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1. Introduction 

Fail-safe biogenesis of mRNA is crucial for translating genetic information into proteins in 

a high-fidelity manner. This process occurs in the nucleus and involves various mRNA 

processing steps. Recent findings indicate that these mRNA processing steps and the 

export of mRNA into the cytoplasm are linked in eukaryotic cells. This link is called 

‘coupling’ and is thought to be indispensable for precise and efficient gene expression, 

because this coupling mechanism is conserved among many species. Through this 

coupling mechanism, only the properly-processed mRNAs are efficiently exported to the 

cytoplasm where protein synthesis occurs. Various mRNA binding proteins are identified 

to function in this system. Most of these proteins are recruited to the transcripts at an 

early stage of the mRNA lifecycle. Moreover, these proteins remain associated with the 

transcripts to a much later stage and function by prompting mRNA processing in the 

nucleus, coupling the mRNA processing steps and its export and surveillance of the 

improperly-processed mRNA in the cytoplasm. Here we review mRNA biogenesis in 

eukaryotic cells with an emphasis on the importance of this coupling mechanism for high-

fidelity gene expression. 

2. mRNA transcription by RNA polymerase II 

The transcription of mRNA is the first step of translating genetic information into a protein. 

This genetic information encoded in the DNA is transcribed into mRNA by a huge 

molecular machine called RNA polymerase II (Pol II). Pol II is responsible for transcribing 

all the protein-coding genes.  

2.1 Initiation  

At the first stage of the transcription process, Pol II needs to be recruited to a gene promoter. 

Pol II cannot recognize the promoters of target genes alone. Instead, Pol II depends on a 

series of accessory factors known as general transcription factors (GTFs) (Orphanides et al., 

1996; Roeder, 1996; Woychik and Hampsey, 2002). Pol II and the associated GTFs termed 

TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH assemble on the promoter to form the 

preinitiation complex (PIC). Mediator, a large multisubunit complex, regulates PIC 
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assembly, integrating various regulatory signals into the transcriptional activity (Conaway 

and Conaway, 2011). After the formation of PIC on the promoter, TFIIH, a complex 

harboring DNA helicases, melts the DNA to expose the template strand. Then RNA 

synthesis begins. 

Once the first nucleotide bonds have been formed, Pol II is released from the promoter to 

facilitate downstream transcription. Most of the general transcription factors dissociate from 

the promoter, whereas mediator is likely to remain associated at the promoter to facilitate 

the next round of polymerase recruitment and reinitiation (Yudkovsky et al., 2000). 

 

Fig. 1. mRNA lifecycle 

RNA polymerase II complex (Pol II) transcribes all the protein-coding genes in the nucleus. 
Transcribed pre-mRNA undergoes the various processing steps. Immature mRNA is held in 
the nucleus and degraded. Only the properly-processed mRNA is exported from the 
nucleus to the cytoplasm. In the cytoplasm, there are other quality check systems that are 
associated with the pioneer-round of translation and degrade the aberrant mRNA. Hence, 
only the properly-processed mRNA managing to pass all of these exams can serve as the 
template for protein synthesis. 

2.2 Promoter-proximal pausing 

The recruitment of Pol II to the promoter is believed to be the rate-limiting step in gene 

expression (Saunders et al., 2006). However, recent genome-wide studies using drosophila 

and mammalian cells suggest that a number of developmental and inducible genes contain 

stalled Pol II in their promoter-proximal regions, that is 20–50 nt downstream from the 

transcription start site (Aida et al., 2006; Barboric and Peterlin, 2005; Bender et al., 1987; 
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Gilmour and Lis, 1986; Krumm et al., 1992; Saunders et al., 2006; Sims et al., 2004; Strobl and 

Eick, 1992). Moreover, activation of the stalled Pol II is thought to be responsible for the 

expression of these genes (Saunders et al., 2006). DRB sensitivity-inducing factor (DSIF) and 

the negative elongation factor (NELF) (Wu et al., 2003; Yamaguchi et al., 2002) are found to 

be associated with the pausing Pol II. TFIIS, TFIIF and the positive transcription-elongation 

factor-b (P-TEFb) assist in rescuing Pol II from this pause state (Adelman et al., 2005; 

Peterlin and Price, 2006). Pol II stalling is enriched at highly regulated genes that are 

essential for responses to stimuli or embryonic development (Muse et al., 2007; Zeitlinger et 

al., 2007). Pol II stalling at the promoter supports the quick expression of these genes 

(Lorincz and Schubeler, 2007; Saunders et al., 2006). 

