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The nucleus, a genome-containing organelle eponymous of eukaryotes, is enclosed by a
double membrane continuous with the endoplasmic reticulum. The nuclear pore complex
(NPC) is an ~110-MDa, ~1000-protein channel that selectively transports macromolecules
across the nuclear envelope and thus plays a central role in the regulated flow of genetic
information from transcription to translation. Its size, complexity, and flexibility have hin-
dered determination of atomistic structures of intact NPCs. Recent studies have overcome
these hurdles by combining biochemical reconstitution and docking of high-resolution struc-
tures of NPC subcomplexes into cryo-electron tomographic reconstructions with biochem-
ical and physiological validation. Here, we provide an overview of the near-atomic compos-
ite structure of the human NPC, a milestone toward unlocking a molecular understanding of
mRNA export, NPC-associated diseases, and viral host-pathogen interactions, serving as a

paradigm for studying similarly large complexes.

he emergence of compartmentalization has
Tprovided eukaryotic cells with opportunities
to spatially separate molecules and molecular
processes. The nucleus segregates the regulation
of gene expression and transcription from trans-
lation, while also sheltering chromatin from
damaging metabolic chemistries that take place
in the cytoplasm. Despite these advantages, sub-
cellular compartmentalization poses a challenge
in protein homeostasis, particularly in the deliv-
ery of proteins to their target location. Indeed,
three out of four human proteins are destined to
leave the cytoplasm, where nonmitochondrial
ribosomes that translate the vast majority of pro-

teins reside (Thul et al. 2017). The subcellular
localization problem is solved by labeling cargo
with “address tags” that are recognized by dedi-
cated transport machineries (Blobel and Sabatini
1971). Proteins targeted to the endoplasmic re-
ticulum (ER), mitochondria, and chloroplasts
must be unfolded during their translocation
across membranes (Rapoportetal. 1996), where-
as vesicles shuttle cargo between compartments,
including secretion across the plasma membrane
(Rothman and Weiland 1996; Schekman and
Orci 1996; Kirchhausen 2000).
Nucleocytoplasmic transport is distinct from
these types of cargo trafficking because nuclear
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pores, which arise from the annular fusion of the
inner and outer membranes of the nuclear enve-
lope, are massive channels that obviate the need
to perturb the tertiary and quaternary structures
of cargo. This mode of transport presents ad-
vantages that are fundamental to the functions
of the nucleus. Folded factors can transmit sig-
nals immediately upon translocation, enabling
agile regulation of gene expression in response
to intra and extracellular cues. Beyond the trans-
mission of signals, this mode of transport allows
the cell to enact quality control by spatially sep-
arating the biogenesis of large and complicated
macromolecular assemblies such as pre-60S ri-
bosomal subunits (Bataillé et al. 1990; Ho et al.
2000; Gadal et al. 2001), RNA polymerase II
(Czeko et al. 2011; Gomez-Navarro et al. 2013),
or mature mRNA (Stewart 2019) from the milieu
in which they perform their function. For the
nuclear compartment to accomplish this, nucle-
ocytoplasmic transport must be selective. The
nucleus of a typical mammalian cell presents
~2000-5000 nuclear pores, although the num-
ber is relative to the surface area of the nuclear
envelope and doubles in preparation for mitosis
(Maul and Deaven 1977). Embedded in the nu-
clear pore is a large proteinaceous assembly, the
nuclear pore complex (NPC), which establishes a
diffusion barrier made up of natively unfolded
phenylalanine-glycine (FG) repeat regions (Rib-
beck and Gorlich 2001; Denning et al. 2003; Frey
and Gorlich 2007; Patel et al. 2007). Historically,
the diffusion barrier has been described as pre-
venting macromolecules with a mass above ~40

kDa from passively diffusing across the nuclear
envelope (Bonner 1975; Paine et al. 1975). How-
ever, more recent research employing green
fluorescent protein (GFP)-fused model cargoes
indicates that the diffusion barrier represents a
more gradual hurdle (Timney et al. 2016). The
diffusion barrier is permeated by a dedicated set
of 24 transport factors in humans, termed karyo-
pherins (Cook et al. 2007; Wing et al. 2022),
which can be divided into two main families:
B-karyopherins interact directly with FG repeats
and facilitate transport, whereas a-karyopherins
serve as adaptors linking proteins containing
nuclear localization signals (NLSs) to a B-kar-
yopherin (Stewart 2007). The directionality of

transport is established by a gradient of the small
GTPase Ran, which in the nucleus is actively
maintained in a GTP-bound state (Cook et al.
2007; Wing et al. 2022).

The mechanism of Ran-dependent trans-
port of proteins and some types of non-messen-
ger RNA is conceptually understood, though the
details of specific transport events have been
determined for only a small subset of cargoes.
In contrast, the process by which messenger ri-
bonucleoprotein particles (mRNPs) are remod-
eled and messenger RNA (mRNA) is exported
from the nucleus is not generally understood
(Lin and Hoelz 2019). The NPC dynamically
couples transcription, splicing, and mRNA ex-
port with translation in the cytoplasm (Stewart
2019). Given this role of the NPC in the execu-
tion of the central dogma in eukaryotes, it is
unsurprising that severe diseases are associated
with defective NPC components, and that virus-
es have evolved exquisite ways to hijack the
NPC and the nucleocytoplasmic transport ma-
chinery (Kohler and Hurt 2010; Yarbrough et al.
2014).

