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Abstract

Eukaryotic cell function depends on the physical separation of nucleoplasmic and cytoplasmic
components by the nuclear envelope (NE). Molecular communication between the two
compartments involves active, signal-mediated trafficking, arole that is exclusively performed by
nuclear pore complexes (NPCs). The individual NPC components and the mechanisms that are
involved in nuclear trafficking are well documented and have become textbook knowledge.
However, in addition to their roles as nuclear gatekeepers, NPC components, nucleoporins, have
been shown to play critical rolesin chromatin organization and gene regulation. These findings
have sparked new enthusiasm to study the roles of this multi-protein complex in nuclear
organization and explore novel functions that in some cases appear to go beyond arolein
transport. Here, we discuss our current view of NPC biogenesis, which istightly linked to proper
cell cycle progression and cell differentiation. In addition we will summarize new data suggesting
that NPCs represent dynamic hubs for the integration of gene regulation and nuclear transport
processes.

The nuclear envelope (NE) is perforated by nuclear pore complexes (NPCs), which are large
multiprotein channels mediating macromolecular import and export by an active, signal-
dependent process (Terry et a. 2007). Unlike other cellular transport channels, NPCs span a
double lipid bilayer constituted by the outer (ONM) and inner nuclear membranes (INM)
that are fused at sites of NPC insertion. The highly curved pore membrane is energetically
unstable and thus nuclear pores play an important structural role in maintaining the integrity
of the transport channels. Each nuclear pore has a diameter of ~ 50 nm, exhibits a total
molecular mass of ~ 60 MDa and is thought to contain more than 500 polypeptides (Beck et
al. 2004; Alber et al. 2007). Thislarge number of NPC componentsis the result of the
assembly of multiple copies of ~ 30 different nucleoporins (Nups), which giveriseto an
eight-fold symmetrical protein complex (Strambio-De-Castilliaet a. 2010). The NPC is
organized in a protein scaffold, which is anchored in the NE by at least three transmembrane
Nups. Eight filaments extend from this core structure into the cytoplasm and the
nucleoplasm, the latter being frequently referred to as the nuclear basket (Figure 1). In
addition, the central coreis coated by natively unfolded Nups containing up to 50 repeat
motifsthat are rich in phenylalanine and glycine residues (FG-repeats) (Alber et a. 2007
Terry and Wente 2009). These largely hydrophobic patches constitute the central channel of
the pore and transiently bind to nuclear transport receptors during translocation of cargo
molecules across the NPC. At the same time NPCs establish an efficient permeability barrier
for macromolecules larger than 3040 kDa and thus prevent the uncontrolled mixing of
nucleoplasmic and cytoplasmic components. Since the role of Nupsin nuclear trafficking
and the various models of the physical properties of the permeability barrier have been
discussed in many excellent reviews (Terry et a. 2007; Lim et a. 2008; Terry and Wente
2009; Strambio-De-Cadtillia et al. 2010; Walde and Kehlenbach 2010; Wozniak et al. 2010),
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we will focus on the biogenesis of the NPC and discuss its role in chromatin organization
and gene regulation.

THE BIOGENESIS OF THE NUCLEAR PORE

Considerable progress has been made in deciphering the molecular mechanismsinvolved in
NPC biogenesis. Immunodepletion of Nups from Xengpusegg extracts, ssRNA-mediated
knockdown in cultured cells or knockout strategies in yeast and animals have led to the
identification of individual Nups or subcomplexes involved in the NPC assembly process.
The one NPC substructure that was consistently identified across different experimental
strategies as being essential for NPC formation is the Nup107/160 subcomplex
(Siniossoglou et al. 1996; Boehmer et al. 2003; Harel et a. 2003b; Walther et al. 2003a).
The transmembrane Nups POM 121 and Ndc1 in vertebrates have also been shown to
decrease pore density, in a partially redundant manner (Mansfeld et al. 2006; Stavru et al.
20064a; Stavru et al. 2006b). Accordingly, the yeast transmembrane Nups Pom34, Pom152
and Ndc1 have been demonstrated to be involved in NPC assembly, Ndcl being essential
while Pom34 and Pom152 having partially redundant functions (Madrid et al. 2006; Miao et
al. 2006). It thus appears that most core Nups are essential for NPC assembly or

mai ntenance.

Studying the mechanisms of NPC formation at the molecular level is complicated by the fact
that in metazoa, nuclear pores assemble at different cell cycle stages. At the end of mitosis,
when the NE reforms around segregated chromosomes, NPCs reform from disassembled
precursors (Antonin et al. 2008). In addition, new NPCs continuously assemble in interphase
into the expanding NE (Maul et al. 1971). This ‘interphase’ NPC assembly, thought to
provide a sufficient number of NPC components for daughter cells during the next cell
division, occursin an intact NE. Importantly, organisms with closed mitosis, such as
budding and fission yeast, only assemble NPCsinto an intact NE (Winey et al. 1997),
suggesting the post-mitotic NPC assembly pathway evolved from the ‘interphase’
mechanism with the advent of open mitosis. It isimportant to note that the assembly of
NPCsinto an existing NE is not restricted to dividing cells but also occurs during cell
differentiation. For instance, millions of NPCs are assembled during oogenesis, and cells
undergoing endoreplication continue assembling NPCs during differentiation (Burke and
Stewart 2002). Moreover, ‘interphase’ assembly occurs in response to changes in metabolic
activities, asin lymphocytes where NPC density nearly doubles upon stimulation with
phytohemaagglutinin in the absence of cell division (Maul et al. 1971). Very littleis known
about potential differences between post-mitotic and interphase NPC assembly, which can
be explained at least in part by the wide use of an /n vitroNPC assembly assay based on
cell-free Xenopuseggs extracts. This experimental system recapitul ates the post-mitotic
assembly of the NE and NPCs (Dabauvalle and Scheer 1991; Forbes 1992). Moreover, as
asynchronous cultured metazoan cells and whole organisms convey both post-mitotic and
interphase NPC assembly, most studies carried out in these systems did not distinguish
between the two pathways. In the past years, single cell liveimaging provided cell-cycle
specific information about NPC assembly (Bodoor et al. 1999; Hase and Cordes 2003;
D’Angelo et a. 2006; Dultz et al. 2008; Doucet et a. 2010). Moreover, the Xengpusegg
extracts system can be adapted to distinguish between post-mitotic NPC assembly
(occurring during the early time points of the nuclear assembly reaction) and interphase
assembly, which occurs later during the nuclear expansion phase (D’ Angelo et al. 2006;
Dawson et a. 2009; Doucet et a. 2010). Different experimental strategies using this system
can also lead to the formation of pore-free NEs, in which the mechanisms of pore formation
in an intact NE can be studied /n vitro (Harel et a. 2003b).

