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Summary

mRNA translation, a highly coordinated affair involving many proteins and RNAs, is generally 

divided into three steps: initiation, elongation, and termination. Each of these steps serves as a 

point of regulation to control the amount of protein that is produced. The protein 4E-HP has 

recently been shown to disrupt recruitment of the translation initiation complex by directly binding 

the 5’ cap of cellular mRNAs. Recent work has shown elongation rates are likely altered during 

mitosis and certain types of synaptic transmission. Other work has shown premature termination 

of mRNAs lacking stop codons appears to repress their translation. Together, these studies 

highlight the importance of translational control in diverse processes such as development, cancer, 

and synaptic plasticity.

Introduction

Translation, the decoding of messenger RNA (mRNA) into protein, is a complex process 

involving mRNA, ribosomes, and a plethora of additional factors that not only promote 

polypeptide elongation, but regulate this process as well. The overall translation process can 

be divided into three main steps: initiation, elongation and termination. Each of these steps 

can be regulated, resulting in the differential synthesis of specific proteins and profound 

changes in cell physiology. For example, regulated translation controls such diverse 

phenomena as learning and memory formation, body plan patterning during development, 

and cancer [1-5]. This review will highlight recent findings of eukaryotic translational 

control that occur at initiation, elongation and termination. Other more detailed reviews of 

translation have recently been published [5-7]

A brief overview of translation

The early events of translation initiation begin with the formation of a ternary complex 

consisting of GTP, met-tRNA, and the initiation factor eIF2 [8]. Together with additional 

initiation factors (eIF3, eIF5, eIF1, and eIF1A), the ternary complex associates with the 40S 
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ribosomal subunit to form a 43S preinitiation complex (Figure 1) [9,10]. In mammals, this 

large agglomeration of factors is recruited to the 5’ end of the mRNA through interactions 

with the initiation factors eIF4G and eIF3 whereupon it is referred to as the 48S preinitiation 

complex [11]. The DExH box putative helicase protein DHX29 is also required in this 

complex for translation of mRNAs with highly structured 5’ UTRs [12]. Proper positioning 

of the complex on the 5’ end requires the m7G cap-binding complex consisting of eIF4E, 

eIF4G and eIF4A, which together are called eIF4F [13]. With the aid of the initiation factors 

eIF1, eIF1A, and DHX29, the 48S complex then scans the mRNA in the 3’ direction until it 

encounters an AUG initiation codon in the correct context, generally the first AUG, where it 

is joined by the 60S subunit to begin polypeptide elongation [12,14,15].

In contrast to initiation, elongation is a simpler affair; its requirements are to maintain the 

reading frame, select and deliver the correct aminoacyl-tRNAs to the 80S ribosome, and 

form peptide bonds. Only two elongation factors are required for these tasks: eEF1A, which 

helps bring the charged tRNAs to the ribosome, and eEF2, which promotes translocation of 

the ribosome along the mRNA [16].

Termination is mediated by the release factor eRF1; it recognizes one of three stop codons 

and binds to the ribosome in place of a tRNA. This event, along with binding of eRF3, 

stimulates GTP hydrolysis and release of the peptide chain [17,18].

The complexity of each of these three steps is proportional to the amount of regulation that 

occurs. That is, most translational control mechanisms described thus far affect initiation, 

albeit not necessarily at one particular phase of initiation [19]. This makes sense because it 

is energetically favorable to control the first step in any reaction. Relatively few examples of 

regulation at elongation are known, although a number are inferred based on the 

phosphorylation state of eEF2 [20,21]. Finally, with the exception of premature stop codons 

(which leads to nonsense mediated mRNA decay), there are few clear examples of regulated 

termination. Here, we discuss recent examples where regulation takes place at each of the 

three phases of translation, which will serve as useful frameworks as new modes of 

translational control are uncovered.

Initiation

Translational control can be general, affecting all or most mRNAs, or specific, affecting 

only a limited number of transcripts. A well-described mechanism that can be both (mostly) 

general and mRNA-specific affects initiation, particularly at the eIF4E-eIF4G interface 

(Figure 2A). The now-classical regulator of many mRNAs is the 4E-BP family of proteins, 

which bind and sequester eIF4E from eIF4G, thereby shutting down most cap-dependent 

translation (Figure 2B) [5,19,22,23]. In contrast, Maskin, Neuroguidin, Cup, and CYFIP1 

are similar to 4E-BP in that they bind eIF4E and prevent its interaction with eIF4G; 

however, these proteins are also tethered to sequence-specific RNA binding proteins (Figure 

2C) [24-27]. They therefore inhibit the translation of only those mRNAs that interact with 

the RNA binding protein CPEB, in the case of Maskin and neuroguidin, Bruno, in the case 

of Cup, and the Fragile X mental retardation protein (FMRP) and a small noncoding RNA 

(BC1) in the case of CYFIP1. Only the binding of Maskin to eIF4E has been shown to be 

reversible, which is mediated by both Maskin phosphorylation and poly (A) tail lengthening 
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by CPEB and associated factors [28-32]. However, it should be noted that at least partial 

CYFIP1-mediated translational repression can alleviated by synaptic activity in neurons 

[27].

