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Abstract

The nuclear pore complex (NPC) is a massive nuclear envelope-embedded protein complex, the
canonical function of which is to mediate selective nucleocytoplasmic transport. In addition to its
transport function, the NPC has been shown to interact with the underlying chromatin and to
influence both activating and repressive gene regulatory processes, contributing to the
establishment and the epigenetic maintenance of cell identity. In this review, we discuss diverse
gene regulatory functions of NPC components and emerging mechanisms underlying these
functions, including roles in genome architecture, transcription complex assembly, chromatin
remodeling, and coordination of transcription and mRNA export. These functional roles highlight
the importance of the NPC as a nuclear scaffold directing genome organization and function.
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Introduction

Interactions between the genome and nuclear scaffolds are known to facilitate genome
organization, transcriptional regulation, and epigenetic maintenance, thus playing a key role
in defining cellular gene expression programs [1]. One of the most prominent nuclear
scaffolds is the Nuclear Pore Complex (NPC), which forms a transport channel through the
Nuclear Envelope (NE) to allow selective trafficking of macromolecules [2]. The NPC
consists of multiples of 30 different subunits, called Nucleoporins (Nups), which comprise
its various sub-complexes and sub-structures. The NE-embedded core of the NPC is shaped
as a ring with an eight-fold rotational symmetry and is built by Nups of the outer and inner
ring sub-complexes [3]. Once assembled, Nups of these sub-complexes remain associated
with the NPC core during interphase and are thus termed stable [4,5]. The NPC core anchors
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other important sub-structures (Figure 1), such as the nuclear basket and the channel Nups
that set up the selective transport barrier [6]. In contrast to stable Nups, some of these Nups
have been shown to associate with the NPC core dynamically [7], and are often
characterized by extended intrinsically disordered domains of Phenylalanine-Glycine (FG)
repeats. Although the majority of Nups are present ubiquitously across cell types, many
Nups, both stable and dynamic, exhibit varying expression in specific cell lineages and
tissues [8].

In recent years, NPC components have been implicated in a variety of physiological
processes and pathologies, including cancer and neurodegenerative disorders [9], stirring
interest in the molecular mechanisms behind these roles. In addition to their classical
function in nucleocytoplasmic transport, Nups are also known to contribute to genome
regulation via physical interactions with chromatin. Although the nuclear periphery is
generally regarded as a repressive environment [10], early cytological observations revealed
the condensed heterochromatin at the NE punctuated by less condensed chromatin in close
associated with NPCs [11]. Genome-wide and locus-specific studies in multiple organisms
have now demonstrated binding of Nups to subsets of genes and regulatory elements, and
have revealed functional roles of NPC components in gene regulation [12-14]. Interestingly,
Nups have been found to play a role in both activating and repressive processes, with certain
NPC components or sub-complexes preferentially involved in gene activation or silencing.
Despite this variety of functions, several mechanistic themes have emerged from recent
studies on the gene regulatory roles of Nups, and these themes are the focus of this review.
Below we discuss current knowledge on the proposed molecular roles of NPC components
in genome architecture, transcriptional complex assembly, regulation of chromatin structure,
and in coupling of transcription and transport. Investigation of these mechanisms is
important for understanding physiological and disease-related functions of Nups, and for
fully unraveling principles of genome architecture.

Genomic binding and functions of Nups at active regions

The majority of NPC-related chromatin binding and functional studies in recent years have
highlighted the roles of Nups at active genes. Multiple investigations, including some of the
earliest, in S. cerevisiae and C. elegans found that inducible genes, such as the nutrient-
induced /NO1, GAL10, HXK1 and the heat shock-induced /sp16, are recruited to nuclear
pores upon activation [15-20]. Genome-wide studies in Drosophilaand mammalian cells
have subsequently demonstrated that certain Nups, particularly dynamic ones such as Nup98
and Nup153, associate with actively transcribing regions and target a subset of active
promoters [21-25]. In fly and mammalian cells, many of these binding events were found to
take place in the nucleoplasm, away from the NE-embedded nuclear pores [21-23,25-27],
demonstrating that dynamic Nups can associate with chromatin throughout nuclear space
and that such Nup-genome contacts primarily involve active genes.