DETERMINATION OF THE NUCLEAR PORE
COMPLEX STRUCTURE

Nuclear pores were first observed more than 70
years ago (Callan and Tomlin. 1950) and struc-
tures embedded in them, corresponding to NPCs,
were subsequently described (Watson 1955,
1959). Early electron microscopic (EM) studies
showed that NPCs have an eightfold symmetry
along the nucleocytoplasmic axis (Gall 1967)
and also discovered asymmetric decorations on
the cytoplasmic and nuclear sides of this symmet-
ric core, known as the cytoplasmic filaments and
nuclear basket, respectively (Fig. 1A; Franke and
Scheer 1970). Over the next 40 years, EM charac-
terizations of NPCs from various species became
more refined, with cryo-electron tomography
(cryo-ET) and subtomogram averaging currently
representing the most prominent method for the
three-dimensional reconstruction of intact NPCs
(Hinshaw et al. 1992; Akey and Radermacher
1993; Akey 1995; Fahrenkrog et al. 1998; Kiseleva
et al. 1998; Yang et al. 1998; Beck et al. 2004;
Maimon et al. 2012).
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Figure 1. The nuclear pore complex (NPC) linker scaffold. (A) Schematic cutaway representation of the NPC
architecture. (B) Near-atomic composite structure of the human NPC symmetric core generated by quantita-
tively docking nucleoporin and nucleoporin complex crystal and single particle cryo-electron microscopy (cryo-
EM) structures into an ~12-A cryo-electron tomographic (cryo-ET) map of the intact human NPC (Mosalaganti
etal. 2022; Petrovic et al. 2022). The nuclear envelope is shown as a gray isosurface and the nucleoporin structures
are displayed in cartoon representation colored according to the legend. (C) Schematic layer-by-layer represen-
tation of a cross-section view of three spokes of the NPC inner ring showing the network of linker-scaffold
interactions. (D) Schematic representation of the top views of human NPC cytoplasmic and nuclear outer rings
and corresponding side views of two spokes, illustrating the reticulated head-to-tail arrangement of the coat
nucleoporin complexes (CNCs) cross-linked by trans-spoke NUP93-NUP205 interactions. (Figure adapted
from Petrovic et al. 2022, with permission from the authors.)
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The NPC entered the molecular age with
pleiotropic antibodies that were raised against
nuclear envelopes (Davis and Blobel 1986) and
that provided an entry point for the identifica-
tion of NPC components (Davis and Fink 1990;
Nehrbass et al. 1990). Over more than a decade,
bootstrapping by genetic and biochemical
means revealed an evolutionarily conserved set
of approximately 34 different proteins termed
nucleoporins, the completeness of which was
confirmed by mass spectrometry (Rout et al.
2000; Cronshaw et al. 2002). To add up to a
mass of ~110 MDa in the human NPC (Reichelt
etal. 1990; Ori et al. 2013), many copies of these
building blocks are recruited in multiples of
eight. Most nucleoporins are soluble proteins,
although the setalso includes integral membrane
proteins of the pore membrane (POM) domain
(Hallberg et al. 1993) and proteins that present
membrane curvature-sensing motifs (Drin et al.
2007; Leksa et al. 2009; Lin et al. 2016; Nordeen
et al. 2020).

Having inventoried the building blocks, the
next challenge was to determine how they fit
together in the structure of the intact NPC,
which is one of the largest supramolecular as-
semblies in the eukaryotic cell. Although the
NPC’s size and complexity made it resistant to
established approaches for high-resolution
structure determination, progress over the last
two decades has managed to overcome many
previously intractable hurdles. Combining bio-
chemical reconstitution, interaction mapping,
and atomic structure determination of increas-
ingly larger NPC subcomplexes with improving
cryo-ET maps has now led to a composite near-
atomic structure of an entire NPC, from which
only a handful of nucleoporins remain missing
(Hodel et al. 2002; Berke et al. 2004; Hsia et al.
2007; Jeudy and Schwartz 2007; Boehmer et al.
2008; Brohawn et al. 2008, Debler et al. 2008;
Schrader et al. 2008; Brohawn and Schwartz
2009; Leksa et al. 2009; Nagy et al. 2009; Seo
etal. 2009; Whittle and Schwartz 2009; Bilokapic
and Schwartz 2012, 2013; Andersen et al. 2013;
Bui et al. 2013; Sampathkumar et al. 2013; Stuwe
et al. 2014; von Appen et al. 2015; Chug et al.
2015; Eibaueretal. 2015; Kelley et al. 2015, Stuwe
etal. 2015a,b; Xu et al. 2015; Kosinski et al. 2016;

Lin et al. 2016; Bley et al. 2022; Petrovic et al.
2022).

A pivotal event in the pursuit of the NPC
structure was the elucidation of a key component
of its symmetric core known as the outer ring.
Determining the crystal structure of its basic
building block, the Y-shaped coat nucleoporin
complex (CNC; also referred to as NUP107-
NUP160 complex), and docking it into an
~32-A cryo-ET map of the intact human NPC
(Bui et al. 2013; Stuwe et al. 2015b) revealed a
reticulated head-to-tail arrangement of CNCs
into two concentric rings on each side of the
nuclear envelope. More generally, the success
of this approach demonstrated that the resolu-
tion gap between cryo-ET reconstructions of in-
tact NPCs and high-resolution structures of their
components could be bridged by quantitative
docking (Bui et al. 2013; Stuwe et al. 2015b).
Rapidly thereafter, biochemical reconstitution
of inner ring complexes, X-ray crystallographic
characterization of the constituent nucleoporins,
and quantitative docking into an ~23-A cryo-ET
map completed the structure of the symmetric
core of the human NPC (Amlacher et al. 2011;
Andersen et al. 2013; Sampathkumar et al. 2013;
Stuwe etal. 2014, 2015a; Chug et al. 2015; Fischer
etal. 2015; von Appen et al. 2015; Kosinski et al.
2016; Lin et al. 2016). The symmetric core was
revealed to consist of an inner ring lining the
lumen of the nuclear pore and two outer rings
sitting on each side of the nuclear envelope (Fig.
1B). The eight spokes symmetrically arranged
about the nucleocytoplasmic axis present addi-
tional twofold rotational symmetry along axes
coplanar with the nuclear envelope (von Appen
etal. 2015; Kosinski et al. 2016; Lin etal. 2016). A
similar approach was subsequently employed to
determine the structure of the Saccharomyces
cerevisiae NPC (Kim et al. 2018; Allegretti et al.
2020), demonstrating an overall conserved ar-
chitecture, with compositional differences in
the outer rings of the symmetric core.