2.3 Elongation 

A number of factors interact with Pol II during the transition into productive elongation, 

such as P-TEFb mentioned above. Once Pol II engages in productive elongation, the mature 

Pol II complex is remarkably stable and can transcribe hundreds of kilobases without 

dissociating from the DNA template (Singh and Padgett, 2009). 

2.4 Termination 

Transcriptional termination is crucial for the release of the transcripts from the transcription 
site. This process also facilitates Pol II release from the DNA template, promoting Pol II 
recycling for further rounds of transcription. Pol II release also contributes to proper gene 
regulation. Without such events, the correct function of neighboring genes may be 
influenced because of the “penetrating” Pol II from an upstream gene.  

Currently, two models describing transcriptional termination of protein-coding genes are 

proposed. Pol II termination is known to be functionally coupled to an RNA maturation step 

called 3’ adenylation (see below). During the 3’ adenylation, the stalling of Pol II, the 

endonucleolytic cleavage of the nascent transcripts and the subsequent degradation of the 

downstream transcript occur. One of the models is called the ‘allosteric model’ which 

proposes that Pol II stalling during 3’ adenylation causes a conformational change in Pol II, 

which makes Pol II lose its processivity and leads to dissociation of Pol II from the template 

(Calvo and Manley, 2001; Greenblatt et al., 1993; Logan et al., 1987). The second model is the 

‘torpedo model’. The model proposes that a 5’ to 3’ RNA exonuclease involved in the 

clearance of downstream byproducts of the 3’ adenylation catches up to the elongating Pol II 

and causes it to terminate (Connelly and Manley, 1988). 

3. Coupling transcription to mRNA processing steps 

Once RNA synthesis starts, the transcribed pre-mRNA undergoes three major processing 

steps and these processing steps occur co-transcriptionally (Buratowski, 2009; Egloff and 

Murphy, 2008; Fuda et al., 2009; Koch et al., 2008; Kuehner et al., 2011). They are 5’ capping, 

splicing and 3’ adenylation. The proper completion of these processing steps is necessary for 

the production of export-competent mature mRNA molecules. Although the biochemical 

basis of each step is distinct, they are all coupled to transcription. A unique carboxy-

terminal domain (CTD) on Rpb1, the largest subunit of Pol II, provides the platform for this 
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coupling system (Proudfoot et al., 2002). The data that 5’ capping, splicing and 3’ 

adenylation are all inhibited by the truncation of CTD without affecting transcription 

provides evidence for the important role of CTD in coupling transcription to these 

processing steps (McCracken et al., 1997).  

3.1 Phosphorylation status of CTD during mRNA synthesis 

CTD is a conserved repeat of the heptapeptide Tyr-Ser-Pro-Thr-Ser-Pro-Ser (Cramer et al., 

2001). The number of repeats is 26 in yeast and 52 in humans. A unique feature of CTD is 

that its pattern of phosphorylation changes dynamically according to the transcriptional 

activity of Pol II (Buratowski, 2009; Egloff and Murphy, 2008; Fuda et al., 2009; Koch et al., 

2008; Kuehner et al., 2011).  

During the PIC assembly, Pol II with unphosphorylated CTD is recruited to the gene 
promoters. The mediator binds unphosphorylated Pol II. Then, within the PIC, TFIIH 
phosphorylates the CTD on Ser5, which leads to the release of mediator from Pol II. This 
allows Pol II to engage in processive transcription and depart from the promoter (Max et al., 
2007). Even if Pol II harbors Ser5P CTD, it may still stall at the promoter-proximal region 
and synthesize short and abortive transcripts as described above. As Pol II manages to 
escape from pausing and transcribes further downstream, the level of Ser5P decreases; 
however, a low level of Ser5P is maintained throughout the elongation process. 
Subsequently, Ser2 is phosphorylated by Cdk9, a kinase subunit of the positive elongation 
factor P-TEFb as well as the elongation factor DSIF (also known as Spt4/Spt5), that leads to 
transcription into a gene body (Peterlin and Price, 2006). Along with transcriptional 
termination, Ser2P is dephosphorylated and this may help Pol II reinitiate transcription. 

