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Abstract

In addition to their established roles in nucleocytoplasmic transport, the intimate association of

nuclear pore complexes (NPCs) with chromatin has long led to speculation that these structures

influence peripheral chromatin structure and regulate gene expression. These ideas have their roots

in morphological observations, however recent years have seen the identification of physical

interactions between NPCs, chromatin, and the transcriptional machinery. Key insights into the

molecular functions of specific NPC proteins have uncovered roles for these proteins in

transcriptional activation and elongation, mRNA processing, as well as chromatin structure and

localization. Here, we review recent studies that provide further molecular detail on the role of

specific NPC components as distinct platforms for these chromatin dependent processes.

Introduction

Nuclear pore complexes (NPCs) perforate an otherwise impermeable nuclear envelope (NE)

membrane and the primary function long ascribed to these channels is to regulate exchange

of water-soluble metabolites and macromolecules between the cytoplasm and the

nucleoplasm. NPCs are unlike other transport channels, both in their degree of complexity

and the mechanisms by which they move a highly diverse array of cargos across the NE.

Cylindrical in geometry, and ~60-100 million Daltons in mass, these evolutionarily

conserved structures exhibit a distinguishing octagonal symmetry around a central transport

channel. NPCs do not cross the two lipid bilayers of the NE, but rather they extend from the

surface of the chromatin and penetrate the NE at pores formed where the inner and outer

nuclear membranes are fused. The membrane walls of these pores are attached to the

‘waists’ of cylindrical NPCs (Figure 1) [reviewed in 1,2].

© 2014 Elsevier Ltd. All rights reserved.
*Address correspondence to: Richard W. Wozniak, Department of Cell Biology, 5-14 Medical Sciences Building, University of
Alberta, Edmonton, Alberta, Canada, T6G 2H7, Tel: 780-492-1384, Fax: 780-492-0450, rick.wozniak@ualberta.ca; John Aitchison,
Seattle Biomedical Research Institute, 307 Westlake Ave N, Seattle, WA, USA 98109, Tel: 206-256-7470,
john.aitchison@seattlebiomed.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Opin Cell Biol. Author manuscript; available in PMC 2015 June 01.

Published in final edited form as:
Curr Opin Cell Biol. 2014 June ; 0: 46–53. doi:10.1016/j.ceb.2014.02.001.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Despite their large size and elaborate structure, NPCs are composed of relatively few

proteins (~30). These nucleoporins (Nups) are present in multiple copies, and specific

groups of Nups contribute to distinct repetitive subunits that assemble to form the NPC. On

the basis of their structural features and localization within the NPC, Nups can be placed

into distinct groups (Figure 1). Integral proteins of the pore membrane interact with

complexes of Nups that form the core scaffold of the NPC, which includes the Nup84- and

Nup170-subcomplexes. Multiple copies of these subcomplexes are organized into 8-fold

symmetrical ring structures that line the circumference of the pore where they interact with

the pore membrane proteins and the membrane itself. Interestingly, sequence similarities

between some Nups and coat proteins of secretory vesicles suggest these Nups have evolved

from similar membrane coating ancestors. The core scaffold also supports Nups containing

natively unfolded domains rich in phenylalanine-glycine (FG) residue repeats that occupy

the central channel. These FG-Nups play a central role in transport. Among the FG-Nups,

several members show a biased or strict localization to the nucleoplasmic or cytoplasmic

face of the NPC. This group contributes to filaments that extend from the NPC core into the

cytoplasm or nucleoplasm. In addition to FG-Nups, the nuclear fibers (a.k.a. nuclear basket)

also consist of the proteins Mlp1 and Mlp2 (termed Tpr in vertebrates) [reviewed in 1,2].

Nuclear filaments likely play a role in transport, however, an accumulating body of data

suggests these structures and other Nups exposed to the nucleoplasmic face of the NPC also

play important roles in modulating chromatin structure and gene expression [reviewed in 3].

