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Abstract The trafficking of macromolecules between the
cytoplasm and the nucleus is controlled by the nuclear pore
complexes (NPCs) and various transport factors that
facilitate the movement of cargos through the NPCs and
their accumulation in the target compartment. While their
functions in transport are well established, an ever-growing
number of observations have also linked components of the
nuclear transport machinery to processes that control
chromosome segregation during mitosis, including spindle
assembly, kinetochore function, and the spindle assembly
checkpoint. In this review, we will discuss this evolving
area of study and emerging hypotheses that propose key
roles for components of the nuclear transport apparatus in
mitotic progression.
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Introduction

In eukaryotes, the contents of the nucleus (nucleoplasm)
are separated from the surrounding cytoplasm by a double
membrane nuclear envelope (NE). All transport across this
physical barrier is controlled by elaborate structures termed
nuclear pore complexes (NPCs), with a typical mammalian
nucleus containing several thousand NPCs. Each NPC is
~ 65 MDa in mass and consists of ~ 30 different proteins
(termed nucleoporins or nups) present in multiple copies
(Fig. 1). The NPCs act as gateways that control the
movement of transport proteins, many termed karyopherins
or kaps (also termed importins or exportins), and their
attached cargos across the NE. These transport processes
are regulated by Ran, a small Ras-related GTPase. Through
this role in regulating transport into and out of the nucleus,
the NPCs and other components of the transport machinery
influence a variety of cellular processes, notably gene
expression and the maintenance of genome integrity
(reviewed in [1, 2]). However, in recent years, it has further
become apparent that components of the nuclear transport
apparatus also function in other capacities, most notably in
events occurring during mitosis.

During mitosis in metazoan cells, the NE is either par-
tially or completely disassembled, and components of the
NPC are dispersed [2, 3]. At this time, chromosomes
condense into visibly definable structures and are exposed
to the cytoplasm and the forming mitotic spindle. Spindle
assembly is initiated by the nucleation of microtubules
from the centrosomes or microtubule organizing centres
(MTOCs), and to a lesser extent in the vicinity of chro-
mosomes. In many fungi, however, the MTOCsS, called
spindle pole bodies, are embedded in the nuclear envelope
and the mitotic spindle assembles within the nucleus
(Fig. 2). In both open and closed mitoses, the spindle
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Fig. 1 Schematic
representation of the nuclear
pore complex (NPC)

and its constituents (the
nucleoporins/Nups) in
vertebrates and in the yeast
Saccharomyces cerevisiae.
Simplified model of the
organization of nucleoporins
within the NPC framework in
vertebrates (left) and in budding
yeast (right). Nucleoporins that
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are enclosed in boxes. Proteins
or complexes that are localized
at kinetochores during mitosis
are circled in red. Other
nucleoporins relevant to this
review are written in red.
Enzymes of the SUMO
pathways are highlighted in
orange
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microtubules proceed to engage kinetochores, proteina-
ceous scaffolds that assemble around a specialized region
of each chromosome known as the centromere (reviewed in
[4-6]). At the kinetochores, a safety device known as the
spindle assembly checkpoint (SAC) monitors microtubule
attachment and prevents the separation of the sister chro-
matids until all kinetochores are bound to microtubules (for
review see [7]). Once this requirement has been met, the
stage is set for segregation of the sister chromosomes into
two forming daughter cells. In metazoans, this is followed
by the reassembly of the NE and NPCs. The analysis of this
complex series of events has revealed an important role for
the nuclear transport machinery, including nucleoporins,
karyopherins, and molecules that regulate the GTP-bound
state of Ran. While the role of Ran and karyopherins in
mitotic spindle assembly has been extensively reviewed [8,
9], we will here mainly focus on proteins that share a dual
localization at the NPCs in interphase and at the kineto-
chores in mitosis. These include: (1) well-established SAC
factors, Madl and Mad2, that interact with nucleoporins
localized at the nuclear side of the NPCs, (2) RanBP2 and
Ran-GAPI, two regulators of Ran that are localized on the
cytoplasmic NPC filaments in interphase, and (3) the ver-
tebrate Nup107-160 complex, a major structural module of
nuclear pores. Current data and hypotheses in this emerg-
ing field will be presented.
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Nuclear pore complexes and the spindle assembly
checkpoint

The spindle assembly checkpoint (SAC) functions to
ensure accurate segregation of mitotic chromosomes by
delaying anaphase onset until each kinetochore has prop-
erly attached to the mitotic spindle (reviewed in [7]). Under
conditions where kinetochore/microtubule attachment is
compromised, various proteins functioning in the SAC,
among them Madl and Mad2, contribute to the formation
of a mitotic checkpoint complex containing BubR1/Mad3,
Bub3, Mad2, and Cdc20. Key to the role of this complex is
the interaction between Mad2 and Cdc20, which negatively
regulates the interaction of Cdc20 with the anaphase pro-
moting complex/cyclosome (APC/C). Once functional
kinetochore/microtubule interactions are established, the
SAC is satisfied allowing Cdc20 to bind the APC/C and
initiate its role in the destruction of cyclin B and securin, a
key regulator of sister chromatid cohesion, and ultimately
progression into anaphase. A number of years ago, the
surprising observation was made that two key components
of the SAC machinery, Madl and Mad2, were positioned at
NPCs during interphase. The significance of this associa-
tion and the relationships between the SAC and the nuclear
transport machinery have been the focus of a number of
recent studies summarized here.
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Fig. 2 Mlp-like proteins are binding sites for SAC proteins. a In p

metazoan cells the nuclear envelope (gray) disassembles during
mitosis and Tpr (human)/Mtor (Drosophila), with attached Mad1 and
Mad2, are released from their interphase localization at NPCs (not
shown). Tpr or Mtor, potentially within a spindle matrix (pink),
appears to play a role in the binding of Madl, Mad2, and Mspl to
unattached kinetochores (red). Tpr may also bind to kinetochores.
b In Aspergillus nidulans, NPCs partially disassembles during mitosis
increasing the permeability of the nuclear envelope. However, during
this period, AnMlp, AnMadl, and AnMad2 remain intranuclear and
are associated with what is thought to be the spindle matrix (pink),
and, potentially, kinetochores (not shown). From this location, AnMlp
may facilitate the association of AnMadl and AnMad2 with
unattached kinetochores. ¢ S. cerevisiae undergo a closed mitosis,
with the nuclear envelope and NPCs remaining intact. Mlp1 and Mlp2
remain associated with the NPC during mitosis and activation of the
SAC. SAC activation leads to the recruitment of Madl and Mad?2 to
kinetochores and the loss of detectable Mad2 at NPCs. During SAC
arrest, Madl cycles between NPCs and kinetochores. Note, in all
panels, spindles are depicted as dashed black lines attached to
centrosomes/spindle pole bodies

