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Abstract

MicroRNAs (miRNAs) are short non-coding RNAs that have been recognized to regulate the
expression of uncountable number of genes. Their aberrant expression has been found to be linked
to the pathology of many diseases including cancer. There is a drive to develop miRNA targeted
therapeutics for different diseases especially cancer. Nevertheless, reining in these short non-
coding RNAs is not as straightforward as originally thought. This is in view of the recent
discoveries that miRNAS are under epigenetic regulations at multiple levels. Exportin 5 protein
(XPO5) nuclear export mediated regulation of miRNAs is one such important epigenetic
mechanism. XPO5 is responsible for exporting precursor miRNAs through the nuclear membrane
to the cytoplasm, and is thus a critical step in miRNA biogenesis. A number of studies have shown
that variations in components of the miRNA biogenesis pathways, particularly the aberrant
expression of XPO5, increase the risk of developing cancer. In addition to XPOS5, the Exportin 1
protein (XPO1) or chromosome region maintenance 1 (CRM1) can also carry miRNA export
function. These findings are supported by pathway analyses that reveal certain miRNAs as direct
interaction partners of CRM1. An in depth understanding of miRNA export mediated regulatory
mechanisms is important for the successful design of clinically viable therapeutics. In this review,
we describe the current knowledge on the mechanisms of miRNA nuclear transport mediated
regulation and propose strategies to selectively block this important mechanism in cancer.
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Introduction

The miRNASs are short non-coding RNAs that are approximately 18-25 nucleotides in
length and are found in all animal and plant cells. The first miRNAs were recognized in
Caenorhabditis elegans by Lee and colleagues [1]. In 2001, various small regulatory RNAs
were discovered in plants and mammals and designated as the ‘microRNA’ [2-4]. At present
there are more than 1,250 human miRNAs registered in the miRBase database (the miRBase
sequence database is the major repository for published data on miRNA sequence and
annotation) [5]. The miRNAs have been extensively studied for their involvement in RNA
interference (RNAI) that results in regulation of different gene expression post-
transcriptionally, and they are known to contribute to diverse physiological and
pathophysiological functions, including regulation of tissue developmental [6], tissue
differentiation [7], cell signaling regulation [8], stem cell regulation [9] and most
importantly in carcinogenesis [10]. The biogenesis of miRNA and their RNAI functions
have been intensively investigated (how miRNAs are synthesized and processed into a
mature form, and how they influence gene expression) [11]. Furthermore, developments in
miRNA-related technologies, such as miRNA expression profiling and synthetic oligoRNA,
have contributed to the identification of miRNAs that are known to be involved in a number
of physiological and pathological phenotypes. A Pubmed search (performed on May 14,
2013) for *‘microRNA’ returns >22,516 hits similarly key words ‘microRNA’ and ‘cancer’
return >9,133 research articles. Most interestingly, an evaluation of research publications
from 2000 to 2013 shows an exponential increase in research indicating that the field is
advancing rapidly (Fig. 1). These studies have enhanced the understanding of microRNA
biogenesis, their regulatory control on different genes and strategies to target them for anti-
cancer therapeutic benefits. However, some questions remain largely unanswered, such as
how miRNA expression is controlled and which genes are regulated by each miRNA in a
specific disease condition.

Nuclear Export is a Key Step in the MIRNA Biogenesis Process

Species such as ribosomal subunits, tRNAs, mMRNAs, and other forms of RNA especially
miRNAs are generated in the nucleus and exported to the cytoplasm [12, 13].
Nucleocytoplasmic shuttling of biomolecules (small RNAs, proteins) and drugs occurs
through nuclear pore complexes, which penetrate the nuclear envelope and permit passage
of material either by passive diffusion [14] or facilitated (carrier mediated) translocation
[15]. Passive diffusion is rapid for small molecules, but limits to species with size <40 KDa
[16]. In contrast, facilitated translocation allows passage of large structures with a molecular
mass >40 KDa all the way up to several million Daltons. Facilitated translocation involves a
receptor and is coupled to an input of metabolic energy (active transport), allowing
accumulation of cargoes against gradients of chemical activity [17]. Extensive research in
nuclear cytoplasmic shuttling mechanisms have lead to the consensus that all known RNA
transport pathways are mediated by proteinaceous factors [18].