In this review we summarize insights into the functional relationships between NPCs and the

regulation of gene expression. It has long been speculated that NPCs are intimately

associated with chromatin. Studies have underscored the importance of chromatin in NPC

assembly, both in yeast and higher eukaryotes, including an intriguing requirement for

chromatin remodeling factors in the assembly of yeast NPCs [4]. Conversely, observations

continue to emerge showing the importance of Nups in chromatin structure and the

regulation of gene expression. In this regard it is reasonable to view many Nups as

chromatin-associated factors that act within the context of the NPC platform to influence

genome function.

NPCs associate with transcriptionally active and inactive chromatin

Chromatin is not randomly distributed within the nucleus. Each chromosome occupies a

defined nuclear territory, and the chromatin therein localizes to specific spatial domains that

are dependent upon distinct structural and functional states, including heterochromatin,

which is highly compact and transcriptionally silent, and euchromatin, which is loosely

packed and contains transcriptionally active loci [5]. Electron micrographs of nuclei from

higher eukaryotes reveal that a portion of their heterochromatin is preferentially localized to

the nuclear periphery, in close association with the nucleoplasmic face of the inner nuclear

membrane (INM; Figure 2). This peripheral heterochromatic landscape, however, is

disrupted at euchromatin channels that extend from NPCs into the nucleoplasm. It appears,

at least in part, that these euchromatin channels are maintained by components of the NPC

nuclear basket including Tpr in metazoan cells [6]. The association of NPCs with

euchromatin has long been interpreted to reflect their association with transcriptionally

active genes [7].
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Chromatin organization in the yeast Saccharomyces cerevisiae shows many similarities to

higher eukaryotes, providing a genetically tractable model organism for such studies

[reviewed in 8]. Many regions of silenced chromatin reside primarily at the nuclear

periphery, including telomeric and subtelomeric chromatin, centromeres, and silenced

mating loci, and the basket components Mlp1/2 are implicated in keeping NPCs free from

heterochromatin crowding [9••]. By contrast, numerous actively transcribing genes are

observed to associate with NPCs. These active genes interact with Nups present in disparate

substructures of the NPC, including the nuclear basket, the core scaffold, and the central

channel. Interestingly, NPCs are also associated with silenced chromatin and studies suggest

that NPCs function in the deposition of these chromatin domains adjacent to the INM. This

myriad of interactions suggests NPCs possess binding platforms for diverse chromatin

domains and here we discuss emerging details on the interrelationships between chromatin

and specific NPC substructures.

Nuclear basket and transcriptional activation

Various studies in yeast have implicated the nuclear basket as a binding platform for

numerous highly transcribed housekeeping genes and genes strongly induced by changes in

environmental conditions [reviewed in 10-12].

While recruitment of activated genes to NPCs may facilitate mRNA export, recruitment

could also serve additional purposes. Among the most studied of the inducible genes are

those functioning in galactose metabolism (GAL genes), which are derepressed and actively

transcribed when the carbon source for yeast is switched from glucose to galactose.

Derepression is accompanied by the translocation of GAL loci to the NPC nuclear basket

independent of active transcription, raising the possibility that GAL-NPC associations occur

prior to transcription initiation, which suggests that the phenomenon is not simply a

consequence of coincident mRNA export and transcription. An early study proposed that the

initial interaction with the NPC involves the GAL upstream activating sequences (UAS) with

the nuclear basket in a manner dependent on the transcriptional activator Gal4p [13].

However, the specific basket Nups involved were not identified, although Mlp1p has been

shown to associate with the UAS of GAL genes [14].

Recently, GAL1 translocation was shown to require Ulp1p, a SUMO-isopeptidase that

associates with the nuclear basket in an Mlp-dependent manner [15]. This study showed that

GAL recruitment to the NPC is dependent upon desumoylation of the Ssn6p repressor and,

possibly, the desumoylation of other transcription associated factors [16••]. These results are

consistent with a model in which translocation of promoters to the basket brings promoter-

associated proteins proximal to Ulp1p, resulting in their desumoylation. Desumoylation is

proposed to uncover binding sites on these proteins and promote the association of

transcriptional activators and the assembly of chromatin remodelers, including the SAGA

complex, on the promoter [16••].

