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Abstract A double lipid bilayer separating the nucleus from the cytoplasm, termed the nuclear envelope, is a defining
feature of eukaryotes. Nucleocytoplasmic transport of macromolecules through the nuclear pores enables fine-tuned
regulation of biologic processes. All mature mRNAs are delivered to the cytoplasm from the nucleus via an mRNA
export pathway. Much work has been done in yeast and animals to study the machinery of mRNA export. However,
until recently, research on plant mRNA export has been quite limited. Genetic, bioinformatic, and biochemical
investigations have expanded our understanding of the mRNA export process in plants. Here, we review recent progress
that has been made elucidating the components of the mRNA export pathway in plants. MOS3 (MODIFIER OF SNC1, 3)
/AtNup96 and AtNupl60 are both components of the highly conserved Nup107-160 nucleoporin complex and were
shown to play key roles in mRNA export. MOS11 (MODIFIER OF SNC1, 11), which is homologous to the RNA helicase
enhancer CIP29 in human, was recently found to be involved in the same pathway as MOS3. A DEAD Box RNA
helicase, LOS4 (low expression of osmotically responsive genes 4) was also found to play a role in the mRNA export
process, putatively by carrying mRNA molecules through the nuclear envelope. Recently, a protein complex
homologous to the yeast TREX-2 complex was also found to play important roles in mRNA export in plants. It appears

that most players in the mRNA export pathway are highly conserved among plants, yeast and animals.

Introduction

The mRNA export pathway plays an important role in
eukaryotic gene expression (Chinnusamy et al., 2008). Unlike
prokaryotic cells, where no clear boundary separates the
nuclear region from the cytoplasm, eukaryotic cells contain
nuclei enclosed by the nuclear envelope comprised of a
double-layered membrane structure. Nuclear pores embedded
in the nuclear envelope allow the passage of macromolecules
such as proteins and RNAs across the membrane.

In eukaryotic cells, mRNA undergoes series of modifica-
tions in the nucleus before being exported into the cytoplasm
for translation (Keene, 2010). Modifications of the mRNA,
such as 5’ capping, 3’ polyadenylation and the removal of
introns, take place both co-transcriptionally and post-
transcriptionally. Incorrectly processed mRNAs are degraded.
Heterogeneous nuclear ribonucleoproteins (hnRNPs) are
recruited to the mRNA at this stage to form mRNA-protein
complexes termed ribonucleoproteins (mRNPs) (Iglesias and
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Stutz, 2008; Chaudhury et al., 2010). Some hnRNPs facilitate
the export of the mRNA. The passage of the export-
competent mRNPs through the nuclear pore also requires
the recruitment of certain nuclear export factors (NEFs).
NEFs bridge the mRNPs and proteins in the nuclear pore
complex (NPC) called nucleoporins (NUPs) (Vinciguerra and
Stutz, 2004; Carmody and Wente, 2009; Stewart, 2010).
NUPs which are responsible for such interaction usually
contain multiple FG (phenylalanine-glycine) repeats in their
amino acid sequence and the difference in the patterns of
these repeats determines the specificity of the interaction with
different NEFs (Chinnusamy et al., 2008; Strambio-De-
Castillia et al., 2010). After mRNPs are docked onto the NPC,
they are pulled through the nuclear pore. The energy for this
process is provided by RNA helicase-mediated hydrolysis of
NTPs (nucleoside triphosphate) (Tanner and Linder, 2001).
RNA helicases are also known as RNA chaperones due to
their role in the correction of the misfolded RNA molecules.

Therefore, successful export of mRNA requires the
processing of the pre-mRNA, the formation of mRNP, the
targeting of mRNP to the nuclear pore complex and the
unidirectional release of the mRNP into the cytoplasm. The
coordination of the function of components involved in the
mRNA export pathway, such as hnRNP proteins, RNA
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helicases, NEFs and NUPs, ensures the efficiency and
accuracy of mRNA export. Here we summarize and discuss
some components involved in the mRNA export pathway in
plants (Fig. 1).

The AtNup107-160 complex in mRNA
export

In the Arabidopsis thaliana mutant sncl (suppressor of npri-
1, constitutive, 1), a gain-of-function mutation leads to
constitutive activation of the expression of PR (Pathogenesis-
Related) genes and enhanced resistance against virulent
pathogens including the bacteria Pseudomonas syringae pv.
maculicola ES4326 (Ps.m. ES4326) and the oomycete
Hyaloperonospora arabidopsidis Noco2 (Zhang et al.,
2003). The sncl single mutant plants accumulate higher
levels of salicylic acid (SA) and are smaller than wild type
plants due to fitness costs associated with autoimmunity. The
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mutation in sncl results in an E (glutamate) to K (lysine)
change in the linker region between the NB (nucleotide
binding) domain and the LRR (leucine-rich repeat) region of a
Resistance (R) protein. To identify additional components
required for SNC1 function, genetic screens were performed
in either a sncl or a sncl nprl background to search for
mutants able to suppress the sncl/ phenotype. One of the
mutants characterized in detail was mos3 (modifier of sncl, 3)
(Zhang and Li, 2005). Compared with the snc/ single mutant,
the mos3 sncl double mutant is larger in size, has suppressed
pathogen resistance and reduced SA levels.