Earlier studies on RNA nuclear transport revealed that the mRNA export proceeds through a
RanGTPase-independent mechanism, whereby NPC passage is facilitated by the yeast
Mex67p/Mtr2p complex or its higher eukaryotic counterpart, the NXF (TAP)/p15 complex
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[19] in which the metabolic energy is fed in by RNA-helicases such as Dbp5p [20]. Other
type of cellular RNAs, such as tRNA and U1 snRNA, are exported in a RanGTP-dependent
manner [21-23]. Two exportins function in tRNA export, namely, exportin-t [24] and
Exportin 5 (XPO5) [13]. This review focuses on miRNA nuclear export as discussed below.

The biogenesis of miRNASs is a multi-step process that involves multiple proteins [25].
MiRNA biogenesis begins with the expression of a primary ~1000 nucleotide miRNA
transcript designated as the pri-miRNA Pri-miRNA is cleaved to produce a ~70 nucleotide
precursor that is termed as pre-miRNA The pre-miRNAs are transported from the nucleus
into the cytoplasm, where they are enzymatically processed into mature miRNAs [26]. The
very critical step of nuclear export is performed by XPO5 [27]. XPO5 is a member of the
importin-f3 family of proteins that comprise one major class of nucleocytoplasmic
transporters and function as the major exporters of nuclear RNAs [28]. Okada and
colleagues were the first group to capture the high resolution crystal structure of XPO5
bound to miRNA showing that XPO5 binds directly to its pre-miRNA cargo in a RanGTP-
dependent manner [29]. Additionally, XPO5 can recognize and export structured RNAs that
are unrelated to pre-miRNAs, including viral mini-helix RNA and tRNA, along with certain
other proteins, [30, 31]. Earlier studies have verified that XPO5 can stabilize pre-miRNA
leading to the assumption that XPO5 over-expression also increases the pool of pre-miRNAs
that are available for nuclear export [32].

It has also been demonstrated that XPO5 plays a role in siRNA biogenesis and therefore is a
key point of intersection between the sSiRNA and miRNA pathways [33]. Over-expression of
XPO5 has been shown to result in enhanced miRNA activity that competes with Dicer
which suggests that XPO5-mediated nuclear export of pre-miRNAs may be a rate-limiting
step in MiRNA biogenesis [34]. Conversely, genetic defects or loss of XPO5 binding results
in reduced pre-miRNA expression and function [35]. The prognostic value of XPO5 in
cancer is emerging and the importance of XPO5 in the miRNA pathway suggests that
structural alterations in this transporter could potentially impact global miRNA expression,
thereby altering an individual's risk of developing cancer.

Castanotto and colleagues have shown that miRNAs also use CRM1 for nuclear-cytoplasmic
shuttling [36]. In their experiments, inhibition of CRM1 by the natural product inhibitor
Leptomycin B resulted in nuclear accumulation of miRNA guide sequences. The authors
also showed that nuclear to cytoplasmic transport could be inhibited by small interfering
RNAs against CRM1, indicating that this pathway is shared by different classes of miRNAs.
Additionally the authors also found that CRM1 co-immunoprecipitates with Ago-1, Ago-2,
Topo2a, EzH2, and Mta, consistent with a role of Argonautes and small RNAs in chromatin
remodeling. In another study Bussing and colleagues, identified the role of the
Caenorhabditis elegans nuclear export receptor XPOL1 and the cap-binding proteins
CBP-20/NCBP-2 and CBP-80/NCBP-1 in miRNA maturation process [37]. The RNA
interference of these genes retarded heterochronic phenotypes similar to those observed for
animals with mutations in the let-7 miRNA or core miRNA machinery genes. Moreover,
pre- and mature miRNAs become depleted, whereas primary miRNA transcripts
accumulate. An involvement of XPO1 in miRNA biogenesis was found to be conserved in
Drosophila, in which knockdown of XPO1 or its chemical inhibition through Leptomycin B
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(a CRML1 inhibitor) causes pri-miRNA accumulation. Their findings demonstrate that
XPO-1/Emb promotes the pri-miRNA-to-pre-miRNA processing leading the authors to
propose that this function involves intranuclear transport and/or nuclear export of primary
miRNAs. The nuclear import of miRNA processed guide sequences by XPO1 and the
interaction of XPO1 with different chromatin protein complexes raises important questions
about the compartment dependent role of miRNA. There are a number of unexplored
avenues such as localization and function of miRNAs in different organelles (nucleolus,
mitochondria and exosomes, elles (nucleolus, mitochondria and exosomes, vesicles and
microparticles) which add another level of complexity to the functions of these important
small RNAs.