Assembly of transcriptional complexes at the NPC also appears to employ distinct regions of

the basket. For example, Mlp1p binds the SAGA complex [14] and Nup1 interacts with the

TREX-2 complex (transcription elongation and RNA export complex) [17]. Furthermore,
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SAGA and TREX-2 appear to be linked through a common subunit, Sus1p [18]. Disruption

of any of these interactions using nup1Δ, mlp1Δ, ada2Δ (SAGA subunit), sac3Δ (TREX-2

subunit) or sus1Δ mutants [14,17,19] or displacement of Ulp1p from the nuclear basket

[16••] leads to a loss of GAL tethering. Thus, derepression of GAL genes is accompanied by

the formation of a highly interconnected complex, centered on the promoter, which employs

distinct regions of the NPC nuclear basket as a binding platform.

Gene tethering and basket Nup phosphorylation

In addition to sumoylation, the regulated phosphorylation of basket Nups has also emerged

as a mechanism for modulating NPC-gene associations. For example, a recent study showed

that osmostress promotes the nuclear import of the Hog1p kinase, which in turn

phosphorylates nuclear targets leading to induced gene expression [20*]. Among the Hog1p

targets are the basket Nups, Nup1, Nup2, and Nup60. Intriguingly, phosphorylation of these

Nups appears to be required for NPC association of osmostress-induced genes [20*].

Phosphorylation of Nup1 by Cdk1p is also required for the NPC association of actively

transcribed GAL1 and INO1 [21]. However, during periods of DNA replication (S-phase),

NPC-gene associations are disrupted, presumably to prevent replication fork stalling induced

by collisions between NPCs and replication forks [22••]. This loss of gene tethering to NPCs

during S-phase appears to be linked to the inhibition of Cdk1p-mediated phosphorylation of

Nup1p during this cell-cycle stage. Post-replication, Cdk1p phosphorylation of Nup1p is

reestablished and genes reengage with NPCs [21].

The loss of NPC-gene interactions during S-phase also appears to employ the replication

checkpoint kinase Rad53p, which phosphorylates multiple Nups including Mlp1p and

Nup1p, in response to stalled replication. In contrast to Cdk1p, Rad53p-mediated

phosphorylation is thought to inhibit the association of its Nup targets with the SAGA and

TREX-2 complexes [22••]. Thus, it appears that context-dependent phosphorylation of

basket Nups can positively or negatively affect NPC-gene interactions.

The nuclear basket supports gene clustering

Environmental stimuli often elicit a concerted change in the transcriptional state of

functionally linked genes such as those present in an inducible metabolic pathway. A recent

study indicates that such co-regulation may be concomitant with clustering of these genes at

the nuclear periphery, in association with NPCs [23••]. In particular, cells grown in media

lacking inositol exhibit induced gene expression of the INO1 locus that is accompanied by

DNA sequence-mediated NPC tethering [24]. These cis-acting DNA elements, termed gene

recruitment sequences (GRSs) [25], together with an interacting transcriptional activator

Put3p, mediate NPC association. When recruitment of another gene carrying the same GRS

was assessed simultaneously with INO1, the two genes were found to occupy the same

region along the nuclear periphery. This gene clustering was dependent upon the nuclear

basket associated Nup2p, suggesting this Nup contributed to both gene clustering and NPC

tethering. Curiously, once activated and clustered, loss of their NPC localization did not

disrupt the gene clusters, suggesting that NPCs contribute to the formation of a gene cluster,

but they are not required to maintain the organization [23••].
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Nups in transcript elongation and processing

Binding of activated genes to NPCs is followed by the initiation of transcription and,

transcript elongation. The coupling of these reactions with NPC association appears to

reflect the involvement of distinct components of the NPC in various steps of mRNA

synthesis, processing, and export [reviewed in 10].

