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The nuclear pore complex (NPC) mediates all macromolecular transport across
the nuclear envelope. In higher eukaryotes that have an open mitosis, NPCs
assemble at two points in the cell cycle: during nuclear assembly in late mitosis
and during nuclear growth in interphase. How the NPC, the largest nonpoly-
meric protein complex in eukaryotic cells, self-assembles inside cells remained
unclear. Recent studies have started to uncover the assembly process, and evi-
dence has been accumulating that postmitotic and interphase NPC assembly
use fundamentally different mechanisms; the duration, structural intermediates,
and regulation by molecular players are different and different types of mem-
brane deformation are involved. In this Review, we summarize the current
understanding of these two modes of NPC assembly and discuss the structural
and regulatory steps that might drive the assembly processes. We furthermore
integrate understanding of NPC assembly with the mechanisms for rapid
nuclear growth in embryos and, finally, speculate on the evolutionary origin of
the NPC implied by the presence of two distinct assembly mechanisms.
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Eukaryotic cells are characterized by distinct nuclear and
cytoplasmic compartments which are separated by the
nuclear envelope (NE). The NE is penetrated by nuclear
pore complexes (NPCs) which allow exchange of macro-
molecules between these two compartments. Proteins
destined for nuclear function, such as histones and tran-
scriptional factors, are imported through the NPC from
the cytoplasm where they are synthesized. At the same
time, mRNA, tRNA, and ribosomal subunits are
exported through the NPC from the nucleus. The selec-
tive macromolecular transport across the NE is an inte-
gral part of eukaryotic cell functions, and the dysfunction
of the NPC has been associated with many diseases, such
as cancer, disorders of immune, and nervous system [1].
The NE consists of two lipid bilayers (outer and
inner nuclear membrane; ONM and INM). The ONM
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is facing the cytoplasm and is continuous with endo-
plasmic reticulum (ER), whereas the INM is facing the
nucleoplasm and interacts with chromatin and the
nuclear lamina via integral membrane proteins. The
INM proteins are known to be involved in chromo-
some organization and gene expression and play
important roles especially in cell differentiation and
development [2,3]. The linker of nucleoskeleton and
cytoskeleton (LINC) complex forms a bridge connect-
ing the ONM and the INM in the perinuclear space,
which stabilizes the NE against cytoplasmic forces and
facilitates nuclear positioning [4].

The NPC is the sole gate spanning the ONM and
INM and is the largest nonpolymeric protein complex
in eukaryotic cells with an estimated mass of 60 MDa
in yeast and 120 MDa in vertebrates. Despite the

AL, annulate lamellae; CDK1, cyclin-dependent kinase 1; cNLS, classical nuclear localization signal; EM, electron microscopy; ER, endoplas-
mic reticulum; IBB, importin-B-binding; INM, inner nuclear membrane; LBR, lamin B receptor; LINC, linker of nucleoskeleton and cytoskele-
ton; NE, nuclear envelope; NPC, nuclear pore complex; ONM, outer nuclear membrane; SNARE, soluble N-ethylmaleimide-sensitive factor
activating protein receptor.
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Two distinct assembly mechanisms of nuclear pores

rather large difference in mass, the unique overall
architecture and transport mechanism of the NPC are
well conserved between species [5,6]. Unlike protein
transport through single-membrane gates in the ER or
mitochondria, the NPC can mediate transport of single
proteins and very large complexes without unfolding
their structure through its very large transport channel
and unique transport selectivity mechanism [7,8]. To
stabilize such a large channel, the NPC has an eight-
fold rotationally symmetric architecture which consists
of several biochemically and ultra-structurally defined
substructures: the cytoplasmic filaments, the cytoplas-
mic and nuclear rings, the inner pore ring, the central
transporter region, and the nuclear basket [9-11]. Indi-
vidual NPCs are composed of a total of 500-1000
polypeptides, comprising multiple copies (8-64) of
around 30 different proteins termed nucleoporins
(Nups) [12,13]. Scaffold Nups have been reported to
be stably associated with the NPC with almost no
turnover during the cell cycle, whereas some Nups
localizing at the NPC periphery have been shown to
interact transiently with the NPC [14-16].