A recent development in the field has been the discovery by multiple groups that in addition
to promoters, metazoan NPC components frequently target enhancers and in particular,
super-enhancers (SEs) [28-31] (Figure 1A). SEs are enhancers that are characterized by
particularly high levels of H3K27 acetylation and by clusters of binding sites for multiple
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transcription factors (TFs), and are thought to be particularly important for cell identity [32].
In two different human cell types, Nup153 was identified at a large fraction of classified SEs
[31], and multiple Nups, such as Nup153, Nup133 and Elys, were recently found to be
enriched at highly connected enhancers and oncogenic super-enhancers (OSES) in colon
cancer cells [28]. The targeting of Nups to enhancers was also identified by a dCas9-based
proteomic approach, which characterized protein composition of specific clustered
enhancers in erythroid cells and in addition to expected regulators of enhancer function such
as GATAL and chromatin remodelers, detected high abundance of FG Nups Nup98, Nup153,
and Nup214 [30]. In Drosophila, Nup98 was similarly identified at a significant subset of
enhancers genome-wide, including at genes regulated by a steroid hormone ecdysone and at
complex enhancers of Hox gene clusters [29]. In addition to enhancers, Nups have also been
identified at architectural features such as TAD boundaries - in mouse ES cells, as many as
67% of TAD boundaries were reported to be targeted by Nup153 [33]. Nup98 was similarly
identified at a subset of TAD boundaries, characterized by high insulator strength, in the fly
genome [34].

Together, these studies revealed that Nups target enhancers, as well as architectural
elements, with key roles in cell differentiation. Correspondingly, depletion of specific Nups
has been shown to result in down- or mis-regulation of their gene targets in multiple
differentiation systems (Figure 1A—C). For example, knockdown of Nup153 in rodent neural
progenitor cells (NeuPCs) leads to down-regulation of genes, promoters of which are
targeted by Nup153, and to disruption of NeuPC maintenance [35]. Depletion of Nup153 in
human U20S cells or IMR90 fibroblasts similarly causes a widespread disruption of
transcriptional programs, with a preferential effect on genes associated with the Nup153-
targeted SEs [31]. Likewise, loss of Nup210 in mammalian myoblasts results in
compromised expression of muscle genes, many of which are binding targets of Nup210,
and in inhibition of muscle maturation [36]. In Drosophila, depletion of Nup98 has been
shown to lead to reduced expression of Hox genes in developing larval tissues [24] and of
genes involved in anti-viral response in embryonic S2 cells [37]. Several Nups have also
been reported to regulate parent-specific expression of the imprinted Kcnglotl locus, where
expression of a noncoding RNA and the associated silencing of paternal alleles were found
to depend on Nup107, Nup153, and Nup62 [38].

A distinct gene regulatory function linked to Nup-genome interactions is their role in
transcriptional memory. Transcriptional memory describes a process via which previously
activated genes respond more robustly upon subsequent activation, after a period of
repression [39]. Nup98 homologues are required for transcriptional memory and the
heightened re-activation dynamics of a number of inducible genes across species, including
inositol-inducible /AVOI gene in yeast and interferon-gamma-inducible genes in human cells
[27], and ecdysone-inducible genes in fly cells [29]. In addition to Nup98, the nuclear basket
component Mipl and an FG Nup Nup42 have been similarly implicated in transcriptional
memory of galactose-induced A.XKZ and salt stress-responsive genes in yeast, respectively
[40,41]. As transcriptional memory can be maintained over cell generations, i.e.
epigenetically, this role of Nups may be particularly important for maintenance of specific
transcription programs and cell identity.
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Genomic binding and functions of Nups at repressed regions

Original chromatin binding studies of NPC-genome interactions in yeast revealed that not all
Nups target transcriptionally active chromatin [42]. Several subsequent reports supported the
idea that certain NPC components associate with and regulate silent or heterochromatic
regions. ChlP-chip characterization of Nup93 in HelLa cells uncovered preferential
association of Nup93 with regions marked by repressive histone modifications [43]. Nup93
is a component of the inner ring Nup93-Nup155 sub-complex, multiple components of
which have been implicated in gene silencing. The yeast Nup155 homologue Nup170 was
found to target sub-telomeric heterochromatic regions and to be functionally required for
their silencing [44,45], while Nup155 in rat cardiomyocytes has been shown to interact with
a histone deacetylase HDACA4 [46]. These studies have suggested that unlike other reported
roles of Nups, the inner ring sub-complex of the NPC contributes to gene repression.

