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Abstract
mRNA export is a critical step in gene expression. Export of transcripts can be modulated in
response to cellular signaling or stress. Consistently, mRNA export is dysregulated in primary
human specimens derived from many different forms of cancer. Aberrant expression of export
factors can alter export of specific transcripts encoding proteins involved in proliferation, survival
and oncogenesis. These specific factors, which are not used for bulk mRNA export, are obvious
therapeutic targets. Indeed, given the emerging role of mRNA export in cancer, it is not surprising
that efforts to target different aspects of this pathway have reached the clinical trial stage. Thus,
like transcription and translation, mRNA export may also play a critical role in cancer genesis and
maintenance.

Global overview of mRNA export and the nuclear pore
Dysregulation of transcription and translation have long been demonstrated to contribute to
the genesis and maintenance of cancer. Given the critical role that mRNA export plays in
gene expression, it is not surprising to find that is it also dysregulated in many malignancies
[1–4]. Indeed, mRNA export factors and relevant components of the nuclear pore complex
(NPC) contribute to preferential export of transcripts encoding proteins involved in
proliferation, survival, metastases and invasion (Figure 1, Table 1). Trafficking of these
transcripts profoundly affects their ultimate protein levels. Although for many years mRNA
export was considered a default pathway with little to no regulation, evidence that these are
both regulated by and regulators of signaling networks involved in oncogenesis is now
emerging. In fact, modulation of levels of individual export factors and NPC components
themselves can alter proliferation rates and response to extracellular stimuli. Given these
roles, it is not surprising that novel therapeutic approaches are emerging to target this
process.

When conceptualizing the impact of mRNA export on oncogenesis, it is useful to recall the
RNA regulon model [5, 6]. This model provides a framework in which the production of
proteins can be coordinated, both transcriptionally and post-transcriptionally. Different cis-
acting elements in the relevant mRNAs recruit specific RNA binding proteins to act at
distinct levels of post-transcriptional control including mRNA export, stability and
translation. These cis-acting elements, usually located within the untranslated regions of
RNAs, are referred to as USER (untranslated sequence elements for regulation) codes [5, 6].
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Transcripts encoding proteins that act in similar processes will contain USER codes that
coordinate their export, as well as other post-transcriptional stages of control. Multiple
USER codes can have combinatorial and/or competitive effects depending on specific
cellular context, which ultimately decides the fate of a particular mRNA. Therefore USER
codes play an integral role in coordinating responses to cellular stimuli and stress and
ultimately cellular processes such as proliferation and survival. The roles of specific USER
codes in mRNA export are described in Box 1.

BOX 1

The roles of specific USER codes in mRNA export

A theme that is relevant to all the described mRNA export pathways is the importance of
cis-acting elements in the transcripts themselves, which select for the RNA pathway to be
used [5, 6]. For instance, the ARE and 4E-SE elements select for HuR-CRM1 or eIF4E-
CRM1 pathways respectively and as such, are USER codes for export [5, 36]. A USER
code for the export of intronless H2a mRNAs is a 22 nucleotide transport element ITE
(see SR section) [26]. Another element identified in several intronless mRNAs (HSPB3,
IFNα1 and IFNβ1) is the cytoplasmic accumulation region (CAR) found in the coding
region, which recruits the TREX complex [86]. USER codes are important to viral
mRNA export as well. For instance, the constitutive transport element (CTE) in small
retroviruses allows the direct binding of viral RNA to TAP and thus permits export
independent of other host cell co-factors [87]. Similarly, the Rev response element in
HIV allows recruitment of the viral protein Rev and association with CRM1, permitting
export [88]. Importantly, as the RNA regulon would predict, the combination of elements
in the RNAs themselves will set up combinatorial and competitive scenarios thereby
selecting pathways for export depending on context driven features such as levels of
appropriate RNA binding proteins etc.