In metazoan cells which undergo open mitosis, the
NPCs disassemble and the NE breaks down at mitosis
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onset, and the cytoplasm and the nucleoplasm mix.
NPCs and the NE reassemble during mitotic exit
(called postmitotic assembly) (Fig. 1), and their rapid
reformation is essential for establishing a functional
nucleus in the daughter cell. The NPC also assembles
during nuclear growth in interphase (called interphase
assembly) and the number of the NPCs is almost dou-
bled at the end of G2 phase for the next round of cell
division in proliferating cells (Fig. 1). Over the last
decade, it has been revealed that the postmitotic and
interphase NPC assembly mechanisms are fundamen-
tally different [4,17—19]. During mitotic exit, a large
number of NPCs assemble within a few minutes con-
comitant with nuclear membrane sealing [20-24],
whereas in interphase NPC assembly, it is sporadic,
takes about an hour, and requires deformation and
fusion of the intact double-membraned nuclear bound-
ary [25-27]. Here, we will review what is known on the
assembly mechanisms and discuss what drives them
and how they are regulated. The two distinct assembly
mechanisms provide very interesting connections to
rapid nuclear growth in embryos and have fundamen-
tal implications to rationalize the evolutionary origin
of the NPC.
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Fig. 1. Nuclear pore assembly during cell
cycle. During anaphase and telophase, the

nuclear membranes that are absorbed in
the endoplasmic reticulum (ER, blue) at

metaphase assemble on chromatin (blue
gradient) together with the nuclear pore
complexes (NPCs, orange). The nuclear
envelope (NE) assembly is delayed in the
chromosome regions next to the spindle
pole and the central spindle area (called
‘core region’) due to dense spindle
microtubules (red lines) on the DNA
surface. During nuclear growth after
telophase, the NPCs assemble de novo
into the double membrane barrier of the
NE.
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Postmitotic NE and NPC assembly

Regulation of mitotic exit

At the onset of mitosis, mitotic kinases such as Cyclin-
dependent kinase 1 (CDK1)/Cyclin B phosphorylate
Nups, lamins, and INM proteins, which triggers the
disassembly of the NPC and the nuclear lamina and
the release of chromatin from the NE. For NPC disas-
sembly, Nup98 has been shown to play a key role.
Kinetic observations in live cells have shown that
Nup98 is among the first Nups that dissociates from
the NPC in prometaphase [21,28], and the mitotic
phosphorylation of Nup98 is required for its release
from the NPC and disruption of the NPC permeability
barrier [29]. Since Nup98 interacts with inner pore ring
components Nups205, 155, and 53, a subcomplex
linked to both the transmembrane Nup NDCI and the
central channel subcomplex consisting of Nups62, 58,
and 54 [30-33]; Nup98 can be speculated to function
as an important linker that connects the inner ring,
central channel, and the nuclear membrane. Its disen-
gagement from the NPC by mitotic phosphorylation
would thus be an efficient way to trigger NPC disas-
sembly. In addition to Nup98, Nup53, the Nupl07-
160 complex, and transmembrane Nups NDCI,
Poml121 and GP210 are also known to be phosphory-
lated at mitosis onset. However, how their phosphory-
lation modulates their functions remains to be studied
[18,34]. During mitotic exit, the phosphorylation
events that drive NPC disassembly are reverted due to
the inactivation of mitotic kinases and the activation
of phosphatases such as protein phosphatase 1 (PP1),
which allows the NE to rebind to chromatin and Nups
as well as lamins to reassemble [34,35].

The assembly of the NE and the NPC is also regu-
lated by small GTPase Ran. The GTP-bound form of
Ran (RanGTP) is enriched on mitotic chromosomes as
a consequence of the activity of chromatin-bound Ran
guanine-exchange factor RCC1 [36]. Nuclear transport
receptors importin B1 and B2 bind to key mitotic pro-
teins such as spindle assembly factors as well as lamin
B, lamin B receptor (LBR) and Nups including Nup-
s358, 214, 153, 98, and 62, the Nupl07-160 complex
and ELYS, preventing them from interacting with
other proteins [37—40]. The binding of RanGTP to the
importins allosterically reduces their binding affinity to
these proteins [41], allowing them to dissociate from
importins in the vicinity of mitotic chromatin. The
interaction of ELYS, a Nup specific to the nuclear ring
of the NPC and an essential player in postmitotic
NPC assembly (discussed in the following sections 2.3
and 2.4) [42-44], with mitotic chromatin has been
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shown to be regulated positively by RanGTP and neg-
atively by importin B1 [45,46]. In general, RanGTP
displacement of importins spatially guides both NE
and NPC assembly during mitotic exit by allowing the
formation of key protein complexes in the proximity
of chromatin while it remains inhibited in the cytosol.

Mechanism of nuclear membrane coverage of
chromosomes during mitotic exit

Upon nuclear disassembly, INM proteins are detached
from chromatin by mitotic phosphorylation and are
absorbed in the mitotic ER together with the nuclear
membranes [20,22,47]. Until anaphase, the mitotic ER
is largely excluded from chromosomes and the central
spindle area by the active mechanism of ER clearance
from chromatin by microtubule-binding ER proteins
REEP3/4 as well as the inhibition of microtubule-bind-
ing competence of ER proteins STIM1 and CLIMP63
by mitotic phosphorylation [48-50]. During chromo-
some segregation in anaphase, the masses of separated
sister chromatids move to the opposite poles of the
spindle and while the ‘core’ of these masses initially
remains shielded from membranes by the persisting
central spindle and kinetochore microtubules, their
periphery (or ‘noncore’) starts to get in contact with
the ER membranes (Fig. 1, early telophase).