Cold Spring Harb Symp Quartt Biol. Author manuscript; availablein PMC 2013 May 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Capelson et al.

Page 3

Post-mitotic NPC assembly

In metazoa, post-mitotic NPC assembly is concomitant with NE reformation and involves
the ordered recruitment of ER membranes and disassembled NPC components to chromatin
(Anderson and Hetzer 2008b). Nucleoporins have open access to chromatin and
transmembrane Nups can freely diffuse between both sides of the reforming nuclear
membranes. Chromatin constitutes a matrix for pore formation and recruitment of Nupsto
chromatin has been shown to occur independently of membranes. For instance, the
Nup107/160 complex istargeted to chromatin via ELY S/Mel-28, which directly bindsto
DNA through an AT-hook (Rasala et al. 2006; Franz et al. 2007; Rasala et al. 2008). This
step is controlled by a crosstalk between the small GTPase Ran and the transport receptor
Importin B (Harel et al. 2003a; Walther et al. 2003b; Rotem et al. 2009). Association of
Importin B to the Nup107/160 complex prevents its targeting to chromatin, as well as further
association with other NPC members. Interaction of RanGTP with Importin p releasesthe
Nup107/160-ELY S complex and promotes its subsequent chromatin binding (Figure 2).

A second step in NPC formation involves the recruitment of transmembrane Nupsto
chromatin. /n vitro, the recruitment of membrane vesicles containing Pom121 and Ndcl, but
not gp210, was shown to depend on prior Nup107/160 recruitment (Rasala et al. 2008).
Accordingly, an interaction between the cytoplasmic domain of Pom121 and the
Nup107/160 complex was characterized (Rasala et al. 2008). It is how clear that membrane
vesicles most likely result from fractionation of the ER occurring during preparation of cell-
free extracts, and that post-mitotic NE formation actually results from reshaping of the ER
around chromatin (Anderson and Hetzer 2007). INM proteins as well as the transmembrane
Nups Pom121 and Ndcl were shown to mediate this process, by driving the spreading of the
mitotic ER on segregated chromatin through their capacity to bind DNA in acollaborative
manner (Anderson et a. 2009). In the particular case of Pom121 thisislikely mediated by
its interaction with the chromatin-bound Nup107/160 complex. Indeed, a systematic analysis
of the kinetics of Nups recruitment to the reforming NE revealed that Pom121 was targeted
to chromatin after the Nup107/160 complex (Dultz et al. 2008). Moreover, the Pom121-
Nup107/160 interaction may be important to initiate the connection between soluble
members of the NPC and the reforming NE (Antonin et al. 2005). However, it was recently
shown /1 vivoand in vitrothat Pom121 is not rate-limiting for NPC assembly at the end of
mitosis (Doucet et al. 2010); this observation may account for the previously suggested
overlapping functions of Ndc1 and Pom121 in NPC assembly (Stavru et al. 2006a). Notably,
the third transmembrane Nup gp210 is recruited later to the chromatin periphery (Bodoor et
al. 1999), suggesting it is not involved in the early membrane association of the reforming
pore. EM analysis of nuclear assembly reactions in Xenopusegg extracts reveal ed that
membrane-free chromatin is coated with single copies of ELY S-bound Nup107/160
complexes, suggesting the lateral oligomerization of the complex is promoted by the
interaction with membranes and/or Pom121 (Rotem et al. 2009).

A third step in NPC formation includes the recruitment of Nup93, Nup98 and the Nup62
complex (Bodoor et a. 1999; Dultz et al. 2008). Nup93 isin complex with other members
including Nup53 and Nupl155. Interestingly, Nup53 interacts with Ndcl (Hawryluk-Gara et
al. 2005; Mansfeld et al. 2006) and Nup155 was shown to be critical for NE formation in
Xenopusextracts and in C. élegansembryos (Franz et a. 2005). This suggests that the
recruitment of the Nup93 complex at this stage may be critical to stabilize the interaction
between the NPC and the NE. As Nup93 and Nup98 briefly precede Nup58 (a member of
the Nup62 complex) on chromatin, they might be involved in recruiting the Nup62 complex
(Dultz et al. 2008), which is consistent with previous data showing that Nup98 depletion in
mice leads to a defect in Nup62 assembly (Wu et al. 2001). Importantly, the association of
these components was shown to coincide with the activation of nuclear import (Dultz et a.
2008). The Nup62 complex and Nup98 contain FG-repeats, which are known to interact
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with transport receptors (Terry and Wente 2009), and are sufficient to recapitul ate selective
nuclear transport (Frey and Gorlich 2007; Jovanovic-Talisman et a. 2009). Moreover, the
Nup93 complex significantly contributes to the establishment of the size exclusion limit of
the NPC (Shulga et al. 2000; Galy et al. 2003).

