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Abstract:

 In stressed cells, a general decrease in the rate of protein synthesis occurs due to modifications in the activity of translation initiation factors. Compelling data now indicate that these changes also permit a selective post-transcriptional expression of proteins necessary for either cell survival or completion of apoptosis when cells are exposed to severe or prolonged stress. In this review, we summarize the modifications that inhibit the activity of the main canonical translation initiation factors, and the data explaining how certain mRNAs encoding proteins involved in either cell survival or apoptosis can be selectively translated.
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1. Introduction

Stress-induced apoptosis is a physiological mechanism of defense permitting the self-elimination of cells which cannot resolve damage caused by stress. The completion of apoptosis necessitates the realization of a specific gene expression program in which the control of protein synthesis plays an important role. When cells are exposed to an apoptotic stress, there is a substantial reduction in the global rate of protein synthesis, whereas in contrast, the synthesis of a subset of proteins is activated. Considerable progress has been made in understanding the molecular mechanisms responsible for such dual effects. The reduction in global translation rates has been attributed to changes in the activities of general translation initiation factors, while the selective induction of protein synthesis has been mainly assigned to the existence of specific regulatory sequences in certain messenger RNAs. These dual effects are viewed as adaptation processes permitting an appropriate response to stress intensity. Under mild and/or transient stresses, the inhibition of the global protein synthesis rate is indeed combined with the selective induction of protective proteins (such as ATF4 or CHOP under mild endoplasmic reticulum stress, see below) which resolve damage caused by stress. Upon severe and/or prolonged stress, pro-apoptotic proteins can be instead selectively induced (such as APAF-1, see below) to eliminate cells in which damage could be otherwise deleterious for tissue integrity.

To translate the genetic code into proteins, ribosomal (rRNA), transfer (tRNA) and messenger (mRNA) RNA species must be encountered. This process is part of the translation initiation step and is controlled in eukaryotes by a set of proteins called eukaryotic (translation) initiation factors (eIFs) [1]. One priming event is the formation of the 43S pre-initiation particle, a complex containing the 40S rRNA small ribosomal subunit and the tRNA. The binding of the tRNA to the rRNA is dependent on the activity of proteins which belong to group 2 of translation initiation factors (mainly the protein complexes eIF2 and eIF2B). Once the 43S pre-initiation complex is assembled, it must then bind to the mRNA, thus forming the 48S pre-initiation complex. This step is regulated by other components which belong to groups 3 and 4 of translation initiation factors (mainly the protein complexes eIF3 and eIF4F). During apoptosis and in stressed cells, the eIF2, eIF2B, eIF3 and eIF4F complexes are targeted by biological regulation, including changes in their phosphorylation status and their cleavage by caspases.



2. Inhibition of Global Protein Synthesis Due to Inactivation of Translation Initiation Factors


2.1. eIF2 and eIF2B

eIF2 is a heterotrimeric complex composed of three proteins: eIF2α, eIF2β and eIF2γ [2]. The tRNA can only interact with eIF2 once its eIF2γ subunit is bound to a GTP molecule. This is controlled by eIF2B, a translation initiation factor that possesses a guanine-nucleotide exchange activity (GEF or guanine nucleotide-exchange factor). However, upon phosphorylation of the eIF2α subunit, the GEF factor, eIF2B, harbors a higher affinity for GDP and is sequestered by the eIF2γ subunit. Since the interaction between the tRNA and eIF2 is a prerequisite for tRNA-rRNA assembly, the inhibition of tRNA interaction with eIF2 due to phosphorylation of the eIF2α subunit blocks protein synthesis (Figure 1). Four different protein kinases can phosphorylate eIF2α in mammals: HRI (heme-regulated inhibitor kinase), PKR (protein kinase RNA-activated), PERK (RNA-dependent protein kinase-like endoplasmic reticulum kinase) and GCN2 (general control nonrepressed 2). Three of them (PKR, PERK and GCN2) have been shown to be activated by various cellular stresses which may ultimately provoke apoptosis.

Figure 1. Regulation of eIF2 activity. The guanine nucleotide-exchange activity of eIF2B permits the association of the eIF2γ subunit of eIF2 with GTP. This is a prerequisite for the formation of the ternary eIF2.GTP.Met.tRNAi complex. eIF2 and eIF2B activities are inhibited by phosphorylation of their eIF2α (by HRI, PKR, PERK or GCN2) and eIF2Bɛ (by GSK3β) subunits. eIF2B activity is also indirectly inhibited (sequestered by eIF2γ) as a consequence of eIF2α phosphorylation. See text for details.
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PKR is activated by ds (double-stranded) RNA [3]. This method of activation appears to be a mechanism of defense against viral infection. Upon viral infection, the generated dsRNA activates PKR which in turn phosphorylates eIF2α, blocking translation and limiting viral replication. dsRNA-dependent activation of PKR may also induce apoptosis of infected cells, another way to prevent viral spreading [4]. Since the initial discovery that PKR can trigger apoptosis [5], different molecular mechanisms have been described. PKR indeed elicits other routes which can induce apoptosis independently of eIF2α. For instance, in U937 cells, it seems that PKR-dependent activation of p53 is necessary for TNFα-induced apoptosis [6].

PERK is a protein that resides in the endoplasmic reticulum (ER) membrane. The cytoplasmic tail of PERK possesses an eIF2α kinase domain which is activated upon ER stress [7]. For instance, the activation of PERK and consequent phosphorylation of eIF2α occurs when the rate of synthesis of proteins destined for secretion exceeds the folding capacity of the ER [8]. This avoids the accumulation of misfolded proteins which could otherwise have deleterious effects for the cell. More generally, every stress that targets the ER (such as protein misfolding, oxidative stress or altered calcium pools) activates PERK, which in turn blocks protein synthesis via eIF2α phosphorylation [9].

GCN2 is the unique eIF2α kinase present in all eukaryotes from yeast to mammals [10]. Although it was initially characterized as a sensor of amino acid availability in yeast [11], GCN2 can also be activated either upon deprivation of other nutrients such as glucose [12] and oxygen [13], or under other stresses such as exposure to UV light [14].