The NPC’s inner ring is composed of
six structured scaffold nucleoporins NUP155,
NUP188, NUP205, NUP54, NUP58, and
NUP62, two mostly unstructured linker nucleo-
porins NUP98 and NUP53, and NUP93, which
presents an amino-terminal linker region and a
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carboxy-terminal scaffold. Whereas the CNC
complex of the outer rings is held together by
extensive interfaces between structured domains
(Hsia et al. 2007; Boehmer et al. 2008; Brohawn
et al. 2008, Debler et al. 2008; Brohawn and
Schwartz 2009; Nagy et al. 2009; Bilokapic and
Schwartz 2012; Kelley et al. 2015; Stuwe et al.
2015b; Nordeen et al. 2020), the integrity of the
inner ring relies on multivalent linker nucleopor-
ins simultaneously binding to multiple scaffold
nucleoporins via short linear motifs (Amlacher
et al. 2011; Stuwe et al. 2014, 2015a; Fischer et
al. 2015; Lin et al. 2016), often potentiated by
promiscuous interactions between flanking linker
sequences and the scaffold surfaces (Petrovic
et al. 2022). From the nuclear envelope to the
central transport channel, the scaffold proteins
form concentric layers that are interconnected
by linker-scaffold interactions (Fig. 1C). An-
chored by membrane-sensing motifs, NUP155
forms the outermost coat, followed by layers of
NUP93, NUP205/NUP188, and the NUP54e
NUP58.NUP62 channel nucleoporin hetero-
trimer (CNT) (Kosinski et al. 2016; Lin et al.
2016). The relative position of scaffold proteins
in the inner ring is conserved in all known NPC
structures (Kosinski et al. 2016; Lin et al. 2016;
Kim et al. 2018; Mosalaganti et al. 2018, 2022;
Allegrettietal. 2020; Schulleretal. 2021; Zimmerli
etal. 2021; Huang et al. 2022; Petrovic et al. 2022).
The recently completed structural characteriza-
tion of the linker—scaffold interactions has eluci-
dated the topology of protein interactions within
and between the different scaffold layers (Stuwe
et al. 2015a; Lin et al. 2016; Petrovic et al. 2022).
NUP205 or NUP188 are at the center of two al-
ternative ~425-kDa hetero-octameric inner ring
complexes, two copies of each symmetrically ar-
ranged about the NPC midplane per each of the
eight inner ring spokes. Within the layered archi-
tecture of the inner ring, NUP205, NUP188, and
the scaffold portion of NUP93 are anchored to the
membrane-adjacent NUP155 layer by the linkers
NUP53 and NUP98 (Fig. 1C). The amino-termi-
nal linker portion of NUP93 interacts with
NUP205 and NUP188, while also anchoring
and positioning the CNT (Amlacher et al. 2011;
Fischer et al. 2015; Stuwe et al. 2015a; Petrovic
etal. 2022). Though most linker—scaffold interac-

Nucleocytoplasmic Transport

tions reinforce intraspoke connections, NUP53
forms flexible bridges between adjacent spokes.
Parts of the linker scaffold have also been observed
in a recent single particle cryo-EM structure of a
detergent-extracted S. cerevisiae NPC, although
the identity of all the linkers could not be assigned
from the map alone (Akey et al. 2022). Despite
divergent primary sequences, especially of the
linker nucleoporins, the topology of the inner
ring linker scaffold is conserved from fungi to
humans (Petrovic et al. 2022).

The inner ring encircles the central transport
channel, into which the natively unfolded amino-
terminal FG-repeat regions of the CNT and
NUP98 project to establish the diffusion barrier.
Additionally, on either face of the NPC, asymmet-
ric nuclear basket (NUP153, NUP50, and TPR)
and cytoplasmic filament (NUP358, NUP214,
and NUP42), nucleoporins contribute to the
FG-repeat meshwork. FG-repeat regions can be
as long as about 1000 residues with FXFG or
GLFG motifs present approximately every 20 res-
idues. Purified FG-repeat regions can undergo
liquid-liquid phase separation (LLPS) (Celetti
et al. 2020), which matures over time into a solid
hydrogel driven by the hydrophobicity of the phe-
nylalanine residues (Frey et al. 2006, Frey and
Gorlich 2007). FG-repeat peptides have also
been observed to form amyloid-like structures
in vitro (Ader et al. 2010; Hughes et al. 2018). -
Karyopherins or karyopherinecargo complexes
can specifically penetrate FG-repeat LLPS con-
densates and hydrogels with rates comparable
with in vivo transit across the NPC (Frey and
Gorlich 2007; Celetti et al. 2020). In vivo, conden-
sation of FG repeats is likely modulated by their
persistent association with transport factors, tran-
siting cargo, and post-translational modifications,
most notably O-linked B-N-acetylglucosamine
glycosylation (O-GlcNAcylation) (Labokha et al.
2013) and phosphorylation (Kosako and Ima-
moto 2010; Mishra et al. 2019) of serine and thre-
onine residues. The unfolded nature of FG-repeat
regions precludes their direct structural character-
ization, and experimental validation of FG-repeat
condensation in the intact NPC’s diffusion barrier
has remained elusive because of a lack of adequate
technology to analyze such a compartment (Ce-
letti et al. 2020). High-speed atomic force micros-
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copy has provided intriguing first glimpses of FG-
repeat meshwork dynamics at transport-relevant
timescales, capturing rapidly elongating and re-
tracting FG-repeat regions, but has not yet been
able to directly discern the condensation state of
the diffusion barrier (Sakiyama et al. 2016).
Whether LLPS nuclear speckles that are routinely
observed in cells expressing NUP98 leukemogen-
ic fusions are relevant to the condensation state of
the diffusion barrier remains to be determined
(Ahn et al. 2021).

The human NPC’s symmetric core outer
rings are connected to the inner ring by bridge
NUP155 copies and anchored to the nuclear en-
velope by membrane-sensing motifs in the
NUP160 and NUPI133 components of the
CNC (Drinetal.2007; Buietal. 2013; von Appen
et al. 2015; Lin et al. 2016). The backbone of the
outer rings is the ~400-kDa heterononameric Y-
shaped CNC, 16 copies of which are arranged in
areticulated head-to-tail fashion, giving rise to a
wider distal and a narrower proximal CNC ring
(Fig. 1D). On both sides of the nuclear envelope,
eight copies of NUP205 and NUP93 are interca-
lated between the CNC double rings. The amino-
terminal linker portion of NUP93 stretches to
the adjacent spoke to bind to NUP205, forming
a trans-spoke staple (Mosalaganti et al. 2022;
Petrovic et al. 2022). This is unlike the inner
ring, where the NUP93 interactions with
NUP205 and NUP188 occur within the same
spoke. On the cytoplasmic face, an additional
eight NUP205 and NUP93 copies are present
at the base of the outer ring, interacting in a
cis-spoke fashion (Mosalaganti et al. 2022; Pet-
rovic et al. 2022). The ubiquity of NUP93 in both
inner and outer rings suggests itis a “linchpin” of
the NPC, which is consistent with the observa-
tion that degradation-targeting of NUP93 leads
to rapid dismantling of the NPC in live cells
(Regmi et al. 2020). Compared to the human
NPC, its fungal and algal counterparts present
simpler outer ring architectures. The .
cerevisiae, Schizosaccharomyces pombe, and Chla-
mydomonas reinhardtii NPCs neither possess
bridge NUP155 copies nor include NUP205 or
NUP93 in the outer rings, and their cytoplasmic
outer ring is composed of a single head-to-tail
arranged CNC ring (Kim et al. 2018; Mosala-

ganti et al. 2018; Allegretti et al. 2020; Zimmerli
etal. 2021). Interestingly, the S. pombe cytoplas-
mic outer ring lacks NUP107 and NUP133 and is
therefore discontinuous (Asakawa et al. 2019;
Zimmerli et al. 2021). On the nuclear side,
S. pombe (Zimmerli et al. 2021) and C. reinhard-
tii (Mosalaganti et al. 2018) present a double
CNC ring, whereas S. cerevisiae appears to pos-
sess NPCs with both single and double nuclear
CNCrings (Kim et al. 2018; Allegretti et al. 2020;
Akey et al. 2022).