Structure of Pre-MIRNA and XPO5 Interaction

Recently Lee and colleagues have reviewed in detail the x-ray structures and biology of the
interaction between pre-miRNAs and XPO5 [38]. Being a Ran dependent process, the
XPO5:RanGTP complex was shown to form a glove (mitt) like structure in which N-
terminal HEAT repeats 6—13 form the outer side of the glove and C-terminal HEAT repeats
14-21 form the thumb region of the glove. HEAT repeats 6-19 of all 21 repeats are involved
in binding pre-miRNA (schema in Fig. 2). The pre-miRNA aligns in the inside of the
XPO5:RanGTP protein surface. The double-stranded (ds) stem region of the pre-miRNA is
weakly caught in the glove and is stabilized in the XPO5:RanGTP complex by electrostatic
interactions with a small number of residues within a radius of 3.5 A° to form a broad
contact surface. Additionally, there are numerous secondary interactions that stabilize
binding within a radius of ~5 A°. The 3’ 2-nt overhang structure of the pre-miRNA in the
tunnel is stabilized by additional hydrogen bonds and salt bridges with the basic residues in
XPO5. It is speculated that XPO5 recognize a variety of 3’-nt sequences of pre-miRNAs as
seven out of nine interactions involve atoms of the sugar-phosphate backbone, recognition
of the 3/ 2-nt overhang by XPO?5 is projected to be independent of RNA sequence and
resembles the recognition interaction between the XPO5:RanGTP complex and the pre-
miRNA stem. Ran contacts pre-miRNA using a limited surface area (83 A°2).

Like the binding studies of XPO5-RanGTP, a number of studies have also shed light on the
x-ray structure of the CRM1:RanGTP:RanBP1 complex [39]. In this case, the loop of the
CRM1 HEAT 9 acts as an allosteric inhibitor of nuclear exclusion signal sequence (NES)
binding because binding of RanBP1 displaces the HEAT 9 loop by C-terminal acidic
residues of Ran. The displaced HEAT 9 loop interacts with the inner helix of HEATs 11-12,
resulting in NES release by changing the conformation of the NES binding site in the outer
helices of HEATs 11-12. Based on the simulation results, the authors suggested a different
dissociation mechanism by RanBP1 binding to XPO5 or XPO-t (see review [38] for details).
The model structure constructed from the RanGTP:RanBP1 and XPO-t:RanGTP:tRNA
structures suggests that RanBP1 binding makes RanGTP C-terminus bump into XPO-t,
thereby actively disassembling the tRNA export complex in the cytoplasm. This model
agrees with previous conclusions that RanBP1 and RanGAP facilitate RanGTP hydrolysis
by XPO-t and tRNA. However, XPO5 may have a different dissociation mechanism, and
XPO5:RanGTP:dsRNAs may not be destabilized by RanBP1 because superimposition of the
RanBP1:RanGTP structure onto the XPO5:RanGTP:pre-miRNA structure suggests that
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RanBP1 and the C-terminus of Ran would not sterically clash with XPO5 or with pre-
miRNA. The rapid release of pre-miRNA from XPO5 upon translocation across the NPCs
may not be favorable because free small RNAs are easily degraded (unlike stably folded
tRNA). XPO5 might resist RanBP1 (or RanBP2)-mediated cargo release to protect pre-
miRNA from degradation until the ternary export complex encounters the processing
enzyme Dicer for the final maturation of miRNA in the cytoplasm.