The nuclear basket has been shown to associate with the 5′ and 3′ ends of some activated

genes to form NPC tethered gene loops [13,26-28]. Gene loops are also associated with

mRNA processing factors that would facilitate mRNA maturation and ultimately export to

occur in the vicinity of an NPC. In addition, loops may function to facilitate rapid reuse of

RNA pol II post-transcription by placing 5′ and 3′ ends of genes in close proximity with one

another such that the polymerase could easily re-engage the promoter [reviewed in 10].

Apart from the nuclear basket, recent studies carried out in C. elegans support a role for the

NPC core in mediating transcriptional processes downstream of initiation. Heat shock in C.

elegans is accompanied by the induction of an hsp locus and its NPC association. This

association is dependent on promoter elements, a transcription factor, (the C.elegans

homolog of yeast Sus1p, ENY-2), and RNA pol II, suggesting a mode of NPC-gene

association that is homologous to that observed in yeast. Furthermore, ChIP analysis using

NPP-13 (Nic96 in yeast, Nup93 in vertebrates), indicated that the NPC interacts with this

locus not only at the promoter, but also within the open reading frame and at 3′ ends of the

genes, consistent with a role for this core linker Nup in latter stages of transcription [29*].

Further support for a post-initiation role for core NPC components stems from the observed

interactions between NPP-13 and RNA pol III transcribed tRNA and snoRNA genes

(Ikegami and Lieb, 2013). NPP-13 knockdown experiments revealed that this Nup is not

required for the association of these genes at NPCs. Rather, the loss of NPP-13 led to defects

in the processing of these RNAs, consistent with ChIP analysis showing NPP-13 interacts

with regions of these genes downstream of the transcription start site and, by co-

immunoprecipitation, with RNA pol III itself. Together these data point to a role for core

associated elements of the NPC in coordinating transcription elongation and RNA

processing [30••].

In yeast, the RNA pol II elongation complex may also be linked to NPCs through the mRNA

export factor Mex67p [10]. Prior to its incorporation into an mRNP export complex,

Mex67p participates in NPC-gene association during transcription elongation [19]. This

association appears to be dependent upon Mex67 interactions with both NPCs and the RNA

pol II elongation complex. Mex67p is thought to engage the elongation complex, in part,

through an interaction with Sus1p, a component of both the TREX-2 and SAGA complexes

that also remain associated with the gene during elongation [18].

How Mex67p bridges its interaction with the elongation complex to NPCs remains to be

determined. Possibilities include interactions through its C-terminal ubiquitin binding

domain, which plays a role in its association with transcribing genes [31]. This domain

interacts with ubiquitinated proteins, such as the THO/TREX component Hpr1p and FG-

Nups [32,33]. Recent work has also identified numerous mono- and poly-ubiquitinated Nups
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[34] making these potential Mex67p binding partners. In addition, the Nup84p subcomplex,

which also plays a role in transcription elongation [35*], has similarly been shown to

interact with Mex67p [36]. Irrespective of how Mex67p may function to bridge NPCs and

RNA pol II elongation complexes, these results highlight the close relationship between the

transcriptional machinery and NPCs (Figure 3).

FG Nups in transcriptional memory

Various FG-Nups in yeast [37], flies [38,39] and human cells [40] have also been detected in

association with transcriptionally active genes. In yeast, the FG-Nups (with the exception of

Nup2) are only detected in association with NPCs [41], while in higher eukaryotes many

FG-Nups are mobile and also present within the nucleoplasm. Here a subset of FG-Nups,

including Nup98, has been shown to regulate gene transcription at intranuclear loci [38-40].

More recently, FG-Nups have also been shown to play a role in transcriptional memory

[42,43••].

Transcriptional memory is defined as a process whereby genes that have been recently

repressed are poised for a more rapid reactivation than when repressed for extended periods.

