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Abstract: Nuclear export of messenger RNA (mRNA) through the nuclear pore complex (NPC) is an
indispensable step to ensure protein translation in the cytoplasm of eukaryotic cells. mRNA is not
translocated on its own, but it forms ribonuclear particles (mRNPs) in association with proteins that
are crucial for its metabolism, some of which; like Mex67/MTR2-NXF1/NXT1; are key players for its
translocation to the cytoplasm. In this review, I will summarize our current body of knowledge on
the basic characteristics of mRNA export through the NPC. To be granted passage, the mRNP cargo
needs to bind transport receptors, which facilitate the nuclear export. During NPC transport, mRNPs
undergo compositional and conformational changes. The interactions between mRNP and the central
channel of NPC are described; together with the multiple quality control steps that mRNPs undergo
at the different rings of the NPC to ensure only proper export of mature transcripts to the cytoplasm.
I conclude by mentioning new opportunities that arise from bottom up approaches for a mechanistic
understanding of nuclear export.

Keywords: mRNA; mRNP; NPC; nuclear transport; nuclear export; Mex67/MTR2; NXF1/NXT1;
Sub2/UAP56; Yral/Aly

1. Introduction

The passage of mRNAs to the cytoplasm occurs through the nuclear pore complexes
(NPCs) that, with their ~125 MDa, make the cellular largest protein complex, spanning the
double nuclear envelope. This review is aimed at summarizing our current knowledge of
the basic mechanisms behind protein-coding mRNA export from the nucleus, encompass-
ing the maturation, quality control and packing steps, before discussing its interaction and
remodelling within the NPC.

In spite of its defined chemical composition, RNA is a versatile macromolecule. Cellu-
lar RNA can vastly differ in many aspects, e.g., by which polymerase it is produced (Poll,
PollI or PolllI), which processing it undergoes subsequently, whether it is translated or not,
like for messenger RNA versus non-coding RNA [1], its final cellular localization (nuclear,
cytoplasmic, or mitochondrial), and its length, which can vary substantially from tens of
nucleotides for miRNA [2], to snRNA [3], to rRNA [4], and to kilobases for mRNA. The
subset of messenger RNAs (mRNAs) are the most well-known. Historically, this molecule
has been spotlighted for its role as a mediator of the genetic information encoded in DNA
to provide a template for translation of protein.

Importantly, mRNA molecules in cells are not found on their own, but form ribonucle-
oprotein complexes (mRNPs) by associating with RNA binding proteins (RBPs), proteins
that are crucial for the mRNA metabolism. Recent years have seen major progress in
the identification of RBPs, revealing that they correspond to a large fraction of the cell
proteome [5]. Yet, elucidating in detail the molecular mechanisms underlying how mRNA
production, export and regulation are linked to RBPs represents a very difficult task. This
is due to the large variety of RBPs, to their RNA sequence specificity or lack thereof, to the
variety of mRNAs, but also because of the extremely high number of possible combinatorial
interactions between mRNAs and RBPs [6]. Crucial information that could help organize
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this huge set lies in the 3D organization of the mRNPs. Recent years have provided key
new insights into mRNP morphology, but mostly in the context of translation [7,8].

As a consequence of mRNA processing, defined RBPs will be co-transcriptionally
deposited onto the pre-mRNA at specific positions. The result is the formation of mRNPs
with a specific set of RNPs binding to mRNAs that will influence the downstream events,
assembled in a highly ordered process. The process leading to an export competent mRNP
is defined maturation. Therefore, as mRNAs are being transcribed in the nucleus, it is
processed and packaged into mRNPs, which change their structure as additional RNA
is transcribed, as additional proteins associate, and as processing modifies the RNA. A
defined set of RNPs are needed for every aspect of the mRNP control, including export,
localization in the cytoplasm, quality control, stability, engagement with the translation
machinery, and degradation. The loading of transport protein generates mature mRNPs,
which are targeted to the nuclear pore complex and translocated (Figure 1).

This review intends to highlight recent findings related to mRNP maturation into
export-competent complexes, the key interactions with members of the nuclear pore
complex (recapitulated in Table 1), and the perspective of novel approaches relating to
questions on the mRNA export process.

Table 1. Crucial proteins involved in mRNA export discussed in this review.

Yeast Protein Name Human Protein Name Role
mRNP Protein
Mex67 /MTR2 NXF1/NXT1, Tap/p15 Interacts with FG nups to export mRNA
RNA Binding Proteins—RBPs
Cbcl/Cbc2 Cbp20/Cbp80 Members of the Cap Binding Complex
- SRSF1-12 SR proteins, bind mRNP during splicing
Npl3 - SR protein, binds mRNP during splicing
Gbp2 B SR proteini bin.ds mRNP and contributes to
oading Mex67/MTR2
Hib1 ) SR protein, binfds mRNP and contributes to
loading Mex67 /MTR2
NPC—Nucleoplasmic Face
Sub2 UAP56 DEAD-box ATPase, member of the TREX

complex, remodels mRNPs
Yral ALY (REF, THOC4) Adaptor protein, member of the TREX complex

A pentameric complex, component of the TREX.
Includes Tho2, Hprl, Mftl, Thp2 and Tex1

Poly-A Binding protein, signals mature mRNPs
for export

THO THO

Nab2 ZC3H14

A multisubunit complex, anchored to the NPC
TREX-2 TREX-2 basket (via Nup153 and TPR in metazoans, via
Nupl in yeast)