MOS3 was found to encode a nucleoporin homologous to
Nup96 in human and C-Nup145p in yeast. In human cells, the
expression of Nup96 is upregulated by interferon gamma. The
increase in the expression of Nup96 plays an important role as
it reverses the inhibition of mRNA nuclear export by a viral
toxin (Enninga et al., 2002). In yeast cells, the C-Nup145p
seems to be a limiting factor for proper mRNA export
under certain conditions. In mutant yeast cells grown at 37°C,
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Figure 1 Components involved in the mRNA export pathway in plants. MOS11 enhances the activity of RNA chaperones to keep the
pre-mRNA molecules in proper conformation and to correct the misfolded mRNA molecules. The TREX-2 complex, attached to the
nuclear pore complex through Nupl, facilitates the export of mMRNA. MOS3, a component of the Nup107-160 complex, is located in the
core region of the nuclear pore complex. The Nup107-160 complex is required for mRNA export. LOS4, a DEAD-Box helicase, helps
pulling the mRNA through the nuclear pore using the energy from ATP hydrolysis.
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poly-adenylated (poly-A) RNA accumulated in the nucleus
and the cells were unable to grow (Dockendorff et al., 1997).
However, the viability of these cells was not affected at 30°C
(Dockendorft et al., 1997). In mos3/sar3 (suppressor of auxin
resistance, 3) mutant plant cells, poly-A RNA accumulates in
the nucleus (Parry et al., 2006). With the structural homology
between MOS3, Nup96 and C-Nupl45p as well as the
functional similarity between Nup96 and C-Nup145p, it is not
surprising that MOS3 plays a role in mRNA export.
Suppression of sncl phenotypes by mos3 is probably caused
by impaired export of mRNA of defense regulators.

MOS3 homologs in yeast and human belong to the
Nup107-160 complex, which also contains Nup160 (Zuccolo
et al., 2007). Nup160 is conserved among various eukaryotic
organisms including plants, yeast, mice and humans. Nup160
associates with Nup133, Nupl107 and Nup96 to form the
Nup107-160 complex in human cells. It is likely that these
proteins function together in the same mRNA export
pathway. AtNup160 is also referred to as SAR1 (suppressor
of auxin resistance, 1) and sarl cells have been shown to
accumulate poly-A RNA in the nucleus (Dong et al., 2006;
Parry et al., 2006).

In a genetic screen to look for components involved in the
control of plant tolerance to cold, a recessive mutation,
atnupl60-1, was identified. Transcriptional levels of cold-
induced genes CBFI, CBF2 and CBF3 were substantially
decreased in atnupl60-1, whereas the mutation had little
effect on the global transcription levels compared with the
wild type plants. The atnupl60-1 mutant plants were more
sensitive to chilling and freezing stresses and displayed early
flowering phenotypes. Significant poly-A RNA accumulation
was observed in the nuclei of the atnup 160-1 mutant cells but
not in wild type plant cells, indicating that atnup160-1 is
defective in mRNA export. AtNup160 is required for mRNA
export under both warm and cold temperatures. The reduced
expression of cold-induced genes in atnup160-1 suggests that
mRNA export is critical for the proper expression of these
genes (Dong et al., 2006).

MOS11 functions in the same mRNA export
pathway as MOS3

In the screen for mutants that suppress the snc/ phenotype,
mosll (modifier of sncl, 11) was found to partially suppress
the dwarfism and enhance the disease resistance of sncl
(Germain et al., 2010). MOS11 shows close homology with
human protein CIP29 and yeast Thol. In human cells, CIP29
was identified as a primary DDX39 interacting protein, which
enhances the RNA-unwinding activity of DDX39 (Sugiura et
al., 2007; Gatfield et al., 2001). DDX39 belongs to the
DEAD/DExH box RNA helicase family. Members of this
RNA helicase family are involved in transcription as well as
RNA editing, splicing, export, translation, and degradation
(Tanner and Linder, 2010). The major function of these

proteins is to keep the RNA in its unwound state. Therefore,
MOSI11 may act as a co-chaperone in the nucleus to co-
catalyze the unwinding of mRNA before its export into the
cytoplasm. Similar to mos3 and atnupl60-1, mosil mutant
plant cells accumulates poly-A RNA in the nucleus,
suggesting that MOSI11 also plays a crucial role in mRNA
export (Germain et al., 2010). Unlike MOS3, which is a
member of the nuclear pore complex, MOS11 was found
inside the nucleus (Germain et al., 2010). To analyze the
relationship between MOS3 and MOSI11, susceptibility of the
mos3 and mosll single mutants to Ps.m. ES4326 was
compared with that of the mos3 mosiI double mutant. Since
mos3 and mos3 mos 11 mutant plants showed similar levels of
enhanced susceptibility to the pathogen, MOS3 and MOSI11
probably function in the same mRNA export pathway. As
MOSI11 is located inside the nucleus while MOS3 is a
nucleoporin, MOS11 may be associated with mRNA
molecules before they are delivered into the cytoplasm
through the nuclear envelope by Nup107-160 complex.