In yeast, the capability of certain loci to exhibit transcriptional memory has been linked with

their continued association with NPCs following repression. Several of the same complexes

implicated in gene translocation to NPCs, including basket Nups and members of the SAGA

and TREX complexes, appear required for this process [42]. However, there is an additional

subset of Nups not required for gene recruitment during activation that instead function

specifically in tethering a recently repressed gene to the NPC and facilitating memory.

These include members of the Nup84p subcomplex and the FG-containing Nup100p. Loss

of Nup100p leads to defects in several events linked to memory, including NPC targeting

mediated by a cis element of the INO1 promoter (memory recruitment sequence, MRS),

H2A.Z incorporation, and the association of a pre-initiation form of RNA pol II with the

promoter [42]. Importantly, transcriptional memory can be passed from mother to daughter

cells, and in a recent study Nup100p was shown to be required for maintenance of histone

H3 dimethylation (H3K4me2), an epigenetic histone modification that mediates inheritance

of the INO1 memory complex [43••].

The phenomenon of transcriptional memory is also observed higher eukaryotes, with a

representative example being the transcriptional regulation of many interferon-γ responsive

genes. Recently, work by Light and colleagues have established striking parallels between

the mechanism of transcriptional memory employed during reactivation of interferon-γ

responsive genes and events documented in yeast [43••]. Notably, the mammalian

counterpart of yeast Nup100, Nup98, binds to recently expressed HLA-DRA, an interferon-γ

induced gene exhibiting transcriptional memory. In cells depleted of Nup98, transcriptional

memory is lost and molecular events associated with memory, including RNA polymerase II

association with promoters and histone H3 dimethylation are reduced [43••]. An important

distinction between Nup98 and Nup100 is that Nup98, like many mammalian FG-Nup, is

detectable both at NPCs and in the nucleoplasm. Thus, Nup98 may execute its function in

transcriptional memory at loci within the nucleoplasm.
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NPC platforms as repressors of transcription

While the majority of studies have investigated the relationships between Nups and active

transcription, NPCs also function in transcriptional repression. An observation consistent

with this notion showed that the association of the yeast GAL1 gene with NPCs, after a shift

from repressive (glucose medium) to activating (galactose medium) conditions, appeared to

dampen its transcriptional activation [44••]. Furthermore, mutant cells lacking Nup1p or the

SAGA complex component Ada2p, both of which are required for NPC tethering of GAL1,

exhibited more rapid induction of GAL1 expression as well as a delayed response to

glucose-induced repression. Both observations are consistent with the existence of a

repressive environment at the NPC. Similar repressive activities attributed to NPC

association have been documented for ribosomal protein (RP) genes. A mutant (arp6Δ) that

disrupts the NPC association of RP genes causes their up-regulation [45]. Moreover, RP

genes were shown to interact with the NPC core scaffold protein Nup170p, and the loss of

Nup170p led to the increased expression of essentially all RP genes [46••]. These results are

consistent with specific Nups functioning to suppress the expression of targeted genes.

Nups have also been shown to play an essential role in the nuclear organization and

transcriptional repression of silenced heterochromatin in yeast, including silenced mating

type loci [47] and subtelomeric chromatin [46••,48-50]. Recently, reports have shown that

regions adjacent to the HMR mating type locus interact with Nup60p, which contributes to

both silencing and the peripheral nuclear localization of HMR [47]. Furthermore, the

Nup84p- [50] and Nup170p- [46••] subcomplexes of the NPC core scaffold have been linked

to subtelomeric chromatin structure and gene silencing. In this context, Nup170p was shown

to interact with components of the RSC chromatin remodeling complex and subtelomeric

chromatin. Furthermore, Nup170p was shown to contribute to the proper assembly of

subtelomeric chromatin, including binding of the silencing protein Sir4p, its association with

the nuclear periphery, and subtelomeric gene silencing [46••]. As telomeres are not

concentrated at NPCs and appear to reside primarily in association with the INM during

interphase, NPCs are proposed to transiently associate with subtelomeric chromatin,

promoting its assembly and binding to INM proteins. Such a mechanism is supported by the

observation that INM-associated proteins that bind subtelomeric chromatin are physically

associated with NPCs [9••]. As such, an integrated protein network, engaging NPCs and

INM associated proteins, may function together to regulate many key aspects of chromatin

structure and function at the nuclear periphery.

