Mad1 and the SAC (see below), but Nup153 may also 
have Mad1-independent functions in mitosis that may contrib-
ute to the various defects caused by Nup153 overexpression. In 
this context, Nup153 has recently been shown to interact with 
the APC protein and that this interaction is important for cen-
trosome orientation in neuronal cells.20 Most importantly, the role 
of Nup153 in mitosis appears independent of its ability to recruit 
soluble nuclear transport receptors to the inner nuclear mem-
brane, since overexpression of its NPAR, i.e., residues 39–399 of 
human Nup153, is sufficient to induce the aberrant mitotic phe-
notype. This region of Nup153 is required for its incorporation 
into NPCs, but an interaction of this domain with nuclear trans-
port receptor is unknown.7,31 Based on our data presented here 
it is therefore conceivable to conclude that the role of Nup153 
in mitosis is independent from its transport role, at least from 
“conventional” nucleocytoplasmic transport pathways, since the 
role of Nup153 in nucleocytoplasmic transport is due to inter-
actions of Nup153’s C-terminal FG-repeat domain with soluble 
nuclear transport receptors.32 While this manuscript was in prep-
aration, a study was published that supported this notion.43 In 
this study, the authors showed that reduction of Nup153 causes a 
delay in cytokinesis without affecting global nucleocytoplasmic 
transport.

Nup153 function in mitosis is related to the mitotic check-
point. Multinucleation can originate from several malfunctions, 
such as errors in chromosome segregation, incorrect microtu-
bule-kinetochore attachments, failure of the spindle checkpoint 
or cytokinesis.29 In this context, multinucleated cells have been 
described as a phenotype that is consistent with the loss of Mad1 
function28 or due to mutations in Mad2.44 Impaired Mad1 func-
tion does not affect cell cycle progression and duration of mito-
sis.22 Consistent with loss of Mad1 function, overexpression of 
Nup153 results in multinucleation of cells without affecting cell 
cycle progression (Figs. 2 and 3). While the ratio of nuclei having 
G

1
, S and G

2
 phase DNA content were similar in cells expressing 

Figure 8. Schematic model of Nup153 function in SAC activity. Overexpression of Nup153 causes hypophosphorylation of Mad1, which leads to an 
impaired SAC and consequently chromosome missegregation and failures of cytokinesis. Depletion of Nup153 does not affect Mad1 phosphorylation 
(P) leaving the SAC intact, which may cause a persistently activated SAC consistent with delayed and/or aborted cytokinesis. Mad1 binding to Mad2 is 
neither affected by, enhanced, nor reduced by Nup153 levels.
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and QE5 against the C-terminal FG-repeat domain of Nup153 
were obtained from Brian Burke (University of Florida). Further 
primary antibodies were the monoclonal antibodies mAB414 
(1:2,000; Covance, Berkely, CA), anti-Mad1 (1:50; Santa Cruz, 
Santa Cruz, CA), anti-Tpr (1:400, Abnova, Taipei, Taiwan), 
anti-β tubulin (1:2,000; Chemicon, Billerica, MA), anti-phos-
pho-Ser/Thr/Tyr (1:1,000, Abcam) as well as polyclonal anti-
phospho-histone H3 (1:50; Santa Cruz). Secondary antibodies 
include anti-mouse IgG-Alexa 568, anti-rabbit IgG Alexa 488, 
anti-rabbit IgG-Alexa 568 and anti-rabbit Alexa 647 are from 
Molecular Probes (Paisley, UK) and used 1:400 (Alexa 488), 
1:1,000 (Alexa 568) and 1:350 (Alexa 647).

Immunofluorescence. Cells were grown on coverslips and 
fixed either in 2% formaldehyde for 15 min or -20°C methanol 
for 5 min, washed 3x for 5–10 min with PBS, and permeabi-
lized with PBS containing 2% bovine serum albumin (BSA) and 
0.2% Triton X-100 for 10 min. Next the cells were washed three 
times for 5–10 min in PBS containing 2% BSA and incubated 
with the appropriate primary antibodies for 1 hour, washed three 
times in PBS containing 2% BSA and incubated with the appro-
priate secondary antibodies for 1 hour, washed 5x with PBS then 
mounted with Mowiol and stored at 4°C until viewed. Cells were 
viewed using a confocal laser scanning microscope (Leica TCS 
NT/SP1 or SP5, Leica, Vienna, Austria). Images were recorded 
using the microscope system software and processed using Adobe 
Photoshop.

