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Export of mRNAs from the nucleus to the cytoplasm is a key regulatory step in the expression of proteins. mMRNAs are
transported through the nuclear pore complex (NPC) in association with key co-factors. Export of selected subsets of
MRNAs permits targeted elevation of specific protein expression. Indeed, there are different export pathways depending
on the mRNA underpinning this selectivity. Export of mRNAs can respond to a variety of cellular stimuli making it a
dynamic means to respond to extracellular stimuli. mRNA export can be dysregulated in, and contribute to, human
diseases including cancer and neurodegeneration. This entry focuses on its role in cancer.
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| 1. Overview

Dysregulation of many cellular processes contributes to cancer. Aberrant transcription, translation, and signaling are
amongst the most widely studied. However, the entire journey of coding RNA from transcription in the nucleus to
translation into protein in the cytoplasm is marked by important RNA processing steps such as m’G capping, splicing,
polyadenylation, and subsequent export to the cytoplasm WRIBIAISIGIT |hdeed, the transcriptome does not always predict
the proteome [ this arises in large part because of regulation at the post-transcriptional level, which can decouple
transcription and translation. Not surprisingly, many aspects of RNA processing including RNA export are now known to
be dysregulated in, and contribute to, cancer RIZIBI4IEIEIT T be exported, RNAs associate with a wide array of adaptor
proteins and are exported as large ribonucleotide complexes (MRNPs), which enable them to traverse the channel in the
nuclear envelope known as the nuclear pore complex (NPC) MEIZ |ndeed, RNA export factors and NPC components
regulate the export of selected RNAs that act in nearly all facets of malignancy, e.g., survival, proliferation, metastases,
and invasion 4EI7 Many signaling pathways converge on the RNA export machinery as well as the NPC, thereby
positioning this process as a mediator of signaling and stress responses EI7,

| 2. General Features of Nuclear-Cytoplasmic Trafficking

The NPC is a megadalton protein complex embedded within the nuclear membrane and serves as the primary transit
route between the nucleus and cytoplasm. This route is used by a wide array of macromolecules including mRNA. The
structure of the NPC was first described in early EM studies as an apparently hollow cylindrical moiety embedded in the
nuclear membrane with an eightfold symmetry around the pore 2191 The NPC has been the subject of intense structural
studies and its basic structural features are conserved from fungi to humans U234 (and references therein). High-
resolution cryo-electron tomography has been used to generate 3D reconstructions of intact NPCs while NMR and X-ray
crystallography have been employed to elucidate the structures of subcomplexes at atomic resolution LU223] These
studies reveal that the NPC is composed of three main structural features: a nuclear basket, a central membrane-
traversing channel, and cytoplasmic fibrils (Figure 1). The nuclear basket and cytoplasmic fibrils are attached to the
central framework of the pore through nuclear rings and cytoplasmic rings, respectively. The nuclear basket is formed by
eight filaments joined by a distal ring, while eight cytoplasmic filaments or fibrils are anchored by the cytoplasmic rings (for
clarity of presentation, only four are shown in Figure 1). In humans, the NPC has a molecular mass of ~10 MDa and is
comprised of ~30 nucleoporins (Nups), which are present in multiple copies. The protein constituent Nups are attributed
names on the basis of their molecular mass. The NPC is characterized with outer and inner diameters of approximately
120 nm and 40 nm, respectively L5II18]. The nuclear basket serves as a docking site for export cargoes with the NPC. The
central channel is set within the nuclear envelope and is not hollow. Within the channel, intrinsically disordered
phenylalanine—glycine (FG) repeat proteins constitute a diffusion barrier. Macromolecule cargoes smaller than ~30-50
kDa can traverse passively through the diffusion barrier whereas larger molecules require nuclear transport factors (also
known as karyopherins) for successful translocation LHLALE] Characteristics of cargoes such as their surface charge can
dramatically alter their permeability, allowing larger factors to diffuse passively in some instances 12421 On the
cytoplasmic side, filaments known as cytoplasmic fibrils can project up to 50 nm outward into the cytoplasm 11121113



These function as cargo release sites for export cargoes or docking sites for nuclear import 41221231241 |t js jmportant to
note that NPC composition can differ in specific cell types, revealing context-dependent transport functions [221126127]
Further, the NPC and some associated factors can also act in non-transport functions [251(26][271[28]- however, we will focus
on transport activities here.

Most cargoes must associate with nuclear transport receptors and associated factors to transit through the NPC. Cargoes
typically interact with nuclear transport receptors such as importins, exportins, or transportins. For import of cargoes into
the nucleus, transport typically requires protein cargoes to contain an accessible nuclear localization signals (NLS) 22, In
the cytoplasm, importins associate with cargoes displaying accessible NLSs and allow these to transit through the NPC to
the nucleus. Once in the nucleus, cargoes must be released from the importin. This occurs via association of RanGTP
with the importin, which induces conformational changes that lead to cargo release. Subsequently the RanGTP—importin
complex is recycled to the cytoplasm 22BYUBL | the cytoplasm, the RanGTPase-activating protein (RanGAP) in the
presence of Ran-binding proteins (RanBPs) substantially stimulates hydrolysis of RanGTP, and the subsequent RanGDP
dissociates from the cargo for release into the cytoplasm, freeing the importin for future rounds of nuclear import 22,

Figure 1. Schematics of the basic elements of the vertebrate nuclear pore complex. The nuclear basket, central pore, and
cytoplasmic fibrils are shown. For simplicity, only four cytoplasmic fibrils and four nuclear basket protrusions are shown,
rather than all eight.