NPC—Cytoplasmic Face
DEAD-box ATPase, remodels mRNPs as they

Dbp5 DDX19 exit the NPC
Member of the mRNA export platform,
Glel GLEL stimulates ATPase activity of Dbp5
Nup42 NUP42 FG-nucleoporin, anchors Dbp5 and Glel
FG-nucleoporin, anchors Dbp5 to the
Nup159 NUP214 cytoplasmic side of NPC
Nupll6 Nup98 FG-nucleoporin, binds Mex67/MTR2
Nups2 Nups8 Member of the Nup82 complex, mRNP
remodeling platform
NSP1 Nup62 Member of the Nup82 complex, mRNP

remodeling platform
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2. Nuclear Processing of RNA
2.1. Remodeling by RNA Binding Proteins (RBPs)

Each mRNA in the cell is not present in free form, but is bound by a specific set of
multiple RNA binding proteins (RBPs) at a certain moment in its lifetime. This coverage has
a double function: on the one side, it prevents RNA from premature degradation, avoiding
attack by the cellular RNA surveillance systems [9]. Furthermore, it provides a regulation
platform that allows the cell to monitor the maturation step and localization of the mRNA,
finely controlling its translation state [10-12] and eventually its degradation [13]. While
the mRNP proteome has been relatively well characterized, much less is known about its
spatiotemporal organization.

Elucidation of the molecular mechanism of RNA structure, transport, and translation
involves the challenging task of identification and characterization of the RBPs that are
involved. Thousands of putative RBPs have been identified and deduced from sequence
homologies. However, only a subset of them has been validated in vivo, in human [14,15]
or mouse cell lines [16].

The RBPs bind to localization elements, also known as RNA transport signal (RTS),
which are sequences of mRNA that are required for nuclear export that are located mainly
in the 3’ untranslated region (UTR) [17,18]. Early work demonstrated the existence of
such RTS elements in neuronal mRNAs, containing dendritic targeting sequences in the 3’
UTR region [14,19-22]. This binding strategy is not dissimilar from nuclear localization
sequences (NLS) in proteins that require nuclear import [23]. Less frequently, the binding
sites for RBPs can be also found in the 5 UTR coding sequences, or in introns (reviewed
in [24,25]). A comprehensive attempt at an atlas of RTSs has been tackled as part of the
ENCyclopedia Of DNA Elements (ENCODE) project (https://www.encodeproject.org/,
last access 1 March 2021), launched in 2003, currently in phase III [26]. Extending this
project will greatly contribute to define to what extent the combinatorial code of RTSs
and their target RBPs drives the final localization of mRNPs, and their global effect on
cell physiology.

The spatial arrangement of RPBs along the RNA molecule has a central role in the
overall regulation of the message translocation and translation. Some RBPs show sequence
specificity, while others (like Mex67/MTR?2) do not. It is estimated that mRNPs are com-
posed by 50 to 80% proteins in weight, but accounting for a relatively lower RNA coverage
(~50%) [27]. In recent years, mutations in genes that encode for RBPs have emerged as
important factors in neurological diseases such as amyotrophic lateral sclerosis (ALS),
pointing to a pivotal role of mRINA export and localization to human health [28]. These
defects have been identified both as primary nucleotide sequences mutations, but also as
defective secondary structures that fail to target RNPs for RNA binding [29-31].

Members of the spliceosome and the Exon Junction Complex (EJC) can be included
among RBPs involved in mRNA maturation. The capping binding complex (CBC) includes
some of the first RBPs recruited on the nascent RNAPOolII transcript [32] (see Figure 1). It is
composed by the heterodimer Cbcl/Cbc2 in yeast, homologue to metazoan Cbp20/Cbp80
and is required for successful mRNA export [33].

The spliceosome is the collective name given to a ribonucleoprotein complex respon-
sible for splicing, the mRNA maturation step during which defined trancript sequences,
introns, are removed in a controlled manner. A class of RBPs named SR proteins, rich in
serine and arigine residues, has been first implicated in splicing [34], although they were
more recently pinpointed as a link between completed mRNA splicing and export [35]. In
humans, among the 12 known SR proteins, some are removed from the mRNP as soon as
splicing is successfully completed, while others are exported to the cytoplasm together
with it [36]. On the contrary, in yeast, all the three known SR proteins (Npl3, Gbp2 and
Hrb1) remain attached to the mRNP all over the export process, and are only released in
the cytoplasm [37-39], although it is not clear how they are released [40].
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Figure 1. mRNA export is intertwined with its processing. Correct maturation of export competent mRNPs relies on
sequential steps that go hand-in-hand with transcription initiation, capping, and processing. (A) In yeast, the mature
mRNP is characterized by loading of Mex67/MTR2 (in blue), the FG-interacting transporter of the bulk nuclear RNA
(in red), and presence of multiple RNA binding proteins (in white). Its loading to the RNA is not direct, and requires
adaptors which are themselves loaded onto the transcribing RNA while it is produced. (B) Once loaded, the Mex67/MTR2
heterodimer mediates exit of the mRNP from the nucleoplasm via fast, transient interactions with the multiple FG repeats
within the central channel of the NPC (in green) (C), eventually enabling the mRNP passage through the selective barrier

into the cytoplasm.

Following intron removal, the coding transcript sequences, the exons, must be joined
to form the mature transcript. This link is achieved by the EJC, which is deposited upstream
of the exon—exon junction and has been suggested to serve as a docking platform for mRNA
export factors [41-43], compatibly with the finding that members of the EJC complex remain
attached to mRNP in its journey through the NPC to the cytoplasm, where they are finally
displaced from the transcript [44,45]. The prevalence of splicing in higher eukaryotes
suggests a conserved mechanism for EJC based maturation: 90% of human genes contain
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introns, and although the same is true of only 6% of S. cerevisiae genes, 30% of the yeast
transcriptome is composed by mRNAs that undergo splicing [46].