An evolutionarily conserved NPC localization

Since their initial identification as checkpoint proteins in
budding yeast [10], Madl and Mad2 have been the focus of
many studies in various organisms, most of which exam-
ined their function in the SAC, including their role in
transmitting a metaphase delay signal from kinetochores
lacking association with microtubules [7]. Once all kine-
tochores are engaged with microtubules, the SAC is
satisfied, and Madl and Mad2 are no longer detected at
kinetochore. While apparently functional only during
active SAC, early studies in yeast revealed that Madl was
present in cells throughout the cell cycle and visibly con-
centrated at the nuclear envelope [11], suggesting it might
function in processes outside the SAC. The nature of its
interaction with the nuclear envelope remained unclear
until later studies established that yeast Madl, in complex
with Mad2, was bound to the NPC [12]. Both the locali-
zation of fluorescent chimeras and copurification of Madl
and Mad2 with NPC proteins supported this conclusion.
Several studies have shed light on the molecular basis
for the interactions of the Madl/Mad2 complex with the
yeast NPC. Through the analysis of deletion mutants in
budding [12] and fission [13] yeast, it was shown that cells
lacking Madl fail to accumulate Mad2 at the nuclear
periphery, while loss of Mad2 does not inhibit Madl
binding to the NPC [12]. Based on these data, it was
concluded that Mad1 mediates the association of the Mad1/
Mad2 complex to the NPC. Studies in Aspergillus nidulans
resulted in similar conclusions [14]. Which NPC proteins
interact with the Mad1/Mad2 complex appears to be more
complex, and several nucleoporins have been identified as
potential binding partners. In Saccharomyces cerevisiae,
these include members of the Nup53-containing NPC
subcomplex [12]. When affinity purified from cell extracts,

Human/Drosophila

b
Entry into
A.nidulans
[+

S.cerevisiae

several members of this NPC subcomplex, including
Nup53, Nupl70, and Nupl57, are associated with the
Mad1/Mad2 complex. Nup53 can also directly bind to
Madl in vitro and, furthermore, the region of Madl that
mediates its interactions with the NPC in vivo also binds
Nup53 [15]. These interactions, however, do not com-
pletely explain how these SAC proteins bind to the NPC, as
a deletion mutation in the NUP53 gene, while attenuating
the binding of Madl to the NPC does not abolish it [12].
Further studies revealed that loss of Mad1/Mad2 binding to
the nuclear periphery occurs only after the depletion of two
homologous proteins, Mlpl and Mlp2 [15]. These proteins
are believed to form filaments that extend into the nucleus
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from the nucleoplasmic face of the NPC core. It was thus
inferred from these observations that the predominant
binding site for the Mad1/Mad2 complex during interphase
is on the nucleoplasmic face of the NPC. Similar conclu-
sions have also been drawn from studies in A. nidulans
[14]. Consistent with this intranuclear localization, nuclear
transport factors and the GTPase Ran were shown to play a
role in the targeting of Madl and Mad?2 to the nuclear face
of the NPC in S. cerevisiae [15, 16].

The nuclear envelope association of Madl and Mad2 is
not restricted to yeast and was also detected in higher
eukaryotes during interphase, first in Xenopus and human
cells [17, 18], and later in Drosophila cells [19]. As in
yeast, the functional relevance of this localization pattern
remained unclear until the association of Madl and Mad2
with the NPC was demonstrated [20]. In these studies, both
immunofluorescence and immunoelectron microscopy
placed human Madl, and by inference Mad2, at the nucleo-
cytoplasmic face of the NPC during interphase. Consistent
with these observations, recent studies have demonstrated
a physical link between the mammalian counterpart of the
Mlp proteins, Tpr, and Madl and Mad2, and revealed
that siRNA depletion of Tpr leads to a decrease in the
levels of NE bound Madl and Mad2 [21]. Unlike in yeast,
however, depletion of Madl did not change the NPC
localization of Mad2, a result likely reflecting the existence
of two distinct binding sites on Tpr for Mad2 and Madl
[21]. Interactions between Mlp-like proteins are also likely
to contribute to NPC binding of Madl and Mad2 in other
metazoan cells, including Drosophila. In support of this
hypothesis, in Drosophila embryos, Madl and Mad2 are
recruited to the NE following mitosis at times coincident
with the appearance of the Mlp-like protein, Mtor, at the
NPCs [22]. Furthermore, recent studies have shown that
Mtor coimmunoprecipitates with Mad2 in early Drosophila
embryos [23]. Whether the Mlp-like proteins are the sole
binding partners for these SAC proteins at the NPCs and
whether other interacting nucleoporins or transport factors
contribute, as in yeast, to this final targeting remains to be
directly established. However, the latter may be the case, as
depletion of Nup53 in HeLa cells causes a corresponding
decrease in NE-associated Madl [24]. Moreover, the loss
of nuclear Ran-GTP leads to the release of Mad2 from
vertebrate NPCs [16], raising further questions about the
nature of its interactions with the NPC.

Functional implications for the association
of Madl/Mad2 with NPC proteins

Several recent publications have shed some light on the
potential function of the association of Madl and Mad2
with the Mlp-like proteins in various species. Studies
focusing on the role of these interactions in SAC function

support the conclusion that Mlp-like proteins function as a
scaffold for Madl during mitosis. However, they point to
potential differences in where and how Mlp proteins may
function during SAC arrest.

During mitosis in Drosophila, Mtor is recruited to a
matrix structure that surrounds the spindle and is distinct
from the microtubules ([23, 25]; see Fig. 1). Several
observations suggest that, from its position within the
spindle matrix, Mtor regulates the association of Mad2 and
the SAC kinase Mpsl with kinetochores. Depletion of
Mtor, while not affecting spindle structure, results in
abnormal chromosome congression and accelerated entry
into anaphase, a defect consistent with a role for Mtor in
regulating the SAC response [23]. This effect likely arises
from a loss of Mad2 accumulation at kinetochores. While
Mtor does not appear to interact with kinetochores, it binds
to Mad2, and depletion of Mtor causes a decrease in the
amount of Mad2 detected at kinetochores. Interestingly, the
decrease in kinetochore-bound Mad2 is not caused by a
lack of kinetochore-associated Madl, but rather by a
decrease in the Mps1 kinase.

In vertebrates, NE and NPC disassembly during mitosis
is accompanied by the release of Tpr into the cytoplasm
[26]. Studies by Lee et al. [21] and Lince-Faria et al. [23]
revealed that Tpr, Mad1l, Mad2, and Mps1 co-precipitate in
mitotic-enriched HeLa cell extracts which were devoid of
microtubules and intact nuclear pores. Tpr-depleted cells
exhibited chromosome segregation defects similar to those
seen in cells depleted of Madl and Mad2. As in Dro-
sophila, this was accompanied by a mild acceleration of
mitotic progression, though less exaggerated as compared
to the increase observed upon Mad2 depletion [21].

What changes may occur to the Tpr platform during
mitotic progression and how they may influence the
activity of Madl and Mad2 in the SAC still remains
unclear (Fig. 1). Lee et al. [21] have suggested that, during
SAC activation in HeLa cells, a portion of the Tpr protein
is recruited onto kinetochores. Moreover, they showed that
Tpr depletion reduces the levels of Madl visible at kine-
tochores. Under these same conditions, the levels of the
Mad2/Cdc20 complex were also diminished, consistent
with the loss of Madl at unattached kinetochores and its
function at this location in the formation of the Mad2/
Cdc20 complex. These results would suggest that the same
framework that supports the Madl/Mad2 complex at the
NPCs during interphase is transmitted to kinetochores
following SAC activation. However, this model was chal-
lenged by Lince-Faria et al. [23] who reported a
microtubule-dependent association of a fraction of Tpr
with the mitotic spindle but no detectable Tpr at kineto-
chores in human cells. Consistent with these observations,
they found that, as in Drosophila, Tpr depletion leads to the
decrease of kinetochore-associated Mad2, but not Madl
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[23]. In view of previous studies demonstrating the
requirement of Mpsl in the targeting of Mad2, but not
Madl, to unattached kinetochores in human cells [27], they
suggested the regulation of Mad2 association with kineto-
chores by Tpr may, as in Drosophila, be indirectly
catalyzed by Mpsl.