How exactly the NE reforms from mitotic ER had
been unclear and a matter of debate, mainly due to
the resolution limitation of live cell fluorescence micro-
scopy that is necessary for capturing the dynamic
shaping of subdiffraction ER cisternae and tubules, as
well as the difficulty to preserve the native membrane
structure in in vitro assays. The structure of the ER in
interphase and mitosis has been studied systematically
in different cell types by electron microscopy (EM)
[S51]. Tt has revealed that the ER undergoes structural
reorganization from interphase to mitosis from sheet
morphology to more fenestrated and tubular forms. It
has also shown that the architecture of mitotic ER
varies in different cell types: while mitotic HeLa, Huh-
7, NRK-52E, and Vero cells contain multiple layers of
fenestrated ER sheets, CHO-K1 cells have a more
extensively tubulated network [S1]. These differences
may depend on the abundance of ER membranes as
well as of ER-shaping proteins, including reticulons,
GTPases atlastins, and the protein lunapark [52,53].
More recently, a time course of EM reconstructions of
entire HeLa cells from early to late anaphase by cor-
relative live imaging with large volume EM could cap-
ture the dynamic process of covering chromosomes
with ER-derived nuclear membranes at nanometer
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resolution [24]. This study showed that the NE forms
from highly fenestrated ER sheets that contain a large
number of discontinuities whose diameter shrinks as
NE assembly proceeds. NE reformation is very fast,
and most of chromosome surface is covered by the
membrane within 2-4 min [24]. Although nuclear
membranes have been thought to be supplied by lat-
eral expansion of ER after initial attachment to the
chromatin surface [35,54] (Fig. 2, lateral expansion
model), the new EM data make it equally possible that
multiple layers of ER sheets are stacked on top of
each other on the chromosome surface during telo-
phase (Fig. 2, cisternal stacking model), especially in
the periphery of the chromosome mass where ER
sheets may become locally packed by the ingressing
cleavage furrow. Lateral expansion and cisternal stack-
ing are not mutually exclusive mechanisms for the
sealing of chromosomes by nuclear membrane and
current evidence would indeed suggest that both occur
during rapid assembly of the NE during mitotic exit.
What drives membrane coverage of chromosome
during mitotic exit? ER-chromatin contacts are initi-
ated at the peripheral edge of the chromosome. When
the ER membranes contact the chromosome surface,
INM proteins including LBR, emerin, and Sun2 which
can bind to DNA and/or lamin are locally enriched
via lateral diffusion through the ER and retention at
the membrane-chromatin contact region [20,22,47,55,
56]. By contrast, NE assembly is delayed in the chro-
mosome regions next to the spindle pole and the cen-
tral spindle area due to dense spindle microtubules on
the DNA surface (Fig. 1, early telophase). This core
region is specifically enriched with emerin, LAP-25
and lamin A, and the chromatin-binding protein BAF
plays a key role in establishing this transient chromo-
some subdomain in mid/late anaphase [55,57]. Recent
studies have shown that members of endosomal sort-
ing complex required for transport-III (ESCRT-III)
complex and microtubule severing ATPase spastin
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localize where the reforming NE starts to enclose
microtubules in the core region, and function coopera-
tively in microtubule disassembly to allow NE sealing
from the periphery across the core domain in telo-
phase [58,59]. Other membrane fusion mediators,
SNARE (soluble N-ethylmaleimide-sensitive factor
activating protein receptor) proteins and the atlastin
family GTPases have been shown to be required to
form the closed NE in vitro, and may also contribute
to the NE sealing in intact cells [60-62]. In general, the
driving force for nuclear membrane coverage appears
to be the multiple interactions between INM proteins
with chromatin that become activated by postmitotic
dephosphorylation and/or RanGTP-induced release
from importins, as well as the progressive accessibility
of the chromosome surface for ER membranes made
possible by retraction and active removal of spindle
microtubules. It is very likely that homotypic fusion
of ER membranes during cisternal stacking and/or lat-
eral expansion further promotes nuclear membrane
sealing.