Several recent studies have provided evidence for this role and highlighted the unique and
highly conserved function of the Nup93 sub-complex in maintenance of silent chromatin. In
Drosophila cells, high-resolution chromatin binding studies compared genome-wide
distribution of Nup107 and Nup93, two representative components of the outer and inner
ring sub-complexes, respectively, and found that Nup93 specifically targets silent Polycomb
domains [47] (Figure 1D). Polycomb or Polycomb group (PcG) proteins are conserved gene
silencing regulators, which deposit the H3K27 tri-methylation mark over genomic domains
as part of their repressive mechanism. Nup93 was identified at approximately one third of
Polycomb domains in the fly genome, and was found to be required for efficient silencing of
these regions [47]. In contrast, Nup107 was detected primarily at transcriptionally active
regions, in line with the known relationship between NPCs and active genes. The link
between Nup93 and Polycomb repression has also been suggested by studies in a colorectal
cancer cell line, where loss of Nup93 was found to result in de-repression and reduction of
H3K27 tri-methylation at genes within the HoxA cluster [48]. Interestingly, Nup153, despite
its connections to gene activation described above, has also been shown to target a subset of
Polycomb regions and promote their repression in mES cells [49].

The relationship between the Nup93 sub-complex and repressive chromatin has been
independently identified in S. pombe, where proteomic analysis of isolated native
heterochromatin identified inner ring Nups as part of the heterochromatin-specific proteome
[50]. The S.pombe heterochromatin includes pericentromeric and subtelomeric repetitive
regions, and relies on Swi6, homologue of the metazoan HP1, and H3K9 methylation for
repression. Deletion of the Nup93 homologue Npp106 was found to disrupt epigenetic
maintenance of heterochromatic silencing, impair distribution of Swi6 along
heterochromatic domains and reduce levels of H3K9 methylation [50]. Furthermore,
deletions of non-inner ring Nups did not produce these phenotypes, demonstrating that the
Nup93/Npp106 inner ring sub-complex is specifically involved in the maintenance of Swi6-
associated heterochromatin (Figure 1E).

Since the Nup93 sub-complex represents a stable part of the NPC core, these repressive
interactions are expected to take place at NE-embedded NPCs, but whether all such contacts
occur at canonical NPCs remains an open question. Biochemical and imaging studies have
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shown that the S. cerevisiae Nup170, in association with several other stable Nups and the
silencing factor Sir4, may exist as a distinct NE-associated structure, termed the Sir4-
associated Nup (Snup) complex [44]. The Snup complex, which is thought to be separate
from canonical NPCs (Figure 1E, right), has been proposed to mediate the NE tethering and
maintenance of sub-telomeric heterochromatin [44]. If such complexes exist in animal cells,
it is conceivable that Polycomb domains are predominantly associated with distinct NPC-
like complexes containing Nup93. Interestingly, a separate study has identified another NE-
associated factor Amo1 that plays a key role in heterochromatin maintenance and
perinuclear tethering in S. pombe [51]. Amo1l appears to partially co-localize with NPCs,
raising the possibility that it may also be part of a unique NPC-like complex or of a special
subset of nuclear pores. Further work will be required to determine whether specialized
NPCs or membrane-associated NPC-like complexes function as unique platforms for silent
chromatin.

Given the variety of functional roles for Nups described above, one of the main outstanding
questions in the field has been the molecular mechanisms, by which nuclear pore proteins
carry out these gene regulatory functions. Below, we discuss four non-mutually exclusive
mechanisms via which Nups have been proposed to regulate active and repressed regions,
and the current evidence supporting these ideas.