Evidence for a role of Mlp-like proteins in a spindle
matrix has also been provided by studies by De Souza et al.
in A. nidulans [14]. Like S. cerevisiae, A nidulans under-
goes a closed mitosis (i.e., its NE remains intact during
mitosis). However, in these cells, NPCs partially disas-
semble during mitosis, and the Mlp-like protein, An-Mlpl,
dissociates from the NPC [14, 28]. In spite of the increased
NE permeability caused by these events, An-Mlpl remains
in the nucleoplasm and, much like its Drosophila coun-
terpart Mtor, it appears to contribute to a spindle matrix. In
prophase, An-Mlpl is concentrated in the vicinity of the
kinetochores and forming spindle, and it remains around
the spindle as it elongates during anaphase. Interestingly,
the localization patterns of An-Madl and An-Mad2 in these
mitotic cells are nearly identical to An-Mlpl. This is also
the case in cells where the SAC was activated. Under these
conditions, An-Madl, An-Mad2, and An-Mlpl all
concentrate around, and, to a degree, overlap with, kine-
tochores. At these locations, An-Madl is likely present in
two separate pools, one bound to An-Mlpl, both within the
spindle matrix and, potentially, at kinetochores, and
another bound to kinetochores at sites independent of
An-Mlpl. This latter observation is similar to that made in
Drosophila [23]. These results led De Souza et al. to
conclude that An-Mlpl, within the spindle matrix, binds
An-Madl and maintains it at a high concentration in the
vicinity of the spindle and kinetochores where it would be
poised to rapidly activate the SAC in respond to spindle
damage. The spindle matrix also concentrates An-Mad2;
however, it was not directly determined whether An-Mlp1
is required for the spindle matrix association of An-Mad2.
In fact, other binding sites for An-Mad2 may exist in the
spindle matrix. This indeed appears to be the case in
Drosophila S2 cells where depletion of Mtor does not affect
Mad?2 localization in the spindle matrix [23]. An-Mlp1 may
also perform a similar function later in mitosis as it
is required to concentrate An-Madl near the spindle
during telophase, a localization also shared by cyclin B
[14]. Tt was also proposed that, in A. nidulans, the locali-
zation of these mitotic regulators between the reforming
daughter nuclei may help to coordinate NPC reformation or
post-mitotic nucleolar dynamics with other aspects of
mitosis. Of note, a similar localization has also been
reported for Mad2 and Mtor in Drosophila syncytial
embryos [22, 29], suggesting that this behavior might be a
common, but not exclusive [23], feature of syncytial
mitoses.

A ‘fencing’ function performed by Mlp-like proteins to
contain or control the activity of SAC proteins within the
region of the spindle matrix would be most useful in cells
that undergo an open mitosis or, as in the case of
A. nidulans, that lack an effective NE barrier during
mitosis. By contrast, this mechanism may provide little
selective advantage in budding yeast where an intact
nuclear envelope and NPCs could perform a functionally
similar task during mitosis. This may explain why
S. cerevisiae cells have failed to evolve a mechanism for
releasing the Mlp proteins from the NPC, instead main-
taining their association with the NPC during mitosis. In
these cells, activation of the checkpoint induces the
release of Madl and Mad2 from the NPC-associated Mlp
proteins, and the accumulation of Madl and Mad2 at
kinetochores [12, 15, 30]. While all the detectable Mad2
leaves the NPCs, much of Madl remains at the NPCs,
thus creating two pools of Madl, one bound to Mlps and
the other at kinetochores [15]. This situation is, perhaps,
functionally analogous to the dual binding of Madl and/
or Mad2 to the spindle matrix associated Mlp-proteins
and kinetochores in Drosophila and A. nidulans. Strik-
ingly, in S. cerevisiae, most of the Madl (>60%) within
these two pools is dynamic and exchanges rapidly
between the two locations. This cycling process is con-
trolled by the nuclear export factor, Xpol (the
S. cerevisiae homologue of vertebrate Crml), and
RanGTP [31]. Xpol binds to Madl and both facilitates
its targeting to kinetochores and its exchange between
these structures and the Mlp sites at the NPC. This
functional relationship is further supported by the obser-
vation that the NES of Madl is required for the
association of Xpol with kinetochores. While Xpol-
mediated targeting to kinetochores is not essential for the
execution of the SAC, it may improve the efficiency and
fidelity of the response to spindle and kinetochore
defects. It will be interesting to see whether in other
species the functional counterparts of Xpol or other
transport factors mediate the association of Madl with
the spindle matrix-associated Mlp proteins and
kinetochores.

Even with the advances in our understanding of the
molecular basis for the association of Madl and Mad?2 with
the NPC and the potential roles of the Mlp proteins during
mitosis, we are largely unaware of what functions Madl
and Mad2, as well as Mps1, may perform while associated
with the interphase NPC. One report suggests that deletion
of the MADI gene in S. cerevisiae attenuated the rate of
nuclear import mediated by the transport factor Kapl121
[12]. This observation is intriguing, as conditions that
activate the SAC (specifically nocodazole induced cell
cycle arrest) induce structural changes in the NPC that
inhibit Kapl21-mediated import [32]. Among these
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changes are alterations in the binding partners of Nup53.
Coincidental changes in the dynamics of the interactions of
Madl with NPCs, as well as previously observed binding
of Madl to Nup53, raise the question of whether the NPC-
bound checkpoint proteins play a role in regulating the
Kapl21-mediated transport pathway. It is also reasonable
to extrapolate from this concept that changes in the asso-
ciation of Madl or Mad2 with the NPC that occur in other
species prior to or following mitosis may also serve to
activate transport regulatory mechanisms. For example, the
dissociation of Madl and Mad2 from the NE in prophase
prior to NPC disassembly, their accumulation in the
nucleoplasm in G1, and their recruitment back to nuclear
periphery only by the later stages of G1 as observed in
Drosophila, A. nidulans, and human cells may reflect
changes in NPC structure that alter its transport properties
[14, 18, 22].

The RanBP2-Ran-GAP1:SUMO1-Ubc9 complex
and CRM1: from cytoplasmic NPC filaments
to kinetochores

Ran cycle and the RanBP2/Nup358-Ran-
GAP1:SUMO1-Ubc9 (RRSU) complex in interphase

One of the key regulators of nucleocytoplasmic transport is
Ran, a small Ras-related GTPase. The primary function of
Ran is to impose directionality on the transport process by
coordinating the loading and unloading of Karyopherins
[33]. Binding of cargo to nuclear import receptors is Ran-
independent. However, unloading of the import cargo is
mediated by binding of Ran-GTP to the karyopherin/im-
portin. In the case of export complexes, cargo loading is
stimulated by Ran-GTP binding to the export receptor.
Thus, karyopherin/exportin-mediated nuclear export
involves the assembly of a ternary complex, consisting of
the karyopherin, Ran-GTP, and the cargo molecule, that is
translocated across the NE via the NPC central channel.
Unloading of the export receptor in the cytoplasm is stim-
ulated by activation of the Ran-GTPase. It follows from this
that Ran-GTP must be maintained at a high level within the
nucleus while Ran-GDP should be the predominant form in
the cytoplasm [34]. This Ran gradient across the NE is
maintained by segregation of the Ran guanine nucleotide
exchange factor (Ran-GEF) within the nucleus as a chro-
matin-associated protein. In fact, the RanGEF, known as
RCCl in vertebrates, is chromatin-associated at all stages of
the cell cycle. Conversely, Ran-GTPase-activating proteins
(Ran-GAPs), are restricted primarily to the cytoplasm [34].
In this way, Ran-GTP exiting the nucleus as part of an
export complex will be converted to the GDP form leading
to complex dissociation.