Each of these different modification patterns preferentially recruits a distinct set of 
processing factors at the right time during mRNA transcription and maturation. 
Furthermore, according to the X-ray study of yeast Pol II, CTD resides adjacent to the 
narrow tunnel for nascent transcripts to exit. This location appears to be appropriate for 
CTD-associating factors to work on pre-mRNAs (Fabrega et al., 2003) .  

3.2 Coupling to 5’ capping 

Capping is the first modification to the pre-mRNA. This is an m7GpppN structure added at 

the 5’ end of the nascent transcript. In the nucleus, this structure is recognized by the cap 

binding complex (CBC) (Izaurralde et al., 1994), which contains CBP20 and CBP80. The 

CBC-bound cap structure functions to protect the nascent transcript from attack by 

nucleases. It also has important roles both in the export of mature mRNAs from the nucleus 

and the quality control of mRNAs (Proudfoot et al., 2002). In the cytoplasm, the cap 

structure also serves as the binding site for the eukaryotic elongation factor eIF4E to recruit 

the ribosome.  

Capping occurs after 20−30 nt of RNA is synthesized from the transcription start site and 

involves two enzymes, HCE (Human Capping Enzyme) and MT (RNA 7-methyltransferase) 

(Hirose and Manley, 2000). These capping enzymes bind specifically to the Ser5P CTD of Pol 

II (Fabrega et al., 2003). Ser5P CTD is most abundant in the promoter-proximal region and 

ensures the 5’capping of the pre-mRNA at the earliest stage of the transcription process. 
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Fig. 2. Coupling transcription to mRNA processing steps 

Here we present the overview of the coupling between Pol II transcription and mRNA 
processing steps. Transcription begins with the assembly of the transcriptional initiation 
complex (PIC) on the promoter (i). Soon after RNA synthesis begins, m7pppGN cap 
structure is added to the 5’ end of transcript (ii). Processive elongation stimulates the 
recruitment of spliceosome (iii). At the polyA site, pre-mRNA is cleaved and subsequently 
adenylated. 3’ adenylation provokes the transcriptional termination to make Pol II dissociate 
from DNA template (iv, v). 

3.3 Coupling to splicing 

Most mammalian genes contain introns. Since these sequences represent ‘non-coding’ parts 

of the gene, in order to make a functional protein, introns must be removed from the 

template by means of splicing. Along with the completion of splicing, the exon-exon 

junction complex (EJC) is deposited about 24 nt upstream of the exon–exon junctions (Le Hir 

and Andersen, 2008; Tange et al., 2004). EJC plays important roles in mRNA export from the 

nucleus and in cytoplasmic mRNA quality control (see below). 

The pre-mRNA contains several cis-elements that are essential for the splicing reaction, such 
as 5’ splice site, the branch-point, the poly-pyrimidine tract and the 3’ splice site. These 
elements are recognized by the spliceosome, a large protein–RNA complex. The two 
sequential trans-esterification reactions carried out by the spliceosome lead to the ligation of 
the exon sequences and the excision of the introns. To accomplish the precise splicing, the 
proper recognition of these cis-elements by the spliceosome is crucial. To aid spliceosome 
deposition, there are other auxiliary sequences within the pre-mRNA. For example, a 
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sequence within an exon is called the ‘exonic splicing enhancer’ (ESE) (Chew et al., 1999; 
Wang et al., 2005; Wu et al., 2005). The serine/arginine-rich (SR) family of essential splicing 
factors play a particularly important role in splicing by binding to the ESE and recruiting the 
rest of the splicing machinery(Cartegni and Krainer, 2002; Cramer et al., 1999; Liu et al., 
1998; Sun et al., 1993).  