Because the 4E-BPs, Maskin, Neuroguidin, Cup, CYFIP1, and eIF4G all probably bind the 

same region on eIF4E, it is easy to see how a competition for cap association of translation 

factors occurs. Most of the eIF4E binding proteins have the motif YXXXXLΦ (where Φ is 

any hydrophobic amino acid, often a leucine), although Maskin has a T in place of the Y, 

which is the portion that contacts eIF4E [22]. CYFIP1, however, does not contain this motif, 

but instead has a short peptide that assumes a “reverse L-shaped” tertiary structure that 

resembles that of the motif noted above [27, 33]. This finding suggests that there may be 

additional “noncanonical” eIF4E binding proteins that control translation that have yet to be 

discovered.

In contrast to the above examples of proteins that disrupt initiation through eIF4E binding, 

Cho et. al. have characterized a protein that directly binds the 5’ cap of an mRNA, thereby 

preventing the recruitment of the entire eIF4F complex (Figure 2D) [3]. eIF4E-homologous 

protein (4E-HP) was identified initially as a homolog of eIF4E; however, because 4E-HP 

does not interact with eIF4G, its role in translational control was unclear [34]. Cho et al. 

found that 4E-HP interacted with Bicoid, a Drosophila protein that regulates both 

transcription and translation [35, 36]. Bicoid was thought to inhibit translation of caudal 

mRNA, which encodes a protein that regulates body patterning, through binding not only to 

a specific sequence in the caudal 3’ untranslated region (UTR), but also to eIF4E as well 

[37]. Thus, Bicoid seemed to have an activity that was a composite of, for example, CPEB 

and Maskin, Cup and Bruno, and CYFIP1 and FMRP. However, Cho et al. found that 

Bicoid co-immunoprecipitated with 4EHP, and mutations in Bicoid that abrogated this 

interaction also resulted in aberrant body patterning [3]. Moreover, mutations in 4E-HP that 

disrupted its interaction with the cap in vitro also led to Bicoid mutant-like phenotypes in 

vivo (i.e. inappropriate expression of Caudal in the anterior portion of the Drosophila 

embryo; Caudal is properly expressed only in the posterior region). Thus, it seems very 

likely that a Bicoid-4E-HP-cap interaction controls caudal mRNA translation and, as a 

result, body patterning.

4E-HP also controls the expression of hunchback (hb) mRNA, which like caudal mRNA, is 

involved in body patterning in Drosophila embryos [4]. Wild type embryos exhibit a 

gradient of Hb in the embryo; it is high in the anterior and lower in the posterior [38]. 

Expression of a mutant 4E-HP in embryos elicits a high level of posterior Hb; this molecular 

phenotype was rescued when wild type 4E-HP was expressed in the mutant 4E-HP-

containing embryos, and returned to normal the Hb anterior to posterior gradient. 

Interestingly, mutations in 4E-HP that abrogated its cap binding activity but that did not 

affect its interaction with Bicoid also caused increased posterior expression of Hb. This 

observation suggested that 4E-HP might exert its activity through another protein that bound 

Hb, but not caudal, mRNA. Indeed, three proteins control Hb expression: Pumilio, Nanos, 

and Brat [4]. Both Pumilio and Nanos bind RNA while Brat associates with them through 

direct protein-protein interactions [39, 40]. In vitro experiments with recombinant proteins 

showed that 4E-HP binds Brat, suggesting that 4E-HP is part of (at least) a quartet of factors 
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that controls Hb mRNA translation (Figure 2E). Thus, through binding alternative 3’ UTR 

bound protein partners, 4E-HP controls translation of different specific messages by 

interfering with eIF4F recruitment.

One form of translational control that occurs at initiation but that does not involve the cap or 

cap-binding factors takes place at the level of 40S-60S joining at the AUG codon. First 

described for lipoxygenase mRNA that is bound by hnRNP K and hnRNP E1 at its 3’ UTR 

and subsequently for actin mRNA that is bound by zip code binding protein (ZBP) also at its 

3’ UTR, these proteins inhibit translation by preventing the 60S subunit from binding the 

40S subunit that is stalled at the AUG codon [41, 42]. While the precise mechanism by 

which these 3’ UTR binding proteins control 40S-60S joining is unclear, they might 

resemble the activity of eIF6, an initiation factor purported to control this process [43, 44]. 