Mechanisms - roles of Nups in genome architecture

The reported presence of Nups such as Nup98 and Nup153 at subsets of enhancers,
promoters, and TAD boundaries suggested that Nups may function as regulators of genome
architecture and long-range genomic contacts (Figure 1A). In agreement with this role,
studies in the yeast system have found that the nuclear basket Mlp1 is required for the
formation of a transcriptional 5°-3" loop [41], and for interchromosomal clustering of
GAL1-10alleles [52]. Another nuclear basket component Nup2 was demonstrated to be
involved in long-range clustering of genes, controlled by specialized nuclear positioning
elements termed DNA zip codes [53]. Depletion of Drosophila Nup98 was shown to impair
formation of enhancer-promoter loops at ecdysone-activated genes, in a manner that can be
separated from transcriptional activity itself [29,54]. Namely, while RNAi depletion of
Nup98 led to the loss of ecdysone-induced increase in enhancer-promoter contacts, it did not
compromise the on-going transcriptional output of such promoters during initial exposure to
ecdysone. Instead, loss of these contacts correlated with reduced transcriptional re-activation
during subsequent ecdysone exposure, suggesting that Nup98 may stabilize enhancer-
promoter contacts as part of the transcriptional memory system [29,54]. This concept is
similar to the proposed function of the yeast MIp1 in forming “memory gene loops” [41],
but in both cases, the causative role of loop formation, whether enhancer-promoter or 5°-3’,
in driving epigenetic memory remains to be determined. Interestingly, the detected
interactions between Nups and enhancers in fly or mammalian cells were found to
predominantly occur at actual NPCs [28,29,31], suggesting that NE-embedded NPCs may
function as scaffolds for spatial folding of complex enhancers.

In further support of architectural functions of Nups, Drosophila Nup98 was reported to
interact with several architectural factors, including the well-known CTCF [29]. This
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interaction between Nups and architectural machinery appears to be conserved, as recently,
murine Nup153 was shown to physically interact with CTCF and cohesion complex subunits
in mES cells [33]. Importantly, depletion of Nup153 was found to compromise chromatin
targeting of CTCF and of cohesin subunit SMC3 genome-wide, with a substantial fraction of
CTCEF sites exhibiting decreased occupancy in the absence of Nup153. This Nup153-
dependent loss of CTCF from cis-regulatory elements of a subset of EGF-induced genes was
also associated with compromised transcriptional response and with reduced presence of
RNAP Il before and shortly after induction [33]. Together, these findings illustrated that
Nup153 can control chromatin binding of architectural machinery, with functional outcomes
for inducible gene expression.

The role of Nups in genome architecture appears to also be a part of their function in gene
repression. Depletion of Nup93 was found to disrupt nuclear clustering of distant Nup93-
bound Polycomb domains in fly cells [47], and such clustering has been proposed to
contribute to stabilization of Polycomb silencing [55]. Interestingly, comparison to Hi-C
maps revealed that Nup93-targeted Polycomb domains preferentially interact with each
other, further supporting the notion that Nup93 promotes long-range interactions of
repressed chromatin regions [47]. Similarly, in S. pombe, loss of the Nup93 homologue
Npp106 lead to de-clustering of heterochromatic foci, particularly at telomeres and the
mating type locus, demonstrating the normal function of Npp106 and likely other inner ring
sub-complex components in bringing together distant heterochromatic regions [50].

Mechanisms - roles of Nups in assembly and stabilization of transcriptional
complexes