Indeed, in human, ALY /REF loading is achieved thanks to a mixed contribution of
both the cap binding complex (CBC) and of the exon junction complex [43], and with
the mediation of export factor Chtop, which cooperates with Aly /REF within the TREX
complex [43,47,48]. The centrality of the EJC in coordinating the deposition of export factors
on the mRNA [43,48-51] led to revisit previous models according to which attachment
of the polyA tail at the 3’ end, and the 3’ poly-A binding proteins, was thought to be
responsible for signalling full maturation of the transcript.

We are still far from a complete overview of how mRNA and proteins organize into
an mRNP, and even less is known about how its protein composition changes during its
journey. The finding that the compaction state of RNA in the cytosol is depending on
ribosome binding in the cytosol [7,8], opened a new wave of interest towards the general
principles underlying the 3D arrangement of mRNPs during their lifetime.

2.2. Mex67/MTR2 Is the Key Driver of mnRNA Export

Despite the heterogeneity of mRNAs in terms of size, maturation state, associated
RNPs, splicing, and copy number, export of the majority of mRNAs is thought to be
mediated by a non-karyopherin export receptor, the heterodimeric Mex67 /Mtr2 in budding
yeast (or NXF1/NXT1 or TAP/p15 in humans) (Figure 1). In addition to Mex67/MTR2,
a small subset of transcripts is known to be exported by the karyopherin-like protein
CRML1, which is mainly responsible for export of Nuclear Export Signal (NES)-containing
proteins [52]. CRM1 is not an RNA binding protein, and its binding to RNA happens to
yet unidentified adaptors [53]. The bulk of polyadenylated mRNA export is carried out by
Mex67/MTR2, which will be the focus of this review.

The fact that this heterodimeric protein complex is required for mRNA export was
first based on observations that (i) Mex67/MTR2 deletion in yeast is lethal, while a mex67
thermosensitive mutant promotes accumulation of polyadenylated RNA in the yeast nu-
cleus [54,55], (ii) that its human homologue, NXF1/NXT1 can rescue the yeast lethal
deletion50, and (iii) that NXF1/NXT1 mediates nuclear export of CTE (constitutive trans-
port element)-containing RNA, a short retroviral sequence that is able to bypass host
export [56,57].

In order for Mex67/MTR?2 to function as an mRNP export receptor, it must bind
both RNA cargo as well as the FG-repeat in nucleoporins. Structural arrangement of
Mex67/MTR?2 is depicted in Figure 2. Yeast Mex67 and human NXF1 share a similar
domain organization (Figure 2A) that includes, from N- to C-terminal: an RNA recognition
motif (RRM), a leucine-rich region (LRR), an NTF2-like domain (NTF2L) and an ubiquitin-
associated (UBA) domain. Mtr2 remains associated with Mex67 via its own NTF2-like fold,
which binds to the NTF2L domain of Mex67. As for cargo binding, RRM, LRR, and NTF2L
domains seem to be able to participate [58]. A specificity for ribonucleic sequences has
never emerged, which is consistent with the expectations for the export receptor of the
whole transcriptome. Due to the lack of sequence specificity, the loading of Mex67/MTR2-
NXF1/NXT1 to the bulk mRNA is mediated by adaptors, which generate conformational
changes in the secondary structure of the mRNA [29-31]. Due to the low specificity of
Mex67MTR2 binding to RNA, and the complexity of the protein composition of the mRNPs,
which vary during maturation, the exact arrangement of this binding and copy number of
export receptor(s) per mRNP during the maturation process remain unsolved.
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Figure 2. Mex67/MTR2. Mex67/MTR2 (domain schemed in (A)) mediates the bulk RNA export
in S. cerevisiae. It interacts with FG nucleoporins via its UBA domain (B) and with RNA, with
its RRM, LLR and NTF2 domains, that form an extended, positively charged binding surface (C).
Panel (B) from [59], and panel (C) from [58].

As for FG-repeat recognition, which enables Mex67/MTR?2 to export the mRNP
through the NPC, Mex67/NXF1 is capable to interact with to a plethora of FG motives
from different nucleoporins [60-63] via its NTF2L [64] and UBA domains [65] (Figure 2B).
The binding of Mex67/MTR2 to either type of FXFG or GLFG repeats raises the question of
whether any specificity—or preference for repeat type exist: per se, the UBA domain of
Tap shows higher affinity for FxFG cores compared with GLFG cores [66], and in vivo, the
transporter is sensitive to deletions of different nucleoporins with respect to their relative
position into the NPC [67]. Binding between the isolated UBA domains of Mex67 /NXF1
and FG-repeats quantifies around a Kp of tens of uM [66], identifying its binding to FG-
nups as relatively weaker than the karyopherins in similar biochemical assays [68]. The
exchange of FG-repeats from the export receptor in the hundreds of milliseconds range can
then be easily explained [69]. The low-specificity of binding entails that the mode and the
stoichiometry of loading of Mex67/MTR2 on RNA has remain structurally elusive, without
a clear understanding of the transport function of Mex67/MTR2.



Int. . Mol. Sci. 2021, 22, 11767

7 of 20

The structural studies on Mex67/MTR2 are likely to shed some light on the interactions
that occur with the mRNA in the mRNP on one side, and with FG-nups during transport
on the other. For example, it has been found that two heterodimers of NXF1/NXT1 can also
form a tetrameric assembly [58]: this conformation provides a double-surface arrangement,
with a positively charged platform for RNA binding on one side, while providing its
hydrophobic UBA domains freedom of access for FG-domain binding on the opposite face
of the heterotetramer, which is supported by surface charge analysis in Mex67/MTR2 [70].
Physical proximity of more than one FG binding site could provide another means to further
facilitate the export; yet, notably, the same study reports that mutations that interfere with
the formation of the heterotetramer surface reduce both CTE-RNA and pre-60S ribosomal
subunit export in vivo, but do not result in nuclear accumulation of poly(A) RNA. Possibly,
if the domain swapping facilitates endogenous mRNA export, is not a strict requirement;
nevertheless, the ribosomal RNA export defects suggest that the high-order Mex67MTR2
surface organization may rather be required for export of a set of non-messenger RNAs,
such as the 55 rRNA in S. cerevisiae, or the hairpin-containing RNA in humans.