Mechanism of NPC assembly in the reforming
nuclear membrane

The coordinated reassembly of NPCs concomitant
with the nuclear membrane sealing around chromo-
somes is essential to establish a transport-competent
nucleus after mitosis. Studies using in vitro assembled
nuclei with Xenopus egg extracts have defined a step-
wise process of the Nup recruitment to the DNA sur-
face [30,63-66]. In vitro, the nuclear ring component
ELYS first binds to chromatin in mid-anaphase and
recruits the nuclear and cytoplasmic ring components
Nupl107-160 complex (also called Y-shaped complex),
which in turn allows the recruitment of transmem-
brane Nups Ndcl and Poml121 as well as the mem-
brane-associated Nup53. An inner ring component
Nupl55 is then recruited through the interaction with

Fig. 2. Models for the NE assembly during
chromosome segregation in anaphase.
The nuclear membranes will be supplied
by the lateral expansion of the ER (blue)
on the chromatin surface (blue gradient)
and/or by the cisternal stacking of the ER.
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Nup53, which is required for recruiting the other inner
ring components Nups205, 188, and 93, and the subse-
quent recruitment of the central channel component
Nup62 complex [30,63-66]. The assembly order of
Nups has also been studied by immunostaining of
fixed human cells at different cell-cycle stages
[45,67,68]. They have shown that ELYS, the Nupl07-
160 complex, and the nucleoplasmic Nupl53 are
recruited in late anaphase and that the cytoplasmic
Nup214 and the nuclear basket component TPR are
recruited later at telophase. In addition to these studies,
live cell imaging in both rat and human cells has
directly visualized the dynamic process of Nup recruit-
ment to the NE and shown that postmitotic NPC
assembly indeed proceeds by sequential addition of
Nups in an overall similar order to the one proposed by
the in vitro and immuno-localization studies [20-24].
While the order of postmitotic Nup recruitment to
the chromosome surface is well defined with few excep-
tions, which structural intermediates are formed in
order to build a mature NPC remained mysterious for
a long time. The first suggestions for what such assem-
bly intermediates (so called prepores) might look like
came from scanning EM. Here, the outer surface of
nuclei assembled in vitro using Xenopus egg extracts
treated with inhibitors or in nuclei isolated from
cycling Drosophila embryos were observed by scanning
EM [69.70], and different sized intermediates were
observed [70], but it remained difficult to correlate
them with the dynamic molecular progression, which
starts on the nuclear side, which remained invisible in
these studies. More recently it became possible to
observe the three-dimensional (3D) ultrastructure of
precisely staged assembling NPCs in human cells by
directly correlating live imaging with high-resolution
electron tomography [24]. This approach has revealed
that the first prepores form in small membrane holes
about half the size of mature NPCs. Such prepores
contained dense material in the center of the holes as
well as nuclear ring-like structures underneath them.
The small membrane hole then dilated as the inner
ring, and the cytoplasmic ring formed and the density
of central channel increased [24]. The molecular and
structural progression of postmitotic NPC assembly
described in this section is summarized in Fig. 3A.

Possible molecular mechanisms for postmitotic
NPC assembly

First of all, what are the molecular triggers for postmi-
totic NPC assembly? In vitro and in vivo studies have
revealed that artificial tethering RCC1 and ELYS to
DNA in Xenopus egg extracts or tethering ELYS to

Two distinct assembly mechanisms of nuclear pores

the surface of nucleosome-depleted chromosomes in
mouse zygotes is sufficient to initiate NPC assembly
[71,72]. Thus, the minimal requirements for starting
NPC assembly appear to be RanGTP promoted
release of assembly factors, very likely early recruited
Nups from importins, and ELYS localization at the
nuclear periphery. Interestingly, ELYS localization to
chromatin requires demethylation of histone H3 by the
Lysine-specific demethylase LSD1 in vitro, but the
effect of LSDI1 is mild in human cells [73], and to
which extent histone modifications regulate NPC
assembly in vivo remains to be examined further.

Recent EM observations of assembling NEs and
NPCs have shown that the first density containing
membrane discontinuities were small NE holes about
the half the size of mature NPCs [24]. Interestingly,
similarly sized small holes were already present in the
ER cisternae when they first made contact with chro-
mosomes, suggesting that postmitotic NPC assembly
uses pre-existing shrinking ER fenestrations, rather
than relying on de novo membrane fusion after chro-
mosomes are sealed with a continuous double mem-
brane [24]. How then is the localization of ELYS on
the chromosome surface coordinated with the posi-
tions of these small prepore holes in the ER as it con-
tacts chromosomes? It is possible that ELYS
localization precedes membrane contacts and seeds
local Nup complexes that stop the fusion of the
shrinking fenestraec in the ER-derived nuclear mem-
branes locally, to initiate NPC assembly. Consistent
with this idea, the initial prepores contain not only
nuclear ring-like density (ELYS is a nuclear ring com-
ponent) but also dense material in the center of mem-
brane holes, which may be additional Nups recruited
by ELYS and/or the proteins localizing at the curva-
ture of the small hole (Fig. 3A). At this initial stage of
NPC assembly in mid-anaphase only, nuclear ring
components have been reported to be recruited on the
NE [20,21,23,67]. Possible components of the central
dense material include Ndcl, Nup53, and Nupl55, as
well as reticulon and DP1/Yoplp family proteins that
localize at the tip of ER membranes, which have a
similar membrane curvature [56,74]. These proteins
could stall the membrane hole shrinkage at the site of
NPC assembly as defined by a local accumulation of
ELYS and then recruit additional Nups.