Transcripts derived from Pol II transcription are more efficiently spliced than those 

transcribed by T7 which lacks CTD (Das et al., 2006). Introducing mutations within the CTD 

greatly reduces the efficiency of splicing without affecting transcription as well as inhibition 

of CTD phosphorylation by kinase inhibitors (Bentley, 2005; Bird et al., 2004). Therefore, 

phosphorylated CTD seems to be crucial for the coupling of transcription and splicing. 

Several splicing factors such as U1 snRNP, a component of the spliceosome, and the SR 

protein factors directly associate with Pol II through the CTD (Das et al., 2007). Some SR 

proteins bind indirectly to the CTD of Pol II (Das et al., 2007; de Almeida and Carmo-

Fonseca, 2008). These physical interactions seem to play a role in coordinating the 

transcriptional activity with the efficiency of splicing. 

3.4 Coupling to 3’ adenylation and transcription termination 

Most of the protein-coding mRNAs undergo 3’ adenylation. At the 3’ end of the transcript, a 

polyadenosine tail (polyA tail) of approximately 200−300 nt is added (Danckwardt et al., 

2008; Proudfoot et al., 2002). Pre-mRNA is cleaved prior to polyadenylation. The cleavage 

occurs at a CA dinucleotide defined by the sequence elements within the 3’ end region of 

the pre-mRNA. These elements consist of the AAUAAA consensus sequence and the 

U/GU-rich region (downstream sequence element or DSE) that is located 10–30 nt upstream 

and 30 nt downstream of the cleavage site, respectively. Multiple protein factors assemble 

onto these sequence elements to define the cleavage site. Cleavage and the polyadenylation 

specificity factor (CPSF) binds to the AAUAAA sequence, resulting in the pausing of Pol II 

transcription (Glover-Cutter et al., 2008). After the cleavage stimulation factor (CstF) binds 

to the U/GU-rich region, CPSF binds to CstF (Kazerouninia et al., ; Kuehner et al., 2011; Nag 

et al., 2007; Park et al., 2004) . Since the binding of CPSF to CstF is mutually exclusive with 

Pol II binding (Nag et al., 2007), that binding event induces the release of paused Pol II and 

the CPSF-mediated cleavage. The upstream cleavage product is polyadenylated, whereas 

the downstream cleavage product is degraded. CPSF is associated with the elongation 

complex by interaction with the Pol II body and CstF interacts with CTD. In yeast, Pcf11, a 

subunit of the cleavage/polyadenylation factor, binds preferentially to the Ser 2P CTD via 

its CID (CTD-interacting domain) (Licatalosi et al., 2002). Moreover, purified Pol II or CTD 

can stimulate 3' adenylation in vitro (Hirose and Manley, 1998).  Thus, the efficiency of the 3’ 

adenylation is dramatically enhanced by coupling to transcription.  

As mentioned above, transcriptional termination is tightly linked to 3’ adenylation (Logan et 

al., 1987; Whitelaw and Proudfoot, 1986).  A functional polyA site (Zaret and Sherman, 1982) 

and several essential subunits of the cleavage factor including Pcf11 are necessary for Pol II 

termination(Birse et al., 1998; Gross and Moore, 2001; Minvielle-Sebastia et al., 1997).  These 

data explain why CTD is required for optimal termination of transcription downstream of 

the polyA site (McCracken et al., 1997; McNeil et al., 1998). Thus, the elongation machinery 

stimulates both 3’ adenylation and transcriptional termination.  
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4. mRNA export 

In eukaryotes, the nucleus is physically segregated from the cytoplasm by the nuclear 
envelope. Transcription and subsequent processing occur in the nucleus, whereas 
translation is a cytoplasmic event, therefore, processed mRNAs must be transported from 
the nucleus to the cytoplasm for translation. 

Nucleocytoplasmic transport events occur through the nuclear pore complex (NPC) that 
penetrates the nuclear envelope (Kohler and Hurt, 2007; Mattaj and Englmeier, 1998). The 
NPC is imaged like a spouted basket, and allows the bidirectional transport of 
macromolecules such as proteins or RNA molecules between the nucleus and the cytoplasm. 
The transported cargoes, that are imported into or exported from the nucleus, are 
recognized by different transport receptors. 