The last step of post-mitotic NPC assembly is the recruitment of peripheral Nups, including
Nup214, Tpr, gp210 and the major pools of Nup50 and Nup153 (Bodoor et al. 1999;
Haraguchi et al. 2000; Hase and Cordes 2003; Dultz et al. 2008; Katsani et a. 2008). Thisis
consistent with studies showing that gp210 and Nup214 are dispensable for the assembly of
the NPC core (Walther et al. 2001; Galy et a. 2008). While the scaffold core of the NPC has
atwo-fold symmetry about the NE plane, a number of peripheral Nups are asymmetrically
localized (e.g. components of the nuclear basket and cytoplasmic filaments, see Figure 1).
Since these components are incorporated after nuclear import has occurred, the observed
asymmetry may be controlled

Interphase NPC assembly

In interphase, the topology of the NE, and thus the context of NPC assembly, differs from
the situation at the end of mitosis, i.e. the NE isintact and therefore the nucleoplasm and
cytoplasm are physically separated. Using Xeropusegg extracts it was shown that in intact
nuclei, the Nup107/160 complex was required from the nuclear and cytoplasmic sides of the
NE to support new pore assembly (D’ Angelo et al. 2006). This study impliesthat at least a
fraction of the Nup107/160 complex was assembled in new pores without interacting with
chromatin. Thisideais further supported by the finding that ELY Sis not rate limiting for
interphase NPC assembly. Notably, no homolog of Elys has been identified in yeast, which
undergoes closed mitosis, but an ortholog of Elyswas discovered in A. nidulans, afungus
undergoing partial NPC disassembly during mitosis (Liu et al. 2009). However, this protein
is shorter than vertebrate Elys and lacks an AT-hook. Instead, An-Elysisinvolved in the
maintenance of the An-Nup84 complex in the NE during mitosis, suggesting Elysis not
restricted to vertebrates but may have been an early determinant in the evolution of
organisms towards open mitosis.

Then how is the Nup107/160 complex targeted to new NPC assembly sites? At least part of
the answer can be found in a membrane-curvature sensor domain that is present in Nup133,
amember of the Nup107/160 complex (Drin et al. 2007). This so-called ALPS domainisan
amphipathic apha-helixes harbouring a hydrophobic patch and an uncharged polar face. As
opposed to classical amphipathic helixes, interacting with lipid bilayers through
hydrophobic and electrostatic interactions, interaction of these uncharged helix with
membranes requires accessibility to the carbon tails of the lipids as they mainly bind through
hydrophobic interactions. As aresult, ALPS motifs preferentially associate with lipid
bilayers exhibiting aloose lipid packing, which istypically achieved in curved membranes
(Antonny 2006). The ALPS motif of Nup133 was shown to be specifically required for
Nup107/160 recruitment to the NE and NPC assembly in interphase (Doucet et al. 2010). It
isnot clear yet if the ALPS targets completely fused sites, or fusion intermediates. In the
latter case, it might participate in the completion of the fusion, by stabilizing curved patches
in the membranes. However, /n vitro data support that this motif does not have affinity
towards flat membranes (Drin et al. 2007; Doucet et al. 2010), and is thus most likely not
involved in promoting membrane fusion. The ability to directly sense the highly curved sites
of ONM and INM fusion (or intermediates) ensures high specificity regarding the sequence
of events and spatial restriction of pore assembly. It also provides an elegant mechanism for
Nup107/160 targeting from both sides of the NE to new assembly sites. Interestingly, the
ALPS domain of Nup133 is dispensable for post-mitotic assembly, suggesting the initial
connection between soluble Nups and the nuclear membrane are mediated by different
mechanisms.
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Once targeted to new sites, the Nup107/160 complex is incorporated into the NE to establish
the NPC scaffold structure. A critical step in this process is mediated by the RanGTPase and
the transport receptors Importin § and transportin (Lusk et al. 2002; Ryan et al. 2003;
D’Angelo et a. 2006). RanGTP interacts with transport receptors sequestering Nup107/160
members and releases them to allow protein-protein interactions between complexes.
Importantly, the generation of RanGTP is aso required from both sides of the NE
(D’Angelo et a. 2006).

Interestingly, while Pom121 is recruited to new pore sites after the Nup107/160 complex
during post-mitotic NPC assembly, it is recruited before Nup107 in intact NEs (Doucet et al.
2010). Indeed, pore intermediates harbouring Pom121 but not Nup107 or Nup133 were
characterized. Moreover, Pom121 knock-down inhibited Nup107 recruitment to the NE, and
mistargeting the Nup107/160 complex increased the number of intermediates containing
only Pom121 (Doucet et al. 2010). Mirroring ELY S behaviour, Pom121 is specifically
required for interphase NPC assembly, which isillustrated by the fact that knocking down
simultaneously ELY S and Pom121 reduces further NPC formation, as compared to single
knock-downs (Doucet et al. 2010). Finally, Pom121 contains afunctional NLS which is
specifically required for interphase assembly, suggesting the transmembrane Nup is
delivered to the INM by an active transport process or that interactions of Pom121 with
other Nups s regulated by Importin alpha (Doucet et al. 2010; Yavuz et al. 2010).

Itisnot clear yet how and when the other NPC components are recruited and assembled into
new pores during interphase and how the permeability barrier is preserved while new pores
areinserted in the intact NE? It is striking that interphase pore insertion is along process
(about 3060 minutes) compared to post-mitotic assembly, which occursin afew minutes
(D’Angelo et al. 2006). One possibility isthat narrow channels are initially formed and
gradually expand as more components are assembled into the NPC. It is aso possible that
fusion intermediates are sufficient to allow the recruitment of the Nup107/160 complex as
well as other Nups, and that completion of membrane fusion is ultimately coupled to
assembly of FG-rich Nups. More work is needed to clarify these mechanisms.