Once initiated, prepores grow in size until they reach
the full diameter of a mature NPC. What drives this
prepore dilation? Since inner ring formation and hole
dilation occur at the same time with similar kinetics
[24], the recruitment of the inner ring components and
their self-assembly into eight regular subunits might be
the driving force for pore dilation. In addition, the
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Fig. 3. Two distinct assembly mechanisms of the NPC. (A) Postmitotic NPC assembly proceeds by a radial dilation of small membrane
openings [24]. The initial prepore contains dense material in the center of the membrane hole as well as the nuclear ring. It dilates radially
and obtains active transport competence during the inner ring and the cytoplasmic ring complex assembly. The central channel continues to
maturate even after the membrane dilation stops, and the NPC gradually obtains permeability barrier function against small proteins.
Molecular players involved in individual steps of the assembly are indicated below. Possible molecular requirements are shown in gray.
ONM, outer nuclear membrane; INM, inner nuclear membrane. (B) Interphase NPC assembly proceeds by an inside-out extrusion of the
nuclear membrane [27] . The intermediate is a dome-shaped evagination of the INM, that contains the nuclear ring structure underneath the
INM from the beginning and grows in size vertically and laterally until it fuses with the flat ONM. Possible molecular players in individual

steps of the assembly are shown as in (A).

components of the central channel are being recruited
to the pore following the inner ring assembly [21]. The
central channel components Nups62, 58, and 54 carry
intrinsically disordered domains rich in phenylalanine-
glycine (FG) motifs and have been suggested to form
a hydrophobic meshwork through FG-FG interactions
[7,8,75]. A high concentration of intrinsically disor-
dered domains in a small membrane hole may trigger
additional self-assembly steps that may further con-
tribute to prepore dilation.

When do the assembling NPCs become transport
competent? Live imaging studies have demonstrated
that the nucleus obtains active nuclear import compe-
tence before all the Nups are recruited. Proteins

480

containing classical nuclear localization signal (cNLS)
or the importin B-binding (IBB) domain of importin
alpha start to be imported into the nucleus at early tel-
ophase, when the cytoplasmic Nup214, the cytoplasmic
filament component Nup358, and the nuclear basket
component TPR are not yet accumulated on the NE
[20,21,23,27,68] (Fig. 3A), suggesting that a core NPC
composed of nuclear and cytoplasmic rings, inner ring,
and central channel but without cytoplasmic or nucle-
oplasmic filaments can already mediate nuclear import.
Interestingly, live imaging studies using a photoswitch-
able protein have shown that although the nucleus
very rapidly re-establishes full active transport compe-
tence within 10 min after anaphase onset, it remains
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permeable for passive diffusion of small proteins for
more than 1 h [23,76]. Since the NE sealing is com-
pleted until 10 min after anaphase onset [24], the grad-
ual re-establishment of the NE permeability barrier
must be mediated by changes to the NPC. Indeed, EM
observation has shown that newly assembled NPCs at
10 min after anaphase onset contain less central chan-
nel density than mature NPCs in interphase [24], sug-
gesting the recruitment of additional proteins,
potentially including importin B [77-79], to the central
channel is needed to establish the permeability barrier.

Interphase NPC assembly

Inside-out membrane extrusion mechanism

In contrast to postmitotic NPC assembly, NPC assembly
during interphase occurs in continuous double-lipid NE
bilayers and thus requires an insertion into and fusion of
the double nuclear membrane. Interphase NPC assembly
starts in telophase when nuclear membrane sealing is
completed and the postmitotic nucleus dynamically
grows its surface to accommodate nuclear import and
chromosome decompaction. Interphase assembly had
been less-well understood compared with postmitotic
assembly, largely due to the experimental challenge of
capturing the sporadic assembly events and the need to
distinguish a few newly assembling from many already-
formed NPCs. Molecular players for interphase assem-
bly have so far been identified by examining the increase
of bulk NPC numbers after postmitotic assembly is com-
pleted. The studies using human cells and reconstituted
nuclei with Xenopus egg extracts have identified molecu-
lar requirements including (a) reticulon and DP1/Yoplp
family proteins [80], (b) the C-terminal domain of
Nup53 that has membrane deforming activity in vitro
[66], (c) the membrane curvature-sensing domain of
Nupl133 [81], (d) the INM protein Sunl [82], (e) the tar-
geting of Pom121 to the INM [83], and (f) the import of
Nup153 into the nucleus to recruit the Nup107-160 com-
plex to the INM [84] (Fig. 3B). Interestingly, several of
the above molecular requirements (b)—(f) have been
shown to be specific for interphase assembly, but dis-
pensable for postmitotic NPC assembly, suggesting that
interphase and postmitotic assembly processes are regu-
lated by molecularly distinct mechanisms.
High-resolution live cell microscopy has directly
visualized the assembly process at a single-NPC resolu-
tion [25,26]. These studies have demonstrated that
interphase NPC assembly is an order of magnitude
slower than postmitotic assembly and that the order of
the recruited components is different; in interphase
assembly Poml21 is recruited earlier than the