Activation of the Ran-GTPase occurs as soon as an
export complex has traversed the central channel of the
NPC. The cytoplasmic face of vertebrate nuclear pore
complexes features eight seemingly flexible filaments that
extend 50-100 nm into the cytoplasm [35]. In vertebrates,
a major component of these filaments is Ran binding
protein 2 (RanBP2) or Nup358 a very large multifunc-
tional protein [36, 37]. The RanBP2/Nup358-containing
filaments are anchored to the NPC via interaction with a
complex of nucleoporins containing Nup214 and Nup8§8,
the location of which in turn is restricted to the cyto-
plasmic side of the NPC (Fig. 1) [38]. RanBP2/Nup358 is
a member of a family of nucleoporins, that includes
Nup214, featuring multiple FG and FXFG repeats that
represent binding sites for transport receptors as part of
transport complexes [39]. Most significantly, vertebrate
RanBP2/Nup358 forms a complex with Ran-GAPI,
which is therefore concentrated at the nuclear periphery
[40, 41]. In this way, RanBP2/Nup358 provides a plat-
form on which Ran-GTPase activation may occur before
an export complex has even left the vicinity of the NPC.
RanBP2/Nup358 also contains four Ran-GTP binding
domains, the presence of which facilitates the dissociation
of Ran-GTP from transport complexes [37]. This in turn
will further enhance Ran-GAP1-mediated GTP hydrolysis
by Ran. In yeast, however, that lack any obvious Ran-
BP2/Nup358 homologue, Ran-GAP1 has a diffuse
localization in the cytoplasm, with no significant enrich-
ment at the NE.

The targeting of Ran-GAP1 to RanBP2/Nup358 high-
lights a fundamental aspect of the relationship between
these two proteins. In vertebrates, Ran-GAPI is a substrate
for conjugation with SUMO (small ubiquitin-like modifier)
1 [42], and it is only the SUMOylated form of Ran-GAP1
that will associate with RanBP2/Nup358 [40, 41, 43]. Four
classes of enzymes are involved in the SUMOylation
process (reviewed in [42, 44]). Newly synthesized SUMO
undergoes C-terminal proteolytic maturation catalyzed by
members of the SENP family, of which some are also
capable of de-conjugating SUMO-modified proteins. Con-
jugation of mature SUMO to target proteins involves the
sequential action of a heterodimeric El-activating enzyme
(Uba2/Aosl), an E2-conjugating enzyme (Ubc9) and a
SUMO E3 ligase. In budding yeast, there are four E3
enzymes whereas in mammals there are at least seven and
potentially nine. The binding region on RanBP2/Nup358
for Ran-GAP1 features a pair of internal repeat (IR) motifs
near the C-terminus. Fragments of RanBP2/Nup358 con-
taining this repeat region display SUMO1 E3 ligase
activity [45]. Furthermore, this same region represents
a site of interaction with Ubc9, a vertebrate SUMO
E2-conjugating enzyme that is required for SUMOylation
of Ran-GAPI. This ternary complex containing RanBP2/
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Nup358, Ran-GAP1:SUMOI1 and Ubc9 (RRSU complex)
is stable throughout the cell cycle [42, 46].

Interplay between the RRSU and Crml in mitosis

During the open mitosis of metazoans, as the nuclear
envelope undergoes breakdown, the RRSU complex is
released en bloc from NPCs [42]. At the same time, Ran-
GAPI1:SUMO is phosphorylated by cyclin B/Cdk-1 [47].
The significance of this modification remains uncertain.
What is clear, however, is that the RRSU complex does not
behave as a bystander following nuclear envelope break-
down. Instead, it plays an essential function in subsequent
mitotic progression.

An active role for RRSU complex during mitosis was first
suggested by the finding that both Ran-GAP1 and RanBP2/
Nup358 become concentrated at kinetochores upon micro-
tubule attachment, as well as at spindle poles, during
vertebrate prometaphase [48]. Subsequent studies in mam-
malian cells employing RNA interference revealed that
down-regulation of RanBP2/Nup358 caused abnormal
spindle morphology, kinetochore dysfunction, and defects
in chromosome congression and segregation [49]. This was
consistent with findings in Caenorhabditis elegans embryos
where depletion of Ran cycle components, including Ran
itself, RanBP2, Ran-GAP1, and RCCl, all caused spindle
assembly and chromosome segregation abnormalities [50].
Evidence of an essential role for RanBP2/Nup358 and Ran-
GAPI at kinetochores was ultimately provided by Joseph
and colleagues [51]. Depletion of proteins required for
microtubule interactions with kinetochores, such as Hecl/
Ndc80 and Nuf?2, resulted in a loss of kinetochore-localized
RanBP2/Nup358 and Ran-GAP1. Conversely, depletion of
RanBP2/Nup358 caused the mis-localization of Ran-GAP1
as well as that of other kinetochore-associated proteins
including Madl, Mad2, Zw10, CENP-E, CENP-F, and
dynein. Of particular significance was the observation that
RanBP2/Nup358 depletion was associated with a loss of
cold-stable kinetochore microtubule interactions. These
findings suggest that the concentration of RanBP2/Nup358
and Ran-GAP1 at kinetochores is at once both facilitated by
and required for functional connections between kineto-
chore and microtubules.

The role of RanBP2/Nup358 and Ran-GAPI in kineto-
chore-MT attachment is intimately linked to the mechanisms
by which the RRSU complex is targeted to kinetochores. A
key observation is that Crm1, a karyopherin family member
that is the export receptor for proteins bearing leucine-rich
nuclear export sequences (NESs), is itself localized to
kinetochores [52]. In interphase, Crm1 would form a ternary
export complex with an export substrate and Ran-GTP,
whose assembly is efficiently inhibited by the drug lepto-
mycin B. In mitotic cells, leptomycin B treatment or

depletion of Ran-GTP through inactivation of a temperature-
sensitive form of RCC1 have only a marginal effect on the
kinetochore localization of Crm1 [52]. Thus, the localization
of Crm1 at kinetochores appears independent of Ran-GTP or
NES-containing proteins. This situation in metazoans is in
contrast to that observed during closed mitosis in S. cerevi-
siae where, as mentioned in the previous section, SAC-
checkpoint-induced association of Xpol with kinetochores
is dependent on the NES-containing Madl [31]. Recent
studies in metazoan cells instead suggest that Crml is
anchored to the kinetochore, either directly or indirectly
through an interaction with another group of NPC compo-
nents, the Nup107-160 complex ([53]; Fig. 3; see also next
section). Extension of these observations to RanBP2/
Nup358 and Ran-GAP1 reveals that both proteins are lost
from the kinetochore following either leptomycin B treat-
ment or inactivation of tsSRCC1. The implication here is that
Crm1 forms a ternary export-type complex, potentially with
either RanBP2/Nup358 or Ran-GAP1, both of which feature
leucine-rich NES-like sequences [52, 54].

The localization of RanBP2/Nup358 and Ran-GAPI to
kinetochores in a Crml-dependent manner seems at first
sight paradoxical. Binding of the RRSU complex to Crm1
requires Ran-GTP, yet Ran-GAPI in association with
RanBP2/Nup358 will promote the conversion of Ran-GTP
to its GDP bound form leading to unloading of Crml
(Fig. 3). In essence, these proteins will function in a futile
cycle or autoregulatory loop at the kinetochore [55]. The
situation makes more sense once microtubules and Ran-
mediated regulation of spindle assembly factors (SAFs)
enter the equation.