RNA interference. HeLa cells were depleted of Nup153 
using On-target smart pool duplex siRNA to human Nup153 
(Dharmacon, Lafayette, CO). Cells were grown on 12 mm diam-
eter coverslips and exposed to the Nup153 siRNA in the presence 
of Lipofectamine RNAiMax (Invitrogen) following the instruc-
tions of the manufacturer. As a control cells were exposed to 
Lipofectamine RNAimax alone or to siRNA against cyclophilin 
B (Dharmacon). Knock down efficiency was determined by qRT-
PCR and immunoblotting 48 h post transfection. For indirect 
immunofluorescence, cells were prepared as described above.

Quantitative real-time PCR. Cells were lysed using 
QIAshreddersTM (Qiagen, Hilden Germany) and total RNA 
was extracted using the RNeasy® Mini Kit (Qiagen) according 
to manufacturer’s recommendations. Messenger RNA (mRNA) 
was purified using the GenEluteTM-mRNA Miniprep Kit (Sigma, 
St. Louis, MO). Reverse transcription was performed using the 
first-strand cDNA and SuperscriptTM III reverse transcriptase 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s 
instructions.

Probes were designed with the Real-Time PCR Primer Design 
program (www.genscript.com). Nup153 probes were 5'-ATT 
TGG AAC TGG ACC CTC AG and 5'-TGG GAA ATA ATG 
CTG TGG AA and β-Actin probes were 5'-AGC ACG GCA 
TCG TCA CCA ACT and 5'-TGG CTG GGG TGT TGA AGG 
TCT. These probes generated 256 and 180 bp replicons, respec-
tively (W. Dietmeier, Rapid cycle real-time PCR, Spinger).

Quantitative immunoblotting and gel electrophoresis. Cells 
were resuspended in lysis buffer containing 50 mM Tris-HCl 
pH 7.8, 150 mM NaCl, 1% Nonidet P-40, and protease inhibi-
tor cocktail tablets (Roche, Basel, Switzerland). Sample aliquots 

Mad1 to be reduced in the presence of enhanced Nup153 levels 
(Figs. 5C and 8).

Decreased concentrations of Nup153, on the other hand, leave 
the SAC intact and may lead to persistent checkpoint activity 
(Fig. 8). A hyperactive spindle checkpoint alters the sequence of 
mitotic events and cells display marked difficulties in completing 
cytokinesis.45,46 Consistent with this model, reduction of Nup153 
causes abnormal cytokinesis (Fig. 7) and persistent association of 
Mad1 to kinetochores beyond prometaphase (Fig. 6), but neither 
Mad1 phosphorylation nor the association of Mad2 is compro-
mised. Further studies are required to analyze the underlying 
molecular mechanism as to how varying Nup153 levels affect 
Mad1 phosphorylation and SAC activity.

In summary, we have shown that the nucleoporin Nup153 is 
involved in spindle checkpoint regulation due to an interaction 
with the checkpoint protein Mad1. Both, up and downregula-
tion of Nup153 gives rise to abnormalities in mitosis and cytoki-
nesis. Furthermore, our data indicate that Mad1 interacts with 
the NPAR region of Nup153 and that this interaction is likely 
responsible for localizing Mad1 at the NPCs and its translocation 
to kinetochores in mitosis. Interestingly, Nup153 itself was not 
found at kinetochores (see also ref. 43), indicating that Nup153 
acts to keep Mad1 away from kinetochores and that this regulates 
SAC activity. Interestingly, this role for Nup153 in controlling 
the mitotic checkpoint appears evolutionarily conserved, since its 
yeast homologue, Nup1p, is also required for the association of 
Mad1p with the NPC.27 Moreover, mutations in nup1 result in 
altered spindle organization with an increase in multinucleate and 
anucleate daughter cells as well as failure to exit from mitosis.47,48 
Given a role for Nup153 in development and cancer17-19 it will be 
interesting to determine how this is related to Nup153’s novel 
function in cell division.

Materials and Methods

Cell culture and transfections. HeLa cells were grown in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) plus penicillin and strepto-
mycin. HeLa cells stably expressing H2B-GFP were cultivated in 
DMEM supplemented with 10% FBS plus penicillin, streptomy-
cin and blasticidin.

Cells were transfected using Lipofectamine 2000 (Invitrogen, 
Paisley, UK) following the instructions of the manufacturer.

Constructs and antibodies. N-terminally tagged GFP-
Nup153 was produced as described previously.5 N-terminally 
tagged GFP-Nup153-39-339 was subcloned from Nup153-39-
339 with a N-terminal HA-tag and a C-terminal 6 His-tag from 
pGEX-4T-3 (Amersham-Pharmacia, Little Chalfont, England) 
into BamHI cut pEGFP-C1 (Clontech, Palo Alto, CA). The cor-
rect orientation of the insert was confirmed by enzymatic diges-
tion. pEGFP-Nup153-39-144 and pEGFP-Nup153-144-339 were 
subcloned following the same strategy.