However, this activity of eIF6, which also controls 60S subunit biogenesis, is somewhat 

controversial [45, 46].

Elongation

There are few clear cases of regulated elongation; it is sometimes inferred from observations 

that the phosphorylation of elongation factors can affect ribosome transit along an mRNA. It 

has long been know that protein synthesis decreases as cells enter mitosis, which is at least 

partly due to eIF4E-4E-BP association [23] However, mitotic cells contain large polysomes 

that are less translationally active than lighter polysomes. It appears that cells reduce their 

elongation rates as they prepare to divide, which may allow for rapid protein synthesis once 

they again enter the G1 phase of the cell cycle [47]. This reduction in elongation rates is 

likely mediated by phosphorylation of eEF2 by eEF2 kinase, resulting in reduced translation 

rates [47].

Another instance where changes in elongation rates are inferred occurs in the brain, where 

repeated stimulation of synapses causes these structures to undergo biochemical and 

morphological changes [48, 49]. This phenomenon, known as synaptic plasticity probably 

forms the cellular basis of learning and memory [48]. Some forms of synaptic plasticity 

require protein synthesis, perhaps at or near synapses (i.e, the synapto-dendritic 

compartment) [2, 50]. It would therefore seem likely that regulated translation, in response 

to synaptic stimulation, would underlie learning and memory. While several types of 

translational control have been reported in neurons, Sutton et al. have found that elongation 

factor 2 (eEF2) acts as a sensor of synaptic events that results in local repression of 

translation [1, 51]. Basing their studies on the fact that two different types of synaptic 

transmission, action potential (AP) and AP-independent miniatures (minis), result in 

opposite effects on dendritic translation, they set out to identify the cellular translation 

components that were locally altered under each type of transmission event. By applying a 

drug inhibitor of AP, they found an increase in eEF2 phosphorylation; blocking of both AP 

and minis decreased eEF2 phosphorylation [1]. Because phosphorylated eEF2 has a reduced 

ability to catalyze ribosome translocation, Sutton et al. proposed that changes in elongation 

were characteristic to each type of stimulation [20, 21]. If eEF2 is a sensor of mini 

transmissions, then phosphorylation of eEF2 should increase if mini transmission is 

increased, which indeed was the case [1].
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In yeast, the unfolded protein response (UPR) triggered by endoplasmic reticulum (ER) 

stress results in an increase in the Hac1 transcription factor. Under normal physiological 

conditions Hac1 mRNA contains stalled ribosomes, which occur when sequences in an 

unspliced intron basepair with complementary sequences in its 5’ UTR [52]. Alleviation of 

the base pairing and the stalled ribosomes occurs when the mRNA is fully spliced [52, 53]. 

Hac1 mRNA, via a specific 3’ UTR element, is recruited to discrete regions of the ER 

membrane by the ER stress sensor IRE1, a transmembrane kinase/endoribonuclease that 

splices Hac1 mRNA [54]. When the recruitment element is mutated, Hac1 mRNA is not 

translated because intron removal does not occur, and ribosomes remained stalled. Efficient 

splicing of the intron occurs only when the Hac1 mRNA is also translationally repressed. In 

agreement with these results, heterologous mRNAs containing the Hac1 3’ UTR targeting 

element are efficiently recruited to IRE1 foci only if they are also translationally repressed 

[54]. Thus, translational repression both regulates the synthesis of Hac1 protein to induce the 

UPR and plays a role in the cellular localization, targeting, and processing of Hac1 mRNA.

Termination

Studies from the past 10 years have shown that cells have evolved different pathways to 

discriminate among mRNAs that have aberrant translation stop signals. One example is 

mRNAs that lack in-frame stop codons (nonSTOP mRNAs), which can arise from 

transcriptional pausing, mutations that cause 3’ end formation in coding regions, or from the 

use of cryptic polyadenylation sites [55-57]. Distinct mechanisms appear to have evolved to 

deal with nonSTOP mRNAs in different organisms. In eubacteria, translation of nonSTOP 

mRNAs causes ribosome stalling at the 3’ end of the mRNA. This stalling is relieved by a 

transfer mRNA (tmRNA), which serves as both a tRNA and mRNA, binding to stalled 

ribosomes allowing translation to continue using the tmRNA open reading frame [58]. This 

results in the addition of a short peptide tag that targets the nascent polypeptide for 

destruction. The stop codon encoded by the tmRNA induces translation termination [59].

Akimitsu et al. have characterized how mammalian cells deal with nonSTOP mRNAs [60]. 