Fusion of inner and outer nuclear membranes

NPC formation in an intact NE occurs by a de rovo process (D’ Angelo et al. 2006), which
implies NPC formation involves fusion of the INM and ONM. Scanning EM studies have
provided some potential intermediates including inward dimpling of the nuclear membranes
and fusion of the bilayers (Goldberg et al. 1997). While further investigations are required to
test if these NE structures represent INM-ONM fusion intermediates, they highlight the fact
that INM and ONM fusion must involve intermediates harbouring a complex topology of
positive and negative curvature to alow the close apposition of the membranes required for
fusion. Curved lipid bilayers exhibit a differential packing of their two leaflets, which can be
induced by achangein lipid composition (e.g. introduction of conical lipids) or by
membrane bending proteins (Antonny 2006). Transmembrane Nups have long been
suspected to play acritical rolein NPC assembly and possibly INM and ONM fusion. In
particular, the Nup gp210, which contains alarge luminal domain that could in principle
span the perinuclear space and bridge the ONM and INM, was suspected to be the key
fusogenic component. However, the fact that gp210 is not expressed in many cell types
argues against a general role of this Nup in membrane fusion. Instead, recent evidence in
human cells suggests Pom121 might be involved in membrane fusion. As mentioned above,
depletion of Pom121 by RNAI specifically inhibited interphase pore assembly in cultured
mammalian cells, and a Pom121-specific inhibitory antibody prevented ONM and INM
fusion /n vitroin expanding nuclei (Doucet et al. 2010). Pom121 might thus induce or
stabilize membrane fusion. Its luminal domain isonly ~ 30 amino acids in length and
therefore likely cannot span the perinuclear space of the NE. However, Pom121 might
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recruit luminal ER proteins to induce membrane curvature. Alternatively, Pom121 might
cooperate with reticulons (Rtns), which have also been implicated in NPC assembly
(Dawson et al. 2009).

The Rtns, structurally related to Y opl and metazoan DP1, are thought to trigger or stabilize
membrane curvature by inserting a wedge-like hydrophobic hairpin within one leaflet of a
lipid bilayer (Sheetz et al. 1976; Oertle and Schwab 2003; De Craene et a. 2006; V oeltz et
al. 2006; Shibata et al. 2008). Interestingly, Rtns have been implicated in NPC formation in
an intact NE (Dawson et al. 2009), suggesting they might induce the NE bending required
for INM and ONM fusion. Indeed, co-depletion of Rtn1 and Y opl in yeast leads to NPC
assembly phenotypes indicative of membrane fusion defects. Moreover, an inhibitory
antibody directed against Rtn4 (Voeltz et al. 2006) prevents INM and ONM fusion in
Xenopusegg extracts (Dawson et al. 2009). As flat membranes, and in particular the NE, are
mostly devoid of Rtnswhich reside preferentially in the tubular ER (De Craene et al. 2006;
Voeltz et al. 2006; Anderson and Hetzer 2008a), the mechanisms by which they may trigger
nuclear membrane bending are not clear. An appealing model is that Rtns would adopt a
transient ring-like organization in the NE and displace the lipids on the outer leaflet of the
ONM, from the site of their insertion towards the centre of the ring. The lipid displacement
would induce a combination of positive and negative curvature and result in the ONM
getting closer to the INM. As NPCs exhibit an 8-fold radial symmetry, the ring-like
organization of Rtns might result from their interaction with transmembrane Nups.
Coincidently, anovel transmembrane Nup, Pom33, was recently identified in yeast and
shown to interact with Rtn1 (Chadrin et al. 2010). Rtns are likely rapidly replaced by
components able to stabilize the induced membrane curvature. Interestingly, multiple
soluble Nups have putative membrane interaction domains (specifically vNup133, yNupl70,
and yNup53) (Marelli et al. 2001; Drin et al. 2007; Patel and Rexach 2008). In particular,
the ALPS motif of Nup133 may replace Rtns in the outer leaflet of bent nuclear membranes
through its membrane curvature sensing ability and stabilize the fusion sites/intermediates.

Once membrane fusion has occurred, additional interactions are likely required to stabilize
the highly curved pore. Strikingly, several components of the yNup84/vNup107-160
complex exhibit structural similarities with proteins of the COPIl complex, suggesting they
may oligomerize in asimilar structure to form a membrane coat and stabilize the pore
membrane (Debler et al. 2008; Brohawn and Schwartz 2009; Whittle and Schwartz 2009). In
addition in yeast, the transmembrane Nups physically interact with yNup170/yNup157 and
yNup53/yNup59 proteins (Flemming et al. 2009; Makio et a. 2009; Onischenko et al.
2009). In addition, genetic interactions between this network of Nups and Rtn1/Y op1l further
support the linkage between the transmembrane Nups, Rtns, yNup170/yNupl57, and
yNup53/yNup59 steps (Dawson et al. 2009). As previously mentioned, vNdcl also
functionally interacts with Nup53, ortholog of yNup53/yNup59, suggesting the functional
interactions characterized in yeast may be conserved in vertebrates (Mansfeld et al. 2006).
Although a potential role of Ndc1 in membrane fusion is not known, this transmembrane
Nup may be crucia for the stabilization of the pore membrane through its interaction
network with the soluble core of the NPC.

THE ROLE OF THE NPC IN REGULATION OF GENE EXPRESSION

Eukaryotic gene expression isregulated at multiple levelsin the cell nucleus, from
chromatin modification and compaction to the synthesis, processing and export of mRNA.
The precise execution of transcriptional programs during development and in dividing
differentiated cells relies on faithful reproduction of a specific gene expression state through
mitosis, and is crucial for maintaining correct cellular identity. Nucleocytoplasmic transport,
which occurs exclusively through the NPC, controls the access of chromatin modifying
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enzymes and transcription factors and the exit of RNA, and as such, isintimately tied to
regulation of eukaryotic gene expression. Y et in addition to the more established roles of
Nups in the transport process, it is becoming evident that the NPC components have
additional functionsin gene regulation and in nuclear organization of chromatin (Akhtar and
Gasser 2007; Brown and Silver 2007). Recent evidence suggests that Nups are able to
physically interact with specific genomic loci, and via such direct interaction, can regulate
transcriptional status of its targets and participate in chromatin domain establishment. These
uncovered additional functions of Nups suggest that they may play a critical role in setting
up or maintaining transcriptional identity of developing and differentiated cellsin a
chromatin-associated manner. The major unresolved questions arising from these studies are
the molecular nature and the cellular purpose of the Nup-gene contacts.