With one exception, nucleo-cytoplasmic trafficking of mRNAs requires transit through the
nuclear membrane using the nuclear pore complex (NPC). In this exception, large mRNPs
(messenger ribonucleoprotein particles) exit the nucleus by budding at the nuclear
membrane [7]. For the remaining cases, cargo-receptor mRNP export complexes interact
with nuclear pore proteins, and together with other crucial export factors mediate active and
directional transport [8–10]. The NPC is comprised of the nuclear basket, central membrane-
traversing channel and cytoplasmic fibrils (Figure 1) [1, 4, 8, 10, 11] each component
playing important roles in the overall export process. The NPC and its constituent
nucleoporin proteins (Nups) are also implicated in non-transport functions [1, 2, 4, 10–14].
However, in this review we will focus on their mRNA export functions and evidence that
these can be dysregulated in cancer.

The mRNA export superhighway
mRNA export is a multi-step process whereby transcripts must associate with the nuclear
basket of the NPC, transit through the central channel and be released at the cytoplasmic
fibrils[1, 9, 15]. mRNA export can be roughly divided into two forms: bulk and specific
export. Bulk refers to the majority of poly-A transcripts. For the most part, mRNAs must be
correctly processed to undergo efficient export. Such processing includes the addition of a
methyl-7-guanosine (m7G) cap structure to their 5′ end, splicing and appropriate 3′ end
formation, typically in the form of a poly-A tail [3, 9, 16]. For the export of the majority of
transcripts, the addition of the m7G cap is particularly important as it recruits the cap-
binding complex (CBC), which then recruits key export factors to the mRNP. Each
processing step aids in the recruitment of factors, which allow the export mRNPs to bind the
NPC and traverse the hydrophobic central channel. TAP/NXF1 is the major factor that
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bridges the interaction between the export mRNP and the NPC. CRM1 similarly binds the
NPC and is used for specific subsets of mRNAs as well as other types of RNA (see Box 2)
[9, 11, 16]. Upon arrival to the cytoplasm, mRNP cargoes must be released and export
factors recycled to the nucleus for future rounds of export. Dysregulation can occur at any
step leading to a variety of phenotypes from proliferation to growth arrest.

BOX 2

Different types of RNAs are exported in distinct manners

Small nuclear RNAs (U snRNAs), which are involved in splicing also contain the m7G
cap and bind the CBC, similarly to mRNAs. However, U snRNAs are exported via the
CRM1 pathway whereby the NES containing co-factor PHAX, associates with both the
U snRNA and CRM1 for export. This pathway is RanGTP dependent [89]. Ribosomal
RNAs (rRNAs) are exported as the 40S and 60S ribosomal subunits. Interestingly, the
60S subunit utilizes both CRM1 and TAP [16]. The NES containing adaptor protein
Nmd3 is recruited to the 60S subunit along with CRM1 and RanGTP. Additionally, TAP/
p15 associate with a distinct part of the surface of the 60S subunit indicating that
ribosomal subunit export uses both CRM1 and TAP. tRNAs are exported to the
cytoplasm by direct interactions with either Exportin-t or Exportin-5; while miRNAs are
exported via Exportin-5 [90]. Exportin-t and Exportin-5 require no additional factors to
traverse the NPC.

Diversity of the TAP mediated export pathway
In humans, the transcription export (TREX) complex plays a major role in bulk mRNA
export. TREX consists of UAP56, Aly/REF, CIP29 and the multi-subunit THO complex,
which is comprised of THOC1/Hpr1, hTho2, THOC5, THOC6 THOC7 and Tex1 [9, 17–
19]. Through interactions with Aly/REF the THO complex bridges the interaction of cargo
mRNAs and the TAP/p15 receptor [9, 19]. Recent reports suggest more diversity with
specific complexes perhaps playing a role in the export of subsets of transcripts. TREX2 and
alternative TREX (AREX) export complexes, have been isolated and provide examples of
this diversity [17, 18] (Figure 1). All of these complexes, through TAP, associate with the
nuclear basket via the ribonucleic acid export protein Rae1 and Nup98 to permit passage
through the central channel [20, 21]. As described below these proteins can be dysregulated
in a variety of cancers (Table 1).