Two distinct assembly mechanisms of nuclear pores

Nupl107-160 complex whereas this order is inverted in
postmitotic assembly [21,23,26]. Recently, interphase
NPC assembly intermediates have been captured
in situ in human and rat cells by EM tomography [27].
This has revealed that the interphase assembly pro-
ceeds asymmetrically, starting with an unusual asym-
metric de novo fusion event between INM and ONM.
Interphase assembly proceeds by an inside-out evagi-
nation of the INM that grows in diameter and depth
until it fuses with the flat ONM (Fig. 3B). The dome-
shaped INM evagination is driven by a growing mush-
room-shaped density, supported by an eight-fold sym-
metric nuclear ring structure that underlies the INM
from the beginning of membrane bending (Fig. 3B).
Only few ONM/INM fusion intermediates have been
captured compared with other intermediates [27], sug-
gesting that the fusion step itself is very short-lived
and that the mushroom-shaped assembly intermediate
must undergo rapid and drastic structural rearrange-
ments to transform into a mature NPC.

Similar INM deformations have been observed in
yeast mutants lacking several nucleoporins, ER pro-
teins, and the AAA-ATPase VPS4. These have been
interpreted as malformed NPCs due to defects of nucle-
oporin quality control or errors in NPC assembly, or
pleiotropic consequences of transport defects [85-90].
Since yeast undergoes a closed mitosis and all new
NPCs assemble in a continuous NE, it can be speculated
that the NPCs assemble by an inside-out INM evagina-
tion similar to mammalian interphase NPC assembly.
However, NPC assembly intermediates have rarely been
observed in wild-type yeast cells. The reason may be
that in the small nuclei of yeast only about 70 new pores
form during one whole cell cycle reducing the chance to
capture assembly intermediates. In addition, ‘inter-
phase” NPC assembly in yeast could be faster than in
mammalian cells, due to the lack of nuclear lamina.
Understanding how the NPC assembles in wild-type
cells in yeast will be necessary in order to interpret the
existing mutant phenotypes that involve nuclear mem-
brane and nuclear pore deformations. It is worth men-
tioning that although recently reported nuclear egress
structures transporting ribonucleoproteins and viruses
sometimes also show INM deformations [91,92], these
structures are much larger (around 200 nm) and clearly
distinct from NPC assembly intermediates.

Possible molecular mechanisms for interphase
NPC assembly

What initiates interphase NPC assembly? Since mem-
brane association of Nups153 and 53, as well as INM
targeting of Pom121 and Sunl, have been shown to be
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required for the assembly [66,82-84,93], the initial cue
may be the binding of at least one of these proteins to
the INM. Some of the Nups including Nup53 and
yeast nuclear basket proteins Nupl and Nup60 have
been shown to be capable of membrane deformation
and could thus be candidates that drive the evagina-
tion of the INM [66,93]. NuplS53 can recruit the
Nupl07-160 complex to the INM, which enables to
recruit additional Nups to the site of assembly. Impor-
tantly, interphase NPC assembly does not happen in
close proximity to already-formed NPCs [27] but
maintains a constant density in the growing nuclear
surface, suggesting that mechanisms exist to regulate
the spacing of NPCs in the NE.