Interestingly, the proposed role of Nups in developmental gene regulation is supported by
reports of several NPC components exhibiting tissue-specific expression and tissue-specific
disease phenotypes (Capel son and Hetzer 2009). Given the indispensable role of the NPC in
cellular function, tissue-specific requirements of Nups can appear unexpected. Nonethel ess,
both stable and dynamic Nups have been found to play arolein particular aspects of
development and to underlie specific human pathol ogies. Some compelling examples
include mouse Nup133, which was recently demonstrated to play arole in embryonic
development of the neural lineage, such that Nup133 null neural progenitors failed to
efficiently produce terminally differentiated neurons (Lupu et al. 2008), and a mutation in
human Nup155, which leads to Atrial Fibrillation (AF), an inherited form of clinical
arrhythmiathat can lead to sudden cardiac death (Zhang et a. 2008). The Drosgphila

homol ogue of Nup155, Nup154, has also been shown to have a tissue-specific role, but here
instead affecting gametogenesis in both sexes (Gigliotti et al. 1998; Grimaldi et al. 2007).
Furthermore, a mutation in the zebrafish ELY S was described to affect normal development
and proliferation of the retina and the intestine (Davuluri et a. 2008; de Jong-Curtain et al.
2008). Mutations in several plant Nups have been reported to cause diverse developmental
defects, which often appear comparatively mild and relatively specific (Meier and Brkljacic
2009). One such exampleis amutant allele of a nuclear basket Nup Tpr/ NUA, which affects
the flowering time, seed production and |eaf morphology of A. thaliana (Xu et a. 2007).

Perhaps the best-studied examples of a Nup underlying a particular human disorder are the
identified tranglocations of the AVyp98 gene, which result in fusions of the N-terminal part of
Nup98 to transcriptional regulators and other DNA-binding proteins and have been
characterized as mutations leading to several types of leukemia (Nakamura et al. 1996; Saito
et a. 2004; Slape and Aplan 2004). For instance, the oncogenic fusion of Nup98 to the
transcription factor HOXA9 results in acute myelogenous leukemia and was shown to
induce the aberrant expression of HOXA9 target genes, beyond the effects of over-
expression of HOXA9 alone, and to block the differentiation of human hematopoietic cells
(Ghannam et al. 2004; Takeda et al. 2006). Fusions of Nup98 to PHD finger proteins have
been shown to produce very similar effects and to lock target genesinto aberrantly active
state, resulting in leukemic transformation (Wang et al, 2009). These findings agree with the
notion that the normal function of Nup98 may include regulation of gene expression via
direct interaction with target genes. Clearly, tissue-specific effects of the NPC can arise from
its classic transport-associated or its recently identified chromatin-binding functions, or from
the interplay of both. But in order to fully understand the mystery of how tissue-specific
gene expression can be influenced by a particular NPC component, the chromatin-associated
roles of Nups have to be considered.

Originally, arelationship between nuclear pores and nuclear organization of chromatin has
been suggested by high-resolution images of mammalian nuclel that distinctly show the non-
random association of de-condensed chromatin with nuclear pores. Such lighter-stained, de-

Cold Spring Harb Symp Quartt Biol. Author manuscript; availablein PMC 2013 May 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Capelson et al.

Page 8

condensed chromatin is thought to predominantly contain active genes or parts of the
genome that are more open and permissive to transcription. The observed correlation
between NPCs and open chromatin led to a notion, known as the ‘ gene gating hypothesis
(Blobel 1985), which proposed that nuclear pores are capable of specifically interacting with
active genes to promote co-regulation of transcription with mRNA export. Several lines of
evidence, subsequently obtained in yeast, supported this link of NPC to transcriptional
activation. Genome-wide Chromatin Immunoprecipitation (ChlP) analysisin
Saccharomyces cerevisiaedemonstrated that some nucleoporins, such as MIpl, Nup2 and
Nup60 often occupy regions of highly transcribed genes (Casolari et al. 2004; Casolari et al.
2005). Furthermore, interaction between the NPC component Nup2 and promoters of active
genes, termed the “Nup-PI” phenomenon, has been described (Schmid et a. 2006).
Additionally, enhancing association of an inducible gene with the NPC boosted its transcript
levels (Taddel et al. 2006), and genes reported to associate with Nups were observed to re-
localize to the nuclear periphery upon transcriptional activation (Casolari et al. 2004; Taddei
et a. 2006). These findings suggested that sites of active transcription are localized to the
nuclear pores at the NE and appear to be positively regulated by the association with Nups.