In addition to its phosphorylation, eIF2α has been shown to be the target of another post-transcriptional modification. Once the apoptotic program has been engaged, eIF2α itself becomes a caspase substrate. Caspase 3-mediated truncation generates a shorter eIF2α protein which can still interact with eIF2B yet is no longer capable of stimulating overall translation [15,16], further supporting the importance of eIF2α inactivation in the completion of apoptosis.

eIF2B is a heteropentamer whose ɛ catalytic subunit promotes GDP/GTP exchange on eIF2. Consistently, eIF2B activity is negatively regulated when its eIF2Bɛ subunit is phosphorylated by the protein kinase GSK3β (glycogen synthase kinase 3β) [17] (Figure 1). Inhibition of eIF2B activity due to eIF2Bɛ phosphorylation by GSK3β has, however, been shown to be relieved upon activation of the PI3K-AKT pathway, thus leading to cell survival. Conversely, eIF2Bɛ phosphorylation by GSK3β appears to be involved in programmed cell death, triggered by amino acid or growth factor deprivation, which inhibits PI3K-AKT signaling [17,18]. More recently, the importance of eIF2B activity in the regulation of the cell survival/apoptosis balance has been further highlighted. CHOP (C/EBP-homologous protein, also known as GADD153)-dependent inhibition of protein synthesis and consequent apoptosis, due to phosphorylation of eIF2α can, in fact, be counteracted by PP2A (protein phosphatase 2A)- mediated dephosphorylation of eIF2Bɛ [19].

These data indicate that inhibition of protein synthesis and induction of apoptosis might be fully achieved solely when both eIF2 and eIF2B are inactivated, via concomitant phosphorylation of their α and ɛ subunits, respectively (Figure 1).



2.2. eIF3 and eIF4F

Changes in eIF2 and eIF2B activities are not the only pathways utilized by the cell to limit protein synthesis upon stress. The attachment of the eIF2.GTP-containing 43S particle to the mRNA is also a tightly regulated molecular process. This regulation is mainly dependent on the eIF3 and eIF4F translation initiation factors whose activities are targeted by various pro-apoptotic stresses.

eIF3 is a protein complex (composed of 13 polypeptides in mammalians, termed eIF3e-m) which links the mRNA-cap-binding factor eIF4F (via its eIF4G component, see below) to the tRNA-containing 43S ribosomal subunit. One of the first indicators of a stress-inducible inhibition of eIF3 activity has been obtained in virus infected cells. Indeed, the binding of eIF3 to either the 43S particle or the eIF4F complex has been shown to be disrupted following viral infection [20]. Alterations of these complexes were attributed to interactions of eIF3 subunits (eIF3e or eIF3c) with members of the virus-induced ISG56/IFIT1 (interferon-stimulated gene 56 kDa/interferon-induced protein with tetratricopeptide repeats 1) family of defense proteins [21]. The virus-induced and ISG56/IFIT1-dependent inactivation of eIF3 and consequent inhibition of mRNA translation is similar to that described for the virus-induced and PKR-dependent inhibition of eIF2 activity, and therefore can be viewed primarily as a defense against viral replication. The anti-apoptotic role of eIF3 was later documented in non-infected cells. Five subunits of eIF3 (a, b, c, h and i) have been shown to be overexpressed in various tumors and their overexpression in cellular models actually promotes transformation, in part through induction of cell viability [22]. Conversely, inhibition of protein synthesis due to eIF3 inactivation may contribute to the execution of apoptosis, since at least one subunit of eIF3 (eIF3j) is a caspase substrate [23]. Other signals which inactivate eIF3 and promote apoptosis have been reported. The phosphorylation of the eIF3f subunit by the caspase-activated form of CDK11 (cyclin-dependent kinase 11) is also noteworthy [24]. Another example of eIF3 promoting apoptosis is the re-localization of the eIF3k subunit to keratin intermediate filaments, where the factor frees active caspase 3 from retention by keratin 8, when epithelial cells are exposed to apoptotic stimuli [25].

eIF4F is a heterotrimeric translation initiation factor composed of eIF4E, eIF4A and eIF4G (Figure 2). eIF4E recognizes and binds the mRNA 5′ cap structure. eIF4A possesses an RNA-helicase activity that facilitates the interaction between the 43S complex and the mRNA by melting mRNA 5′ end secondary structures. eIF4G is a scaffolding protein which simultaneously binds eIF4E, eIF4A and eIF3, thus providing a physical link between the 43S particle and the mRNA [26]. eIF4G also interacts with the two protein kinases that phosphorylate eIF4E, the MAPK-integrating protein kinases 1 and 2 or MNK1 and MNK2 [27,28]. These two protein kinases lie downstream of the Ras/MEK pathway. Activity of the eIF4F complex is drastically inhibited in the process of apoptosis by signals that target phosphorylation and/or integrity of its three subunits (eIF4E, eIF4A and eIF4G).

Figure 2. Translational functions of the eIF3 and eIF4F complexes and inhibition by the 4E-BPs. The eIF4F complex is composed of eIF4E, eIF4G and eIF4A. The interaction between eIF4F (bound to the cap structure via its eIF4E subunit) and eIF3 (bound to the 40S ribosomal particle) complexes permits ribosome docking at the 5′ extremity of capped mRNAs. The melting of mRNA structures by the RNA helicase eIF4A facilitates ribosome binding to mRNA, and the interaction between eIF4G and PABP results in mRNA circularization, a feature that is believed to enhance mRNA translation. eIF4G recruits the eIF4E kinases MNK1 and MNK2. In stressed cells, the dephosphorylation of 4E-BPs disrupts the eIF4E-eIF4G interaction, inhibiting general cap-dependent translation (left arrow). However the translation of selected mRNAs is still possible due to the existence of either uORFs or IRESes (right arrow). See text for details.
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One priming event leading to eIF4F inhibition which is triggered by apoptotic signals is the association of eIF4E with the hypophosphorylated forms of one of its inhibitory proteins, called 4E-BP1 and 4E-BP2 (eIF4E-binding proteins 1 and 2) [29]. Indeed, the hypophosphorylated forms of 4E-BP1 and 4E-BP2 compete with eIF4G for a common binding site on eIF4E (Figure 2). In surviving/proliferating cells, 4E-BP1 and 4E-BP2 are normally hyperphosphorylated by the PI3K/AKT/mTOR pathway. However, upon various stresses (such as amino-acid deprivation, hypoxia, or DNA-damage) and during apoptosis, 4E-BP1 and 4E-BP2 are hypophosphorylated due to inhibition of the PI3K/AKT/mTOR pathway. 4E-BP1 hypophosphorylation results not only from downregulation of the mTOR axis, but also from a cleavage by caspases that removes the RAIP-containing N-terminus of 4E-BP1. The RAIP motif (named after its sequence) is normally required for optimal phosphorylation of 4E-BP1 (and also 4E-BP2). The resulting truncated form of 4E-BP1 acts as a dominant inhibitor of cap-dependent translation [30]. In addition, as MNK1 and MNK2 use a docking site in eIF4G to facilitate eIF4E phosphorylation, disruption of the eIF4E-eIF4G complex by stress-mediated hypophosphorylation of 4E-BP1 and 4E-BP2 is expected to negatively impinge upon eIF4E phosphorylation (Figure 2).