Nuclear Transport Influences MRNA Regulation by MiRNAS

Not only has the nuclear transport dependent regulation of biogenesis of miRNAs been
demonstrated, a number of studies have also shown that nuclear transport also affects the
mMRNA targets that are under miRNA control. Some of the earliest studies in this direction
were performed by Rui and colleagues where they showed that the XPO5-mediated nuclear
export of pre-miRNAs and the shRNAs can represent a rate-limiting step in miRNA and
shRNA-derived siRNA biogenesis and function [40]. In this study the evidence in support of
the hypothesis included the demonstration that Xpo5 over-expression specifically enhanced
targeted inhibition of gene expression by an overexpressed miRNA or shRNA. This effect
was specific, as XPO5 over-expression did not enhance RNAI mediated by an artificial
SiRNA duplex, which is predicted to gain direct access to the cytoplasm without requiring
XPO-mediated nuclear export. Using an example of miR-30a miRNA and its precursor pre-
miR-30 the authors showed that XPO5 over-expression enhanced miR-30a expression by
~2 fold and enhanced the cytoplasmic expression of pre-miR-30, the target for nuclear
export by XPOS5, by ~5 fold. Collectively their data demonstrated that XPO5 function is
rate limiting for the biogenesis and function of over-expressed miRNAs and shRNAs in
transfected human cancer cells. Their findings also suggested that XPO5 expression may
also increase the pool of pre-miRNAs that are bound to be exported out of the nucleus.

Truesdell and colleagues have reported that microRNA-mediated enhancement of target
mRNAs in oocytes is dependent on nuclear entry of the microRNAs [41]. In their study
cytoplasmically-injected microRNAs was shown to repress target mRNAs. Components of
the activated microRNP, AGO, FXR1 (FXR1-iso-a) and miR16 were found to be present in
the nucleus and cytoplasm. Importantly, the authors found that microRNA target mMRNAS
for upregulation, Mytl, TNFa and a reporter bearing the TNFa AU-rich microRNA target
sequence, are associated with AGO in immature oocyte nuclei and AGO2 in GO human
nuclei, respectively. mMRNASs that are repressed or lack target sites are not associated with
nuclear AGO. Cross linking-coupled immunopurification revealed greater association of
AGO2 with FXRL1 in the nucleus compared to cytoplasm. Consistently, overexpression of
FXR1-iso-a rescues activation of cytoplasmically-injected RNAs and in low density,
proliferating cells. These data indicate the importance of a compartmentalized AGO2-
FXR1-iso-a complex for selective recruitment for microRNA-mediated upregulation.

Prognostic Value of XPO5-MIRNA Interrelationship in Cancer

To investigate the causes of breast cancer aggressiveness, Leaderer and colleagues
performed genetic and epigenetic association studies of XPO5 in a case control study of
breast cancer [42]. They first genotyped two missense SNPs in XPO5, rs34324334 (S241N)
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and rs11544382 (M1115T), and evaluated the methylation levels in the XPO5 promoter
region for blood DNA samples from a breast cancer case-control study. Their primary
findings included the capture of variant genotypes of rs11544382 that were associated with
breast cancer risk compared to the homozygous commonly observed genotype. When
stratified by menopausal status, the variant alleles of both rs11544382 and rs34324334 were
found to be significantly associated with breast cancer risk in post-menopausal women.
Their methylation analysis demonstrated that the “high” and combined “high/middle”
tertiles of methylation index were associated with reduced risk of breast cancer. In
conclusion the authors data corroborated by data from a publicly available tissue array,
which showed lower levels of XPO5 expression in healthy controls relative to tumor or
adjacent tissues from breast cancer patients with tumor tissue exhibiting the highest
expression levels. These findings support the hypothesis that variations in components of the
miRNA biogenesis pathway, most importantly the XPO5, may affect an individual's risk of
developing breast cancer.