Recent advances in focused ion beam (FIB)
milling-enabled in situ imaging have revealed
that the central transport channel of NPCs in
intact cells is dilated compared to that of NPCs
from purified nuclear envelopes or detergent-ex-
tracted NPCs (Bui et al. 2013; Eibauer et al. 2015;
von Appen et al. 2015; Kosinski et al. 2016; Ma-
hamid et al. 2016; Kim et al. 2018; Mosalaganti
et al. 2018, 2022; Allegretti et al. 2020; Zhang
et al. 2020; Schuller et al. 2021; Zila et al. 2021;
Zimmerli et al. 2021; Akey et al. 2022). The ob-
served ~200-A dilation is achieved by outward
displacement of the eight inner ring spokes,
which the robust yet plastic linker—scaffold ar-
chitecture can readily accommodate (Fig. 2A;
Petrovic et al. 2022). In contrast to the inner
ring, the outer rings, rigidified by large surface
interfaces between CNC components and tight
NUP205-NUP93 trans-spoke staples, undergo
minimal rearrangement in response to dilation
(Mosalaganti et al. 2022; Petrovic et al. 2022).
Inner ring dilation results in the emergence of
lateral channels between the eight spokes of the
NPC, which can accommodate freely diffusing
small pore-facing domains of inner nuclear
membrane integral membrane proteins (INM-
IMPs) (Fig. 2B; Ohba et al. 2004; Zuleger et al.
2011; Ungricht et al. 2015). However, INM-
IMPs with larger pore-facing domains or karyo-
pherin-binding NLSs require unstructured link-
ers between the soluble pore-facing and trans-
membrane domains to span the distance
between the central transport channel and the
nuclear envelope (Fig. 2C; King et al. 2006; Mei-
nema et al. 2011; Kralt et al. 2015; Lokareddy
et al. 2015; Popken et al. 2015). In S. pombe,
the relaxation of nuclear envelope membrane
tension following energy depletion or hyperton-
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Figure 2. Dilation of the nuclear pore complex (NPC) and lateral channel formation. (A) Cytoplasmic views of the
near-atomic composite structure of constricted and dilated human NPCs (Bley et al. 2022; Mosalaganti et al.
2022). The nuclear envelope is shown as a gray isosurface and nucleoporins are shown in cartoon representation.
(B) Close-up views of the interface between two spokes, separated by a dashed line, in the constricted and dilated
human NPCs. Nucleoporins are shown in surface representation, with the inner ring spokes uniformly colored in
pale blue. (C) Schematic representation of the NPC symmetric core cross section, illustrating inner nuclear
membrane integral membrane protein (INM-IMP) passage through the lateral channels. Top views of the NPC
symmetric core illustrate that lateral channels can accommodate freely diffusing small, folded pore-facing
domains or unstructured linkers tethering larger folded domains or karyopherin-binding nuclear localization
sequences (NLSs; classical Kapa/KapB-mediated import shown). (Figure adapted from Petrovic et al. 2022, with
permission from the authors.)
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ic osmotic shock results in constricted NPCs
(Zimmerli et al. 2021). The NPC’s structural re-
sponsiveness to perturbations in nuclear enve-
lope membrane tension establishes it as the cell’s
largest mechanosensitive channel.

The cytoplasmic outer ring serves as a plat-
form for the incorporation of the cytoplasmic
filament nucleoporin complex (CENC) and the
metazoan-specific NUP358, whereas the bridge
NUPI155 provides a tentative binding site for
the GLE1sNUP42 complex (Fig. 3A; Lin et al.
2018; Bley et al. 2022; Mosalaganti et al. 2022).
A homo-oligomerizing pentameric bundle of
NUP358 clamps down on the tandem arranged
stalks of the Y-shaped CNCs in each spoke of the
cytoplasmic outer ring with its amino-terminal
o-helical solenoid domains (Bley et al. 2022; Mo-
salaganti et al. 2022). The remainder of flexibly
attached NUP358 domains project as far as ~60
nm into the cytoplasm (Walther et al. 2002),
providing manifold binding sites for the small
GTPase Ran (Vetter et al. 1999; Partridge and
Schwartz 2009; Bley et al. 2022) and a binding
site for SUMOylated Ran GTPase-activating
protein (RanGAP) (Fig. 3B-D; Mahajan et al.
1998; Matunis et al. 1998; Reverter and Lima
2005). Overlooking the central transport chan-
nel, the CENC represents a second patch of
asymmetric nucleoporins attached to the cyto-
plasmic outer ring (Fig. 4A; Bley et al. 2022; Mo-
salaganti et al. 2022). The CENC comprises
NUP62, NUP88, NUP214, NUP98, RAE1, and
the ATP-dependent DEAD-box RNA helicase
DDX19 (Bley et al. 2022). Its modular hetero-
hexameric architecture is conserved between
fungi and humans, although the nucleoporins
that anchor the CFNC coiled-coil hub to the
NPC vary between species (Teimer et al. 2017;
Bley et al. 2022). In the human NPC, the same
NUP93 region that recruits the CNT complex to
the inner ring anchors two CENC coiled-coil
hubs on the cytoplasmic face, one of which is
currently unresolved in cryo-ET maps, possibly
because of flexible tethering (Bley et al. 2022;
Mosalaganti et al. 2022). Other folded domains
can be tentatively docked nearby, including the
amino-terminal B-propellers of NUP214 and
NUPS88, the latter bound to NUP98. The eluci-
dated architecture of the cytoplasmic face of the

NPC provides a tantalizing outlook toward the
mechanistic dissection of mRNP remodeling.

The asymmetric nucleoporins of the nuclear
face, which include the nuclear basket compo-
nents NUP50, NUP153, TPR, and ELYS, are the
least well-characterized parts of the NPC. The
amino-terminal B-propeller and a-helical sole-
noid domains of ELYS are located exclusively on
the nuclear face, interfacing with NUP160 copies
of the outer ring (Bley et al. 2022; Mosalaganti
et al. 2022). Specific localization of ELYS to the
nuclear face may be mediated by its carboxy-
terminal chromatin-binding AT-hook and basic
RRK motifs (Gillespie et al. 2007; Rasala et al.
2008; Kobayashi et al. 2019). Interestingly, the
S. pombe ELYS ortholog, which consists of only
the evolutionarily conserved a-helical solenoid
domain, is present on both nuclear and cytoplas-
mic faces (Zimmerli et al. 2021). Tubular densi-
ties atop the nuclear outer ring observed in cryo-
EM reconstructions of the human (Bley et al.
2022; Mosalaganti et al. 2022) and S. cerevisiae
(Akey et al. 2022) NPCs are anchoring points
for the nuclear basket, likely corresponding to
homo-oligomerizing coiled-coil domains of
TPR (Pal et al. 2017).