What drives the growth of membrane evagination
and what triggers fusion? Secl3 and Sehl are nuclear
pore components and also the components of the late
endosomal SEA (Sehl-associated) protein complex in
yeast [94] or in the case of Secl3 components of the
COPII complex [95]. They are thought to be involved
in membrane budding, and might thus play an analo-
gous role in INM evagination during interphase NPC
assembly. Additional Nups such as the Nup93 com-
plex and the Nup62 complex will be recruited to the
site of assembling NPCs via the interaction with
Nup53, and this Nup accumulation and subcomplex
self-assembly might generate the mechanical force
needed for INM deformation, potentially helped by
connections to the nuclear ring already underlying the
INM. In addition to Nups, the ESCRT machinery,
which mediates diverse membrane remodeling events
[96], is likely to be involved either at the fusion step
between the ONM and the INM during regular NPC
assembly, or alternatively to seal membrane fusions
that do not succeed in NPC assembly, but would
locally rupture the double nuclear membrane. ESCRT-
III proteins and ATPase VPS4 genetically interact with
the Nups (including Nups of the cytoplasmic, nuclear
and inner rings, as well as transmembrane Nups) in
yeast, and yeast cells lacking a transmembrane Nup
Pom152 and one of these proteins accumulate mal-
formed NPCs in the deformed INM [89]. AAA-
ATPase Torsin family proteins might also contribute
to the membrane evagination and/or fusion steps.
Although no direct Torsin ortholog has been found in
yeast, its knockout in human cells results in the NE
blebs whose neck is enriched with Nups, which could
represent stalled evagination intermediates [97].

As described above, the molecular mechanism for
interphase NPC assembly remains poorly understood
(Fig. 3B), largely due to the sporadic nature of the
assembly, which has so far precluded a precise kinetic
mapping of the sequence of molecular events.
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Recently, systematic EM observations of the NE in
cells at different cell-cycle stages has shown that inter-
phase NPC assembly happens relatively synchronously
during the first hour of G1, when the nuclear surface
grows rapidly following postmitotic nuclear membrane
sealing [27]. Importantly, the assembly process during
the rapid nuclear expansion in G1 has been suggested
to be similar to the homeostatic NPC assembly later
during interphase, based on the fact that the assembly
intermediates are also constantly observed even in later
interphase and that the abundance of them quantita-
tively explains the increase in mature NPCs during cell
cycle [27]. Since the former core region of the Gl
nucleus is largely devoid of postmitotically assembled
NPCs, the interphase assembly process can be exam-
ined more easily in this region. Taking advantage of
this, the core region has indeed been monitored by live
cell imaging and super-resolution microscopy, and the
accumulation kinetics and single-NPC localization of
Nups107 and 358 in interphase NPC assembly have
been determined [27]. In the future, extending such
approaches to all Nups and integrating different imag-
ing modalities that allow to determine the dynamic
molecular choreography and the dramatically changing
protein architecture are likely to be a powerful
approach to unravel the mystery of the interphase
NPC assembly mechanism.

Significance and implications of two
distinct NPC assembly processes

Ensuring fast nuclear assembly process after
mitosis

During mitotic exit many NPCs reassemble very
rapidly and synchronously within 5 min in the reform-
ing NE [20,21,23,24], whereas NPC assembly into the
interphase nucleus occurs only sporadically and
requires close to 1 h [25-27]. Why is NPC assembly so
much faster after mitosis than during interphase? First
of all, the mitotic cell contains a high concentration of
‘assembly ready’ NPC subcomplexes, already synthe-
sized in the mother cell and disassembled by mitotic
phosphorylation. This stockpile of building blocks
becomes permissive for assembly synchronously by the
reduction in mitotic kinase activity [34]. By contrast,
during interphase, the soluble reservoir of Nups inher-
ited from the mother cell has been consumed, and
Nups have to be newly synthesized, limiting the
amount of building blocks available for homeostatic
NPC assembly. A second fundamental difference is the
topology of the membrane into which the new NPC
channels are built. In the mitotic cell, the ER sheets
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that form the nuclear membrane are highly fenestrated
and contain a large number of small membrane dis-
continuities on the surface of the chromosomes. NPC
assembly would, therefore, not require a new local
membrane fusion event, but could use a pre-existing
hole. Interphase NPC assembly by contrast requires a
de novo local fusion event, and it appears that the for-
mation of the nuclear ring and growing mushroom-
shaped density that drives the membrane evagination
consumes most of the time required for interphase
assembly. Membrane fusion could, thus, be a rate lim-
iting step for the interphase assembly mechanism.
Ubiquitously available building blocks and a mem-
brane surface full of holes may thus be the two main
factors that enable the high efficiency of postmitotic
NPC assembly, that is, so crucial to rapidly establish a
functional nucleus after mitosis.

Implications for understanding rapid nuclear
growth in embryos

Annulate lamellae (ALs) are cytoplasmic stacked
sheets of ER membranes penetrated by nuclear pores
containing most Nups and are highly abundant in
germ cells and early embryos, which stockpile large
amounts of maternal proteins for later development.
ALs have been thought to be a repository of mater-
nally provided Nups [98-100], but how they would be
incorporated into embryonic nuclei remained unclear.
In rapidly cycling early Drosophila embryos, for exam-
ple, the size of the nucleus doubles within an inter-
phase that lasts only 10 min, in principle not leaving

A Outside-in model

Two distinct assembly mechanisms of nuclear pores

enough time to assemble a sufficient number of new
NPCs using the slow mechanism of interphase assem-
bly found in mammalian cells [27]. Very interestingly,
a recent study could show that embryonic Drosophila
nuclei grow by incorporating pore-perforated ER
sheets ‘en bloc’ into their NE, thus inserting large
membrane patches that already contain pores [101].
Such merging of AL into a growing NE thus provides
a mechanism for rapidly expanding the nuclear surface
with a source of membrane already containing pre-
assembled NPCs. This mechanism, thus, formally does
not involve de novo NPC assembly and seems ideally
suited to support the rapid nuclear growth require-
ments of the short cell cycles in early embryogenesis.