Another mechanism highlighted by recent research is the role of Nups in the assembly of
regulatory complexes at key target genes or in the stabilization of such complexes on
chromatin (Figure 1B). Recent work identified the transmembrane NPC component Nup210
to be required for myoblast differentiation into mature myofibers in mammalian and
zebrafish systems [36,56]. This function was found to converge on the ability of Nup210 to
recruit the muscle transcription factor (TF) Mef2C and a transcriptional co-regulator Trip6
to the NPC, where Nup210 is involved in their targeting to key muscle genes [36]. Nup210
physically associates with such genes and promotes recruitment of Mef2C, and together,
these findings put forth a model for the function of Nup210 in fostering the assembly of a
competent Mef2C transcriptional complex, which in turn drives muscle maturation [36].
Likewise, Nup210 was found to play a functional role in the immune system via promoting
activation of key target genes in CD4+ T lymphocytes [57]. Nup210 knockout mice were
found to display a specific decrease in the number of circulating CD4+ T cells, accompanied
by the inability of naive CD4+ T cells to sustain or transmit T cell receptor (TCR) signaling.
Mechanistically, Nup210 was found to modulate TCR signaling through activation of the
CavZ gene, which was positioned at the nuclear periphery and depended on Nup210 for
rapid activation dynamics in response to TCR stimulation [57], supporting the notion that
NPCs can function as scaffolds for the assembly of specific transcriptional complexes.
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In addition to muscle and immune systems, several Nups have been found to regulate the
development and functions of the nervous system [35,58]. Recently, a component of the
stable outer ring Nup107 sub-complex, Seh1 was discovered to play a key role in
differentiation of mammalian oligodendrocytes, which are responsible for myelination of
axons in the CNS [59]. Seh1 knockout was found to inhibit oligodendrocyte maturation, and
this effect was independent from defects in cell proliferation, nuclear pore assembly, or
transport. Instead, Seh1 was found to bind multiple key target genes and to physically
interact with Olig2, a central TF in oligodendrocyte differentiation, and a chromatin
remodeling co-factor Brd7. Paralleling findings on Nup210, the interaction of Sehl with
Olgi2 and Brd7 occurs at the NE, and Seh1 is required for efficient targeting of Olig2 and
Brd7 to key target genes. The authors propose that the Sehl-scaffolded complex of Olig2
and Brd7 promotes expression of the oligodendrocyte differentiation program [59],
underscoring another example of the NPC functioning in the assembly of a cell type specific
transcriptional complex.

How widespread such mechanisms may be in gene regulation? Interestingly, recent work in
yeast has highlighted the capacity of many TFs to interact with the NPC [60]. A large screen
of DNA binding factors for their ability to re-position a genetic locus to the NPC discovered
that as many as 65% of these can target the URA3 locus to the nuclear periphery in a manner
that depends on the NPC component Nup2. A portion of such TFs were also found to require
Nup100, a homologue of Nup98, for gene re-positioning to the NPC. If extended to animal
systems, these findings suggest that many developmental gene expression programs may
utilize such NPC-TF interactions. Furthermore, given the reported roles of Nup98 in
transcriptional memory, Nup98 homologues may help maintain transcriptional programs by
stabilization of a given chromatin-bound transcriptional complex through cell divisions. In
support of this notion, Drosgphila Nup98 is able to maintain its interaction with ecdysone
receptor (ECR), a central TF of the ecdysone response, during the period of memory
maintenance in the absence of ecdysone [29]. Similarly, Nup98 in mammalian cells is
necessary to maintain poised RNAP I1 at interferon-gamma-inducible genes during the
repression period [27], further illustrating the role of NPC components in stabilization as
well as assembly of competent transcriptional complexes.

Mechanisms - roles of Nups in modulating chromatin structure

Early cytological images of mammalian nuclei revealed the close physical association
between decondensed chromatin and nuclear pores, prompting the idea of a functional
connection between open chromatin and NPCs [11]. Recent studies have provided evidence
for this connection and demonstrated another mechanism by which Nups can influence gene
expression - via regulation of chromatin structure (Figure 1C). Targeting Drosophila Nups
such as Sec13 and Nup62 to ectopic locations in the genome via the Lacl-/acO tethering
system was found to result in visible decompaction of condensed chromatin, providing gain-
of-function evidence to the ability of Nups to induce chromatin opening [61].
Mechanistically, this chromatin-opening activity was found to rely on another Nup Elys and
to require the ATP-dependent chromatin remodeling BRM complex, with which both Sec13
and Elys associated physically. In support of these findings, previous studies in C. elegans
identified genetic and biochemical interactions between the homologue of Elys, MEL-28,