The polyclonal antibody against the zinc-finger of human 
Nup153 (anti-Nup153-Z: 1:1,000 for immunofluorescence) 
was kindly provided by Katie Ullman (University of Utah). 
The monoclonal antibodies SA1 (1:2 for immunofluorescence) 
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20 μl of protein G-agarose beads (Santa Cruz) and incubated for 
30 min at 4°C, centrifuged at 1,000 g for 30 sec at 4°C, and 
the supernatant was transferred to a fresh tube and 2 μg mouse 
monoclonal Mad1 antibody or a 1/5 dilution of a hybridoma 
supernatant containing mouse monoclonal Nup153 antibody 
(SA1) were added and incubated for 2 hours on ice. Prewashed 
protein G-agarose slurry, 40 μl, was added to the lysate and incu-
bated at 4°C on a rocker platform for 1 hour. The immunoprecip-
itate was collected by centrifugation at 1,000 g for 30 sec at 4°C 
and the supernatant was carefully removed and kept to analyze 
as unbound fraction. The pellet was washed 3x with lysis buffer, 
resuspended in electrophoresis sample buffer, boiled at 95°C for  
5 min and subjected to electrophoresis and western blotting.

Solution binding assays. The in vitro interaction between 
Nup153 and Mad1 was tested as described previously.49

Immuno-EM. Mature (stage 6) oocytes were surgically 
removed from female Xenopus laevis, and their nuclei were iso-
lated as described.50 Colloidal gold particles, ~8-nm in diameter, 
were prepared by reduction of tetrachloroauric acid with sodium 
citrate in the presence of tannic acid and antibodies were con-
jugated to colloidal gold particles as described.51 Isolated nuclei 
were labeled with anti-Mad1 antibodies as described previously.5 
Labeled nuclei were fixed and processed for EM as described.5,6 
EM micrographs were recorded on a Phillips CM-100 transmis-
sion electron microscope equipped with a CCD camera. Elliptic 
location clouds were calculated as described.5
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were resolved by sodium dodecyl sulfate-polyacrylamide (10%) 
gel electrophoresis (SDS-PAGE). The proteins were transferred 
onto a PVDF membrane and the membrane was incubated 
in I-Block solution (Tropix, Bedford, MA) containing 0.1% 
Tween-20 (blocking solution) over night at 4°C, then incubated 
in blocking solution containing a primary antibody directed 
against either Nup153 (SA1 (1:100) or QE5 (1:3)) or anti-β-
tubulin (1:1,000) for 1 hour followed by washing 3x with PBS 
containing 0.1% Tween-20. The membrane was then incubated 
in the dark with anti-mouse IRDye 800 (1:10,000; LI-COR 
Biosciences, Lincoln, NE) in blocking solution. Images were 
recorded using the Odyssey infrared imaging system and ana-
lyzed by the systems software program (LI-COR Biosciences, 
Lincoln, NE).

Flow cytometry. Cells were fixed in ice-cold 70% ethanol  
for 30 minutes, washed 2x in PBS by vortexing and pelleting at 
1,000 g for 5 minutes, and suspended at 1 x 106 cells/ml, pelleted 
again and stained with PI stain (50 μg/ml propidium iodide, 
180 units/ml RNase A, 0.1% Triton-X 100, 4 mM citrate buf-
fer, 0.03 g/ml polyethylene glycol 6000) for 20 minutes at 37°C. 
An additional PI salt solution (50 μg/ml propidium iodide, 0.1% 
Triton-X 100, 0.4 M NaCl, 0.03 g/ml polyethylene glycol 6000) 
was added and the cell preparation was stored at 4°C in the dark 
until flow cytometric acquisition and analysis.

Live cell imaging. For live cell imaging, HeLa cells were 
transfected with GFP-Nup153 by electroporation, seeded onto 
Lab-Tek chamber (Nunc, Roskilde, Denmark) and maintained 
at 37°C in DMEM. Forty-eight hours after transfection, cells 
were equilibrated to Leibowitz medium complemented with 10% 
FCS and time-lapse sequences were recorded every 60 sec for a 
maximum of 300 cycles using a 63x N.A. 1.4 objective on a Zeiss 
LSM 510 META confocal microscope (Zeiss, Thornwood, NY) 
with a heated stage.

Immunoprecipitation. Subconfluent HeLa cells (3 x 106) were 
trypsinized, washed with PBS and resuspended in 160 μl lysis 
buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 0.1% Triton 
X-100, 2 mM EDTA-Na

2
, 10% Glycerol and protease inhibitor 

(Thermo Scientific)), vortexed and incubated for 10 min at 37°C. 
The cells were pelleted at 16,000 g for 10 min and the supernatant 
was transferred to a fresh tube. The supernatant was cleared with 
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