Once the cargo mRNPs have reached the cytoplasmic face, they typically associate with the
cytoplasmic fibrils of the NPC where they undergo cargo release and export factor
recycling. This is a highly regulated process that can potently impact export efficiency. The
long fibrils at the cytoplasmic face, mainly comprised of Nup358 also known as RanBP2,
contain binding sites for several proteins including TAP, RanGAP, Ran and others [10, 11].
RanBP2 associates withthe NPC via two nucleoporins: Nup88 and Nup214 [22]. It plays a
very important role in the cargo release and recycling for both bulk and some specific forms
of mRNA export. Hypomorph mice, defined as having genetically reduced levels of
RanBP2, do not have bulk mRNA export defects (but there is an upregulation of the export
of specific mRNAs, see below) whereas knockout cells have severely impaired mRNA
export [23, 24]. Interestingly the hypomorph mice get spontaneous cancers (see below).

The majority of transcripts are then released from the cytoplasmic face via the ATP
dependent DEAD box helicase DDX19 and its co-factor Gle1. Interestingly, this step relies
on a potent signaling molecule Inositol-hexakisphosphate (InsP6) where the Gle1-InsP6
complex stimulates DDX19 binding to mRNA, which triggers ATP hydrolysis and cargo
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release [25] [9, 10]. This provides an excellent example of how intracellular signaling can
impact mRNA export. Importantly, not all mRNAs will be transported via this pathway with
equal efficiency in all contexts. Further, factors such as Nup214 and Nup88 are not
exclusively used for this export pathway (see below).

The SR-TAP alternative
To date, the best-defined alternative TAP export pathway involves the serine and arginine
rich SR proteins. The first reports on SR proteins involvement in mRNA export were
focused on intronless H2a transcripts showing that two SR proteins SRp20 and 9G8 interact
with a specific 22 nucleotide element in H2a mRNA (referred to as the intronless transport
element, ITE), and recruit TAP to facilitate export (see Box 1). However, further studies
indicated that these factors are essential for the export of some spliced transcripts as well
[26, 27]. For spliced mRNAs, SR proteins, such as hyperphosphorylated 9G8, are recruited
to pre-mRNA, and become hypophosphorylated after splicing, permitting preferentially
binding to TAP in the nucleus. Once in the cytoplasm, SR proteins are rephosphorylated
presumably enabling release of TAP and the mRNA cargo, and facilitating their recycling
into the nucleus [26]. Thus, at least two classes of adaptors, Aly/REF and SR proteins,
engage the TAP receptor and promote export of mRNAs. In this way, specific subsets of
mRNAs can be differentially exported and regulated despite using the same nuclear
transport receptor e.g. TAP [26]. Further, this is another example of how cellular signaling
can regulate mRNA export.

There is always another way out: multiple exit strategies via CRM1
Although the majority of mRNAs use the TAP receptor to transit the NPC, subsets of
transcripts are exported via the CRM1 pathway. CRM1 is the major protein export receptor
in the nucleus [11, 28] and directly interacts with Nups in the central channel [11].
Additionally, through protein co-factors, it is involved in the export of specific types of
mRNAs, small nuclear RNAs (U snRNAs) and ribosomal RNAs (see Box 2). CRM1
interacts with its cargoes via a leucine rich nuclear export signal (NES) found in many
shuttling proteins [29]. To date, CRM1 does not bind RNA directly, but rather via NES
containing adaptor proteins that bind RNA or other RNA binding proteins [11]. In the
nucleus, CRM1 binds its cargo in the presence of the GTP-bound form of Ran [11]. Release
in the cytoplasm requires association with the RanGTPase activating protein (RanGAP) and
either RanBP1 or RanBP2 enabling GTPase hydrolysis for Ran. Once this step is completed,
CRM1-cargo complexes dissociate permitting the RNA to enter the cytoplasm and to
recycle export factors [11]. As in bulk mRNA export, Nup88, Nup214 and RanBP2 play
critical roles in the recycling and release steps for CRM1 dependent export [30, 31].