Microtubule-dependent mitotic functions of the RRSU

Ran-mediated regulation of spindle assembly factors
(SAFs)

The function of Ran cycle components at kinetochores can
best be appreciated by first considering the role of Ran itself
in mitotic progression. Ran, importins o and f, the proto-
typic import receptors subunits, and, more recently, another
transport receptor of the karyopherin family, transportin,
were implicated in spindle assembly (reviewed in [8, 9]; see
also [56]). During interphase, importin f, most frequently in
conjunction with importin «, binds transport substrates in
the cytoplasm, which are then unloaded in the nucleus in a
Ran-GTP-dependent manner. Ran and importin o/ con-
form to the same paradigm during mitosis. Importin o/f3 or
importin f§ alone binds to nuclear localization sequences on
spindle assembly factors (SAFs) within the mitotic cyto-
plasm thereby inhibiting their activities [8, 9]. In the
presence of Ran-GTP, SAFs will be released from importin
o/ becoming competent to promote spindle assembly.
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Fig. 3 Schematic representation of the network of interactions
between vertebrate NPC-associated and centromere/kinetochore con-
stituents (see text for details). Proteins or complexes that are localized
at NPCs during interphase are circled in red (see also Fig. 1). Black
outline arrows indicate direct or indirect interactions between the
proteins or complexes contributing to their recruitment at kineto-
chores or centromeres. Red outline arrows indicate NES-mediated
recruitment by CRM1 (note that an interaction with CRM1 appears to

Since RCC1, the exchange factor for Ran, remains chro-
matin-bound during mitosis, Ran-GTP concentrations and
hence SAF activity will be highest in the vicinity of mitotic
chromosomes. Studies in Xenopus egg extracts have
revealed several SAFs that are regulated by importins and
Ran-GTP (reviewed in [9, 57]). These include TPX2 and
NuMA (nuclear mitotic apparatus protein) as well as the
kinesin family member HSET/XCTK?2, that are primarily
involved in spindle pole formation [58, 59]. Other SAFs
sequestered in this way include NuSAP and HURP, which
promote microtubule bundling and stabilization in chro-
matin proximal regions of the spindle [59—-61]. The beauty
of this system is that, in interphase, all these SAFs are
sequestered in the nucleus where there is no chance of them
promoting premature spindle assembly.

Rael is a noteworthy member of the growing list of Ran-
regulated importin f§ cargo and MT-binding proteins that
contribute to spindle assembly. Indeed, during interphase, a
fraction of Rael is localized to the NPC in a Nup98-
dependent fashion where it has been suggested to play a role
in nuclear mRNA export [62, 63]. However, following early
studies revealing that Rael binds MTs [64], Blower et al.
[65] demonstrated that during mitosis Rael actually exists in
a large ribonucleoprotein complex that controls microtubule
dynamics in a RanGTP/importin f-regulated manner. These
authors further showed that correct spindle formation in

Regulation of
Spindle Assembly
Factors (SAFs):
TPX2, HURP®
SET, NUSAP,
Maskin, NuMA

Rae1”

»©

CRM1

be required for the initial targeting, but not the maintenance of the
CPC at centromeres). Spindle assembly factors whose activity is
regulated by RanGTP and importin a/f or importin f are listed
(asterisks indicates proteins interacting with importin f only).
SUMOylated proteins are also listed. Substrates of Aurora B
phosphorylation are also shown (green P). Note that Madl, Mad2,
and Mps1 have not been included in this scheme (see Fig. 2)

Xenopus egg extracts is RNA-dependent, suggesting a
general, translation-independent role of RNA in mitotic
spindle assembly. Finally, a mitotic-specific interaction
between Rael and another SAF, NuMA, was shown to be
critical for normal spindle formation in mitosis [66]. In
addition to this role in spindle assembly, studies in mice
have revealed that reduced levels of Rael and Nup98 lead to
premature degradation of securin, an important regulator of
sister chromatid cohesion. This in turn allowed premature
sister chromatid separation with resultant aneuploidy [67]. It
was proposed that Rael and Nup98 would exert this func-
tion through their association with Cdh1-activated APC [67,
68]. However, this hypothesis appears difficult to reconcile
with the established view that the destruction of cyclin B and
securin at the metaphase/anaphase transition is mediated by
Cdc20- and not Cdhl-activated APC [69, 70]. This issue
clearly deserves further analysis.

The RRSU complex, a regulator of kinetochore microtubule
outgrowth?

As a modulator of Ran-GTP levels, the RRSU complex
will locally contribute to the regulation of spindle assembly
factors (SAFs), and consequently, to the establishment of
functional kinetochore-microtubule attachments. There are
two pathways by which stable kinetochore microtubules
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can be formed. The first involves growth from centrosomes
and capture by kinetochores (centrosomal pathway). The
second involves seeding from kinetochores (chromatin
pathway). In mammalian systems, transient microtubule
nucleation at kinetochores is observed during microtubule
regrowth following either nocodozole treatment or cold
treatment combined with centrosome impairment by
RNAi-mediated depletion of polo-like kinase (Plk) 1 ([71]
and references therein).

Nocodazole-induced depolymerization of spindle
microtubules results in the loss of Ran-GAP1 (and
presumably other RRSU complex components) from kine-
tochores [48]. Following nocodazole washout, there is a
brief period of microtubule nucleation at kinetochores.
These microtubules are stabilized by HURP [71]. In the
absence of the RRSU complex, chromatin-associated RCC1
will promote the accumulation of Ran-GTP in the vicinity
of kinetochores. This in turn will induce the unloading of
HURP from importin a/. HURP will then be free to bind to
and stabilize the nascent kinetochore-associated microtu-
bules. The appearance of these microtubules, however, will
promote the loading of the RRSU complex at the kineto-
chore through interactions with Crm1. The presence of Ran-
GAPI1 in the RRSU complex will obviously lead to a local
reduction in the concentration of Ran-GTP with a con-
comitant depression of HURP availability. In this way, the
RRSU complex serves to put the brake on kinetochore
microtubule stabilization and acts to regulate the growth of
microtubules from the kinetochore versus those from the
centrosome. It is possible that this is a prerequisite for
maturation of the microtubule-kinetochore attachment. A
prediction here is that leptomycin B, by releasing the RRSU
complex, should promote the growth of microtubules from
kinetochores following cold-induced depolymerization,
even in the presence of competing centrosomal nucleation.
This in fact turns out to be the case [71].

RanBP2/Nup358 clearly has an essential function in the
regulation of kinetochore microtubule attachment by virtue
of its role as a binding partner for Ran-GAP1 and, conse-
quently, as a modulator of Ran-GTP levels. What has
become increasingly evident in recent years is that Ran-
BP2/Nup358 also regulates aspects of mitotic progression
via its activity as a SUMO E3 ligase.

The RSSU as a regulator of SUMO pathway in mitosis

Multiple chromosome-associated proteins have been iden-
tified as targets for SUMOylation. These include CENP-E, a
plus end-directed microtubule motor protein that is required
for kinetochore function and mitotic progression [72], as
well as both the condensin and cohesin complexes, which
are essential organizers of mitotic chromosome architecture
[42]. The condensin complex serves to maintain the

compact structure of mitotic chromosomes, while the rela-
ted cohesin complex mediates the close association of sister
chromatids until anaphase onset. The regulation of con-
densin and cohesin complex activity by SUMOylation has
been the subject of a recent in-depth review [42], and will
not be described further here. Instead, our focus will be
on the group of chromosome-associated proteins whose
SUMOylation is linked to the RanBP2 E3 ligase activity.