These recent findings of high-order structure—function relationship of mRNPs raise the
intriguing possibility that the positioning and the stoichiometry of Mex67/MTR2 assembly
on mRNA, possibly together with additional unidentified factors, may contribute to the
success of nuclear export in unappreciated ways. Yet, the technical challenges posed by
the complex structural arrangement and heterogeneity of the transcriptome has kept the
precise function and the prevalence of the higher-order form of Mex67/MTR2 unclear in
either yeast and human cells.

3. mRNP Export through the Nuclear Pore Complex

When the export competent mRNPs, loaded with Mex67MTR2-Tap/p15, successfully
dock at the NPCs, they are translocated through the central channel via interaction with
the FG domains within it, and released into the cytoplasm. The spatial arrangement of the
FG repeats within the central channel is crucial for successful transport, and is dependent
on the correct attachment of the central nucleoporins to the NPC core scaffold, embedded
in the double nuclear envelope.

The approximately 120 megaDalton-sized macromolecular protein complex spans
the double nuclear envelope (NE), forming an aqueous channel within the envelope. The
nuclear pore complex (NPC) is therefore the gatekeeper of the nucleus, the mean by
which mRNA, proteins, non-coding RNA, rRNA, and protein/complexes are shuttled in
a controlled manner between in and outside of the nucleus. In a fully formed, functional
interphasic nucleus, it is present in a few hundred to a few thousand copies, depending on
the organism, cell type and on the cell cycle stage [71-73]. Each NPC is composed by about
450 copies of about ~30 different nuclear pore proteins called nucleoporins; these arrange
together to form (a) a stiff scaffold encompassing the NE, which provides stability to the
overall structure and serves as a mean to anchor (b) nucleoporins composing a structurally
undefined central channel, enriched in phenylalanine-glycine motifs (FG-nups).

Specifically, the central channel nucleoporins are Nup98/Nup145, Nup116, Nup62/NSP1,
Nup54/Nup57, and Nup45/Nup49. These central proteins form a mesh that collectively
poses a limit to free diffusion of large macromolecules, but allows the translocation of
others, specifically. This latter active transport requires the mediation of transport receptors
that interacts with the FG-Nup mesh and mediates the translocation of even very large
complexes, like ribosomal subunits that leave the nucleus. Apart from the receptors, in
some cases, even regions of the protein cargo molecule proximal to the receptor binding
site have been suggested to also contribute to efficient translocation [74].

Two more structures, the nuclear basket and the cytoplasmic filaments, must associate
to the NE-embedded three ring core to complete the nuclear pore complex. Their proper
attachment is required for the full functionality of the pore, and in our specific case,
for proper docking and export of mRNA. The cytoplasmic filaments protrude from the
NPC to the cytoplasm and are composed by nucleoporins Nup358, Nup214/Nup159 and
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Nup82. On the contrary, Nup2/Nup50, Nup153/NupNup60, Tpr/Mlpl, Nup98/Nup145,
exclusively found on the nucleoplasmic side, are the members of the nuclear basket.
Nevertheless, the historical use of terminology “basket” may be inaccurate: there is no
evidence that the contacts between the nuclear basket proteins indeed create the shape
of a basket. In fact, the nuclear basket components, in particular Nup50 and Tpr, have
been proven to have the lowest residential time on NPC among nucleoporins [75,76]. In
all likelihood, this feature is due to necessities of nuclear import/export shuttling, which
requires the players of the cycle to be constantly recycled and available.

3.1. Remodeling upon Entering the Nuclear Pore Complex

Nucleocytoplasmic RNA export can be divided into (1) assembly of an export-competent
mRNP, completed by loading of Mex67/MTR2, (2) remodelling at the nuclear basket, (3)
trafficking through the NPC, and (4) release into the cytoplasm, where the mRNP is tar-
geted for translation. mRNA biogenesis, maturation and packaging into export-competent
mRNP complexes is subject to multiple quality control steps, which, importantly, are
spatially separated.

3.2. Loading of Mex67/MTR2 on mRNP

Loading of Mex67/NXF1 onto mRNP is the key step for production of mature mRNPs,
and is achieved by members of the TRanscription EXport complex (TREX) (Figure 3). TREX
is composed by yeast Sub2, THO, and Yral, called UAP56, THO, and ALY, respectively,
in humans (see also Table 1). Sub2/UAP56 is the RNA-dependent ATPase central to the
remodelling process, which also has an ATPase dependant helicase activity; THO consists of
a pentameric complex including proteins Hprl, Mftl, Tex1, Tho2, and Thp2 (not shown in
figure); and Yral/ALY is an adaptor protein for Mex67/MTR2. The Sub2/UAP56 ATPase
is a DEAD-box RNA helicase, so-called as it contains an Asp-Glu-Ala-Asp (DEAD) motif; it
promotes key structural rearrangements of RNA as well as assembly/disassembly of RBP-RNA
complexes, for which ATP hydrolysis is required. The structure of Sub2 has recently been
solved in complex with members of the THO subcomplex, revealing two RecA-like domains
(on the N-terminal and C-terminal moieties) [77].