Interestingly, functional involvement of Nups in gene activation has recently been
discovered in multi-cellular organisms (Capelson et al. 2010; Kalverda et al. 2010;
Vagquerizas et al. 2010), but with an unexpected twist. Analysis of chromatin binding
behaviour of DrosgphilaNups, achieved by different methods such as immunostaining of
polytene chromosomes, ChlP and Dam-ID, revealed the presence of several NPC
components at active genes and a functional requirement for their presence in transcription
of their binding targets. Reducing levels of Nup98 or Sec13 by RNA interference (RNAI)
resulted in decreased levels of transcriptional activity and mRNA levels of its target genes,
which included the developmentally induced ecdysone-responsive genes (Capelson et al.
2010; Kalverda et al. 2010). Surprisingly, the Nup-chromatin contacts were commonly
found to occur in the nucleoplasm, away from the NE-embedded NPCs. These observations,
consistently reported by all 3 studies, suggest that Nups may retain the ability to regulate
gene activity even when not associated with the actual nuclear pore. The Nups identified to
participate in gene binding and regulation, namely Nup98, Sec13, Nup62 and other FG
Nups, Nup50, Nup153 and Tpr, belong to the peripheral and commonly dynamic sub-group
of Nups, with the exception of Sec13, which nevertheless has been reported to have an intra-
nuclear population (Enninga et al. 2003). As discussed above, certain sub-complexes of the
NPC, such as the Nup107-160 complex, form the main structural scaffold of the NPC. The
components of such complexes have been found to be predictably stable at the NE-
embedded formed NPCs, with low turn-over rates as judged from FRAP experiments with
GFP-tagged Nups (Rabut et al. 2004). In contrast, peripheral Nups that are recruited later
during pore assembly have been found to be highly dynamic, with high turn-over rates
detected in similar FRAP experiments (Rabut et al. 2004). An intriguing possibility is that
the dynamic behaviour of these Nups underlies their role in transcriptional activation.
Dynamic Nups could come off the nuclear pore to interact with transcribing genes or with
mMRNA and associated machinery inside the nucleus — that is, not at NE contact sites— a
notion supported by the reported transcription-dependent mobility of Nup153 and Nup98
(Griffiset a. 2004). Since the majority of active genesislocated in the nuclear interior, this
model could overcome amajor limitation of the ‘gene gating hypothesis', which argues that
active genes have to be repositioned to the nuclear pores at the NE in order to be regulated
by the NPC components.

Furthermore, one of the studies reported an additionally interesting type of Nup-chromatin
interactions (Vaguerizas et a.). According to the genome-wide ChlP data, both Nup153 and
Megator (Mtor), the Drosgphi/ahomologue of Tpr, appear to occupy unusually long
stretches of DNA, sometimes hundreds of kilobases (Vaquerizas et al. 2010), instead of
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discrete binding peaks usually observed for transcriptional regulators and determined for
DrosophilaNup98 (Capelson et a.). Thisdistribution isintriguing asit implies aglobal
structural function for Nup153 and Mtor, which may underlie afunctional organization of
active genomic aress. It istempting to speculate that such long Mtor/Tpr and Nup153
chromatin-binding stretches, termed Nuclear pore Associated Regions (NARs) may be an
extension of the previously described Tpr filaments, which extend from the nucleoplasmic
face of the NPC into the nucleoplasm (Zimowska and Paddy 2002; Krull et al. 2004). In this
case, these nuclear basket filaments may interact with the genome to assist genomic
targeting of imported transcription factors or to fulfil the gene-gating role of coupling
mMRNA production and export, previously assigned to NE-embedded NPCs. In support of the
latter idea, experiments in yeast have suggested a role for the homologues of Tpr, MIpL/2in
down-regulating transcription of target genesin response to an mRNA export defect
(Vinciguerraet a. 2005), implicating MIp1/2 in co-ordinating the two processes. In flies
however, although a potential correlation between Tpr/Nup153-defined NARSs and gene
activity was reported, it does not appear to be absolute (Vaguerizas et al.). Another recent
study of Drosophi/adosage compensation showed that Nup153 and Mtor/Tpr co-purify with
the Dosage Compensation Complex and are necessary for the two-fold hyper-transcription
of themale X (Mendjan et a. 2006), further implicating these two Nups in the establishment
of active chromatin. Although the interaction itself may be indicative a physical link
between transcriptional or epigenetic activators and Nups of the nuclear basket, which has
been previously suggested in yeast ((Rodriguez-Navarro et al. 2004; Casolari et a. 2005;
Menon et al. 2005), its functional role remains debated (Grimaud and Becker 2009). Itis
thus also possible that Tpr/Mtor and Nup153 NARs occupy regions of permissible, but not
necessarily on-going transcription, regions of alternative processes, or that they primarily
congtitute a structural support to chromatin organization, reminiscent of the suggested
function for the components of biochemically defined nuclear matrix (VIcek et a. 2001,
Marshall 2002).

These reports were the first to demonstrate a potential functional role for chromatin-
associated Nupsin animal cells, raising an exciting possibility that Nups execute a
previously unexplored function in developmental gene activity. And although multiple
studies on chromatin-associated roles of Nupsin yeast and flies demonstrated their link to
active genes, other reports have identified an association with genomic regions implicated in
alternative chromatin states. In the high resolution images of nuclei mentioned above, where
heterochromatin looks interspersed by nuclear pores, it seems similarly plausible that the
NPC would have arole in setting up this organization by serving as a boundary between
condensed and decondensed regions. Boundary elements are generally defined by their
ability to prevent communication between active and silent chromatin, which they are
thought to do by physically partitioning the chromatin fiber (Gerasimova et al. 1995;
Burgess-Beusse et al. 2002). Interestingly, examples of this type of involvement have been
reported for the NPC: yeast Nup2, Nup60 and Prp20/RanGEF were identified in a screen for
chromatin boundary activities that can prevent the spreading of repressing factorsinto
neighbouring genes (Ishii et al. 2002; Dilworth et a. 2005). Furthermore, the initial
characterization of the genome-wide chromatin distribution of yeast Nups revealed that
certain NPC components, such as Nup145C (homologue of mammalian Nup96) and Nup84
(homologue of Nup107), both considered stable Nups, did not preferentially localize to
active genes, but instead were enriched on “neutral” chromatin (Casolari et al. 2004).
Interestingly, the apparent exclusion of heterochromatin from the regions below the NPCs,
mentioned above, is disrupted by a knock-down of Tpr in poliovirus-infected mammalian
cells, allowing heterochromatin to form all along the NE (Krull et al.). These unexpected
findings suggest a potentially important role for Tpr in delimiting heterochromatin
boundaries and support the proposed function of Nupsin setting up global chromatin
organization.
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Intriguingly, the only characterization of a genome-wide binding pattern of a stable Nup
performed to date in metazoan cells demonstrated an enrichment for repressive
heterochromatic histone marks (Brown et al. 2008). ChlP analysis of Nup93 in human HelLa
cells showed that its binding sites correlate with regions of high tri-methylation of H3K9,
H4K 20 and H3K 27. And although these results were obtained from a correlation between
different cell types and thus should be interpreted with caution, they serve as further
potential evidence for the association of nuclear pores with non-active chromatin regions.
Moreover, genome-wide mapping of the DrosgphilaNPC components by DamiD, which
compared afull-length and an exclusively nucleoplasmic, NPC-uncoupled version of Nup98
(that had its NPC-interaction domain deleted), identified enrichment for gene activity only in
the NPC-uncoupled data set (Kaverda et al.). Genes associated with the components of the
NE-embedded NPCc appeared to be frequently non-active. These results correlate well with
the observed genomic binding of the stable Nup93, which is predominantly present at the
nuclear pores and not in the nucleoplasm (Brown et a. 2008), suggesting that &t least in
animal cells, the actual NPC may not preferentially bind active chromatin and that the
association of Nups with active genes may be often carried out off-pore.