Using reporter constructs, they found that while protein production from nonSTOP mRNAs 

was reduced, a corresponding reduction in the level of mRNA or an increased rate of protein 

destruction was not observed. Because nonSTOP mRNA was associated with polysomes, 

translation inhibition occurred at a post-initiation step. Experiments measuring 14C-leucine 

incorporation showed polypeptides of heterogeneous length were produced from nonSTOP 

mRNA, suggesting premature ribosome termination. In addition, RNase protection assays 

showed ribosomes stalled at the poly(A) tail at the 3’ end of the mRNA. The authors 

propose a model whereby stalling of ribosomes at the poly(A) tail leads to increased 

premature termination of upstream ribosomes, resulting in translational repression of the 

nonSTOP mRNA.

Generation of 3’UTR isoforms

Although not technically a form of translational control, recent studies have shown that a 

large diversity in mRNA 3’ UTRs are generated by alternative poly(A) site (i.e., AAUAAA) 

selection [61-63]. Because many mRNAs are regulated through 3’ UTR elements, it is likely 

factors such as NOVA, which regulate poly(A) site selection may have a major influence on 
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mRNA translation, stability, and localization [62]. Indeed, consider the studies of Sandberg 

et al., who showed that in resting or activated T lymphocytes, proliferating cells contained 

shorter mRNA 3’ UTRs than resting cells [61]. The shorter 3’ UTRs were expressed by 

preferential usage of upstream polyadenylation sites following T lymphocyte activation. In 

particular, Sandberg et al. showed that two isoforms of Hip2 mRNA (encoding a ubiquitin 

conjugating enzyme) arose from alternative polyadenylation; a short form and a longer form 

that contains miRNA binding sites. While the overall expression of Hip2 RNA was similar 

in both naïve and activated T lymphocytes, the ratio of the long to short isoform was 

decreased upon activation, which correlated with an increase in Hip2 protein levels. It 

appears that the long but not the short form is bound by miRNAs, thereby demonstrating 

how alternative poly(A) site selection can lean lead to translational control.

Conclusions

A search of PubMed for “translational control” results in over 50,000 hits, ample evidence 

that this field is large and growing. miRNAs have made surprisingly few contributions to 

this total, perhaps due to the fact that despite intensive investigation, that field remains in a 

state of flux. Nonetheless, mechanisms of translational control cannot be divorced from 

resulting biological consequences. That is, regulated translation gone awry can lead to 

cancer, infertility, and brain neuropathies. The more we understand the underlying 

biochemical control of the translation process, the greater will be our repertoire as we seek 

new therapies to assault human disease.
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Figure 1. 
A schematic representation of translation. mRNA translation occurs in 3 steps; initiation, 

elongation, and termination. During the initiation phase, mRNA is bound by the eIF4F 

complex, consisting of eIF4G, eIF4E, and eIF4A, through interaction of eIF4E and the 5’ 

cap of the mRNA. The 43S pre-initiation complex, composed of the 40S ribosome, eIF2-

ternary complex, eIF1, eIF1A, eIF5, and eIF3, is recruited to the message through 

interactions between eIF4G and eIF3, thereby forming the 48S pre-initiation complex. This 

agglomeration of proteins and the 40S ribosomal subunit scans the mRNA until the initiating 

Groppo and Richter Page 11

Curr Opin Cell Biol. Author manuscript; available in PMC 2015 March 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AUG codon is reached. The 60S subunit then joins and the initiation factors are released. 

Translation elongation begins when the peptide chain is elongated. Elongation factor eEF1A 

brings charged tRNAs to the translating ribosome; eEF2 promotes translocation. Once the 

termination codon is reached, release factor eRF1 binds in place of tRNA. eRF3 stimulates 

GTP hydrolysis and the peptide chain is released together with the 40S and 60S subunits. 

PABP refers to poly(A) binding protein.
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Figure 2. 
Factors that disrupt eIF4F binding to mRNAs. A. Schematic representation of cellular 

mRNA and the recruitment of eIF4F (eIF4A, eIF4E, and eIF4G), resulting in translation 

initiation. PABP refers to poly(A) binding protein. B. Binding of 4E-BP to eIF4E prevents 

translation in a non-sequence dependent manner. C. CYFIP1, Cup, or Maskin interact with 

the region of eIF4E that interacts with eIF4G; these proteins also associate with FMRP, 

Bruno, or CPEB, respectively, which are bound to sequence elements within 3’ UTRs of 

specific mRNAs leading to translational repression. D. In Drosophila, the Bicoid Binding 
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Regions (BBRs) within the 3’ UTR of caudal mRNA interact with Bicoid protein. Bicoid 

interacts with 4E-HP, which directly binds the cap, thereby preventing recruitment of the 

eIF4F complex. E. 4E-HP can also repress hb mRNA translation in Drosophila by binding to 

a protein complex consisting of Nanos, Brat and Pumillio.
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