Curr Opin Genet Dev. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pascual-Garcia and Capelson Page 8

and the SWI/SNF chromatin remodeling complex components [62,63]. Seh1, which is
structurally related to Sec13, was similarly found to associate with several chromatin
remodelers in oligodendrocytes, most notably Brd7 [59]. Similarly to Elys [61], loss of Sehl
affected chromatin compaction, leading to decreased chromatin accessibility at a subset of
target genes that normally become accessible during oligodendrocyte differentiation [59].
Importantly, in cases of either Sehl or Sec13/Elys, the observed changes in chromatin
compaction do not appear to be simply a consequence of changes in transcription [59,61].
For instance, Seh1 appears to interact with the TF Olig2 and the chromatin remodeler Brd7
independently, such that knockdown of one does not compromise the interaction of Sehl
with the other (Liu), suggesting that assembly of transcription and chromatin remodeling
machinery may be two separate but coordinated functions of Nups.

Deposition of histone modifications is another pathway that regulates chromatin compaction
and function, and it has also been shown to interface with Nups, most notably Nup98.
Several studies have identified an evolutionary conserved interaction between Nup98 and the
histone methyl transferases (HMTSs) that modify H3K4, also known as the COMPASS/MLL
complexes [24,27,64,65]. Deposition of both H3K4 di-methylation and trimethylation at
promoters has been shown to depend on mammalian Nup98 in different context [27,64].
Drosophila Nup98 has been found to physically and genetically interact with the fly version
of MLL, Trithorax [24], while murine Nup98 was demonstrated to associate with Wdr82, a
COMPASS/Set1A complex component, in hematopoietic cells [64]. It is particularly telling
that a study that looked at recurring protein domains of Nups across eukaryotic evolution
reported a repeated occurrence of Nup98 homologs containing a SET domain, normally
found in MLL/Trx/SetlA HMTs [66], although the enzymatic activity of SET-containing
Nup98 homologues has not been explored. Together, these findings highlight Nup98 as a
component of the H3K4 methylation pathway and point to another key function of Nups in
chromatin structure.

Mechanisms - roles of Nups in connecting transcription and mRNA export

The initial proposal for the function of NPC-genome contacts, as outlined by the gene gating
hypothesis [11], envisioned that decondensed regions found in proximity to nuclear pores
are active genes, transcription of which is coupled to efficient mMRNA export via physical
linkage to NPCs. This model has received substantial support from studies in yeast, which
identified physical and functional connections between nuclear basket Nups, transcriptional
complexes SAGA and Mediator, and the Transcription and Export complex 2 (TREX-2)
[67,68]. The role of NPC components in transcription-export coordination has also been
recently demonstrated in human colorectal cancer DLD-1 cells, where auxin-induced
degradation of the nuclear basket component TPR was found to disrupt both nascent
transcription and mRNA export of a subset of genes [69]. Moreover, RNA-seq changes
resulting from acute TPR depletion closely paralleled expression changes caused by acute
depletion of TREX-2 complex components [69]. These findings are further supported by the
previously identified role of MlIp1, the yeast homologue of TPR, in attenuating transcription
in response to mMRNA export defects, thus coordinating the two processes [70].
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Interestingly, a recent paper demonstrated that the reported targeting of SEs to NPCs can
facilitate mMRNA export of associated genes [28]. In this case, NPC targeting of the Myc
gene and its associated OSE was found to result in aberrantly high expression of Mycin
colon cancer cells, yet no changes in nascent transcription of Myc were detected. Instead,
increased expression stemmed from elevated mMRNA export and the resulting increase in
stability of mMRNA once exported to the cytoplasm. This regulation and NPC anchoring of
the Myc-driving OSE were found to depend on Nup Elys, which in turn physically
associated with OSE-bound beta-catenin, revealing integration of Wnt signaling and NPC
tethering in enhancer-driven regulation of Myc[28]. These results present a particularly
novel paradigm that certain SEs can drive gene expression through boosting rates of mRNA
export by utilizing NPC association (Figure 1A). Although compelling, it is unclear how
general this paradigm is, since other studies of gene-NPC associations, such as the
association of Nup210 with muscle genes described above, did not identify any effects on
mMRNA export [36]. It remains to be determined whether other non-oncogenic NPC-targeted
enhancers similarly influence not just transcription, but also export of target mRNAs.