Implications for the evolutionary origin of the
NPC

Two theories have been discussed to explain the evolu-
tion of eukaryotic endomembrane compartmentaliza-
tion, which involve the ancestral function of the NPC
or its subcomplexes [102-104] (Fig. 4). The ‘Outside-
in” model proposes that the surface of early eukaryotic
cells invaginated, creating a cytoplasmic membrane
network that eventually would have surrounded the
cellular DNA, thus giving rise to the NE (Fig. 4A). By
contrast the ‘inside-out” model proposes that ancestral
eukaryotes evaginated their surface, so that membrane
filopodia protruded through their protective glycocalyx
to engulf extracellular material and thereby conquer
new space, effectively leaving the original cell as the
nucleus with the DNA behind and creating the

B Inside-out model

Fig. 4. Two theories for the evolution of the eukaryotic endomembrane system. (A) ‘Outside-in’ model. The surface of ancestral eukaryotic
cells invaginated and branched progressively into a cytoplasmic membrane network. The function of NPC components (pink) would have
been a passive stabilization of regions with high membrane curvature to prevent closure of the membrane cisternae around DNA (dark and
light blue dots). (B) ‘Inside-out’ model. Membrane filopodia protruded progressively through the glycocalyx to engulf extracellular material
and thereby create new cytoplasm while the original cell becomes the nucleus. The function of NPC components would have been to
actively promote membrane evaginations. Modified from [103]. Arrows indicate direction of cytoplasmic flow.
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cytoplasm de novo (Fig. 4B). In the outside-in model,
the original function of the NPC would have been to
stabilize regions of high curvature in the internalized
membrane cisternae and prevent their fusion around
DNA to keep gates of communication and transport
for macromolecules open. In the inside-out model, the
original function of the NPC would have been to
actively promote membrane evaginations that pene-
trate the protective glycocalyx, but do so in a con-
trolled manner without rupturing it and therefore
would have had to constrain the neck diameter of the
protrusion. It has been suggested that the assembly of
protein complexes may recapitulate their molecular
evolution [105], and it is, therefore, interesting to
examine our knowledge about NPC assembly in the
light of these models. Interestingly, the two different
NPC assembly mechanisms we have discussed above
are consistent with aspects of both models. The post-
mitotic NPC assembly process is reminiscent of the
outside-in model (‘stop membrane fusion and keep the
gate open’), while the interphase NPC assembly pro-
cess exhibits key features proposed by the inside-out
model (a controlled evagination of membrane).
Although these models appear opposed to each other,
it is plausible that both the membrane invagination
and controlled membrane extrusion would have been
advantageous for early eukaryotic cells. It is tempting
to speculate that fusion stopping and membrane
deforming activity may thus have initially been sepa-
rate molecular modules, which became combined only
later during eukaryotic evolution, when controlled
transport through the gate became an advantage. This
might explain why the same molecular machine can be
made in two different ways.

Conclusions and perspectives

Recent conceptual advances in understanding the two
distinct mechanisms of NPC assembly put us in a posi-
tion to re-interpret existing genetic and biochemical
data and to propose and in the future test the molecular
mechanisms regulating the dynamic assembly. Rapid
conditional molecular perturbations will be needed to
identify molecular players specifically regulating post-
mitotic or interphase NPC assembly, since scoring phe-
notypes after perturbations over one cell cycle makes it
difficult to separate defects in postmitotic assembly
from interphase assembly and vice versa. Once we are
in a position to enrich the pores in physiological assem-
bly states by defined molecular perturbations, high-
resolution analysis by super-resolution microscopy and
cryo-EM combined with single particle averaging will
allow us to reveal the molecular architecture and
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eventually atomic structure of the assembly intermedi-
ates. In addition, computational modeling based on
biophysical and structural parameters will be necessary
to understand what drives the progressive membrane
deformation and how the large scale structural rear-
rangement of individual Nups and their subcomplexes
powers NPC assembly. Knowing how the largest non-
polymeric protein complex assembles will lead us to an
understanding of general principles of how multi-pro-
tein complexes self-assemble inside cells and provide
important implications for how early eukaryotes
evolved subcellular compartmentalization.
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