Topoisomerase 11

RanBP2/Nup358 is an essential protein. However, a single
RanBP2/Nup358 hypomorphic allele (H) is sufficient for
viability. Embryo fibroblasts derived from such RanBP2/
Nup358”" mice express approximately 26% of wild-type
RanBP2/Nup358 levels. While these cells display no overt
nuclear transport abnormalities, they do develop severe
aneuploidy associated with chromosome segregation
defects, including anaphase bridges. This phenomenon is
also evident in splenocytes derived from 5 month-old Ran-
BP2/Nup3587" mice. It is interesting to note that RanBP2/
Nup358™ mice are significantly more prone to both car-
cinogen-induced and spontaneous tumorigenesis than are
wild-type animals. This presumably is a reflection of
increased chromosome instability [73]. The formation of
anaphase chromatin bridges can be a consequence of failure
in the decatenation of DNA strands at sister centromeres, an
essential process in chromatid separation following cohesin
complex inactivation. Decatenation at centromeres is facil-
itated by topoisomerase Iloo (Topo o) [74]. In order to
accomplish this crucial mitotic function Topo Ilo must be
targeted to the inner centromere region. This targeting is
dependent upon Topo Il SUMOylation by the RanBP2/
Nup358 SUMO E3 ligase activity ([73], Fig. 3). It was
therefore proposed that impaired SUMOylation of Topollx
may contribute to mitotic defects occurring in RanBP2/
Nup358’/H mice [73].

Noticeably absent in RanBP2/Nup3587" cells were
chromosome congression abnormalities and any evidence
for kinetochore defects. Evidently, centromere decatenation
is far more sensitive to RanBP2/Nup358 levels than is
kinetochore function or interphase nucleocytoplasmic
transport.

The chromosome passenger complex (CPC)

All the mitotic events described so far are influenced either
directly or indirectly by another key mitotic regulator, the
chromosome passenger complex (CPC) [75]. The CPC
consists of four subunits, the Aurora B protein kinase, inner
centromere protein (INCENP), survivin, and borealin (also
known as Dasra B). INCENP functions as a regulatory
scaffold for the other three proteins. Its binding to Aurora B
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activates the Aurora B kinase which phosphorylates
INCENP, which in turn leads to increased Aurora B
activation. Aurora B can also phosphorylate both survin
and borealin (Fig. 3). However, the significance of this
remains uncertain. The CPC displays a highly dynamic
localization during mitosis. In prophase, the CPC can be
found along the chromosome arms. However, its distribu-
tion progressively shifts towards the centromeres until by
metaphase it is restricted exclusively to the inner centro-
meres. Targeting to the centromeres may be under the
purview of the survivin and borealin subunits. At anaphase
onset, the chromatids begin their migration to the spindle
poles. However, the CPC remains behind at the spindle
equator. Later on in anaphase, the CPC migrates to the
equatorial cortex and subsequently concentrates in the
midbody during telophase and cytokinesis.

The role of the CPC has been extensively reviewed by
Ruchaud et al. [75]. In early mitosis, the CPC has been
implicated in both the centrosome- and chromatin-driven
pathways of spindle assembly. It is also required for
kinetochore formation and is involved in the detection of
aberrant kinetochore microtubule interactions. One of the
targets for Aurora B at the kinetochore is Hecl, a protein
required for microtubule attachment (Fig. 3). As an addi-
tional regulatory layer, the CPC and its Aurora B kinase
activity is indispensable for operation of the spindle
assembly checkpoint in the absence of tension at kineto-
chores. Finally, the CPC has a role in regulating the
cohesion of sister chromatids. In particular, it cooperates
with Plk1 in releasing cohesin from the chromosome arms
during prophase and prometaphase.

A recent study has revealed that the borealin subunit of
the CPC is conjugated with SUMO2 or SUMO3 during the
early stages of mitosis ([76]; Fig. 3). As is the case for
Topo e, RanBP2/Nup358 associates with the CPC during
mitosis and stimulates the SUMOylation of borealin. This
modification is reversed by the SUMO protease SENP3
coincident with the transfer of the CPC from the centro-
mere to the spindle equator at anaphase onset. The
significance of this modification is still uncertain. Over-
expression of SENP2 leads to an extensive decline in
SUMOylation. However, CPC subunits are still retained at
centromeres under these circumstances [72, 76]. Klein
et al. suggest that the RanBP2/Nup358-dependent SU-
MOylation of borealin might be required for the interaction
of as-yet-unknown protein(s) with the CPC at the centro-
mere [76]. Whether this might be linked to the kinetochore/
congression defects that are linked to loss of RanBP2/
Nup358 is unknown. However, this clearly represents an
important question in our understanding of the function of
RanBP2/Nup358 during mitosis.

The targeting and function of the CPC complex is also
intimately linked to the Ran pathway. Indeed, prolonged

treatment of cells with leptomycin B (LMB) during late G2
results in failure of the CPC to associate with centromeres
[77]. This effect is mediated by the survivin subunit of the
CPC. Mammalian survivin contains a highly conserved
leucine rich NES that can recruit Crm1/RanGTP to the
CPC. While this sequence is dispensable for CPC assem-
bly, it is absolutely essential for appropriate CPC
localization and function. Indeed, NES-deficient survivin
cannot replace the wild-type molecule [77]. However, in
contrast to the situation observed for the RRSU complex
(see above), short (20-40 min) treatments of late G2 or of
metaphase cells with LMB does not affect the localization
of already assembled CPCs at the centromeres [77]. A
more recent study reveals that survivin also interacts with
RanGTP in a Crml- and NES-independent fashion [78].
This association seems to have little if any role in either
CPC assembly or localization. Rather, it is required for the
delivery of the Ran-effector molecule and spindle assembly
factor TPX2 to microtubules. Disruption of the survivin-
Ran interaction is associated with aberrant spindle assem-
bly and chromosome missegregation in tumor cells.

The CPC thus behaves as a shared target of SUMO and
Ran-dependent regulations, and also a novel effector of
Ran signaling. These data further highlight the complex
network of interactions that takes place during mitosis
between the RRSU, nuclear transport factors, and key
mitotic regulators.

Functional role of core NPC constituents, the Nup107-
160 complex, and ELYS/MEL-28 at various stages
of mitosis

The Nupl07-160 NPC sub-complex, composed in verte-
brates of nine different polypeptides (Nupl160, Nupl33,
Nup107, Nup96, Nup85, Nup43, Nup37, Secl3, and Sehl),
is the major structural subunit of nuclear pores, both in size
and complexity [79-81]. This complex (designated the
Nup84 complex in budding yeast) is conserved in all
eukaryotes, but with some variations: no orthologue of
Nup43 has so far been identified in fungi. In addition, while
orthologues of Nup37 exist in filamentous fungi and pos-
sibly in Schizosaccharomyces pombe, they have not been
observed in S. cerevisiae [82]. In budding yeast, structural
studies have now provided a refined view of the assembly of
its seven members within a 0.6-MDa Y-shaped complex, an
organization likely conserved in other organisms (reviewed
in [83]). Recently, a novel protein of greater than 200 kD,
ELYS, was shown to co-immunoprecipitate with the
Nupl107-160 complex in both human and Xenopus cell
extracts [84-86]. ELYS is the vertebrate orthologue of
C. elegans MEL-28/C38D4.3 and is encoded by the flo gene
in zebrafish [87-89]. Affinity-purification of the Nup84-120
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complex from A. nidulans led to the identification of a small
(~36 kD) ELYS relative whose similarity with vertebrate
ELYS is, however, restricted to a region that is absent from
C. elegans MEL-28 [82]. An-ELYS has related sequences
in multiple fungi including S. pombe but not S. cerevisiae;
its function in fungi is still unknown.