Similar to TAP, CRM1 exports mRNA cargoes via multiple pathways based on adaptor
proteins and USER codes within the mRNAs (Figure 1). This heterogeneity is demonstrated
in humans, where some mRNAs that contain AU-rich elements (AREs) in their 3′ UTR are
subject to CRM1 dependent export via HuR [32]. CRM1 dependence is demonstrated by the
nuclear accumulation of some ARE containing mRNAs, but not bulk mRNA, upon
treatment with the CRM1 inhibitor Leptomycin B. Importantly, some ARE containing
mRNAs can be exported in a CRM1 dependent but HuR independent manner e.g. human
Interferon-alpha-1 (IFNα1)[33] suggesting further functional diversity in these pathways.
Interestingly one study reports that HuD, an HuR neuron specific family member, associates
with mRNA and TAP suggesting more plasticity in terms of export options for HuR proteins
[34]. In another pathway, CRM1 acts in the NXF3 mediated export of tissue specific
mRNAs. Unlike TAP, NXF3 (a TAP family member) cannot bind Nups and thus uses
CRM1 to transit through the NPC [35]. Presumably these transcripts have a specific USER
code(s) that selects for the CRM1-NXF3 pathway, but this has yet to be identified.
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CRM1 also plays a major role in eukaryotic translation initiation factor 4E (eIF4E)
dependent mRNA export [36, 37]. eIF4E is best known for its functions in translation of
mRNAs where it binds the m7G cap and through association with cofactors, recruits these
transcripts to the ribosome. However, up to 70% of eIF4E is found in the nuclei of cells
depending on the tissue type [38]. eIF4E associates with the m7G cap of a subset of mature
nuclear mRNAs. In this case, the CBC associates with the pre-mRNA forms of these
messages and is replaced by eIF4E in the nucleoplasm [37], in contrast to other described
mRNA export-pathways where transcripts associate with eIF4E only upon arrival to the
cytoplasm. In this pathway, eIF4E overexpression leads to enhanced mRNA export for a
subset of mRNAs that encode proteins involved in proliferation, survival, metastases and
invasion [38]. Sensitive mRNAs contain an ~50 nucleotide element in their 3′UTR (4E-
sensitivity element, 4E-SE), which acts as a USER code for export [36]. Transcripts must be
capped and contain the 4E-SE to be eIF4E export targets. eIF4E export mRNPs contain
some factors shared with the bulk export pathway: UAP56, hnRNPA1 and DDX3 but not
TAP, CBC or REF/Aly [37]. Importantly, endogenous 4E-SE mRNAs are targets of both
bulk and eIF4E dependent processes, where 3′ UTRs can be 1000s of nucleotides long and
contain many USER codes. Thus, eIF4E competes with the bulk mRNA export pathway to
preferentially enhance the export of a specific subset of transcripts.

Taken together, diversity in export pathways underpins selection of specific subsets of
transcripts. In this way, cell cycle, survival and stress responses can be coordinately
modulated via mRNA export as predicted by the RNA regulon model. Importantly,
dysregulation of mRNA export is observed at multiple levels (Table 1) as discussed below.

mRNA export: the good, the bad and the dysregulated
Given its critical and selective role in gene expression, it is not surprising that substantial
data from primary patient specimens demonstrate dysregulation of the mRNA export
machinery in cancer. Overall, dysregulation of export factors and Nups in different types of
cancer are diverse and appear to depend on a very context specific landscape. For instance,
THOC1 (component of the TREX complex), is highly elevated in the nucleus of primary
lung, ovarian and colon cancer specimens but is downregulated in skin and testes cancer
specimens [39, 40]. In breast cancer, elevation of THOC1 levels is positively correlated with
tumor size and metastatic state [41]. Here, THOC1 reduction leads to impaired proliferation
and inhibited mRNA export suggesting that it contributes to the oncogenic phenotype by
increasing export of transcripts encoding proteins involved in proliferation and survival [41].
Aly/REF protein levels are elevated in oral squamous cell carcinoma patient material and
cell lines suggesting that they can promote export of transcripts encoding oncogenes [42].
Similarly, CRM1 expression is elevated in many cancers including gliomas, cervical and
pancreatic cancers [43–46]. Reduction in CRM1 levels in some cell types leads to decreased
proliferation suggesting a causal link between its elevation and cancer [45]. The germinal
centre associated protein (GANP), a constituent of the TREX-2 complex is highly elevated
in mantle cell, diffuse large B cell and Hodgkin’ s lymphomas [47]. Although initial
observations suggested a more general role for GANP in bulk mRNA export [48], a recent
report suggests that depletion of GANP in human cells may inhibit export of specific
mRNAs [49]. In either case, GANP elevation in tumors likely drives expression of a subset
of transcripts by increasing recruitment of the corresponding cargo mRNPs to the nuclear
basket thereby increasing export efficiency.