35nm

Figure 3. Preparing the mRNP for export. Mex67/MTR2 loading onto mRNA is the result of a concerted maturation process

(schematized in (A)). (i.) THO, member of the TREX complex, anchors Sub2 in semi-open conformation to the nascent mRNP.
(ii.) THO supports Sub2 anchoring to the mRNP, which clamps up in a closed conformation. (iii.) Mex67/MTR2 is recruited by
Yral, and its loading on mRNP displaces Sub2. (iv.) Yral leaves the mature mRNP following its ubiquitination. The process
produces mature mRNP that vary from 15-35 nm in length (B). Panel (B) adapted from [78].
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TREX-dependent nuclear mRNP maturation occurs in steps, with loading of THO
followed by Sub2 and Yral, respectively (Figure 3A). TREX is already recruited at the
transcription initiation level by associating to the phosphorylated RNA Pol I CTD [79]
and it interacts with the Capping Binding complex (CBC) in human cells, and thereby
facilitating recruitment of Sub2 to the transcription machinery by providing a 25 nm
multivalent, composite scaffold [77,80]. The contact of THO with Sub2 occurs on both Sub2
RecA domains, inducing a “half-open” conformation [81].

The role of Sub2 is ultimately to promote loading of Yral onto the mRNP (Figure 3).
Furthermore, a C-terminal fragment of Yral (Yral-C) facilitates its own loading by stimulat-
ing Sub2 ATPase activity in vitro [82]. Aly has been first implicated in mRNA remodelling
at the splicing level [82,83], therefore at a previous step of mRNP maturation. Recruitment
of Yral precedes recruitment of the export receptor Mex67/Mtr2. Sub2, when found in
a “closed” conformation, recognizes the sugar-phosphate backbone of RNA, indicating a
sequence non-specific binding. It is to note that, just as it is the case for Mex67MTR?2, the
low sequence specificity for RNA matches the expectations of its role of bulk mRNA loader.
Additionally, indeed, Sub2 and Yral cooperatively bind RNA in vitro [81] (Figure 3A).
Sub? likely dissociates from the mRNP at this step: as mentioned, Yral and Sub2 can both
bind to RNA cooperatively, but the binding domains for Sub2 and Mex67/Mtr2 on Yral
overlap [81,84], suggesting that Mex67 /MTR2 loading promotes Sub2 removal. Neverthe-
less, Yral, much like Sub2, is not a component of export-competent mRNP; it dissociates as
a consequence of targeted ubiquitination [85,86] (Figure 3B). Further mechanistic details
of how TREX executes loading of Mex67MTR2 have implicated the SR protein Gbp2 (see
“Section 2.1”), which supports Sub2 loading of Mex67/MTR2 on mRNA and has been
suggested to work as an alternative adaptor to Yral [87].

In addition to the main adaptor Yral/AlyREF, SR proteins additionally coordinate
the loading of Mex67-NXF1, providing a successful splicing checkpoint, both directly and
indirectly. In yeast, Gbp2 supports recruitment of Sub2, the adaptor for Yral, by THO
during mRNP biogenesis [87], but also cooperates with Mex67 loading on mRNA via
protein—protein interaction, together with Hrb1 [88] in a splicing-dependent fashion. In
murine cells, the strongest direct recruitment of NXF1/Mex67 occurs via the SR proteins
SRSF3 and SRSF7 [35] (see “Section 3.5”).

3.3. Crosstalk with Positioning of Factors on the mRNA

Even when its loading function is complete, the precise timing of THO displacement
from the mature mRNP is less clear. The THO/Sub2 structure suggests that THO binding
is not favoured in the closed conformation of Sub2 (when ALY loading is complete), which
could mean that THO is perhaps unloaded at this step. Nevertheless, THO could remain
bound to Yral/AlyREEF itself even when the latter is loaded onto the mRNP. THO could be
released from the export-competent mRNP at any of these steps, but to date, the dynamics
of the interaction between THO and the export-competent mRNP remain to be elucidated.
As a highlight for the regulatory role of TREX-based remodelling, TREX was found to be
required for transcription termination in plants [89], suggesting its key role in addressing
mature RNA only for export.

3.4. Remodeling at the Nuclear Basket

As pre-mRNPs mature into export-competent mRNPs, they contact the nuclear basket
of the NPC (Figure 4, top). The yeast nuclear basket is composed of Mlp1, Mlp2, Nupl,
Nup2, and Nup60, which homologues are called Tpr, Nup153 and Nup50 in higher eukary-
otes. Export-competent mRNPs are addressed to the NPC nuclear basket by transcription-
coupled mRNA quality control, mediated by the yeast TREX-2 complex [90-93], which is
stably associated with the nuclear basket in both metazoans and yeast [94,95], extensively
reviewed in [96].
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Figure 4. The NPC acts as a double checkpoint of mRNA export quality control. Both members of the NPC (green) and
accessory proteins (orange) contribute to successful export of mature mRNP, which is characterized by capped 5’ end,
polyadenylated 3’ end, and interaction with Mex67/MTR?2 (in shades of blue). Left view: according to the classic model
of mRNP export, the NPC basket member TPR/MlIp1 on the nucleoplasmic side (top) supports loading of Nab2 on the
mRNP. Once the mRNP is inside the central channel, Mex67/MTR?2 interacts with the FG repeats of the nucleoporins (not
shown in the figure), mediating passage towards the cytoplasm. At the cytoplasmic side (bottom), anchored onto the
radial-oriented Nup159, member of the Nup82 complex, Dpb5 ATPasic activity, stimulated by Glel and IP6, contributes
to remodel the mRNP, by removing Nab2 and Mex67/MTR2. Right view: recent evidence suggest that Mex67/MTR2
may rather contribute to export as an integral component of the NPC. Together with loading of Nab2 by TRP/MLP (top),
Mex67 /MTR2 mediates interaction between the FG repeats of the nucleoporins (centre, not shown in the figure), and the
mRNP, granting its passage to the cytoplasm. At the cytoplasmic side (bottom), Dpb5 removes the mRNA from Nab2 and
Mex67/MTR2. It is less clear whether the latter is actively reimported or remains associated with the NPC at all times. The
RNA becomes available for binding to a different set of RBPs.