Two functional homologs of eIF4A (termed eIF4AI and eIF4AII) have been characterized [31]. Their activity is specifically controlled by PDCD4, the programmed cell death protein 4. PDCD4 is induced in most cells that undergo an apoptotic program, whereas the protein is downregulated in transformed cells. Consistently, the forced expression of PDCD4 exerts an anti-tumoral effect [32]. Such an anti-tumoral effect is mediated in part through inhibition of protein synthesis since PDCD4 interacts with and sequesters eIF4AI or eIF4AII away from cap-dependent translation initiation complexes [33]. Another mechanism that can account for inhibition of eIF4AI or eIF4AII activity in apoptotic cells is their sequestration by fragments of eIF4G generated by caspase cleavage (see below).

Two functional homologs of eIF4G (termed eIF4GI and eIF4GII) have also been described [34]. The two proteins are, however, subjected to different changes (described below) upon induction of programmed cell death. High rates of protein synthesis are correlated with phosphorylation of eIF4GI by the PI3K/AKT/mTOR pathway. Consistently, stress and apoptotic signals that inhibit this pathway are also expected to inhibit eIF4GI phosphorylation. Interestingly, cells have evolved another mechanism independent of 4E-BP1 and 4E-BP2 to disrupt the eIF4E-eIF4G interaction. Under stress, eIF4G actually associates with and is phosphorylated by PAK2 (p21-activated protein kinase 2). The PAK2 binding site on eIF4G overlaps with that of eIF4E, therefore PAK2 and eIF4E compete with each other for interaction with eIF4G. eIF4G phosphorylation by PAK2 further inhibits translation initiation [35]. The most significant change that affects eIF4GI in the process of apoptosis is certainly its cleavage by caspases. The cleavage of eIF4GI at two main sites by caspase 3 produces three fragments which have been named N- M- and C-FAG (N, M and C for N-terminus, middle and C-terminus; FAG for fragment of apoptotic cleavage of eIF4GI) (Figure 2). Interestingly, the resulting fragments retain their capability to interact with eIF4GI partners and therefore can form sub-complexes which could be intuitively classified as either translation inhibitory or activating sub-complexes. N-FAG contains the poly(A)-binding protein (PABP, see below) binding domain while C-FAG possesses eIF4A and MNK1 or MNK2 binding domains. Through sequestration of PABP, eIF4A and MNK kinases, it could be anticipated that these sub-complexes act as inhibitors of translation initiation. M-FAG encompasses the binding domains for eIF4E, eIF4A and eIF3. These features have been shown to constitute a core eIF4GI, capable of both recruiting the 43S particle (via eIF3) to the mRNA 5′ end (via eIF4E) and facilitating the ribosome binding to the mRNA (via eIF4A). However, experimental evidence indicates that M-FAG does not support translation initiation in apoptotic cells [36]. Therefore, caspase-dependent cleavage of eIF4GI appears to mainly participate in the general inhibition of protein synthesis observed in apoptotic cells.

eIF4GII is also a substrate of caspase 3. At least five different caspase cleavage sites have been mapped in the eIF4GII protein sequence [37]. In contrast to eIF4GI, this extensive cleavage does not produce a “core” eIF4GII and instead generates smaller fragments which either render eIF4GII inactive in translation initiation or can even act as dominant inhibitors by sequestering eIF4Gs’ partners. Interestingly, the cleavages of eIF4GI and eIF4GII by caspase 3 have been shown to occur with similar kinetics and correlate with the profound shutdown of protein synthesis observed in apoptotic cells [37].

As mentioned above, the N-terminal thirds of eIF4GI and eIF4GII interact with PABP. The resulting mRNA circularization (Figure 2) has been shown to stimulate translation initiation [38]. Therefore, PABP sequestration by caspase-generated N-terminal fragments of eIF4GI and eIF4GII may participate in the translation inhibition observed in apoptotic cells. Degradation of PABP has also been shown in apoptotic cells through a mechanism partially dependent on caspase inhibitors [39].

A distant homolog of eIF4GI and eIF4GII, called p97 or DAP5 (death-associated protein 5), also exists (hereafter named p97) [40]. In contrast to eIF4GI and eIF4GII, this factor does not possess the binding sites for PABP and eIF4E. However p97 does contain the binding sites for eIF4A and eIF3, and several studies have reported that, although not important for general translation, p97 function is required for regulating the expression of specific genes implicated in cell proliferation [41] and differentiation [42]. In addition, p97 is cleaved by caspases during apoptosis, yielding an N-terminal fragment that still binds eIF4A and eIF3 [43], and controls the expression of anti- or pro-apoptotic genes (see below).

Thus, many of the translation initiation factors are inactivated before and during apoptosis. The inhibition of protein synthesis observed in apoptotic cells is therefore a multifactorial process in which the individual contribution of every translation initiation factor appears difficult to dissect. However, there has been an improved exploration into how certain mRNAs are selectively translated despite the inactivation of global protein synthesis.