During interphase, the Nupl107-160 complex is found
stably bound to both the cytoplasmic and nuclear faces of
vertebrates NPCs ([79, 90]; see Fig. 1). In contrast, ELYS
appears to be present only on the nuclear side of the pores
(V. Doye, unpublished observations). As initially demon-
strated in yeasts, the vertebrate Nupl07-160 complex is
required for mRNA export and de novo nuclear pore
assembly in interphase, [80, 91-94]. However, the
Nup107-160 complex and ELYS also play crucial roles at
various stages of mitosis that will be detailed in the fol-
lowing paragraphs.

ELYS/MEL-28 and the Nup107-160 complex
have a crucial role, along with the Ran pathway,
in post-mitotic NPC assembly

At mitosis, as NPCs are dismantled, most of the constituents
of the vertebrate Nupl107-160 subcomplex remain stably
associated but with two exceptions: proteasome-mediated
downregulation of Nup96 in mitosis has been observed,
with implications for G1/S progression, and the dissociation
of a pool of Nup43 from the complex has also been reported
[81, 95, 96]. From late anaphase on, nuclear re-assembly
requires the coordinated step-wise recruitment of both
nuclear membranes and NPC constituents around chromatin
(for review, see [3, 97]). In vivo RNAI depletion experi-
ments, mutant analysis in zebrafish, and in vitro approaches
have revealed that the Nup107-160 complex and Mel28/
ELYS are critically required in an early step of post-mitotic
NPC reassembly in vertebrates and C. elegans [88, 89, 98,
99]. NPC formation was shown to be initiated on chromatin
by the recruitment of ELYS/MEL-28, which subsequently
recruits the Nupl07-160 complex [84-86, 100]. Signifi-
cantly, in vitro studies have also revealed that the key
function of Ran-GTP in post-mitotic NPC reassembly lies
in the dissociation of a subset of nucleoporins, notably
ELYS and the Nup107-160 complex, from importin-f and/
or transportin. This step is crucial for their recruitment as
seeding points—or pre-pores—on chromatin [56, 101, 102].
Loading of ELYS and the Nup107-160 onto chromatin is a
prerequisite for the recruitment of membrane vesicles
containing the integral membrane nucleoporins Pom121
and Ndcl [100]. In another noteworthy study, Gillespie
et al. [86] detected a physical association between ELYS
and the Mcm?2-7 replication-licensing factor. These authors
further showed that preventing Mcm?2-7 from loading onto
chromatin partially impaired recruitment of ELYS to

chromatin. They suggested that ELYS may contribute to
coordinate post-mitotic NPC and nuclear envelope reas-
sembly with the requirement to shut down replication origin
licensing prior to S-phase entry [86]. A potential role for
ELYS in DNA replication was also uncovered in zebrafish.
In this organism, a mutation in ELYS was shown to affect
the maintenance of chromatin-bound Mcm?2, but not Mcm3
or Mcm4 [103]. Davuluri et al. [103] thus proposed that
Elys might be needed, independent of its role in NPC
assembly, to resolve replication errors that normally occur
in highly proliferating cells.

Specific localization of the Nup107-160 complex
and ELYS at kinetochores and mitotic spindle

In addition to its recruitment to chromatin in late anaphase,
when NPCs begin to reform on the chromatin surface, a
fraction (5-10%) of the human Nupl07-160 complex
moves to the outer plate of kinetochores in prophase, where
it persists until late anaphase [79, 81, 99]. Members of the
Nup107-160 complex were also found at both spindle poles
and proximal spindle fibers in prometaphase mammalian
cells, as well as throughout reconstituted spindles in
Xenopus egg extracts [95]. Analysis of the ELYS homo-
logue, C. elegans MEL-28, similarly revealed its dual
localization and function at the NPC during interphase and
on chromosomes during mitosis, in a pattern suggestive of
a kinetochore localization [87, 88]. This localization was
supported by the observation that chromatin localization of
MEL-28 is abolished upon depletion of hcp3/cenp-A [89],
and by the kinetochore localization of its vertebrate
ortholog, ELYS [84]. Studies of the dynamics of one of the
Nupl07-160 complex subunits, GFP-tagged Nupl33,
revealed the existence of two distinct fractions of the
Nup107-160 complex at kinetochores [79]. Consistent with
this idea, siRNA experiments in HeLa cells have shown
that the recruitment of the Nup107-160 complex to kine-
tochores was primarily contingent upon the kinetochore
Ndc80 complex, whereas CENP-F, which directly interacts
with Nupl33, likely provides a second microtubule-
dependent anchoring site for Nup107-160 recruitment to
kinetochores ([53]; see Fig. 3). This result was confirmed
by the enhanced accumulation of the Nup107-160 complex
as extended crescents around kinetochores upon nocodaz-
ole-induced microtubule depolymerization [53, 95].
Studies in other organisms have also revealed that a
fraction of NuplO7 is localized at kinetochores during
mitosis in C. elegans but not in Drosophila [22, 88]. In the
latter organism, however, a fraction of NuplQ7 persists
around the mitotic spindle. In A. nidulans, in which NPCs
partially disassemble, the An-Nup84-120 complex and An-
ELYS remain part of the incomplete NPCs and do not
localize to kinetochores, although a fraction could be found
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at spindle pole bodies [82, 104]. Similarly, the Nup107-160
complex could not be detected at kinetochores during the
closed mitosis of fission yeast [92]. Neither could it be seen
at kinetochores in the corn smut fungus Ustilago maydis
that, in contrast to many fungi, undergoes an open mitosis
[105]. This varied spatial and temporal localization of the
Nup107-160 complex detected in these distinct organisms
may indeed underlie species-specific differences in mitotic
spindle assembly and chromosome segregation through
evolution.

Functional implications for the association
of the Nup107-160 complex and ELYS with the mitotic
spindle and kinetochores

The first insights into the mitotic function of the Nup107-
160 complex at mitosis came from in vitro studies that
revealed its requirement for correct bipolar spindle
assembly in Xenopus egg extracts [95]. This study further
indicated that the Nup107-160 complex is not required for
microtubule nucleation around sperm centrosomes, or for
Ran-GTP-mediated microtubule assembly, but rather plays
an important role at later times, in the assembly or main-
tenance of microtubule fibers between spindle poles and
chromosomes. However, this study did not establish whe-
ther the defects were caused by the absence of the Nup107-
160 complex from kinetochores, or by its more general
function in stabilizing spindle microtubules.

A potential role for Mel-28/ELYS and the Nup107-160
complex at kinetochores emerged from observations of
chromatin segregation defects during the first zygotic
division of Mel28 RNAi-depleted C. elegans embryos [88,
89]. RNAI experiments in human cells indicated that the
kinetochore localization of ELYS and the Nupl07-160
complex are interdependent [95]. However, siRNAs-
induced depletion of individual constituents of this com-
plex, while efficiently depleting the soluble pool of the
corresponding nucleoporin, only moderately affected their
kinetochore localization and did not lead to any major
defect in chromosome segregation [53, 84]. Moreover,
while efficient depletion of the Nup107-160 complex from
kinetochores could be achieved by combining siRNAs
targeting several of its subunits, this treatment also severely
affected post-mitotic NPC reassembly, thus complicating
the phenotypic analysis. In contrast, depletion of one spe-
cific subunit of the Nup107-160 complex, Sehl, that had
only minor consequences on NPC assembly [81], signifi-
cantly reduced the kinetochore levels of the Nup107-160
complex in HeLa cells [53]. Interestingly, efficient deple-
tion of the Nupl07-160 complex from kinetochores,
achieved either by combining siRNAs targeting several of
its subunits, or by depleting Seh1 alone, induced a similar
mitotic delay. Analysis of Sehl-depleted cells revealed