The role of the basket in mRINA export quality control passes by another key factor,
the polyA-RNA binding protein Nab2, which is required for proper poly(A) tail length
control [97] and mRNA export [98]. Nab2 is localized on the basket via its N terminal
domain, that keeps it anchored to Mlp1, a basket protein (Figure 4, top) [99]. The role
of the basket in quality control is proven by experiments where deletion of the yeast
basket protein Mlp1 causes leakage of immature mRNAs into the cytoplasm [100]. This
interplay between the mRNP and the basket is strengthened by the observation that, while
on the nucleoplasmic side, Nab2 can interact directly with Mex67 [101]. Moreover, Yral
enhances the interaction between Nab2 and Mex67, and is dispensable if Nab2 or Mex67
are overexpressed [86]. Recent evidences suggest that in yeast, Nab2 is removed from the
exported transcript, together with Mex67/MTR2 [101]. Nab2 is therefore a likely adaptor
for Mex67/MTR2, and strengthens the body of data that shapes Yral as a crucial cofactor
stabilizing the export-competent mRNP in multiple ways. Interestingly, the Mlp1 human
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homolog, TPR, does not seem to be required for refraining aberrant mRNAs from being
exported, but rather to promote efficient export of short, intronless transcripts [102].

In summary, it is increasingly clear how very many of the components of the export
quality control pathway are anchored to the nuclear basket, and how many basket compo-
nents have an active role in mRNA export. Together, these data strongly address the nuclear
basket itself as a key hub for mRNA export quality control, as already suggested [59,103].

3.5. Translocation through the Central Channel of the NPC

While the protein—protein interactions occurring over the maturation process of the
mRNP, and those between Mex67/MTR?2 and the FG nucleoporins, have been elucidated
with classical biochemistry and cell biology approaches, the basic mechanistic details of
mRNP shuttling throughout the central channel of the NPC are still lacking. Experimentally,
the diffraction limit for conventional light microscopy has rendered impossible any high
resolution imaging of the transport process. The lack of a comprehensive mechanistic
profiling of mRNA export can be at least partly ascribed to a lack of an in vitro system,
which is difficult to establish due to the inherent coupling of RNA transcription and
processing to its export, which leads the protein composition of mRNP to change over
the course of the export process [104,105]. This coupling has also prevented to definitely
associate many of the known mRNP to a clear, unique role in export, and to firmly identify
factors directly involved in translocation through the NPC, as opposed to maturation
RNPs that remain bound to the mRNP. How the transient interactions between the mRNP
(namely via Mex67/MTR?2) and the FG nups of the central channel lead to export; and how
the mesh is impacted by translocation of the bulky mRNP, is technically difficult to answer.

The pioneering work on imaging RNA export involved the giant Balbiani Ring tran-
scripts in the insect Chironomus tentans [106], which would become a model system for
mRNA export due to its conveniently big size: the ca 35-40 kb gene produces in fact a 50
nm transcript. The first measurements of export kinetics revealed how the whole export
process, including nuclear and cytoplasmic docking associated with mRNP quality control
requires about 200 ms [107-109], and up to seconds for the biggest [110]. Interesting, all
studies identify discrete steps, that include NPC docking, central channel translocation,
and cytoplasmic release. In spite of the good accordance on the overall export time, they
lack strong consensus over the relative residence time in each of these states, and lack of
clarity over the rate limiting step of export. These reports have pioneered in vivo single
particle imaging of mRNA export; nevertheless, the labelling strategies vary greatly, rang-
ing from the addition of artificial stem loops in the 3'UTR region to exogenous addition
of labelled non-export related RNP, without direct imaging of bound Mex67/MTR2. A
new single molecule, fluorescent imaging approach has recently allowed us to restrict the
field of view and allowed us to increase the resolution to ~10 nm, closer to the ~50 nm
diameter of the inner central channel [111,112]. Although the mRNP labelling is achieved
here with exogenous labelling as well, direct imaging of NXF1/NXT1-Tap/p15 overlapped
with the mRNP observed path, consistent with the expectation of Tap/p15 as mediator of
the interaction between the mRNP and the FG nucleoporins of the central channel [109].
Additionally, the low success rate observed for mRNP export (~30%) is in agreement with
previous studies [107,110], in line with the role of the nuclear basket as a quality control
site. A spatial probability density map generated by superposition of events in the X and Y
plane revealed that mRNPs, like Tap/p15, preferentially occupy the periphery of the NPC
during transport, corresponding to a radial occupancy of the central channel [109].

The current model for mRNA export, depicted on the left half of Figure 4, assumes
that Mex67 /Mtr2-Tap/p15 binds to a mature mRNP substrate in the nucleoplasm, and then
chaperones the mRNP through the NPC channel via on-and-off interactions with FG-repeat
nups within the central channel of the NPC. Two recent studies, one centred in yeast and
one in human cells, address the lack of direct proof in favour of this model. Surprisingly,
both agree that the bulk of the Mex67-NXF1 population is not engaged in mRNA binding,
but on the contrary, they dynamically associate with members of the cytoplasmic filaments
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of the nuclear pore complex, confirmed by FRAP [113] and FLIM-FRET [113,114], and they
do so independently from mRNA, in both studies.