Multiple lines of evidence outlined above support the existence of physical contacts between
NPC components and specific genomic loci, prompting the questions of what are of the
molecular roles and mechanisms of these interactions? Do they exist to couple mRNA
production to its eventual exit through the nuclear pores or to connect the entry of
developmental transcription factors to their target genes? Can they aternatively involve
interaction with non-active genomic regions for the possible purposes of chromatin
organization and partitioning expression domains? Several studies, discussed below, have
delved into the molecular mechanism of these interactions, shedding light on potential
interacting partners and on possible cellular consequences arising from these contacts. The
three main emerging links include arole for Nups in transcriptional initiation, in co-
regulation of mRNA processing and export, and in establishment of chromatin domains to
maintain transcriptional memory.

Aswhat is perhaps the strongest evidence for the gene gating model, yeast Susl, a member
of the mMRNA export complex that physically interacts with the NPC component Nupl, was
shown to be part of the histone acetyltransferase complex SAGA that is directly linked to
transcriptional activation (Rodriguez-Navarro et al. 2004; Luthra et a. 2007). Histone
acetylation is thought to play arolein setting up atranscriptionally permissive chromatin
state, is enriched at gene promoters and is associated with induction of transcription
(MacDonald and Howe 2009). In addition, the recruitment of active GAL genesto the
nuclear periphery and presumably to the NE-embedded nuclear pores was shown to
dependent on Susl and other SAGA components (Cabal et a. 2006; Luthra et al. 2007).
This interaction has recently been shown to be conserved, as E(y)2, the Drosophila
homologue of a subunit of the SAGA complex, appears to anchor the heat shock protein 70
(hsp70) geneto the NPC and to be required for its efficient transcription (Kurshakova et al.
2007). Furthermore, mammalian Nup98 has been reported to physically interact with
another histone acetyltransferase, CBP/p300 (Kasper et a. 1999). Thisinteraction appearsto
be highly relevant to the cancer-associated roles of Nup98, as an oncogenic fusion of Nup98
to NSD1 histone methyltransferase was shown to produce aberrant activation, hyper-
acetylation and recruitment of p300 to Hox-A genesin leukaemogenesis (Wang et al. 2007).
Moreover, when analyzed in developing salivary glands, Drosophila Nup98 and Sec13 were
found to be recruited early on to their target genes, often preceding or coinciding with the
first appearance of phosphorylated RNA polymerase Il (RNAP I1) (Capelson et a.). This
role in transcriptional induction agrees well with the report of interaction between Nups and
gene promoters during the early steps of transcriptional initiation in yeast, which proposed
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that transient contact with NPC proteins may be a general feature of gene activation (Schmid
et a. 2006).

Recently, two new interesting candidates have been implicated in the association between
transcribing genes and NPCs: some components of the exosome appear to mediate post-
transcriptional tethering of GAL genesto the NPC (Vodala et al. 2008), and the THO
complex seemsto link 3" end RNA processing to nuclear pore association (Rougemaille et
al. 2008). Interestingly, during development it appears that DrosgphilaFG Nups are
recruited to their target genes subsequently to recruitment of Nup98 and Sec13 and after the
appearance of active RNAP 1. Consistently, unlike Nup98 and Sec13, binding of FG Nups
to chromatin was found to be sensitive to treatment with Flavopiridol (Capelson et al.), an
inhibitor of the kinase Positive Transcription Elongation Factor b (P-TEFb) that specifically
phosphorylates Serine 2 of RNAP |1 CTD (Chao and Price 2001). Serine 2 phosophorylation
has been proposed to be required for transition into efficient transcriptional elongation as
well as be necessary for recruitment of mRNA processing factors (Cho et al. 2001; Shim et
al. 2002). It appears plausible that FG Nups and likely other Nups as well may play arolein
elongation and the mMRNA processing that accompaniesiit.

Interestingly, sites of NPC residence on chromatin in yeast, identified by the ChlP approach
(Casolari et a. 2004), and THO complex binding (Rougemaille et al. 2008) were
preferentially located in the 3" ends of active genes, unlike the promoter and 5” region
association observed in the Nup-PlI phenomenon, which was discovered by mapping of the
MNase-Nup2 fusion. One explanation for this apparent contradiction is the presence of both
gene ends at the NPC through interactions with different Nups, which would result in DNA
looping. Such chromatin looping at the NPC has been recently directly observed for a
particular subset of genes and appears to play arolein “remembering” recent transcriptional
activity and thusin rapid re-activation of inducible loci (Brickner et a. 2007; Tan-Wong et
al. 2009). The idea of the NPC being involved in chromatin domain establishment (or gene
looping) is further supported by the reports of certain yeast Nups exhibiting boundary
activity, mentioned above (Ishii et al. 2002).