3. Selective Translation of mRNAs Encoding Pro-Survival or Pro-Apoptotic Proteins

The inhibition of global translation rates, as a result of various stresses, appears to primarily exert a cytoprotective effect. Indeed, as protein synthesis is a very energy-consuming process, it can be assumed that stress-induced inactivation of eIF2, eIF2B, eIF3 and eIF4F complexes is an adaptation mechanism that has evolved both to save energy and facilitate an appropriate stress-response. The destiny of stressed cells (survival or death) is dictated by the activity of pro-survival or pro-apoptotic proteins whose synthesis may paradoxically depend on translational events. The synthesis of these proteins is possible due to their mRNAs containing specific cis-acting elements that permit ribosome recruitment, despite the general inhibition of protein synthesis.


3.1. uORF-Dependent Translation

One of the mechanisms of apoptosis most widely referred to is the induction of cell death by ER stress triggered by eIF2α phosphorylation. ER-stress-induced apoptosis is indeed dependent on ATF4 (activating transcription factor-4), whose mRNA translation is specifically enhanced following eIF2α phosphorylation. In mammalian cells not subjected to stress, ATF4 mRNA translation is kept silenced due to the presence of two short uORFs (upstream open reading frames) [7] located in the 5′ untranslated region (UTR). In the absence of eIF2α phosphorylation, ribosomes which have translated the first uORF can efficiently re-initiate at the second uORF, thus precluding translation initiation at the downstream ATF4 ATG codon. However, upon ER stress and consequent eIF2α phosphorylation, initiation at the second uORF is impaired due to the decrease in activated ternary complex. Ribosomes which have bypassed the second uORF then scan to the downstream ATF4 initiator ATG. Such scanning offers a larger window in which the ternary complex can re-activate so that translation of the ATF4 ORF can occur [44,45]. Among the transcriptional targets of ATF4, the transcription factor CHOP plays a prominent role. Interestingly, CHOP mRNA can also be translated under ER stress as eIF2α phosphorylation permits ribosome bypass of an inhibitory uORF [46]. ATF4 and CHOP, usually through interaction with other transcriptional regulators, then participate in ER-stress-corrective actions through the modulation of a number of genes. When cells are recovering from stress, eIF2α phosphorylation returns to basal low levels, in part through a GADD34- (growth arrest and DNA damage-inducible protein 4) and the protein-phosphatase-1-mediated process. Interestingly, GADD34 expression is also dependent on a uORF whose translation inhibitory role is prevented by eIF2α-phosphorylation [47]. However, severe or prolonged stress can ultimately induce apoptosis through a process that can also be dependent on eIF2α phosphorylation and consequent induction of both ATF4 and CHOP [48]. eIF2α-, ATF4- and CHOP-triggered apoptosis has been linked to changes in the expression of pro- or anti-apoptotic molecules, such as suppression of the pro-survival protein Bcl-2 (B-cell lymphoma 2) [49] and induction of pro-apoptotic DR5 (death receptor-5 also termed TRAIL-R2) [50] or TRB3 (Tribbles-related protein 3) [51].

The induction of translation upon eIF2α phosphorylation does not apply to all uORF-containing mRNAs. For instance, the 5′ UTR of HIAP2 (human inhibitor of apoptosis protein) mRNA contains a uORF which inhibits translation in proliferating cells [52] yet is not involved in increased translation upon stress. Instead, the translation of HIAP2 mRNA in stressed cells is induced by the presence of another cis-acting element [53].



3.2. IRES-Dependent Translation

As mentioned above, inactivation of eIF3 and eIF4F complexes and consequent inhibition of ternary complex fixation to the mRNA 5′ cap largely participate in the downregulation of global translation rates when cells are exposed to stress. However, the translation of certain mRNAs can be induced if they contain a specific sequence called an IRES (internal ribosome entry site), which permits the recruitment of the ribosome independently of the cap structure. These IRES-containing mRNAs encode many proteins that protect against apoptosis, although in contrast a few of them can facilitate the execution of apoptosis.

The most documented examples of cell-stress-induced IRESes are those of the mRNAs encoding proteins which belong to the IAP (inhibitor of apoptosis protein) and Bcl-2 families of anti-apoptotic proteins (Table 1) including HIAP2 [53], XIAP [54], c-IAP1 [55], Bcl-2 [56] and Bcl-xL [57]. IRES-mediated translation of the mRNAs coding for HIAP, XIAP and Bcl-2 is dependent on the eIF4G homolog, p97. The p97 protein lacks an eIF4E-binding site and is involved in the recruitment of translation initiation complexes to IRESes independent of both eIF4E and, consequently, the inhibition of cap-dependent translation due to 4E-BPs hypophosphorylation. Interestingly, p97 mRNA itself possesses an IRES which permits p97 protein expression under stress conditions [43]. In addition, when the apoptotic program has been engaged, the cleavage of p97 by caspases generates a shorter p86 protein fragment that further activates its function in IRES-mediated translation. One mRNA whose IRES-mediated translation is enhanced by the caspase-generated p86 fragment is that of Apaf-1 (apoptotic peptidase activating factor 1), a component of the apoptosome [36,58]. Thus, through its different mRNA targets, p97 appears to play a dual role. This factor plays primarily a protective function via the translation of mRNAs encoding pro-survival proteins, while under severe or prolonged stress it may exert a pro-death function via the induction of pro-apoptotic proteins.


Table 1. Modification of translation initiation factors both prior to and during apoptosis and their involvement in inhibition of general cap-dependent translation (middle column) and selective translation dependent on cis-elements (right column).