Finally, POM121, POM210, and NDC1 are
integral membrane proteins recruited to the
NPC. The single-pass transmembrane proteins
POM210 and POM121 possess soluble domains
in the perinuclear space, which for POMI121 is
predicted to be mostly unstructured (Gerace
et al. 1982; Hallberg et al. 1993; Stavru et al.
2006). Artificial intelligence (AI) models of
POM210 fit into cryo-EM density surrounding
the Xenopus laevis or human NPCs predict a
ring-like structure circumscribing the equator of
the NPC’s perinuclear space, in which eight cop-
ies of POM210 per spoke align 15 immunoglob-
ulin (Ig)-like domains into an antiparallel but-
terfly-like arrangement (Zhang et al. 2020;
Mosalaganti et al. 2022). Imaging of NPCs from
POM210-deficient human cells confirmed this
prediction (Mosalaganti et al. 2022). Further-
more, modeling of an S. cerevisiae POM210 or-
tholog into low-resolution cryo-EM density has
also delineated a luminal ring, albeit one arising
from a simpler antiparallel arrangement of only
two copies per spoke (Kim et al. 2018; Akey et al.

8 Cite this article as Cold Spring Harb Perspect Biol 2022;14:a041264
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Figure 3. Architecture of the cytoplasmic face of the human nuclear pore complex (NPC). (A) Cross-sectional
view of the near-atomic composite structure of the human NPC generated by docking nucleoporin and nucle-
oporin complex crystal and single particle cryo-EM structures into an ~12-A cryo-ET map of the intact human
NPC (Bley et al. 2022; Mosalaganti et al. 2022). The nuclear envelope is shown as a gray isosurface, the inner ring
is displayed in cartoon representation uniformly colored pale blue, and the nuclear and cytoplasmic face
structures are displayed in cartoon representation colored according to the legend. (B) Architecture of the
cytoplasmic face of the human NPC (Bley et al. 2022). Flexibly attached NUP358 domains protrude into the
cytoplasm. (C) Schematic representation of a single cytoplasmic face protomer, illustrating the attachment of a
NUP358 pentameric bundle held together by interactions between oligomerization elements (OEs). Four
NUP358N™ copies wrap around the tandem arranged Y-shaped CNC stalks, generating a binding site for a
fifth copy. (D) Cartoon representations of crystal structures of NUP358 complexes: NUP358™"™ (PDB ID
7MNL), NUP358“**”«Ran(GDP) (PDB ID 7MNU), NUP358%*"5°V.Ran(GTP) (PDB ID 7MNZ) (Bley et al.
2022), NUP358"*«SUMO-RanGAP+UBC9 (PDB ID 1758) (Reverter and Lima 2005), NUP358“™” (PDB ID
419Y) (Lin et al. 2013). (Figure adapted from Bley et al. 2022, with permission from the authors.)
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(CENC) anchored by NUP93"' and a pentameric bundle of NUP358 bound to the stalk of tandem-arranged Y-
shaped coat nucleoporin complexes (CNCs). (B) Cartoon representations of crystal structures of human cytoplas-
mic filament complexes: DDX19(ADP)sGLE1“""«NUP42“*™ (PDB ID 6B4I) (Lin et al. 2018), DDX19(ATP).
GLE1€™PeNUP42°EM (PDB ID 6B4]J) (Lin et al. 2018), DDX19(ATP)sU,,RNA (PDB ID 3FHT) (von Moeller et al.
2009), DDX19(ATP) (PDB ID 6B4K) (Lin et al. 2018), DDX19(ADP)sNUP214" ™ (PDB ID 3FMO) (Napetschnig
etal. 2009), NUP214™" (PDB ID 20IT) (Napetschnig et al. 2007), NUP88™"2«NUP98**" (PDB ID 7MNI) (Bley
etal. 2022), RAE1.NUP98°EES (PDB ID 3MMY) (Ren et al. 2010). (C) Schematic representation of the maturation,
export, and remodeling of mRNPs by the DDX19 helicase cycle. In the nucleus, mRNA is transcribed by RNA
polymerase II, followed by 5’ capping, recruitment of the cap-binding complex (CBC), deposition of exon junction
complexes (EJCs) at splice sites, loading of the transcription-export (TREX) complex in a splicing-dependent
manner, 3’ polyadenylation, and deposition of polyadenylate-binding nuclear protein 1 (PABPN1). ATP-hydro-
lyzing DEAD-box helicase UAP56 may facilitate loading of export factors P15¢TAP to produce an export-compe-
tent mRNP. The exported mRNP is remodeled at the cytoplasmic face of the NPC, where P15¢TAP is removed in a
DDX19-dependent manner: (1) ATP-bound DDX19 cycles between autoinhibited and closed conformations. (2)
Upon binding RNA, DDX19 adopts a closed, catalytically active conformation that is incompatible with GLE1
binding but could strip P15¢TAP from mRNA. (3) ATP hydrolysis by DDX19 triggers RNA release, converting
DDX19 to an autoinhibited ADP-bound conformation in which the autoinhibitory o-helix binds between amino-
and carboxy-terminal RecA domains. (4) GLE1 binding destabilizes the autoinhibited conformation. (5) NUP214
binding converts DDX19 to an open conformation, promoting nucleotide exchange. (6) Nucleotide exchange
displaces NUP214, priming the DDX19(ATP)«GLE1.NUP42 complex to restart the cycle (Lin et al. 2018). (Figure
adapted from Bley et al. 2022, with permission from the authors.)
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2022). Unlike POM121 and POM210, NDCl is
predicted to possess six transmembrane helices
and a soluble pore-facing domain (Stavru et al.
2006). AI models of NDCI in complex with the
metazoan-specific nucleoporin ALADIN were
suggested to fit into two unexplained transmem-
brane and membrane-adjacent cryo-ET densities
per spoke, interfacing with the bridge and inner
ring NUP155 copies (Mosalaganti et al. 2022).
Crystal and single-particle cryo-EM struc-
ture determination of subcomplexes combined
with cryo-ET reconstruction of intact NPCs
have successfully elucidated the near-atomic ar-
chitecture of the human NPC, as well as NPCs
from other species. A few “blind spots,” consist-
ing primarily of the molecular details of individ-
ual binding interfaces and the nuclear basket,
remain to be resolved. Although AI-based mod-
eling only emerged subsequent to the elucida-
tion of the near-atomic architecture of the NPC,
it can now provide a first glance at regions that
have yet to be structurally characterized (Mosa-
laganti et al. 2022). It is anticipated that AI will
accelerate the approach to structural biology
that conquered the NPC. However, the impor-
tance of careful experimental validation has
never been greater, particularly in the interpre-
tation of protein—protein interfaces and of struc-
tures for which no prior knowledge is available.
The divide-and-conquer approach that led
to the determination of the NPC structure is a
paradigm for the elucidation of similarly com-
plex and dynamic multicomponent mega-mac-
romolecular cellular machineries. Importantly,
the structure of the NPC provides a context for
predicting molecular functions, which is essen-
tial for the further study of the NPC’s role in
nucleocytoplasmic transport, mRNA export,
nucleoporin diseases, and viral interference.