Conclusions and perspectives

As discussed above, the NPC has emerged as a complex nuclear scaffold capable of
influencing both activating and silencing events via a wide range of potential mechanisms.
This complexity may not be surprising given the number of individual NPC components and
their reported involvement in unique interactions with chromatin and transcriptional
regulators. The specificity of these interactions can be further enforced by cell type-specific
increases in expression of a given Nup, such as those reported for Nup210 and Sehl [56,59].
Additionally, different nuclear pores or NPC-like assemblies may engage in unique
chromatin interactions via the specific Nup or NPC sub-complex, aiding in separation of the
different mechanisms used by Nups to influence gene expression. Unraveling these
mechanisms further will entail determining whether different Nup-dependent mechanisms
are interconnected or consequences of each other, and which ones are primary versus
secondary, or direct versus indirect. Deciphering these questions is intimately tied to our
general understanding of the precise relationship between regulation of chromatin,
transcription, and genome architecture.

A possible broad model that can account for the diverse mechanisms of Nups involves their
role in creating or stabilizing a particular micro-environment, consisting of chromatin-bound
regulators and necessary genomic loops. Nup153 in particular appears to be widely utilized
by different gene regulatory processes, and it is possible that a key role of Nup153 involves
functioning as “molecular glue” for a particular macro-assembly. In this manner, Nup153
may be recruited by activating and repressive regulators to aid in stabilizing or connecting a
chromatin-bound complex, suggesting that function of Nup153 may be highly locus and
context-specific. Likewise, Nup98 has been implicated in interactions with architectural
proteins, transcription factors, mMRNA export machinery, and histone modifying enzymes,
and it may similarly be used in sealing a particular expression or epigenetic state. It is of
note that both Nup153 and Nup98 possess a high number of intrinsically disordered FG
repeats, and it has been hypothesized that such FG-rich Nups may create phase-separated
sub-compartments around target loci, functioning to concentrate, stabilize, and separate a
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given environment [54]. Such models remain to be tested, but it is becoming increasingly
clear that NPC components carry the capacity to integrate a large number of diverse gene
regulatory steps and exert a significant impact on cellular gene expression states.
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Figure 1. Current models for mechanisms and functions of Nup-genome interactions.
A) Depiction of proposed architectural roles of Nups, such as Nup153, Nup98, and Elys, at

enhancers or super-enhancers (SEs), promoters (P), and elements with boundary activity
(BA) in scaffolding genomic loops, strengthening CTCF-bound boundaries, and coupling to
MRNA export. ArchP (brown ovals) stands for architectural proteins. B) Model of proposed
roles of Nups such as Nup210 and Seh1 in assembly of transcription factor (TF) complexes.
Specific TFs are discussed in text. C) Model of proposed functions of Nups Sec13, Elys, and
Nup98, in chromatin remodeling and H3K4 di- and tri-methylation. ChR (grey ovals) stands
for chromatin remodelers. COMPASS (which can include MLL or Trx) is an H3K4 HMTase
complex. H3K4 di- or tri-methylation can occur on or off-pore. D) and E) Depiction of
identified roles of Nup93 (metazoan) or its homologue Npp106 (S. pombe) in maintenance
and clustering of repressed Polycomb (PcG) or Swi6-targeted heterochromatic regions,
respectively. Nup153 has also been shown to target PcG regions in mouse ES cells. Right
part of E) depicts an NPC-like structure Sir4-associated Nup (SNUP) complex, containing
Nup170, which has been proposed to maintain Sir4-targeted heterochromatin, such as
subtelomeric regions, in S. cerevisiae. Stable NPC core is shown in red (inner and outer ring
sub-complexes), auxiliary structures such as the nuclear basket in blue. Yellow circles
represent nucleosomes in various states of compaction. References for these models are
discussed in text.
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