	
Translation initiation factor

	
Modifications of initiation factors involved in inhibition of cap-dependent translation

	
Involvement of modified initiation factors in selective translation dependent on cis-elements






	
eIF2

	
.Phosphorylation of eIF2α [5,8–10]

	
.Relief of uORF-mediated translation initiation [44–47]




	
.Caspase cleavage of eIF2α [15,16]




	






	
eIF2B

	
.Phosphorylation of eIF2Bɛ [17–19]

	




	






	
eIF3

	
.Caspase cleavage of eIF3j [23]

	




	
.Phosphorylation of eIF3f by CDK11 [24]

	




	
.Interaction of eIF3c or eIF3e with ISG56/IFIT1 [21]

	




	
.Sequestration by eIF4G caspase cleavage fragments [36]

	




	






	
4E-BP1/2

	
.Caspase cleavage of 4E-BP1 [30]

	




	






	
eIF4F

	

	




	
eIF4E

	
.Sequestration by hypophosphorylated and cleaved 4E-BP1/2 [29,30]

	




	

	
.Sequestration by eIF4GI/II-caspase-cleavage fragments [36]

	




	
eIF4AI/II

	
.Interaction with PDCD4 [33]

	




	

	
.Sequestration by eIF4GI/II-caspase-cleavage fragments [36]

	




	
eIF4GI/II

	
.Phosphorylation of eIF4GI by PAK2 [35]

	




	

	
.Caspase cleavage of eIF4GI and eIF4GII [36]

	




	






	
PABP

	
.Caspase cleavage [39]

	




	
.Sequestration by eIF4GI/II-caspase-cleavage fragments [36]

	




	






	
P97/DAP5

	

	
.Induction of IRES-mediated translation [53–55]









Other mRNAs have been shown to possess IRESes which function under stress or apoptosis. They encode proteins belonging to various biological functions. Among them, the transcriptions factors cMyc [59] and Sp1 [60], the cyclin-dependent kinase 1 CDK1 [61], the chaperone Bip [62] and the amino-acid transporter Cat-1 [63] exert pro-survival effects, while the protein kinase C delta (PKCδ) [64] exerts instead a pro-apoptotic activity (Table 2).


Table 2. List of uORF- or IRES-containing mRNAs that are translated in stressed or apoptotic cells and which encode either cell survival (green) or cell death (red) proteins.



	

	
uORF

	
IRES

	




	

	



	




	
Function

	
Survival

	
Death

	
Survival

	
Death

	
References






	
Transcription

	
ATF4

	

	

	

	
[45]




	
CHOP

	

	

	

	
[46]




	

	

	
c-Myc

	

	
[59]




	

	

	
Sp1

	

	
[60]




	






	
IAP family (survival)

	

	

	
HIAP

	

	
[53]




	

	

	
XIAP

	

	
[54]




	

	

	
c-IAP

	

	
[55]




	






	
Bcl family (survival)

	

	

	
Bcl-2

	

	
[56]




	

	

	
Bcl-x(L)

	

	
[57]




	






	
Apotosome

	

	

	

	
APAF-1

	
[58]




	






	
Cell cycle

	

	

	
CDK1

	

	
[61]




	






	
Chaperone

	

	

	
Bip

	

	
[62]




	






	
Translation

	

	

	
P97/DAP5

	
P97/DAP5

	
[43]




	






	
Signaling

	
GADD34

	

	

	

	
[47]




	

	

	

	
PKCδ

	
[64]




	






	
Amino-acid transport

	
Cat-1

	

	
Cat-1

	

	
[63]












4. Conclusions

As mentioned above, most of the mRNAs identified to date as being translated under stress, despite a general inhibition of protein synthesis, contain specific sequences (uORF or IRES) and encode proteins involved in cell survival. The list of uORF-containing mRNAs appears relatively limited. It is probable, however, that the fast developing techniques of high throughput RNA sequencing will help to identify other mRNAs possessing such regulatory sequences. Similarly, IRES-mediated translation in stressed cells is probably underestimated. In this regard, an elegant study aimed at identifying the translational profile of MCF7 cells treated with the apoptosis-inducing ligand TRAIL, indicated that approximately 3% of mRNAs remain associated with the polysomes in apoptotic cells [65]. Although a certain number of these mRNAs were already known to contain an IRES (i.e., c-Myc), novel functional IRESes were identified, particularly in mRNAs encoding proteins required for chromatin modification/remodeling and Notch signaling. These findings suggest that the list of stress- or apoptosis-regulated uORF- or IRES-containing mRNAs should be extended in the near future. This will certainly help to clarify how cells are capable of modifying gene expression at the translational level to better cope with stress.

Another feature that cells have evolved to selectively regulate gene expression at the mRNA stability/translational level is the use of micro-RNAs (miR). As shown above, the existence of uORFs and IRESes in mRNAs often permits a selective induction of protein synthesis. In the case of micro-RNAs, the expression of target genes is instead selectively inhibited, as was shown for the anti-apoptotic Bcl family of proteins, whose Bcl-2, Mcl-1, and Bcl-xL members are targeted by miR 15–16 [66], miR 29b [67] and Let-7/mir 98 [68], respectively. However, how the expression of these micro-RNAs is up- or downregulated by apoptotic stress remains to be fully characterized.






Acknowledgments

This work received support from LA LIGUE (“Equipes Labellisées” program). Charline Lasfargues was a recipient of CFP (“Club Français du Pancréas”) and LA LIGUE doctoral programs, and Yvan Martineau was a recipient of “Fondation de France” and FRM (“Fondation pour la Recherche Médicale”) post-doctoral fellowships.




	Conflict of interestThe authors declare no conflict of interest.





References


	1. 
Dever, T.E. Translation initiation: Adept at adapting. Trends Biochem. Sci 1999, 24, 398–403. [Google Scholar]

	2. 
Schmitt, E.; Naveau, M.; Mechulam, Y. Eukaryotic and archaeal translation initiation factor 2: A heterotrimeric tRNA carrier. FEBS Lett 2010, 584, 405–412. [Google Scholar]

	3. 
Levin, D.; London, I.M. Regulation of protein synthesis: Activation by double-stranded RNA of a protein kinase that phosphorylates eukaryotic initiation factor 2. Proc. Natl. Acad. Sci. USA 1978, 75, 1121–1125. [Google Scholar]

	4. 
García, M.A.; Meurs, E.F.; Esteban, M. The dsRNA protein kinase PKR: Virus and cell control. Biochimie 2007, 89, 799–811. [Google Scholar]

	5. 
Lee, S.B.; Esteban, M. The interferon-induced double-stranded RNA-activated protein kinase induces apoptosis. Virology 1994, 199, 491–496. [Google Scholar]