Conclusions

It is becoming clear that the NPC is a complex platform where distinct groups of Nups

associate themselves with various nuclear functions, including gene transcription and the

maintenance of chromatin structure. The field continues to identify distinctive roles for

individual Nups in facilitating both gene activation and repression through the

characterization of their interactions with components of the transcriptional machinery (e.g.

activator and repressor proteins), regulators of chromatin structure (e.g. chromatin

remodeling complexes), and protein modifiers (e.g. desumoylases). In organisms such as

yeast these Nup activities are likely restricted to the NE, however, in higher eukaryotes the
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ability of Nups to populate the nucleoplasm allows these proteins to function throughout the

nucleoplasm. Their roles as epigenetic regulators of gene expression offers an opportunity to

understand and to control the multiple pathologies associated with NPC dysfunction.
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Figure 1.
Structural organization of NPCs. NPCs are embedded within the NE at sites where the outer

nuclear membrane (ONM) and inner nuclear membrane (INM) are fused. NPCs are bound to

the pore membrane through the integral pore membrane proteins and amphipathic domains

of core Nups. The core scaffold Nups can be grouped into two subcomplexes, the Nup84p-

and Nup170p-subcomplexes, which bind the linker Nup Nic96. The core scaffold contains

multiple binding sites for the FG-containing Nups. The FG portions of these Nups are

unstructured and fill the central channel. Filaments also extend from the NPC core into both

the cytoplasm (cytoplasmic filaments) and nucleoplasm (nuclear basket).
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Figure 2.
Structural features of the nuclear periphery. A. Shown is an electron micrograph of the

nuclear periphery of a HeLa cell. Densely staining heterochromatin is visible adjacent to

nucleoplasmic face of the inner nuclear membrane (INM). The continuity of the peripheral

heterochromatin is interrupted by lesser straining euchromatin channels at positions along

the NE occupied by NPCs. B. A cartoon of the interplay between chromatin and the nuclear

periphery is shown. Heterochromatin associates with the INM, but is excluded from regions

containing NPCs in a manner dependent upon the nuclear basket. These regions of

heterochromatin exclusion contain transcriptionally active euchromatin. ONM - outer

nuclear membrane
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Figure 3.
NPC-GAL gene association and transcription. A. Shifting from glucose to galactose-

containing media initiates derepression and activation of GAL genes. This process is

accompanied by the translocation of the locus from the nucleoplasm to NPCs in a manner

dependent upon transcription factor binding to upstream activating elements in the promoter

as well as the association of chromatin remodellers (SAGA) and mRNA export factors

(TREX-2) with specific Nups. Cdk1p-dependent phosphorylation of Nup1p aids in

facilitating its interaction with TREX-2 and stabilizes NPC-gene association. At least for

GAL1, formation of this integrated complex is promoted by the removal of SUMO (Su) from

Ssn6p, a member of the repressor complex, by the NPC-bound SUMO isopeptidase Ulp1p.

B. Once activated, GAL genes remain associated with NPCs. 5′ and 3′ ends of these loci are

linked to the nuclear basket, which is thought to induce the formation of gene loops that aide

in bringing 5′ mRNA capping and 3′ processing factors to NPCs (not shown). The ORF also

associates with NPCs through the formation of a highly integrated complex centered around

the RNA pol II elongation complex that includes both SAGA and TREX-2. Mex67p appears

to provide a bridge between the elongation complex and NPCs. The TREX-2 component

Sus1p links Mex67p to the RNA pol II complex. These interactions contribute to the

positioning of the ORF in close proximity to the NPC
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