FUNCTION OF THE NUCLEAR PORE
COMPLEX IN mRNA EXPORT

Eukaryotic mRNA transcription in the nucleus
is closely tied to processing steps that include 5
capping, intron removal by splicing, 3’ polyade-
nylation, and packaging with P15¢TAP mRNA
export factors to form an export-competent
mRNP that can transit across the NPC (Kohler

Nucleocytoplasmic Transport

and Hurt 2007; Stewart 2019). At the cytoplas-
mic face of the NPC, the mRNP is remodeled to
remove P15¢TAP (Fig. 4B,C). Though the mech-
anism is relatively poorly understood, mRNP
remodeling involves the CFNC components, in-
cluding the DEAD-box helicase DDX19, a tran-
sient nucleoporin and RNA-dependent ATPase
(Lund and Guthrie 2005). DDX19 was first iden-
tified as Dbp5/RATS in S. cerevisiae from a
screen for genes required for poly(A™) RNA ex-
port (Snay-Hodge et al. 1998; Tseng et al. 1998).
In addition to ATP and RNA, DDX19 binds to
components of the NPC’s cytoplasmic filaments
(Collins et al. 2009; Napetschnig et al. 2009; von
Moeller et al. 2009). Both GLE1.NUP42 and
RNA stimulate DDX19’s ATPase activity (Mont-
petit et al. 2011; Lin et al. 2018), ensuring that
DDX19-mediated removal of P15¢TAP occurs
only after mRNPs have translocated through
the NPC (Alcazdr-Romaén et al. 2006; Weirich
et al. 2006). By contrast, DDX19 association
with NUP214, which is mutually exclusive with
RNA binding, facilitates ADP release and nucle-
otide exchange (Schmitt et al. 1999; Napetschnig
et al. 2009; von Moeller et al. 2009; Noble et al.
2011; Wong et al. 2018). DDX19 also possesses
an amino-terminal autoinhibitory a-helix that
binds to the same cleft as RNA (Collins et al.
2009). GLE1.NUP42 binding induces confor-
mational changes in DDX19 to allosterically fa-
cilitate the release of the autoinhibited state (Lin
et al. 2018). In fungi, but not in humans, the
small molecule inositol hexaphosphate (IP¢) reg-
ulates interactions at the cytoplasmic face of the
NPC by promoting GleleNup42’s interaction
with Dbp5 (Alcazar-Roman et al. 2006; Weirich
etal. 2006; Lin et al. 2018), while also abolishing
GleleNup42 binding to the outer ring CNC
(Bley et al. 2022).

RAEI is an essential RNA-binding nucleo-
porin of the CFNC with a prominent yet poorly
understood function in mRNA export. Fungal
RAE1 orthologs were discovered in genetic
screens for poly(A") RNA export defects in
S. pombe (Brown et al. 1995) and S. cerevisiae
(Murphy et al. 1996), whereas human RAE1
was identified by copurification of cross-linked
poly(A*) RNA from UV-irradiated HeLa cells
(Kraemer and Blobel 1997). RAE1 is frequently
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targeted by viral virulence factors, which directly
compete with RNA for RAE1 binding, leading to
nuclear accumulation of poly(A™) RNA (En-
ninga et al. 2002; Quan et al. 2014; Miorin et al.
2020).

A recent systematic screen of RNA binding
by cytoplasmic filament nucleoporins identified
a number of additional RNA-binding activities
in the amino-terminal domains of NUP88 and
NUP358, GLE1sNUP42, and the NUP358 Ran-
binding domains when complexed with Ran
(GTP) (Bley et al. 2022). The relevance of these
binding activities needs to be determined, not
only in mRNP remodeling, but potentially also
in the subsequent loading of cytosolic factors
and handover to the translation machinery. Co-
ordination between mRNP remodeling at the
NPC and downstream translation is hinted at
by the observation that rapid depletion of
NUP358 results in the reduced translation of
reporter genes, but strikingly not in nuclear ac-
cumulation of RNA (Mahadevan et al. 2013; Bley
etal. 2022).

Many questions regarding the coordinated
action of cytoplasmic filament nucleoporins in
mRNA export and mRNP remodeling remain
unanswered. The recently determined near-
atomic composite structure of the cytoplasmic
face of the human NPC (Bley et al. 2022; Mosa-
laganti et al. 2022) is expected to enable the de-
sign of experiments to address these outstanding
questions.

NUCLEOPORIN DISEASES

Given the central role of the NPC in controlling
nuclear access and egress, it is unsurprising that
nucleoporin mutations give rise to a wide variety
of human diseases, and that the NPC s frequent-
ly targeted by viruses intent on entering the nu-
cleus or altering host cell physiology in their fa-
vor. Perturbations in at least 24 nucleoporins are
associated with human diseases, and at least six
are targeted by viruses (Fig. 5).