	6. 
Yeung, M.C.; Lau, A.S. Tumor suppressor p53 as a component of the tumor necrosis factor-induced, protein kinase PKR-mediated apoptotic pathway in human promonocytic U937 cells. J. Biol. Chem 1998, 273, 25198–25202. [Google Scholar]

	7. 
Harding, H.P.; Novoa, I.; Zhang, Y.; Zeng, H.; Wek, R.; Schapira, M.; Ron, D. Regulated translation initiation controls stress-induced gene expression in mammalian cells. Mol. Cell 2000, 6, 1099–1108. [Google Scholar]

	8. 
Harding, H.P.; Zhang, Y.; Ron, D. Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase. Nature 1999, 397, 271–274. [Google Scholar]

	9. 
Wek, R.C.; Jiang, H.Y.; Anthony, T.G. Coping with stress: eIF2 kinases and translational control. Biochem. Soc. Trans 2006, 34, 7–11. [Google Scholar]

	10. 
Berlanga, J.J.; Santoyo, J.; de Haro, C. Characterization of a mammalian homolog of the GCN2 eukaryotic initiation factor 2α kinase. Eur. J. Biochem 1999, 265, 754–762. [Google Scholar]

	11. 
Hinnebusch, A.G. Evidence for translational regulation of the activator of general amino acid control in yeast. Proc. Natl. Acad. Sci. USA 1984, 81, 6442–6446. [Google Scholar]

	12. 
Ye, J.; Kumanova, M.; Hart, L.S.; Sloane, K.; Zhang, H.; de Panis, D.N.; Bobrovnikova-Marjon, E.; Diehl, J.A.; Ron, D.; Koumenis, C. The GCN2-ATF4 pathway is critical for tumour cell survival and proliferation in response to nutrient deprivation. EMBO J 2010, 29, 2082–2096. [Google Scholar]

	13. 
Liu, Y.; László, C.; Liu, Y.; Liu, W.; Chen, X.; Evans, S.C.; Wu, S. Regulation of G(1) arrest and apoptosis in hypoxia by PERK and GCN2-mediated eIF2alpha phosphorylation. Neoplasia 2010, 12, 61–68. [Google Scholar]

	14. 
Jiang, H.Y.; Wek, R.C. GCN2 phosphorylation of eIF2α activates NF-κB in response to UV irradiation. Biochem. J 2005, 385, 371–380. [Google Scholar]

	15. 
Marissen, W.E.; Guo, Y.; Thomas, A.A.; Matts, R.L.; Lloyd, R.E. Identification of caspase 3-mediated cleavage and functional alteration of eukaryotic initiation factor 2alpha in apoptosis. J. Biol. Chem 2000, 275, 9314–9323. [Google Scholar]

	16. 
Satoh, S.; Hijikata, M.; Handa, H.; Shimotohno, K. Caspase-mediated cleavage of eukaryotic translation initiation factor subunit 2alpha. Biochem. J 1999, 342, 65–70. [Google Scholar]

	17. 
Welsh, G.I.; Miller, C.M.; Loughlin, A.J.; Price, N.T.; Proud, C.G. Regulation of eukaryotic initiation factor eIF2B: Glycogen synthase kinase-3 phosphorylates a conserved serine which undergoes dephosphorylation in response to insulin. FEBS Lett 1998, 421, 125–130. [Google Scholar]

	18. 
Wang, X.; Proud, C.G. A novel mechanism for the control of translation initiation by amino acids, mediated by phosphorylation of eukaryotic initiation factor 2B. Mol. Cell. Biol 2008, 28, 1429–1442. [Google Scholar]

	19. 
Woo, C.W.; Kutzler, L.; Kimball, S.R.; Tabas, I. Toll-like receptor activation suppresses ER stress factor CHOP and translation inhibition through activation of eIF2B. Nat. Cell Biol 2012, 14, 192–200. [Google Scholar]

	20. 
Hui, D.J.; Bhasker, C.R.; Merrick, W.C.; Sen, G.C. Viral stress-inducible protein p56 inhibits translation by blocking the interaction of eIF3 with the ternary complex eIF2·GTP·Met-tRNAi. J. Biol. Chem 2003, 278, 39477–39482. [Google Scholar]

	21. 
Fensterl, V.; Sen, G.C. The ISG56/IFIT1 gene family. J. Interferon Cytokine Res 2011, 31, 71–78. [Google Scholar]

	22. 
Zhang, L.; Pan, X.; Hershey, J.W. Individual overexpression of five subunits of human translation initiation factor eIF3 promotes malignant transformation of immortal fibroblast cells. J. Biol. Chem 2007, 282, 5790–5800. [Google Scholar]

	23. 
Bushell, M.; Wood, W.; Clemens, M.J.; Morley, S.J. Changes in integrity and association of eukaryotic protein synthesis initiation factors during apoptosis. Eur. J. Biochem 2000, 267, 1083–1091. [Google Scholar]

	24. 
Shi, J.; Feng, Y.; Goulet, A.C.; Vaillancourt, R.R.; Sachs, N.A.; Hershey, J.W.; Nelson, M.A. The p34cdc2-related cyclin-dependent kinase 11 interacts with the p47 subunit of eukaryotic initiation factor 3 during apoptosis. J. Biol. Chem 2003, 278, 5062–5071. [Google Scholar]

	25. 
Lin, Y.M.; Chen, Y.R.; Lin, J.R.; Wang, W.J.; Inoko, A.; Inagaki, M.; Wu, Y.C.; Chen, R.H. eIF3k regulates apoptosis in epithelial cells by releasing caspase 3 from keratin-containing inclusions. J. Cell Sci 2008, 121, 2382–2393. [Google Scholar]

	26. 
Martineau, Y.; Azar, R.; Bousquet, C.; Pyronnet, S. Anti-oncogenic potential of the eIF4E-binding proteins. Oncogene 2012. [Google Scholar] [CrossRef]

	27. 
Pyronnet, S.; Imataka, H.; Gingras, A.C.; Fukunaga, R.; Hunter, T.; Sonenberg, N. Human eukaryotic translation initiation factor 4G (eIF4G) recruits mnk1 to phosphorylate eIF4E. EMBO J 1999, 18, 270–279. [Google Scholar]