Export from the nucleus generally necessitates cargoes to possess an accessible nuclear export signal (NES), permitting
association with exportin proteins. The prevalent exportin is known as exportin 1 or chromosome maintenance protein 1
(XPO1/CRM1). Here, cargoes with an accessible NES form a complex with an exportin and RanGTP [B2E3I34] Thjg
complex can now associate with factors at the nuclear basket and transit through the central channel of the nuclear pore.
At the cytoplasmic side, one of the major components of the fibrils is Nup358, also known as RanBP2 U213 RanBP2
contains docking sites for many proteins and binds RanGAP as well as binding sites for both RanGDP and RanG TP [1213]
(24135]  Here, the cargoes are released from the exportin by hydrolysis of RanGTP to RanGDP through RanGAP
associated with RanBP2 or in some cases with the small, soluble RanBP1 B8l Hydrolysis to RanGDP reduces the affinity
of the exportin for the NES-containing cargo, allowing its release into the cytoplasm and subsequent recycling of the
exportin to the nucleus for future rounds of export 24, To ensure directionality of transport, Ran is recycled by the nuclear
transport factor 2 (NTF2), which binds RanGDP in the cytoplasm and ferries it to the nucleoplasm B8, Here, the RanGEF
exchange factor RCC1 facilitates nucleotide exchange to regenerate RanGTP [,

| 3. General Features of mMRNA Export

mMRNA export is extremely important for gene regulation, serving two critical functions: (1) it provides a surveillance
mechanism, meaning that it weeds out aberrant mRNAs, and thus these do not become translated into aberrant proteins
with altered functions. (2) It serves as an important regulatory step, permitting altered flow of specific mMRNAs into the
cytoplasm in order to control their translation into protein and thus the response to extracellular signals as well as stress
conditions. Indeed, groups of mMRNAs encoding proteins acting in the same biochemical pathways can be coordinately
exported, or retained in the nucleus, providing a powerful means to quickly turn on or off biochemical pathways that drive
cell physiology [B8I340M41] This model of how to control groups of mRNAs is referred to as RNA regulons. This
coordinated control typically arises from the presence of cis-acting elements conserved amongst mMRNA targets, which are
referred to as USER (untranslated sequence elements for regulation) codes [B8IBAMAML Transit through the NPC is by far
the major exit route for export, but there are examples of large mRNPs exiting the nucleus by budding at the nuclear
membrane 2. In this entry, the focus is on the NPC route. As will be described below, the NPC plays an active role in
RNA export and indeed its modulation can impact on bulk mRNA export or on selected mRNAs.

Given the fundamental roles mMRNA export plays in gene expression, it is not surprising that RNA export is typically closely
tied to RNA processing. For mRNAs, this generally involves the addition of a 7-methylguanosine (m’G cap) on the 5' end
of transcripts, splicing and addition of a polyA tail on the 3" end of transcripts. Interactions with particular protein factors
mark the mRNA as processed and ready for export A€, Generally speaking, mRNA cargoes cannot directly interact with
proteins at the nuclear basket. Rather, their protein co-factors influence the ability of cargo mMRNPs to form complexes
with nuclear receptors, which in turn mediate their interaction with the nuclear basket and subsequent traversal of the
NPC M€l For the export of the majority of RNAs, the m’G cap plays a key role permitting interactions with the cap-
binding protein complex (CBC) or in some cases with the eukaryotic translation initiation factor elF4E as well as other
factors [, To date, the best studied mRNA export receptors are the nuclear RNA export factor 1 (NXF1)/Tip-associating
protein (TAP) acting in complex with NXT1 (nuclear transport factor 2-like export 1)/p15 43441 or XPO1/CRM1 B8l (Figure
2). The majority of mMRNAs use the NXF1/NXT1 heterodimer route 4145 RNA export can be modulated at several stages,



including assembly of mRNPs in the nucleus, association with the nuclear basket, RNA cargo release in the cytoplasm,
and recycling of export factors back to the nucleus. This provides multiple steps that can respond to extracellular stimuli,
stress, intracellular signals, or can be dysregulated in cancer.
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Figure 2. The two major RNA export receptor pathways, nuclear RNA export factor 1 (NXF1)/nuclear transport factor 2-
like export 1 (NXT1) and chromosome maintenance protein 1 (CRM1), are shown, and both are dysregulated in cancer.
There are multiple routes to engage either of these pathways. For example, for the NXF1/NXT1 pathways, there are
complexes that rely on ALY/REF (transcription export (TREX) and AREX) and also on GANP (TREX2). There are the
intronless H2a RNAs with intronless transport elements (ITEs) that rely on SR proteins but additionally some intron-
containing RNAs also require SR proteins. For the NXF1/NXT1 pathway, cargo release depends on DDX9/Glel. There
are also multiple routes to engage the CRM1 pathways. These are depicted for IFN1a, HuR, elF4E, and NXF3. For the
CRM1 pathway, cargo release involves RanGTP hydrolysis through either the RanBP1 or RanBP2 pathways (A). For the
case of elF4E overexpression (B), RanBP2 levels are reduced (depicted by fibrils in shadow) and RanBP1 levels are
increased. Thus, the RanBP1 release pathways are thought to predominate. Once cargoes are released from both the
NXF1/NXT1 and CRM1 pathways, exportins and associated factors are recycled (not shown). Only four cytoplasmic fibrils
and four nuclear basket protrusions are displayed for simplicity of presentation (as there are eight fibrils per nuclear pore
complex (NPC)). Factors known to be involved in cancer are encapsulated in red dashed lines. This is not an exhaustive
list of all NPC factors that are dysregulated in cancer but highlights the fact that all facets of the NPC can be impacted
(nuclear basket, central channel, and cytoplasmic fibrils).
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