Surprisingly, depletion of NPC-enriched fraction of NXF1 by overexpression of the
interacting nucleoporin Nup98 resulted in export inhibition of NXF1-containing mRNPs,
that were found to localize at the nuclear rim where they remained stuck. This strongly
suggests that the presence of a population of NXF1 at the NPC is required for mRNA export
independently of NXF1 loading on mRNA, which is further supported by an elegant rescue
experiment where a Nup116-Mex67 fusion protein rescued deletion of Mex67 alone [113].

Together, these evidences back an alternative model, depicted on the right side of
Figure 4, that sees Mex67-NXF1 functioning as a mobile nucleoporin: as the mature
mRNP approaches the NPC, mediated by the basket-dependent platform already described,
Mex67MTR2-NXF1/NXT1 interacts with the mRNP in a TREX-dependent manner once
the mRNP has accessed the central channel of the NPC; the NPC-resident population of
Mex67 /MTR2 promotes its translocation towards the NPC exit at the cytoplasmic side.
Once approaching the cytoplasmic filaments, the Nup84-Nup42 anchored Dbp5 releases
the Mex67MTR2-NXF1/NXT1 from the mRNA, allowing recycling of the former and
release in the cytoplasm of the latter, releasing the heterodimer from the mRNP, but likely
not from the NPC.

It is unclear if, and how, the central FG mesh is impacted by the resident Mex67-NXF1
population. Little information is available about the morphology of the FG mesh per
se, and there is no consensus in the field over the results obtained from structural and
functional investigation of the FG-FG interaction [115-118]. Similar to what has been
reported for Mex67MTR2, a population of Kap95, the bulk protein import chaperone,
localizes to the nuclear rim [119,120]. In vitro studies confirmed that a Kap95 population
tightly associates to a layer made by a single nucleoporin on surface plasmon resonance
(SPR) experiments, which generates a collapse of the thickness of the nucleoporin layer in
a way that correlates with the cohesiveness of the nucleoporin tested [121], which would
help explain the discrepancy between the extremely high affinity of Kap95 for FG-repeats
and the extremely fast protein import kinetics [68,122,123]. In light of this, in addition
to the classic NPC barrier model, it has been suggested that karyopherins (kaps) act as
integral members of the NPC [124] with a distinct group of cargo-bound, fast-translocating
Kaps. Yet, unlike Mex67/MTR2-NXF1/NXT1, the affinity measurement of the Mex67YBA
alone for FG-domains [66] is far from the sub-nM range measured for Kap95 [68]; but most
importantly, unlike Kap95, the contribution of other RBPs in the mRNP to the binding of
the central FG channel has not been firmly established, nor clearly excluded.

3.6. Remodeling upon Exiting the Nuclear Pore Complex

Once the mRNP reaches the cytoplasmic periphery of the NPC, the directionality
of transport prevents futile cycles by re-entry. Directionality is proposed to be imparted
by Dbp5/DDX19, another DEAD-box ATP-dependent protein like Sub2, as a final step
of nuclear mRNA export. This final step occurs by promoting release of Mex67/MTR2-
Tap/p15, in an ATP-dependent manner [125-132] (Figure 4C). Removal of Mex67/MTR2
prevents re-entry of the mRNP in the nucleus, avoiding futile transport cycles, and increases
Mex67 /MTR?2 availability to transport of a new mRNP. At the same time, in yeast, Nab2
is released as well [101] (Figure 4C). Importantly, Dbp5/DDX19 localizes stably to the
cytoplasmic side of the NPC, and is part of a wider mRNA export platform that also
requires scGlel/hGLE1, scNup42/hNUP42, scNup159/hNUP214, scNup116/hNUP9S,
and scGle2/hRAE182.

Dbp5 localization to the cytoplasmic side of the NPC occurs via interaction with the N-
terminal B-propeller domain (NTD) of Nup159 [133-135]. On the mRNA export platform,
Glel, Nup42, and the small molecule IP6 (inositol hexakisphosphate) interact with each
other, regulating Dbp5 by stimulating its ATPase activity [136-139] (Figure 4B). Dbp5 itself
includes in two RecA-like domains, one on the NTD and one on the CTD, and a N-terminal
extension (NTE); an alpha-helix within the NTE seems to be auto-inhibitory [140] as it
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occupies the region between NTD and CTD in its ADP bound state, but gets displaced
when DDX19 is bound to RNA, to allow formation of a functional ATPase site. Similar self-
inhibitory mechanisms have been reported in other NPC-related regulation pathways [141].
Dbp5 interaction with RNA induces ATP hydrolysis, release of Glel, and subsequent release
of Mex67/MTR2 and Nab2 as a key step. This localized cytoplasmic regulation ensures
that mRNP release occurs at the NPC for newly exported transcripts, thus preventing their
re-entry into the NPC. Even when Dbpb5 function is impaired in mutant U20S cells [114],
mRNPs were still interacting with the NPC, confirming that Dbp5 role follows in time the
transport by Mex67-NXF1 in the NPC [138].

The Nup82 complex, also located at the cytoplasmic entrance of the NPC, is an-
other cytoplasmic NPC structure known to be predominantly involved in mRNA ex-
port [139,142-145] in a way that depends on the relative position of FG repeats in the
complex [63] as the Mex67/Mtr2 heterodimer directly engages with these repeats [61,146].
Recent work highlights the role of the Nup84 subcomplex as the Dbp5 anchoring plat-
form [147] (Figure 4B). This structural study establishes that the FG repeats of the Nup82
complex orientate towards the midplane of the central channel, where they approach the
FG-repeats of Nsp1, Nup57, and Nup49 at the equator of the NPC [148-150].