	28. 
Pyronnet, S. Phosphorylation of the cap-binding protein eIF4E by the MAPK-activated protein kinase Mnk1. Biochem. Pharmacol 2000, 60, 1237–1243. [Google Scholar]

	29. 
Holcik, M.; Sonenberg, N. Translational control in stress and apoptosis. Nat. Rev. Mol. Cell Biol 2005, 6, 318–327. [Google Scholar]

	30. 
Tee, A.R.; Proud, C.G. Caspase cleavage of initiation factor 4E-binding protein 1 yields a dominant inhibitor of cap-dependent translation and reveals a novel regulatory motif. Mol. Cell. Biol. 2002, 22, 1674–1683. [Google Scholar]

	31. 
Li, Q.; Imataka, H.; Morino, S.; Rogers, G.W., Jr; Richter-Cook, N.J.; Merrick, W.C.; Sonenberg, N. Eukaryotic translation initiation factor 4AIII (eIF4AIII) is functionally distinct from eIF4AI and eIF4AII. Mol. Cell. Biol. 1999, 19, 7336–7346. [Google Scholar]

	32. 
Yang, H.S.; Jansen, A.P.; Nair, R.; Shibahara, K.; Verma, A.K.; Cmarik, J.L.; Colburn, N.H. A novel transformation suppressor, Pdcd4, inhibits AP-1 transactivation but not NF-kappaB or ODC transactivation. Oncogene 2001, 20, 669–676. [Google Scholar]

	33. 
Yang, H.S.; Jansen, A.P.; Komar, A.A.; Zheng, X.; Merrick, W.C.; Costes, S.; Lockett, S.J.; Sonenberg, N.; Colburn, N.H. The transformation suppressor Pdcd4 is a novel eukaryotic translation initiation factor 4A binding protein that inhibits translation. Mol. Cell. Biol 2003, 23, 26–37. [Google Scholar]

	34. 
Gradi, A.; Imataka, H.; Svitkin, Y.V.; Rom, E.; Raught, B.; Morino, S.; Sonenberg, N. A novel functional human eukaryotic translation initiation factor 4G. Mol. Cell. Biol 1998, 18, 334–342. [Google Scholar]

	35. 
Ling, J.; Morley, S.J.; Traugh, J.A. Inhibition of cap-dependent translation via phosphorylation of eIF4G by protein kinase Pak2. EMBO J 2005, 24, 4094–4105. [Google Scholar]

	36. 
Henis-Korenblit, S.; Shani, G.; Sines, T.; Marash, L.; Shohat, G.; Kimchi, A. The caspase-cleaved DAP5 protein supports internal ribosome entry site-mediated translation of death proteins. Proc. Natl. Acad. Sci. USA 2002, 99, 5400–5405. [Google Scholar]

	37. 
Marissen, W.E.; Gradi, A.; Sonenberg, N.; Lloyd, R.E. Cleavage of eukaryotic translation initiation factor 4GII correlates with translation inhibition during apoptosis. Cell Death Differ 2000, 7, 1234–1243. [Google Scholar]

	38. 
Imataka, H.; Gradi, A.; Sonenberg, N. A newly identified N-terminal amino acid sequence of human eIF4G binds poly(A)-binding protein and functions in poly(A)-dependent translation. EMBO J 1998, 17, 7480–7489. [Google Scholar]

	39. 
Marissen, W.E.; Triyoso, D.; Younan, P.; Lloyd, R.E. Degradation of poly(A)-binding protein in apoptotic cells and linkage to translation regulation. Apoptosis 2004, 9, 67–75. [Google Scholar]

	40. 
Imataka, H.; Olsen, H.S.; Sonenberg, N. A new translational regulator with homology to eukaryotic translation initiation factor 4G. EMBO J 1997, 16, 817–825. [Google Scholar]

	41. 
Lee, S.H.; McCormick, F. p97/DAP5 is a ribosome-associated factor that facilitates protein synthesis and cell proliferation by modulating the synthesis of cell cycle proteins. EMBO J 2006, 25, 4008–4019. [Google Scholar]

	42. 
Yamanaka, S.; Zhang, X.Y.; Maeda, M.; Miura, K.; Wang, S.; Farese, R.V., Jr; Iwao, H.; Innerarity, T.L. Essential role of NAT1/p97/DAP5 in embryonic differentiation and the retinoic acid pathway. EMBO J. 2000, 19, 5533–5541. [Google Scholar]

	43. 
Henis-Korenblit, S.; Strumpf, N.L.; Goldstaub, D.; Kimchi, A. A novel form of DAP5 protein accumulates in apoptotic cells as a result of caspase cleavage and internal ribosome entry site-mediated translation. Mol. Cell. Biol 2000, 20, 496–506. [Google Scholar]

	44. 
Lu, P.D.; Harding, H.P.; Ron, D. Translation reinitiation at alternative open reading frames regulates gene expression in an integrated stress response. J. Cell Biol 2004, 167, 27–33. [Google Scholar]

	45. 
Vattem, K.M.; Wek, R.C. Reinitiation involving upstream ORFs regulates ATF4 mRNA translation in mammalian cells. Proc. Natl. Acad. Sci. USA 2004, 101, 11269–11274. [Google Scholar]

	46. 
Palam, L.R.; Baird, T.D.; Wek, R.C. Phosphorylation of eIF2 facilitates ribosomal bypass of an inhibitory upstream ORF to enhance CHOP translation. J. Biol. Chem 2011, 286, 10939–10949. [Google Scholar]

	47. 
Lee, Y.Y.; Cevallos, R.C.; Jan, E. An upstream open reading frame regulates translation of GADD34 during cellular stresses that induce eIF2α phosphorylation. J. Biol. Chem 2009, 284, 6661–6673. [Google Scholar]

	48. 
Fawcett, T.W.; Martindale, J.L.; Guyton, K.Z.; Hai, T.; Holbrook, N.J. Complexes containing activating transcription factor (ATF)/cAMP-responsive-element-binding protein (CREB) interact with the CCAAT/enhancer-binding protein (C/EBP)-ATF composite site to regulate Gadd153 expression during the stress response. Biochem. J 1999, 339, 135–141. [Google Scholar]