Very recently lwasaki and colleagues demonstrated that that XPO5 mediated global
elevation of miRNAs is critical for proper control of gene expression program during the
key steps of cell cycle entry [43]. In their studies the authors showed that XPO5 is promptly
induced during cell cycle entry by a PI3K-dependent post-transcriptional regulation. As a
proof of concept, the Inhibition of XPO5 induction was shown to interfere with global
miRNA elevation that results in a G1/S dependent proliferation defect. From these studies
the authors concluded that during cell cycle entry, XPO5 plays a key role as a critical
molecular hub controlling the gene expression program through global regulation of
miRNAs. These data indicated that XPO5-mediated global miRNA elevation regulates a
wide range of cellular events associated with cell cycle control. Similarly, Han and
colleagues investigated in urothelial carcinoma model the effect of expression patterns of
Dicer, Drosha, and XPO5 on the cell proliferation inhibition and apoptosis induced by
silencing these genes [44]. In their studies the authors showed that all the three genes were
up-regulated in bladder urothelial carcinoma compared to matched normal urothelium. Most
importantly, Dicer, Drosha, and XPO5 expression levels were found to be directly correlated
with high grade as well as invasive carcinomas. Additionally, silencing Dicer, Drosha, and
more specifically XPO5 induced cell proliferation inhibition and apoptosis in bladder
urothelial carcinoma T24 and 5637 cells. These studies indicate that XPO5 over expression
regulates proliferative potential of bladder carcinomas and inhibition of this master exporter
could become an attractive therapeutic strategy against different cancers.

Network Analysis Reveals MIR Targets of XPO5

Advancements in computational tools particularly systems biology and network analysis
methods have helped the understanding of complex biological processes such as biological
networks, drug interaction network and miRNAs [45-50]. The applications of computational
tools range from microRNAs target identification to understanding the network of genes
regulated by an individual microRNA. It is through systems levels investigations that
researchers have been able to stratify the miRNA targets in a disease specific manner [51].
Pathway analysis tools have allowed the deeper evaluations of epigenetic regulatory
mechanisms of miRNAs in different diseases particularly cancer [52]. Nevertheless, there is
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hardly any study that investigates, in a systems way, the effect nuclear transporter XPO5/
XPO1-pre-miRNA or mRNA transport in a holistic manner (recently reviewed by Mugbil
and colleagues [53]). The closest that any study has reached to systems level analysis are the
investigations from Muralidhar and colleagues that showed that the most significantly up-
regulated transcript following 5p gain was the microRNA (miRNA) processor Drosha,
XPOS5 and Dicer [54]. Drosha copy-number and expression were not elevated in pre-
malignant cervical squamous intraepithelial lesions. Importantly, global miRNA profiling
showed that Drosha over-expression in cervical SCC appears to be of functional
significance. In their unsupervised principal component analysis of a mixed panel of cervical
SCC cell lines and clinical specimens the authors showed statistically significant separation
according to Drosha over-expression. miRNAs most significantly associated with Drosha
over-expression were directly implicated in carcinogenesis in other distinct tissues,
suggesting that they regulate fundamental processes in neo-plastic progression. Their
evidence suggests that copy-number driven over-expression of Drosha and consequent
changes in miRNAs are likely to be important contributors to the selective advantage
provided by 5p gain in cervical neo-plastic progression. These studies indicate that more
systems level work evaluating the XPO1/XPO5 on pre- and mature miRNAs in a global
context is needed. Such investigations are expected to unwind the complexity of nuclear
export regulatory mechanisms of miRNAs and may lead to the identification of novel agents
that can interfere with the process in a controlled manner leading to some form of miRNA
therapy.