impaired chromosome congression and the presence of
fewer and less well-organized cold-stable microtubules,
suggesting improper or unstable kinetochore-microtubule
attachment. Depletion of the Nupl107-160 complex from
kinetochores impaired the recruitment of the Ran effector,
Crml, as well as RanGAP1-RanBP2 to these structures
[53]. This study also revealed that the presence of the
Nup107-160 complex at kinetochores, while dispensable
for the recruitment of CENP-F (a protein contributing to
chromosome congression and tension; reviewed in [106])
to these structures, is required for CENP-F maintenance at
attached kinetochores. Accordingly, the RanBP2-Ran-
GAP1:SUMO1-Ubc9 (RRSU) complex and CENP-F
behave as downstream effectors of the Nup107-160 com-
plex at kinetochores ([53]; see Fig. 3). However, a recent
study revealed that Sehl or ELYS/Mel-28 depletion also
severely impairs the centromeric localization of the CPC at
metaphase-aligned chromosomes [107]. In contrast, the
CPC was still recruited to unattached centromeres present
in Sehl-depleted cells, where it displayed a decreased
turnover. Similarly, both mitotic centromere-associated
kinesin (MCAK, a known Aurora B substrate) and Aurora
B-phosphorylated MCAK (P-MCAK) signals were lost
from metaphase-aligned chromosomes and were retained
only on the centromeres of the misaligned chromosomes in
Sehl-depleted cells. Since phosphorylation of MCAK by
Aurora B inhibits MCAK’s ability to depolymerise
microtubules at kinetochores, it was proposed that the
increased stability of the CPC complex at unattached
kinetochores may compromise the error—correction system
that eliminates kMT mis-attachments, leading to a misa-
ligned chromosome phenotype [107].

As previously highlighted by Orjalo et al., depletion of
either the Nup107-160 complex or the CPC from Xenopus
egg extracts leads to similar defects in spindle formation
[95, 108]. The reduced density of cold-stable k-MTs
observed upon Sehl depletion [53] may thus be linked to
altered CPC function, or reflect another function of the
Nup107-160 complex in spindle assembly. Considering
the size (0.6 MDa) and complexity (9-subunit) of the
Nupl07-160 complex, additional interaction partners
likely contribute to the targeting and/or function of this
nucleoporin complex at kinetochores. In mitosis, the
Nup107-160 complex and ELYS may thus contribute to
the integration of distinct kinetochore functions required
for proper chromosome congression and segregation
(Fig. 3).

Nucleoporins and cytokinesis
Partial depletion of either ELYS or Nupl33 in human

cells, while not affecting spindle assembly or chromosome
segregation, induced cytokinesis defects [84]. More
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pronounced defects, notably an increased occurrence of
binucleated cells resulting from cytokinetic furrow
regression, were recorded upon depletion of Sehl [107].
Sehl-depleted cells displayed decreased levels of the CPC
complex and of phosphorylated MKLP1, a well-charac-
terized Aurora B substrate, at both the central spindle in
anaphase and the midbody in telophase. Although other
hypotheses cannot be excluded, these data suggest that
impaired localization of the CPC complex may underlie the
various mitotic functions of the Nupl07-160 complex
[107]. In future, it will be important to understand the
molecular mechanism that leads to the impaired localiza-
tion and dynamics of the CPC complex in cells depleted for
Nupl107-160 complex constituents.

It is worth mentioning here that a delay during late
stages of mitosis, accompanied by an increase in unre-
solved midbodies, was also reported upon partial
depletion of Nupl153, a nucleoporin dynamically associ-
ated with the NPC basket structure (see Fig. 1). More
extensive depletion of this nucleoporin led to a pro-
nounced defect early in mitosis and an accumulation of
cells with multilobed nuclei [109]. In contrast to ELYS/
MEL-28 and the Nupl07-160 complex, Nupl53 is not
detected at kinetochores, nor is it seen at the midbody.
Moreover, although Nupl53 is required to anchor Tpr at
the NE, expression of a Nupl53 construct lacking its C
terminus, while sufficient to restore Tpr localization to the
NPC in Drosophila [110, 111], did not rescue the increase
in midbodies seen after Nup153 depletion. This suggests
that the functions in cytokinesis of Nup153 do not involve
Tpr localization [109]. However, it may be significant that
SENP2, the mammalian homologue of the yeast SUMO
protease Ulplp, also localizes to the nuclear side of NPCs
and has been found to associate with the C-terminal
domain of Nupl153 [46, 112]. It is therefore conceivable
that alteration of the SUMO pathway, known to affect
mitosis (reviewed in [42]; see also previous section), may
underlie this mitotic role for Nupl53. Finally, since
Nupl53 was shown to interact with the Nupl07-160
complex in pull-down experiments [80], a crosstalk
between these nucleoporins may also explain some of
their common mitotic defects.

Together, data gathered over these last years have thus
revealed a complex network of interactions between the
Nup107-160 complex, ELYS (and to some extent Nup153),
and factors known to regulate various stages of mitotic
progression: replication-licensing, chromosome segrega-
tion, cytokinesis, and NPC/nuclear envelope reassembly.
Although this aspect has not yet been investigated, it is
likely that phosphorylation of the Nupl107-160 complex
[113], and the corresponding interplay with mitotic kinases
and phosphatases, may provide a further level of coordi-
nation of these mitotic events.

Summary and perspectives

Since first reported more than 10 years ago that a subset of
proteins exhibits dual localization to both nuclear pores and
the mitotic apparatus, a clearer picture has emerged of the
molecular network that support the interactions of these
proteins with these varied locations. This includes a crucial
role of Mlpl-like proteins in the tethering of spindle
assembly checkpoint factors, and an as-yet-incomplete
understanding of the hierarchical targeting of the Nup107-
160 complex, CRM1, and the RRSU complex to kineto-
chores. In addition, it is now clear that Ran and its
effectors, as well as post-translational modifications,
notably phosphorylation or SUMOylation events, contrib-
ute to regulate the relocalization of proteins between NPCs
and the mitotic apparatus.

Clues are now being accumulated that shed light on the
potential functions of these proteins at their varied loca-
tions. For instance, increasing evidence indicates that Mlp-
like proteins behave, in all eukaryotes, as a scaffold for
Madl, Mad2, and Mpsl during mitosis. Conversely,
changes in the association of these checkpoint factors with
the NPC may also serve to regulate specific transport
pathways. In vertebrates, and possibly other metazoans, the
huge Nup107-160 complex likely behaves as a molecular
scaffold within kinetochores. Finally, the RRSU complex
contributes to the regulation of kinetochore-microtubule
attachment by virtue of its role as a modulator of Ran-GTP
levels, and to other aspects of mitotic progression via its
SUMO E3 ligase activity.

While our understanding of each of these individual
events is improving, we are still challenged to develop a
vision of how individual proteins, in some cases with well-
defined functions, are incorporated into processes as
diverse as nuclear transport and chromosome segregation.
An attractive, yet still speculative, hypothesis is that these
proteins, through their relocalization, contribute, along
with mitotic kinases and phosphatases and controlled pro-
tein degradation, to the spatio-temporal coordination of
mitosis.
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complex (y-TuRC), an essential and conserved microtubule nucleator,
to unattached kinetochores [114]. By combining in vivo and in vitro
studies, Mishra et al. further showed that the Nup107-160 complex
promotes spindle assembly through Ran-GTP-regulated nucleation of
microtubules by y-TuRC at kinetochores (see Fig. 3). This study
further emphasizes the intimate linkage between nuclear pores and the
mitotic apparatus.
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