Nups are also dysregulated in cancer (reviewed in [2, 4, 50]). Nup88 is elevated in many
cancers including prostate, ovarian, breast, mesotheliomas, hepatocellular, colon, some
lymphomas and lung cancer, andits expression correlates with advanced tumor grade [51–
53]. Although the stability of Nup88 is dependent on its ability to heterodimerize with
Nup214 in normal cells, Nup214 is not elevated in the above cancers indicating that this
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interdependence can be uncoupled during oncogenesis [52]. This suggests that the export
machinery may be rearranged in cancer cells. Nup88 may be more active not only because
of increased levels but also because of reduced association with Nup214, which appears to
have an inhibitory role on export. For instance, under certain conditions Nup214
overexpression in human cells led to poly(A) nuclear accumulation, cell cycle arrest and
apoptosis [54]. Another example of dysregulation comes from the nuclear basket protein
Rae1, which is amplified in breast cancer [55].

Chromosomal translocations have been identified for many Nups. Nup214 translocations are
associated with rare forms of acute myeloid and acute non-lymphoblastic leukemias. Nup98,
is involved in at least 14 translocations most of which are associated with hematological
malignancies including AML, CML, and MDS [2, 50]. Tpr, a nuclear basket protein
involved in mRNA export, is found in the TPR-Met translocation associated with gastric
carcinomas [56, 57], while the Tpr-NTrk1 translocation associates with papillary thyroid
carcinomas [58]. In these translocations, the role of the fusion partner is usually unrelated to
mRNA export and substantially impacts the oncogenic potential of the fusion protein. For
instance, Met is a potent receptor tyrosine kinase that controls cellular proliferation,
survival, migration and morphogenesis. The Tpr-Met fusion protein is a constitutively
activated kinase [4, 50]. In contrast, the fusion protein associated with the RanBP2-ALK
translocation, found in inflammatory myofibroblastic tumors, associates with the NPC,
potentially modifying nuclear pore functions [59]. For a detailed list of observed
chromosomal translocations of Nups involved in human malignancies refer to [2, 50].

Recently it was shown that the cytoplasmic fibril protein Nup358/RanBP2 acts as a tumor
suppressor impairing eIF4E-mediated transformation [60]. eIF4E is highly elevated in about
30% of cancers [38], and its overexpression leads to oncogenic transformation of cell lines
and tumor formation in mouse models [61, 62]. Mutational studies indicate that eIF4E’s
mRNA export function contributes to its oncogenic potential by enhancing expression of
target mRNAs involved in proliferation and survival [60, 63, 64]. Interestingly, eIF4E
overexpression also leads to downregulation of RanBP2 and relocalization of Nup214.
RanBP2 reduction is sufficient to promote eIF4E dependent (but not bulk) mRNA export
while overexpression of a RanBP2 fragment that binds CRM1 impairs this export. eIF4E
overexpression leads to a loss of contact inhibition, one of the hallmarks of oncogenic
transformation [61]. RanBP2 overexpression inhibits this eIF4E activity [60]. Consistent
with these observations, RanBP2 hypomorph mice develop more spontaneous tumors than
littermate controls [24]. Aside from defects in mRNA export, severe mitotic defects in these
hypomorph animals likely also contribute to tumorogenesis [23, 24]. Thus, it seems that
RanBP2 slows down the release and recycling of eIF4E dependent mRNA export cargoes.
In order to maximize export, eIF4E downregulates RanBP2 to reduce sequestration and
increases RanBP1 to enable efficient cargo release in the cytosol, this is likely less sterically
hindered than on RanBP2 fibrils. In summary, these findings suggest that the NPC can be
reprogrammed by oncogenes to promote the export of specific mRNAs as part of the
transformation process.