4.1 Tap-p15 mRNA export factor and its adaptors 

The export receptor of mRNA is the Tap and p15 (Mex67 and Mtr2 in yeast) heterodimer 
complex (Gruter et al., 1998; Segref et al., 1997). The stable interaction with NPC is not 
accomplished only by Tap, but also requires heterodimerization with p15 (Guzik et al., 
2001). In the absence of the Tap-p15 association, the mRNA is retained in the nucleus by the 
mRNA quality control system (Fasken and Corbett, 2009; Moraes, 2010). 

 

Fig. 3. Coupling splicing to export.  
Because mRNA processing is coupled to its export, the proper processing facilitates mRNA 
export into the cytoplasm. Black bars represent exons and gray bars represent introns. 
As splicing proceeds, the TREX complex is loaded onto mRNA and SR proteins on ESEs 
become hypophsophrylated. These factors function as adaptors for Tap/p15, mRNA export 
receptor. On the other hand, unspliced pre-mRNA is retained in the nucleus by the nulear 
retention activity of RES. Please see text for other nuclear retention mechanisms. 
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Numerous additional factors cooperate with the mRNA export receptor. The role of these 

factors is to establish a physical bridge between the mRNA and its export receptor Tap-p15. 

One of the important adaptors is the TREX (transcription-export) complex that consists of 

the Ref family protein Aly (Yra1 in yeast), UAP56 (Sub2 in yeast) and the THO complex 

(Masuda et al., 2005; Strasser et al., 2002). Because the direct interaction of mRNA and 

Mex67 appears to be weak, the TREX subunit Aly/Yra1 mediates interaction between 

mRNA and the Tap/Mex67 complex (Reed, 2003; Reed and Hurt, 2002). 

Another class of mRNA export adaptors is the SR proteins. As mentioned above, the SR 
proteins have essential roles in splicing. Some of the SR proteins such as SF2/ASF and 9G8 
function as mRNA export adaptors as well (Huang et al., 2003). 

4.2 Coupling transcription and processing to nuclear export 

Remarkably, these adaptors are attached to transcripts as pre-mRNA processing steps 
proceed.  

The TREX complex is recruited onto mRNA during splicing (Masuda et al., 2005) and 

associates with the cap binding complex (CBC) through a direct interaction between Aly and 

CBC (Cheng et al., 2006; Nojima et al., 2007). Later the TREX complex is thought to be 

replaced by the Tap-p15 mRNA export receptor. Hence, the TREX complex integrates 

transcription or splicing with nuclear export. A study using electron microscopy revealed 

that the fully maturated mRNA is exported in the 5’ to 3’ direction (Visa et al., 1996); 

therefore, the association of the TREX complex at the cap site seems to guide the directional 

mRNA export.  

SR proteins are recruited to the splicing machinery in a hyperphosphorylated form and 

become hypophosphorylated after splicing. The change in the phosphorylation state 

triggers the recruitment of TAP–p15 (Huang et al., 2003). The phosphorylation status of 

the SR proteins could act as a switch to signal the export competence of the spliced 

mRNP. 

The importance of the coupling of mRNA export to transcription was initially suggested by 

the observation that spliced mRNAs exit the nucleus more efficiently than unspliced 

mRNAs or RNAs derived from cDNAs (Luo and Reed, 1999). Splicing-dependent 

recruitment and stabilization of these adaptors explains why mRNAs produced from intron 

containing genes are more efficiently exported than mRNAs derived from cDNAs. 

Besides these factors described above, a complex called TREX-2 is proposed to functionally 

couple transcription and mRNA export. TREX-2 is composed of Sac3, Thp1, Sus1 and Cdc31 

(Fischer et al., 2004; Rodriguez-Navarro et al., 2004). Sac3 was originally identified as an 

additional mRNA export adaptor in yeast (Fischer et al., 2002). Sac3 physically associates 

with the Mex67–Mtr2 export receptor. Sus1 in the TREX-2 complex interacts with SAGA, a 

large transcription initiation complex that catalyzes histone acetylation and deubiquitylation 