Targeted Inhibition of XPO1 And XPO5 as a MIRNA Therapeutic Strategy

The importance of nuclear transport in drug resistance and disease pathology has been
established [55]. Due to their central role in disease pathology, a number of agents have
been designed to target the members of the nuclear transport family proteins [56, 57]. These
drugs were designed with the idea that nuclear retention of major tumor suppressor proteins
such as p53, FOXO, p27 and others can result in selective cancer cell death. Nevertheless
the first generation compounds such as Leptomycin B (LMB) proved highly toxic in the
clinic and were discontinued from use in patients [58]. Semi-synthetic derivatives of LMB
have been developed, however, their clinical utility is yet to be tested [59]. Since the initial
setback a number of newer and less toxic nuclear export inhibitors have been developed that
have shown superior pre-clinical efficacy in both solid tumors and hematological
malignancies [60, 61]. Such inhibitors have demonstrated broad efficacy against a spectrum
of cancer types [62-68]. Our laboratory has demonstrated the pre-clinical efficacy of one
such agent i.e. selective inhibitor of nuclear export (SINE) in pancreatic and non Hodgkin’s
Lymphoma cell lines and xenograft models [69, 70]. The SINEs are undergoing Phase |
clinical evaluation for both solid tumors and Non Hodgkin’s lymphomas. However, SINE
and other inhibitors have been designed against XPO1 and not XPO5, the latter being the
primary exporter of miRNA indicating that new class of XPO5 inhibitors are needed. It
should be noted that XPO5 inhibition and the consequent nuclear retention of pre-miRNAs
is bound to have adverse effects as well. This is simply because, a number of XPO5 target
miRNAs have critical role in normal cell homeostasis. One can only speculate that global
retention of mMiRNAs is cancer or diseased cells that carry aberrant genetic material will be
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subject to cell genome surveillance while normal cells (carrying normal genome) will be
protected from the adverse effects (Fig. 3. summary diagram for exportin targeted drugs).
Computational biology, particularly mathematical modeling and systems biology has been
proposed to help understand these context dependent effects of XPO5 or CRML1 inhibition in
cancer vs normal cells. Such unanswered questions make the nuclear retention of miRNAs
through nuclear export inhibition an exciting yet unchartered territory worth exploring. Such
a strategy may lead to development of newer therapeutic modality that target global nuclear
retention of disease promoting miRNAs.

Conclusions

miRNAs regulate uncountable number of genes and have been implicated for their roles in
disease development, sustenance and drug resistance. A number of strategies have been
suggested to tame in these important small RNAs. Nevertheless, we are still a long way from
realizing their full potential as therapeutics against different diseases especially cancer. Even
though a lot of work has been done on miRNA biogenesis mechanisms, more needs to be
learned on their nuclear export regulation. Since nuclear export precede maturation of
miRNAs indicating this important point as a viable therapeutic strategy against these small
RNAs. The exportin family of transport proteins have been established to play a key role in
the nuclear export of the pre-miRNAs transport. Nevertheless, there are no studies that have
investigated the global impact of drugging these nuclear exporters. Additionally, there is less
information on how mature RNAs are transported back in the nucleus. This is primarily due
to the lack of understanding as to how the miRNA nuclear transport is regulated in normal
and disease conditions. These critical points in miRNA biology are proposed to serve as a
new form of therapeutic strategy. At present, more needs to be learned such as how the
normal cells will react to inhibition of this critical nuclear export and related family
members. Understanding the nature of export function in greater detail will lead to better
miRNA therapeutic strategies that focus on their localization function within the tumor cell
and may positively impact the treatment of cancer.
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Fig. (1). MicroRNA Research in Numbers
Graph showing Pubmed listings returned from key word search for [A] microRNAs and [B]

microRNAs and Cancer (on May 14t 2013). The graph depicts research publications in the
last 13 years. The 2013 publications are projected with a dashed line.
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Fig. (2). Nuclear Export of preemiRNAs a Key Step in Biogenesis Process
Precursor miRNASs (pre-miRNA) are exported from the nucleus with the aid of specialized

protein exporters [primarily by exportin 5 (XPO5) and to a less extent exportin 1 (XPO1)].
Nuclear export begins with the binding of pre-miRNA to XPO5 in a RanGTP dependent
manner. Once the pre-miRNA is exported to the cytoplasm, the RanGTP coverts to GDP
bringing conformational change in the XPO5 resulting in the release of pre-miRNA from the
XPOS5 structure. (The color version of the figureis availablein the electronic copy of the
article).
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Fig. (3). Nuclear Export Inhibition asa Potential Therapeutic Strategy against miRNAs
Targeted inhibition of nuclear export protein XPO5 and XPOL1 can in principle, retain pre-

miRNAs in cell nucleus. However, the impact of such global re-organization in normal cell
is not known. We speculate that in diseased cells (carrying aberrant genome), the nuclear
retention of pre-miRNA would suppress their negative control on major tumor suppressors
such as p53, FOXO, p27 and other important cell surveillance molecules. This release from
miRNA posttranslational control will allow the proper expression of different tumor
suppressors resulting in activation of cell proliferation control pathways, apoptosis pathways
and other surveillance mechanisms resulting in elimination of cancer cells. On the other
hand in normal cells, the normal genome will block the over-activation of major tumor
suppressors resulting in minimal toxicity to normal cells. (The color version of the figureis
available in the electronic copy of the article).
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