Reprogramming of the NPC has been observed in other circumstances. For instance,
vesicular stomatitis virus (VSV) infection promotes export of specific viral mRNAs
whereby the VSV matrix M protein disrupts interaction of Nup98 with Rae1 inhibiting host
cell mRNA export [65]. Reprogramming could also occur during oxidative and metabolic
stress where the NPC is known to change composition [66, 67]. Future studies will tell
whether these stress-mediated changes are associated with altered mRNA export and
oncogenic potential as already observed in virus infection and eIF4E overexpression.
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Cell cycle dysregulation, proliferation, and stress have all been shown to contribute to the
cancer phenotype and therefore the role of mRNA export in controlling these aspects of
cellular physiology is of importance. For instance, Nup96, an autoproteolytic fragment of
Nup98 located in the nuclear basket [21], provides an excellent example of differential
regulation of mRNA export modulating progression of the cell cycle [68]. Nup96+/− T cells
cycle more quickly, whereas Nup96 overexpression leads to a delay in the G1/S transition.
Nup96+/− T cells show enhanced export of cell cycle specific genes, cyclin D3, CDK6 and
IkB mRNAs, while Eβ mRNAs are retained in the nucleus and GAPDH, ICAM and Tubulin
mRNAs are unaffected. These results suggest that Nup96 selectively impairs expression of
transcripts encoding proteins that regulate cell cycle progression.

Cellular responses to stress have important physiological effects and are often disrupted in
cancer. Examples of preferential mRNA export are observed during heat shock or response
to cell signaling. Genome wide studies indicated that in Drosophila, hsp70 and Hsp83
transcripts are differentially exported relative to bulk mRNA [69]. In yeast, phosphorylation
of specific mRNA export factors via the MAPK pathway (Slt2 kinase) in response to heat
shock, inhibits bulk mRNA while promoting hsp mRNA export [70]. Importantly, export of
hsp mRNA does not require factors essential for bulk mRNA export, but involves new
factors such as Nup42 or THOC5 [71–73]. Thus, subgroups of transcripts can use novel
adaptors to provide specificity of mRNA export under specific cellular conditions. Although
these findings have been reported in yeast and Drosophila, these proteins are highly
conserved suggesting that similar effects will be observed in humans.

Several signaling pathways are known to modulate mRNA export under normal conditions,
and thus when dysregulated as reported in many cancers, it is likely to have impact on these
processes. Such pathways include PI3K, AKT and MAPK. Aside from involvement of
MAPK as described above for Slt2 kinase [70], another example includesPI3K pathway,
which targets Aly/REF [74]. Aly binds PI(3,4,5)P3 and PI(4,5)P2. PI3K regulates mRNA
export through the direct association of Aly with PI(3,4,5)P3 and nuclear Akt. Aly mutants
that do not bind PI(3,4,5)P3 have reduced mRNA export and proliferation activity.
Importantly, Akt phosphorylation is required for the PI(3,4,5)P3 binding to Aly. Similarly,
the cargo release of many mRNAs is also dependent on nuclear inositol signaling.
Specifically, it relies on the interaction of InsP6 with the export factor Gle1 and its partner,
the ATP helicase DDX19 (discussed above) [25]. Further, it was shown that production of
InsP6 is required for efficient mRNA export in human cells [75]. Thus, release and recycling
steps are regulated by inositol metabolism. Further, eIF4E acts both upstream and
downstream of Akt [76]. Through its mRNA export activity, eIF4E leads to enhanced export
of NBS1 mRNA. The NBS1 protein directly binds PI3K enhancing Akt activation [77].
Thus, the export pathways respond to cellular stress and modulate signaling pathways,
acting as regulators of gene expression during signal transduction [2] These findings suggest
they may play important roles in oncogenesis.

Therapeutic benefit to targeting mRNA export?
If mRNA export contributes to oncogenesis, the expectation is that targeting this activity
should have a therapeutic benefit. Obviously, given the essential nature of the process,
targeting has to be done in a well-considered manner focusing only on the export of
transcripts involved in oncogenesis. Currently, there is substantial interest in targeting
specific export factors for therapeutic benefit. One of the first targets was CRM1 [11].
Knocking down CRM1 using siRNA or specific inhibitors restored apoptotic activity and
tumor sensitivity towards the chemotherapies doxorubicin, etoposide, cisplatinum and
imatinib mesylate in cell lines [46]. The well-known CRM1 inhibitor, Leptomycin B,
entered phase I clinical trials, but failed due to severe toxicity. Despite this, Leptomycin B
remains a profoundly useful laboratory tool. Currently, drugs to target CRM1 activity in
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cancer cells are under development [46]. One such compound, KPT330 is currently in phase
I clinical trials (www.karyopharm.com) [78]. Normal cells tolerate KPTs but not
Leptomycin B potentially because KPTs bind CRM1 reversibly whereas Leptomycin B is
not reversible. In terms of specificity for cancer cells, the precise molecular mechanisms
underlying these observations are not well defined but are certainly an exciting emerging
area. Given the requirement of CRM1 for the export of some mRNA (and other types of
RNA), the anti-oncogenic properties of KPTs and Leptomycin B may act by impairing
mRNA export. Most importantly, these observations provide strong evidence that these
export factors can be targeted in patients.