(Kohler et al., 2006; Shukla et al., 2006). TREX-2 and SAGA generate a physical contact with 

the NPC. TREX-2 therefore couples SAGA-dependent gene transcription to mRNA export 

both by facilitating the export receptor loading onto transcribed mRNAs and by bringing 

the transcription site closer to NPC.  
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4.3 The role of Dbp5-Gle1 and IP6 in the release of mRNA into the cytoplasm 

To ensure the unidirectional transport of cargo, transport receptors need cues to determine 
which side of the NPC they are on. A shuttling of proteins between the nucleus and the 
cytosol requires a family of conserved nuclear transport receptors known as karyopherins 
(Chook and Blobel, 2001; Mosammaparast and Pemberton, 2004; Strom and Weis, 2001). 
Importinβ family proteins, the most studied karyopherins, directly or indirectly recognize 
cargo signals. The affinity for cargoes and the direction of nucleocytoplasmic transport by 
the importinβ family of proteins is determined by the asymmetric nucleus/cytoplasm 
distribution of RanGTP and RanGDP; the so-called ‘Ran gradient’ (Gorlich and Kutay, 1999; 
Pemberton et al., 1998). In the case of nuclear export, the interaction between karyopherin 
and the cargo is stabilized by the RanGTP concentrated in the nucleus, whereas in the 
cytoplasm, RanGDP, which is derived from RanGTP hydrolysis by RanGAP, causes the 
complex to disassemble and terminate the export step. 

In contrast, bulk mRNA export does not depend on karyopherins or the Ran gradient. If the 
Tap-p15 heterodimer still interacts with mRNA at the NPC, mRNA could be returned to the 
nucleus. Dbp5-Gle1 and inositol hexakisphosphate (IP6) function to ensure the 
unidirectional export of mRNA into the cytoplasm.  

In yeast, Dbp5 removes Mex67 from mRNA in vivo and displaces the RNA binding protein 
Nab2 in vitro (Lund and Guthrie, 2005; Tran et al., 2007). Consequently, Dbp5 remodels the 
profile of proteins binding to transcripts, thus preventing mRNA from returning to the 
nucleus. Dbp5 is a DEAD-box RNA helicases. DEAD-box RNA helicases are highly 
conserved among eukaryotes and contain a highly conserved core with ATP-binding and 
RNA-binding sites (Rocak and Linder, 2004). DEAD-box RNA helicases conjugate their 
ATPase activities to their helicase activities. The ATP-bound form of Dbp5, “closed form”, 
sandwiches RNA, but the ADP-bound form, “open form”, releases RNA (Ledoux and 
Guthrie, 2011). Moreover, only the ADP-bound Dbp5 can remove Nab2 from mRNA, 
whereas ATP-bound Dbp5 does not. Consequently, the alteration of ATP to ADP within 
Dbp5 may be crucial for its remodeling activity. Dbp5 exhibits quite low ATPase activity on 
its own. Gle1 and IP6 activate the ATPase activity of Dbp5 (Dossani et al., 2009; Weirich et 
al., 2006). Recently, the Dbp5-Gle1 and IP6 complex was shown to be structurally similar to 
the eIF4A-eIF4G complex which is essential for translation initiation. eIF4A is a DEAD-box 
family protein, and eIF4G activates eIF4A exactly as Gle activates Dbp5 (Montpetit et al., 
2011). Dbp5 is concentrated at the cytoplasmic face of the NPC where it interacts with the 
nucleoporin Nup159 (NUP214/CAN in human) (Weirich et al., 2004). On the other hand, 
Dbp5 is relatively abundant and also localizes in the cytoplasm. Remarkably, Dbp5 shuttles 
between the nucleus and the cytoplasm, and the inhibition of Xpo1, an importinβ family 
protein, results in the accumulation of Dbp5 in the nucleus (Hodge et al., 1999). Moreover, it 
is reported that Dbp5 is recruited to mRNA at an early stage in the transcription process 
(Estruch and Cole, 2003). This raises the question of why Dbp5 removes Tap from mRNA 
only after transit through the NPC and not in the nucleus. The current model is shown in 
Fig.4. Gle1 is concentrated at the cytoplasmic face of the NPC via interaction with two 
cytoplasmic components of NPC, Nup42 (CG1 in human) and Nup159. As a result of this 
biased localization of Gle1, the ATPase of Dbp5 is activated only on the cytoplasmic side of 
the NPC. Then, Dbp5 should dissociate Mex67 from mRNA, and mRNA is unidirectionally 
exported to the cytoplasm.  
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Fig. 4. The current model of mRNA export.  