Aberrant function of nucleoporins and
NPCs has been prominently linked to autoim-
mune diseases, neurodegenerative diseases, car-
diomyopathies, developmental disorders, and
cancers. The first case of a nucleoporin impli-

cated in human disease was found in a chromo-
somal rearrangement that fuses the 3’ end of
NUP214 (also known as CAN) to the 5’ end of
DEK, leading to acute myeloid leukemia (AML)
(von Lindern et al. 1992). Gene fusions involv-
ing NUP358, NUP98, and TPR are also linked to
leukemias, with more than 25 leukemogenic
gene fusions involving NUP98 alone (Borrow
etal. 1996; Nakamura et al. 1996; Xu and Powers
2009; Kohler and Hurt 2010; Gough et al. 2011).
Leukemogenic fusions combine NUP98’s na-
tively unfolded amino-terminal FG-repeat re-
gion and part of the scaffold-binding linker re-
gion with proteins involved in transcriptional
and epigenetic regulation. An attractive mecha-
nism for NUP98 fusion protein-induced leuke-
mogenesis involves NUP98 modulating the
fusion partner’s activity. For example, a NUP98-
PHD finger chimera was shown to interfere with
deposition of H3K27me3 marks on histones, pre-
venting the cell from silencing developmentally
significant genes, ultimately causing AML in mu-
rine models (Wang et al. 2009). NUP98’s propen-
sity to form LLPS likely contributes to this epige-
netic reprogramming, as shown for NUP98 fused
with the homeodomain-containing transcription
factor HOXA9, which promotes HOXA9 associ-
ation with genomic targets, resulting in super-en-
hancer-like long-distance chromatin looping that
up-regulates proto-oncogenes (Ahn et al. 2021).
Aberrant nucleoporin expression levels have
also been associated with several diseases. Nota-
bly, NUP88 is overexpressed in various cancers
and is used as a tumor marker (Martinez et al.
1999). Increased expression of scaffold nucleo-
porins NUP160, NUP75, NUP107, and NUP93
hasbeen linked to cardiovascular diseases (Satoh
etal. 2007; Tarazon et al. 2012; Guan et al. 2019).
Missense and nonsense mutations in scaffold
nucleoporins NUP160, NUP75, NUP107,
NUP133, NUP37, NUP93, and NUP205, which
likely perturb the structure of the NPC and thus
affect nucleocytoplasmic transport, have been
associated with steroid-resistant nephrotic syn-
drome (SRNS) (Braun et al. 2016, 2018; Guan
et al. 2019; Sandokji et al. 2019; Zhao et al.
2019). In other cases, the effect of disease-asso-
ciated mutations on nucleoporin structure and
function are more subtle. Point mutations in the
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Figure 5. Nucleoporin-associated diseases. An overview of human nucleoporin diseases and viral virulence
factors targeting the nuclear pore complex (NPC). Domain structures of human nucleoporins drawn as hori-
zontal boxes with residue numbers indicated and their observed or predicted folds colored according to the
legend. NUP160: dilated cardiomyopathy (Tarazon et al. 2012), steroid-resistant nephrotic syndrome (SRNS)
(Braun et al. 2018; Zhao et al. 2019), B-cell acute lymphoblastic leukemia (B-ALL) (Harvey et al. 2010); NUP75:
congestive heart failure (Satoh et al. 2007), SRNS (Braun et al. 2018); SEC13: breast cancer (Li and Liu 2021),
gastric cancer (Mottaghi-Dastjerdi et al. 2015); NUP107: cardiac arrhythmia (Guan et al. 2019), SRNS (Braun
etal. 2018; Guan et al. 2019), microcephaly (Rosti et al. 2017), ovarian dysgenesis (Weinberg-Shukron et al. 2015),
breast cancer (Li and Liu 2021), brain cancer, glioblastoma multiforme (Hodgson et al. 2009), dedifferentiated
liposarcoma (Wang et al. 2012); NUP133: SRNS (Braun et al. 2018), breast cancer (Hernandez et al. 2007);
NUP43: aortic dilatation (Haskell et al. 2017); NUP37: breast cancer (Li and Liu 2021), atrial fibrillation (Haskell
et al. 2017), SRNS (Braun et al. 2018); NUP205: congenital heart disease associated with situs inversus and
heterotaxy (Chen et al. 2019), SRNS (Braun et al. 2016); NUP188: congenital heart disease associated with
heterotaxy (Fakhro et al. 2011), mitral valve prolapse (Haskell et al. 2017), Sandestig-Stefanova syndrome
(Muir et al. 2020; Sandestig et al. 2020), B-ALL (Nowak et al. 2010); NUP93: dilated cardiomyopathy (Tarazén
et al. 2012), SRNS (Braun et al. 2016; Sandokji et al. 2019), Down syndrome (Lima et al. 2011); NUP155: atrial
fibrillation (Oberti et al. 2004; Zhang et al. 2008). (Legend continues on following page.)
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amino-terminal domain of NUP358 linked to
familial acute necrotizing encephalopathy 1
(ANE1) (Neilson et al. 2009; Sell et al. 2016) do
not disturb the overall protein fold, yet reduce its
thermosolubility in vitro (Bley et al. 2022). The
same molecular phenotype is observed for GLE1
variants associated with neurodegenerative dis-
eases (Nousiainen et al. 2008; Kaneb et al. 2015;
Lin et al. 2018; Paakkola et al. 2018). Generally,
the molecular mechanisms by which aberrations
in nucleoporins and NPC structure relate to dis-
ease etiologies are not well-understood. More
patient genomic sequencing and the recently de-
termined near-atomic structure of the human
NPC (Bley et al. 2022; Mosalaganti et al. 2022)
are expected to provide a rich foundation for the
discovery and functional characterization of nu-
cleoporin alterations and establishing the clini-
cal relevance of NPC function.

VIRAL TARGETING OF THE NUCLEAR PORE
COMPLEX

The hijacking of the NPC and nucleocytoplas-
mic transport is a common event in the life cycle
of a wide variety of viruses. Viruses with nuclear
replication cycles have evolved various strategies
to exploit the cellular transport machinery, be-
cause they have to transport viral proteins, ge-
nomes, and even intact capsids across the nucle-
ar envelope. For example, the genomic RNA
fragments of influenza A that are released from
the viral particle upon its disassembly in the cy-
toplasm are coated with NLS-containing viral
nucleoproteins, recognized by o-karyopherins,
and transported into the nucleus (Neumann
et al. 1997; Melén et al. 2003). In the case of
herpesviruses and adenoviruses, their icosahe-
dral capsids remain intact until they attach to