Revisiting the classic model according to which the export disassembly platform is
localized distally compared to the NPC cytoplasmic area impacts importantly our view
of the disassembly process. In fact, this spatial configuration is more consistent with
efficient cargo transport and remodelling, and would favour mRNP release from the central
mesh of the NPC. Placing the mRNP remodelling machinery at the immediate end of the
channel means that the exported mRNPs is in the right position for the Glel/Dbp5/Nup42
re-modelling machinery to process them.

This structure also shed some light on the export machinery defects that lead to
severe human diseases. Mutations in the human homolog of Glel are associated with
lethal congenital contracture syndrome 1, lethal arthrogryposis with anterior horn cell
disease [151], and amyotrophic lateral sclerosis [152]. Strikingly, the residues causing
disease in human Glel [153] correspond to positions that this study found scGlel tethered
to either the scNup82 complex or to Nup42/Dbp5/Nup159N [147].

The dynamics of mRNA metabolism after export, and the subsequent half-life of
mRNA with respect to its translation state, are relatively less understood. How the
metabolism of mRNA from different genes affects the dynamics of mRNA expression
is influenced by a variety of parameters, including mRNA sequence itself, cytoplasmic tail
length, polyA tail-deadenylation rate, mRNP protein composition, translation rate, is a
multifactorial challenge. Establishing reciprocal relationships, and the respective molecular
mechanisms, between these parameters would result in a comprehensive understanding of
the set of principles underlying mRNA metabolism once it has left the nucleus, ultimately
contributing to establishing a structure—function connection of the RNA sequence that goes
beyond the codon reading frame. The removal of the polyA tail [154,155] follows export
and translation, triggering one of the two known decay pathways [156,157], which are not
discussed here.

4. Conclusions and Future Perspectives

To date, the crew of proteins involved in mRINA export have been mostly elucidated, as
well as many (but not all) of the molecular mechanisms involved. The recent developments
have brought astounding progress towards molecular understanding of the structural
arrangement of the machinery required for mRNA export, both belonging to the core of
the mRNP or to the associated platform on the NPC, that has been reviewed.

Given the central role of mRNA export in cellular homeostasis, alterations in the chain
leading to mRNA processing and transport have been linked to pathological aetiology.
Diseases like Osteogenesys Imperfecta type I (OI I), myotonic dystrophy (DM), lethal
congenital contracture syndrome 1 (LCCS1), lethal arthrogryposis with anterior horn cell
disease (LAAHD), are some of the examples of diseases associated to different mutations
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of NPC-anchored nuclear export factor Glel and the human homolog of Mex67, NXF1. A
wide variety of RBPs defects are associated with ALS [158]. Acquiring new knowledge on
the basic mechanisms of mRNA export will pave the way to reinforce such protein-disease
links and/or, in the future, identify new ones to further investigate.

During the lifetime of an mRNP, both conformational and compositional changes
take place, either in the nucleus, during transportation through the NPC, and in the
cytoplasm, prompted by the processing machinery, interaction with the central channel
of the NPC, and with ribosomes, respectively. Recent, elegant studies have addressed
the morphologic changes of the translating mRNP in the cytosol [7,8,159]. By contrast,
information about the arrangement of the mRNP inside the nucleus is still in its infancy,
and even less information is available about the journey of the mature mRNP inside the
NPC. This is especially astounding considering the relatively big size of an average mRNP
compared to the overall volume of the central channel—which is already occupied by
the intrinsically disordered central nucleoporins. Nevertheless, these studies brought
the centrality the 3D arrangement of mRNPs under the spotlight. The need for a better
mechanistic understanding of mRNP morphological dynamics will require implementation
of new tools that allow us to study mRNP organization, at the single-molecule level and
in real time. The advancements in new bottom-up methods [160-165] will likely provide
interesting new ways to look at the mechanistic details of mRNP transport in a minimal
system, while it interacts with the NPC, overcoming the difficulties due to the overlapping
maturation steps of export.

The finding that a pool of Mex67 is stably associated with the NPC, and that this pool
provides the key shuttling function that allows mRNP translocation to the cytoplasm, is
an important paradigm shift, and generates new open questions regarding the interplay
between the mRNA, the NPC and Mex67. The release of Mex67 from the mRNA does
not necessarily imply that the Mex67 molecules released from the mRNP leave the NPC
to be recycled, as previously thought. Moreover, the implications of this finding to our
understanding of the loading of Mex67/MTR2 on the mRNP (discussed in Section 3.2)
are unclear, since Mex67 is able to bind RNA in the nucleus, can co-IP with mRNP export
factors and is a member of mature mRNDPs. The rationale behind this localization, as well as
its onset; the contribution to the crowding of the FG central mesh; all these aspects remain
unexplored, also considering that not all Mex67 molecules within the NPC are tending to
transport of an mRNP at a given time.

Unlike protein import, mRNA export does not simply follow mRNA production and
processing in time. Export steps are initiated co-transcriptionally, proceeding by addition
and removal of mRNA-binding proteins. The final, export-competent mRNP is composed
of a multitude of different proteins. Due to this elaborate, intertwined quality control
system, the minimal required proteins within the mRNP, and nucleoporins of the FG mesh
needed for the translocation through NPC have remained difficult to pinpoint clearly
from accessory proteins needed for quality control and maturation. Achieving a better
mechanistic understanding of multiple aspects underlying mRNP morphological dynamics
will require a detailed understanding of the biophysical properties of RNPs in cells and,
with it, new tools that allow us to study mRNP organization at the single-molecule level
and in real time.
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