(I) Mex67-Mtr2 (Tap-p15 in human), mediated by Yra1 or SR proteins, exports mRNA to the 

NPC. (II) On the cytoplasmic side of the NPC, Dbp5, activated by Gle1 and IP6, removes 

RNA binding proteins including Mex67 from the mRNA, which is called ’remodeling’. 

Thereby, mRNA export to the cytoplasm is one-way traffic.  

4.4 Non-canonical mRNA export pathway 

The importinβ family protein Xpo1, also known as Crm1, does not have a major role in 

mRNA export. However, Xpo1 is shown to be involved in nuclear export of a subset of 

transcripts, such as mRNAs containing adenosine/uridine-rich elements (AREs) positioned 

in their 3’ untranslated regions (Barreau et al., 2005; Chen and Shyu, 1995).  

5. mRNA quality control 

When mRNA undergoes proper processing, it travels through the NPC to the cytoplasm for 

protein synthesis. However, if the mRNA is not properly processed, it should be held in the 

nucleus or be degraded to avoid the production of aberrant proteins that may disrupt 

cellular function. Currently, several mRNA quality control systems are found in the nucleus 

and the cytoplasm. 

5.1 Nuclear retention of aberrant mRNA 

Myosin-like proteins (Mlp1p and Mlp2p in yeast and Tpr in vertebrates) are filamentous 

proteins anchored at the NPC (Kohler and Hurt, 2007). Deletion of Mlp1 results in the leakage 

of unspliced transcripts into the cytoplasm (Galy et al., 2004). Mlp1 interacts with Nab2 

(Fasken et al., 2008; Grant et al., 2008; Green et al., 2003; Vinciguerra et al., 2005), and the splice 

site-binding protein SF1 and the branch point-binding protein also interact with Mlp1 in an 

RNA-dependent manner (Galy et al., 2004). At the NPC, through sequestering unspliced 

transcripts or facilitating the export of mature mRNA, Mlps function as ‘gatekeepers’ to assure 

that only mature mRNAs are exported from the nucleus. In addition, pre-mRNA retention and 
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the splicing (RES) complex, which binds to the SF3b subcomplex in the spliceosome, are also 

implicated in pre-mRNA retention in the nucleus (Kaida et al., 2007). Some ESEs have been 

shown to possess activity to retain unspliced mRNAs, and the splicing reaction can reset the 

nuclear retention state caused by the ESEs (Taniguchi et al., 2007). 

Several data suggest that the improperly-processed transcripts are submitted to the 
retention at the transcription site and subsequently undergo degradation. The nuclear 
exosome nuclease complex plays a crucial role in this mRNA quality control in the nucleus. 
(Abruzzi et al., 2006; Bousquet-Antonelli et al., 2000; Burkard and Butler, 2000; Custodio et 
al., 1999; Das et al., 2003; Dower et al., 2004; Dunn et al., 2005; Hilleren et al., 2001; Libri et 
al., 2002; Milligan et al., 2005; Torchet et al., 2002; Zenklusen et al., 2002). 

The exosome is a ring-shaped multimolecular complex involved in degradation of various 
RNAs both in the nucleus and the cytoplasm (see below for the function of exosome in 
cytoplasmic mRNA quality control) (Belostotsky, 2009; Houseley et al., 2006; Lebreton and 
Seraphin, 2008; Lorentzen et al., 2008; Lorentzen and Conti, 2006; Lykke-Andersen et al., 
2009; Schmid and Jensen, 2008; van Hoof and Parker, 1999; Vanacova and Stefl, 2007). In 
the nucleus, the exosome interacts with its nuclear-specific binding partner, Rrp6. When 
mRNA processing, such as splicing or 3’ adenylation, is perturbed, transcripts are 
retained within foci near or at the transcription site and are degraded in an Rrp6-
dependent manner.  