In M4 and M5 acute myeloid leukemia (AML), eIF4E is highly elevated and localized
primarily within the nucleus [79, 80] [64]. We previously identified a cap competitor,
ribavirin, which disrupts eIF4E dependent mRNA export [79, 81–83]. In a multi-centre
phase II clinical trial, refractory and relapsed patients were treated with ribavirin
monotherapy. Ribavirin treatment led to reduced eIF4E dependent mRNA export and this
correlated with clinical responses including remissions [79]. By way of comparison, 5/11
patients had objective clinical improvement using ribavirin monotherapy (remissions and
blast responses) [79] whereas in a similar patient population rapamycin led to 0/22 responses
[84]. Ribavirin also impairs eIF4E dependent translation (e.g. VEGF) [38, 85] and thus its
affects likely arise from inhibiting multiple functions simultaneously. Nonetheless, these
observations provide a direct correlation between impairing eIF4E dependent mRNA export
and clinical responses. Thus, specific targeting of mRNA export pathways can lead to
clinical benefit.

Concluding remarks
A plethora of studies demonstrate that the mRNA export machinery is dysregulated in a
wide variety of human tumors. Further, mRNA export factors and associated Nups can
modulate cellular processes that impact malignant phenotypes such as proliferation and
survival, as well as oncogenic transformation. Importantly, mRNA export can both respond
to and modulate major signaling pathways consistent with being positioned as a key
integrator of gene expression and cell physiology. Also, targeting mRNA export in at least
one clinical trial demonstrated therapeutic benefit. It is important to note that many of the
factors discussed have additional cellular roles, and it is likely that their other activities also
contribute to the oncogenic phenotype. In all, mRNA export should be considered a critical
step in gene regulation that likely contributes to many human malignancies.
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Highlights

There is a causal link between mRNA export and oncogenesis

Changes to the nuclear pore alter mRNA export and cancer

Strategies are emerging to target mRNA export for therapeutic benefit

Culjkovic-Kraljacic and Borden Page 14

Trends Cell Biol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. TAP1 and CRM-1 dependent mRNA export pathways are heterogenous demonstrating
substantial plasticity
As described in the text, factors associating with specific RNAs, often through USER codes,
underlie formation of specific export mRNPs. The NPC dependent RNA export pathways
are divided into two major subtypes, TAP and CRM1 dependent. Further subdivisions are
indicated by the different composition of the nuclear mRNPs. For TAP and its cofactor
NXT1/p15 dependent export, complexes that depend on Aly/REF (TREX and AREX),
additionally on GANP (as a part of TREX-2 complex), and distinct complexes involving the
SR proteins are shown (ITE mRNA represents intronless mRNAs). For the TAP pathways,
release of cargoes is depicted using the DDX19/Gle1 model, which is hypothesized
primarily from yeast data to be present in humans [9, 25]. Four subdivisions of the CRM1
pathway are similarly depicted by different nuclear mRNP complexes for HuR, eIF4E, IFN-
α1 and NXF3. At the nuclear basket and cytoplasmic face, nucleoporins and co-factors
described in the text are shown. The cytoplasmic side depicts only 4 fibrils, which is a
simplification for presentation purposes (as there are known to be eight fibrils per NPC [8,
10]). For CRM1 dependent pathways, the RanGTP cycle is shown for cargo release, which
can occur using RanBP2 (A) or RanBP1 (B). For the case of the eIF4E dependent mRNA
export pathway, RanBP2 is depleted, RanBP1 is elevated and thus the RanBP1 release
pathway is thought to predominate. Once cargoes are released, factors are recycled. Note the
color difference of RanGTP (purple) and RanGDP (green). Many of these factors are
dysregulated in cancer (see text).
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