The function of the DDX39 homolog in Arabidopsis has
yet to be determined. DDX39 has been shown to interact with
another human protein ALY, which is believed to be recruited
to the mRNP during spliceosome assembly and plays a role
specifically in the export of mRNA, but not other types of
RNA (Zhou et al., 2000). Future analysis of proteins
associated with MOSI11 will enhance our understanding of
the mRNA export process in plants.

LOS4 is an RNA helicase involved in mRNA
export

In the study of cold stress-induced response in Arabidopsis, a
recessive mutant los4-1 (low expression of osmotically
responsive genes 4, 1) showed impaired accumulation of
CBF gene transcripts and enhanced cold susceptibility (Gong
et al., 2005). Another recessive mutation allelic to los4-1,
los4-2, displayed enhanced induction of CBF2 and its
downstream target genes under chilling or freezing conditions
(Gong et al., 2005). However, the response of los4-2 plants to
abscisic acid was greatly reduced under high temperature
conditions compared with wild type plants (Gong et al.,
2005). los4-2 plants were lethal when incubated at high
temperatures (26°C—-28°C), while wild type plants were not
adversely affected (Gong et al., 2005). LOS4 encodes another
putative DEAD box helicase (Gong et al., 2005). The LOS4
protein was shown to be highly enriched at the nucleus rim,
indicating that the LOS4 protein is located at the nuclear
envelope (Gong et al., 2005). Accumulation of poly-A RNA
within the nucleus was observed in /os4-2 plant cells under
normal temperature but not under cold conditions (4°C)
(Gong et al., 2005). This suggests that the LOS4 protein may
play an important role in RNA export. One explanation for
the opposite changes in the expression level of cold-tolerance
genes in los4-1 and los4-2 is that LOS4 acts as a direct
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temperature sensor and the two mutations affected its function
in different ways.

It is unclear how LOS4 functions in plants cells to facilitate
the export of RNA molecules. In yeast and vertebrate cells,
DEAD Box Protein Dbp5 is directly involved in the mRNA
export process, which is believed to use the energy from ATP
to remodel the mRNPs to help them pass through the nuclear
pore (Tanner and Linder, 2010). It is possible that there is a
functional similarity between Dbp5 and LOS4.

Arabidopsis has mRNA export complex
homologous to the yeast TREX-2 complex

In yeast, the TREX-2 complex is also known as the Thpl-
Sac3-Cdc31-Susl complex based on its protein composition.
It is anchored to the nuclear face of the nuclear pore complex
through the interaction between Sac3 and Nupl, a protein
located at the basket-like part of NPC. It is believed that
TREX-2 is involved in coupling SAGA (Spt-Ada-Gcen5
acetyltransferase)-dependent transcription and mRNA export,
as Sus1 was found to associate with the SAGA transcriptional
co-activator complex (Lu et al., 2010). Interestingly, homo-
logs of a number of components and binding partners of the
yeast TREX-2 complex were identified in Arabidopsis based
on bioinformatic prediction and yeast two-hybrid analysis (Lu
et al., 2010; Yelina et al., 2010; Jauvion et al., 2010).
Orthologs of yeast Thpl, Sac3 and Cdc31 were all found to
physically associate with the Arabidopsis TREX-2 complex
(Lu et al., 2010). Nuclear accumulation of poly-A mRNA has
been observed in atthpl (Lu et al., 2010), suggesting that
plants possess a protein complex similar to the yeast TREX-2
complex. This complex appears to be important for plant
mRNA export as well as other RNA processing pathways
(Yelina et al., 2010; Jauvion et al., 2010).

Perspectives

The mRNA export pathway is not only essential for normal
plant growth and development, but also contributes greatly in
mediating plant responses to both biotic and abiotic stresses.
Our understanding of this process in plants is far from
complete. Since genes involved in mRNA export appear to be
largely conserved between yeast, animals, and plants, work
conducted in non-plant systems can provide a foundation for
investigations using plant models.

Our understanding of mRNA export in plants is still in its
infancy. An increasing number of papers investigating the
mRNA export pathway in plants are published each year. One
advantage of using Arabidopsis to study mRNA export is that
it allows us to look at the functions of the mRNA export-
related genes at the whole organism level, while studies using
yeast and human cells focus solely on gene function at a
cellular level. With the help of modern genetic, bioinformatic
and biochemical approaches, a rapid advancement in our

understanding of the mRNA export process in plants is
expected.
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