5.2 mRNA quality control in the cytoplasm 

The mature mRNAs exported from the nucleus to the cytoplasm are now applied to 

translation. At the first translation round, so called the pioneer-round of translation, mRNA 

undergoes a quality check. At least three mechanisms are currently known (Houseley and 

Tollervey, 2008; Isken and Maquat, 2007; Shyu et al., 2008). They are nonsense-mediated 

mRNA decay (NMD) (Culbertson and Neeno-Eckwall, 2005; Isken and Maquat, 2008), non-

stop decay (NSD) (Vasudevan et al., 2002) and no-go decay (NGD). 

Some mutations can cause the emergence of a pre-mature termination codon (PTC) within 

the mRNA. Such nonsense mutations result in the production of C-terminally truncated 

proteins that may be harmful to the cell. After the splicing, EJC is deposited 20−24 nt 

upstream of the exon–exon junctions (Le Hir and Andersen, 2008; Tange et al., 2004).  

Normal termination codons in mammalian transcripts are usually found within the last 

exon. Consequently, EJC should be displaced at a pioneer round of translation. However, if 

PTC is present more than 50-55 nt upstream of EJC, EJC remains on the transcripts and the 

translating ribosome meets EJC. This event triggers NMD to degrade PTC containing 

mRNA. Most PTC-containing mRNAs in mammals come from aberrant alternative splicing 

(McGlincy and Smith, 2008). Upf 1-3 proteins have a central role in facilitating the 

recognition of PTC (Muhlemann and Lykke-Andersen, 2010). PTC-containing mRNAs are 

degraded through two pathways. One is initiated through decapping at the 5’ end and/or 

deadenylation at the 3’ end. These reactions make it easy to degrade mRNA by 

exoribonucleases. In a second pathway, mRNA is first endonucleolytically cleaved by Smg6, 

and then degraded both in 5’ to 3’ and 3’ to 5’ direction by exonucleases (Muhlemann and 

Lykke-Andersen, 2010; Nicholson et al., 2010). 
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Fig. 5. mRNA quality control in the cytoplasm  
When mRNA reaches the cytoplasm, it is applied to the first translation cycle; the so-called 
‘pioneer-round of translation’. During this translation, mRNA is submitted to the final 
quality check before the vigorous protein synthesis. Nonsense-mediated mRNA decay 
(NMD) for mRNAs harboring pre-mature termination codons (PTC) (a), non-stop decay 
(NSD) for mRNAs without functional termination codons (b) and no-go decay (NGD) for 
mRNAs with strong secondary structures are identified to participate in this translation-
coupled quality control. 
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mRNAs that lack the termination codons are also targeted for the translation-dependent 

mRNA decay, NSD. When a ribosome translates through the polyA tail because of the lack 

of a termination codon and stalls at the 3’-end of the mRNA, Ski7, a component of the 

cytoplasmic exosome, interacts with the stalled ribosome and triggers the rapid degradation 

of the non-stop mRNA (Isken and Maquat, 2007).  

Some mRNAs produced from aberrant alternative splicing contain strong secondary 

structures. Such structures prevent translation by the ribosome and cause the ribosome to 

stall. The ribosome is rescued by the NGD pathway. NGD clears the stalled ribosome and 

rapidly degrades the mRNA transcript (Doma and Parker, 2006). Dom34 and Hbs1 interact 

with the stalled ribosome and assist in the disassembly of the translational complex. They 

also trigger mRNA decay through endonucleolytic cleavage and subsequent exonucleolytic 

decay (Doma and Parker, 2007). 

6. Concluding remarks 

Various mRNA-processing proteins are recruited onto the transcripts at the early stage of 

the mRNA lifecycle. Besides their functions to facilitate pre-mRNA processing, they also 

serve as a ‘dress-code’ that indicates that the coded mRNA is properly processed and 

competent for export and translation. Pol II coordinates transcriptional activity for the 

recruitment of these factors to the transcripts. Hence, from its birth in the nucleus to its 

degradation in the cytoplasm, mRNA is kept under strict surveillance to ensure high-fidelity 

gene expression.  
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