Figure 5. (Continued) ALADIN: Triple A syndrome (Huebner et al. 2004); NUP62: ischemic cardiomyopathy
(Chahine etal. 2015), primary biliary cirrhosis (Wesierska-Gadek et al. 1996), amyotrophic lateral sclerosis (ALS)
(Aizawa et al. 2019), infantile striatonigral degeneration (Basel-Vanagaite et al. 2006), protein degradation
induced by poliovirus (Gustin and Sarnow 2001) and rhinovirus (Gustin and Sarnow 2002) infections, hyper-
phosphorylation induced by cardiovirus infection (Porter and Palmenbert 2009), protein mislocalization in-
duced by HIV-1 infection (Monette et al. 2011); NUP98: acute myeloid leukemia (Borrow et al. 1996; Nakamura
et al. 1996; Xu and Powers 2009; Kéhler and Hurt 2010; Gough et al. 2011), acute megakaryoblastic leukemia
without Down syndrome (Roussy et al. 2018; Lalonde et al. 2021), protein degradation induced by poliovirus
infection (Park et al. 2008), liver cancer (Singer et al. 2012); RAEI: acute myeloid leukemia (Roussy et al. 2018;
Lalonde et al. 2021), breast cancer (Funasaka et al. 2011), herpesviruses (Gong et al. 2016), influenza A (Satterly
et al. 2007), vesicular stomatitis virus (VSV) (Faria et al. 2005; Ren et al. 2010), and SARS-CoV2 (Oh et al. 2019)
virulence factor binding; NUP88: fetal akinesia deformation sequence (Miorin et al. 2020), prostate, ovarian,
breast, hepatocellular, colon, and lung cancers, and mesotheliomas and lymphomas (Bonnin et al. 2018);
NUP214: acute febrile encephalopathy (Martinez et al. 1999; Gould et al. 2000), acute myeloid leukemia (von
Lindern et al. 1992; Kraemer et al. 1994), breast cancer (Hernandez et al. 2007), hyperphosphorylation induced
by cardiovirus infection (Porter and Palmenberg 2009), protein degradation induced by rhinovirus infection
(Ghildyal et al. 2009); GLEL: ALS (Kaneb et al. 2015), lethal congenital contracture syndrome (Nousiainen et al.
2008), lethal arthrogryposis with anterior horn cell disease (Paakkola et al. 2018); NUP358: acute myelomono-
cytic leukemia (Paakkola et al. 2018), dilated cardiomyopathy (Tarazén et al. 2012), ischemic cardiomyopathy
(Lim et al. 2014), acute necrotizing encephalopathy (Neilson et al. 2009; Sell et al. 2016), colorectal cancer (Gylfe
et al. 2013), protein degradation induced by rhinovirus infection (Ghildyal et al. 2009), HIV-1 virulence factor
binding (Di Nunzio et al. 2012); NUP153: dilated cardiomyopathy and ischemic cardiomyopathy (Tarazoén et al.
2012), cardiac arrhythmia (Nanni et al. 2016), protein degradation induced by poliovirus and rhinovirus (Gustin
and Sarnow 2002) infections, hyperphosphorylation induced by cardiovirus infection (Porter and Palmenberg
2009), HIV-1 virulence factor binding (Matreyek et al. 2013), autoimmune liver disease/rheumatic disease
(Enarson et al. 2004); TPR: gastric, lung, bone, thyroid, and colorectal cancers (Soman et al. 1991; Greco et al.
1997; Yu et al. 2000), autoimmune liver disease/rheumatic disease (Enarson et al. 2004); NDC1: dilated cardio-
myopathy and ischemic cardiomyopathy (Tarazén et al. 2012); POM210: congenital heart disease (Chen et al.
2019), breast cancer (Curtis et al. 2012; Amin et al. 2021), primary biliary cirrhosis (Courvalin et al. 1990),
colorectal cancer (Landi et al. 2012), and cervical cancer (Rajkumar et al. 2011). (fs) Frameshift, (*) nonsense
mutation, (A) deletion.
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the cytoplasmic face of the NPC, where partial
capsid disassembly and viral genome release
into the nucleus is triggered (Sodeik et al. 1997;
Ojala et al. 2000; Shahin et al. 2006; Fatahzadeh
and Schwartz 2007). Finally, the NPC’s central
transport channel is large enough for the
intact NLS-displaying hepatitis B virus (HBV)
or human immunodeficiency virus 1 (HIV-1)
capsids to traverse the nuclear pore in a karyo-
pherin-dependent manner before their disas-
sembly in the nucleus (Kann et al. 1999; Zila
etal. 2021).

Beyond serving as a gateway into the nucleus,
the NPC represents a key target for countering the
host cell’s immune response and redirecting its
physiology to favor viral replication. Poliovirus
(PV) and human rhinovirus (HRV) encode pro-
teases that degrade a subset of FG repeat-contain-
ing nucleoporins to disrupt the NPC’s diffusion
barrier (Gustin and Sarnow 2001, 2002). Human
papillomavirus (HPV), severe acute respiratory
syndrome coronavirus (SARS-CoV), and Ebola
virus (EBOV) sequester karyopherins from their
intended host cargo, thereby disrupting the nu-
clear import of antiviral transcription factors
(Nelson et al. 2002, 2003; Frieman et al. 2007;
Kopecky-Bromberg et al. 2007; Reid et al. 2007;
Hussain et al. 2008; Mateo et al. 2011). Virulence
factors of herpesviruses, influenza A, vesicular
stomatitis virus (VSV), and SARS-CoV-2 target
the nucleoporin RAEL1 to inhibit mRNA export,
thereby suppressing innate immune response
mechanisms, decreasing the abundance of host
mRNAs, and outcompeting the host for the avail-
able translation machinery and anabolic re-
sources (Enninga et al. 2002; Satterly et al. 2007;
Quan et al. 2014; Gong et al. 2016; Oh et al. 2019;
Miorin et al. 2020). The near-atomic composite
structure of the human NPC (Bley et al. 2022;
Mosalaganti et al. 2022) puts the interactions be-
tween nucleoporins and viruses or viral virulence
factors in the context of the intact NPC.

CONCLUDING REMARKS

Since the discovery of nuclear pores in 1950, the
structure and function of the NPC and the nu-
cleocytoplasmic transport machinery have been
an area of active research. Over the last 20 years,

Nucleocytoplasmic Transport

efforts to solve the NPC structure have culminat-
ed in near-atomic snapshots of NPCs from sev-
eral species, with only a few blind spots soon to be
revealed, particularly in the nuclear basket and
integral membrane portions of the NPC. The
increasing detail of cryo-EM reconstructions
and Al-based structural approximations are pro-
viding the first glimpses of these missing areas.
Experimental structures, biochemical reconsti-
tution, and functional studies will be vital to
avoid forgoing crucial and unexpected biological
insights that may arise from characterizing these
missing areas. In situ imaging enabled by FIB
milling of whole-cell specimens has revealed di-
lated states of NPCs from various species, pro-
viding glances of the NPC’s membrane tension-
sensing dynamics and extending the current
static snapshot view of the NPC to the first
frames of a molecular movie. Facing forward,
the most enigmatic and challenging task for the
field of nucleocytoplasmic transport is to unravel
the mechanisms of mRNP remodeling at the
NPC and mRNA export, along with their cou-
pling to upstream and downstream processes.
Additionally, understanding the molecular
mechanisms of the myriad nucleoporin-associ-
ated diseases and viral interference mechanisms
that involve nuclear transport and the NPC of-
fers a chance for the design of novel therapies.
The determination of the near-atomic compos-
ite structure of the human NPC is an important
milestone that now enables tackling these prob-
lems from a molecular perspective.
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