As described above, during mitosis in higher eukaryotes the NE and the nuclear pores break
down and reform around newly segregated chromatin (Hetzer et a. 2005). Mitotic
propagation of cell-specific chromatin architecture is intimately linked to this reassembly,
yet how post-mitotic nuclear reformation around chromatin translates into interphase
chromatin organization is almost completely unknown. As discussed previoudly, studiesin
Xenopus cell-free systems demonstrated that a sub-complex of the NPC, the Nup107-160
complex, aswell as ELY S, Nup153 and Nup358 are recruited to chromatin early in the post-
mitotic reassembly (Walther et al. 2003a; Walther et al. 2003b). Thus, binding of a subset of
Nups to chromatin represents one of the initial eventsin nuclear reorganization, implicating
metazoan nucleoporins as potential regulators of interphase chromatin architecture and thus,
of epigenetic memory. This suggested role in epigenetic memory supports the studiesin
yeast, where the long-term association of an inducible gene with the nuclear pore was
reported to occur for several cell generations after the initial activation in yeast (Brickner et
al. 2007). And although yeast undergoes closed mitosis and do not need to reform their NE,
arole of the NPC in positional or epigenetic memory remains an intriguing possibility.

A possible model to integrate the diverse findings presented above could involve several
distinct types of mechanisms by which the NPC regulates gene expression in chromatin-
associated manner (Figure 3). Oneisthe physical association of the stable NE-embedded
nuclear pore structure with chromatin, which could have arolein tethering a chromatin
boundary or in the general establishment of the 3D organization of chromatin inside the
nucleus. As the stable core of the NPC does not turn over during the entire life span of a cell
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(D’ Angelo et al. 2009), this extreme stability makes the core components of the NPC ideal
candidates for establishing long-term transcription programs. The highly stable NPC core
may serve as a scaffold for nuclear architecture of chromatin and could be utilized as a basis
for epigenetic memory in differentiated cells. It appears that although some genesin yeast
and metazoa contact the NE-embedded nuclear pores for activation, at least the metazoan
NPC does not preferentialy or exclusively bind transcribing genes and may bind other
genomic regions for purely organizational purposes.

An aternative and additional mechanism would involve the binding of intranulcear Nups to
active genes, irrespective of the nuclear position of the genes. It remains to be determined
whether intranuclear chromatin-binding Nups shuttle between genomic sites and the nuclear
periphery, which would be consistent with the dynamic behaviour of some Nups (Rabut et
al. 2004). It is tempting to speculate that the mobility of NPC components may establish a
mechanism of communication between sites of production of mMRNA and sites of its final
exit, similarly to what has been originally proposed for the NPC-chromatin relationship
(Blobel 1985). In yeast, the intranuclear Nup-gene contacts have not been reported, and
active genes have been observed to re-position to the membrane-associated nuclear poresin
several instances. It is thus unclear whether yeast only utilizes one mode for chromatin-
associated function of Nups, which involves transcriptionally active genes being recruited to
the NE-embedded NPCs. It is possible that intranuclear chromatin binding of Nups has
evolved preferentialy in higher eukaryotes to compensate for larger nuclear size or for
greater complexity of gene regulation. In Drosgphilaand possibly mammals, intranuclear
Nups may have retained the ability to interact with transcription initiation apparatus and the
MRNA processing machinery, and perhaps with both gene ends. In this manner, their role at
genes undergoing induction may be to create an expression domain and set up a co-
regulation of the start and finish events of the transcription process. The long unstructured
GLFG domain of Nup98 and FG repeats of FG Nups may be perfect for thisroleasa
scaffolding platform for mRNA production. In support of this hypothesis, leukemic fusions
of Nup98 has been recently shown to self-interact with endogenous Nup98 in the
intranuclear compartment (Xu and Powers). It is possible to envision that the self-
interactions of Nup98 may even drive the clustering of distant gene loci onto a transcription
platform, similarly to the model of transcription factories (Osborne et al. 2004; Mitchell and
Fraser 2008). These diverse functional links lend to an intriguing model of the NPC as a
potential nexus of key nuclear processes, integrating chromatin organization, transcription
and transport (Kohler and Hurt 2010). Assembly of transcription machinery and distant gene
loci, mMRNA processing and export process, and finally, the memory of these activating or
chromatin tethering events through cell divisions may all be in some ways connected to the
NPC.
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Figure 1. Composition of the NPC

Schematic of the yeast (left) and mammalian (right) NPCs. The framed boxes represent
individual Nups or subcomplexes. The transmembrane Nups are depicted in orange, the
soluble scaffold components in red, the central core Nupsin grey, the components of the
cytoplasmic filamentsin purple and the members of the nuclear basket in blue. Note that the
relative position of the components is not meant to represent the structure of the NPC
beyond this general organization.
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Figure 2. Model for mammalian NPC assembly mechanismsin mitosis and inter phase

The sequences of events leading to post-mitotic (Ieft) or interphase (right) NPC assembly are
represented from top to bottom. The chromatin is depicted in grey, the intensity of the color

reflecting its compaction state.
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Figure 3. A schematic representation of three alter native hypotheses for the functional roles of
the genome-NPC contacts

Asdemonstrated in yeast, the NE-embedded NPCs may bind active genes at opposing ends,
forming gene loops, to establish assembled transcription and processing domains that are
“remembered” through cell divisions. Alternatively, and as may be more prevalent in
metazoa, the NE-associated NPCs may interact with boundary or non-transcribing genomic
regionsto similarly set up gene expression domains or general nuclear chromatin
organization. An intriguing possibility would be the use of such contacts for “remembering”
aparticular chromatin organization in differentiating or differentiated cells, the latter of
which do not turn over their NPCs and remain stable over long periods of time. Finally, NE-
independent NPC components may bind active genes in the nucleoplasm for the similar
purposes of setting up local transcription and processing organization, which may involve
gene looping or even gene contacts between distant loci.
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