	49. 
McCullough, K.D.; Martindale, J.L.; Klotz, L.O.; Aw, T.Y.; Holbrook, N.J. Gadd153 sensitizes cells to endoplasmic reticulum stress by down-regulating Bcl2 and perturbing the cellular redox state. Mol. Cell. Biol 2001, 21, 1249–1259. [Google Scholar]

	50. 
Yamaguchi, H.; Wang, H.G. CHOP is involved in endoplasmic reticulum stress-induced apoptosis by enhancing DR5 expression in human carcinoma cells. J. Biol. Chem 2004, 279, 45495–45502. [Google Scholar]

	51. 
Ohoka, N.; Yoshii, S.; Hattori, T.; Onozaki, K.; Hayashi, H. TRB3, a novel ER stress-inducible gene, is induced via ATF4-CHOP pathway and is involved in cell death. EMBO J 2005, 24, 1243–1255. [Google Scholar]

	52. 
Warnakulasuriyarachchi, D.; Ungureanu, N.H.; Holcík, M. The translation of an antiapoptotic protein HIAP2 is regulated by an upstream open reading frame. Cell Death Differ 2003, 10, 899–904. [Google Scholar]

	53. 
Warnakulasuriyarachchi, D.; Cerquozzi, S.; Cheung, H.H.; Holcík, M. Translational induction of the inhibitor of apoptosis protein HIAP2 during endoplasmic reticulum stress attenuates cell death and is mediated via an inducible internal ribosome entry site element. J. Biol. Chem 2004, 279, 17148–17157. [Google Scholar]

	54. 
Holcik, M.; Korneluk, R.G. Functional characterization of the X-linked inhibitor of apoptosis (XIAP) internal ribosome entry site element: Role of La autoantigen in XIAP translation. Mol. Cell. Biol 2000, 20, 4648–4657. [Google Scholar]

	55. 
Li, X.; Gong, R.Y.; Wang, M.; Yan, Z.L.; Yuan, B.; Wang, K.; Shi, L.H. Sorafenib down-regulates c-IAP expression post-transcriptionally in hepatic carcinoma cells to suppress apoptosis. Biochem. Biophys. Res. Commun 2012, 418, 531–536. [Google Scholar]

	56. 
Sherrill, K.W.; Byrd, M.P.; van Eden, M.E.; Lloyd, R.E. BCL-2 translation is mediated via internal ribosome entry during cell stress. J. Biol. Chem 2004, 279, 29066–29074. [Google Scholar]

	57. 
Yoon, A.; Peng, G.; Brandenburger, Y.; Zollo, O.; Xu, W.; Rego, E.; Ruggero, D. Impaired control of IRES-mediated translation in X-linked dyskeratosis congenita. Science 2006, 312, 902–906. [Google Scholar]

	58. 
Coldwell, M.J.; Mitchell, S.A.; Stoneley, M.; MacFarlane, M.; Willis, A.E. Initiation of Apaf-1 translation by internal ribosome entry. Oncogene 2000, 19, 899–905. [Google Scholar]

	59. 
Nanbru, C.; Lafon, I.; Audigier, S.; Gensac, M.C.; Vagner, S.; Huez, G.; Prats, A.C. Alternative translation of the proto-oncogene c-myc by an internal ribosome entry site. J. Biol. Chem 1997, 272, 32061–32066. [Google Scholar]

	60. 
Yeh, S.H.; Yang, W.B.; Gean, P.W.; Hsu, C.Y.; Tseng, J.T.; Su, T.P.; Chang, W.C.; Hung, J.J. Translational and transcriptional control of Sp1 against ischaemia through a hydrogen peroxide-activated internal ribosomal entry site pathway. Nucl. Acids Res 2011, 39, 5412–5423. [Google Scholar]

	61. 
Marash, L.; Liberman, N.; Henis-Korenblit, S.; Sivan, G.; Reem, E.; Elroy-Stein, O.; Kimchi, A. DAP5 promotes cap-independent translation of Bcl-2 and CDK1 to facilitate cell survival during mitosis. Mol. Cell 2008, 30, 447–459. [Google Scholar]

	62. 
Macejak, D.G.; Sarnow, P. Internal initiation of translation mediated by the 5′ leader of a cellular mRNA. Nature 1991, 353, 90–94. [Google Scholar]

	63. 
Yaman, I.; Fernandez, J.; Liu, H.; Caprara, M.; Komar, A.A.; Koromilas, A.E.; Zhou, L.; Snider, M.D.; Scheuner, D.; Kaufman, R.J.; et al. The zipper model of translational control: A small upstream ORF is the switch that controls structural remodeling of an mRNA leader. Cell 2003, 113, 519–531. [Google Scholar]

	64. 
Morrish, B.C.; Rumsby, M.G. The 5′ untranslated region of protein kinase Cdelta directs translation by an internal ribosome entry segment that is most active in densely growing cells and during apoptosis. Mol. Cell. Biol 2002, 22, 6089–6099. [Google Scholar]

	65. 
Bushell, M.; Stoneley, M.; Kong, Y.W.; Hamilton, T.L.; Spriggs, K.A.; Dobbyn, H.C.; Qin, X.; Sarnow, P.; Willis, A.E. Polypyrimidine tract binding protein regulates IRES-mediated gene expression during apoptosis. Mol. Cell 2006, 23, 401–412. [Google Scholar]

	66. 
Cimmino, A.; Calin, G.A.; Fabbri, M.; Iorio, M.V.; Ferracin, M.; Shimizu, M.; Wojcik, S.E.; Aqeilan, R.I.; Zupo, S.; Dono, M.; et al. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc. Natl. Acad. Sci. USA 2005, 102, 13944–13949. [Google Scholar]

	67. 
Mott, J.L.; Kobayashi, S.; Bronk, S.F.; Gores, G.J. mir-29 regulates Mcl-1 protein expression and apoptosis. Oncogene 2007, 26, 6133–6140. [Google Scholar]

	68. 
Shimizu, S.; Takehara, T.; Hikita, H.; Kodama, T.; Miyagi, T.; Hosui, A.; Tatsumi, T.; Ishida, H.; Noda, T.; Nagano, H.; et al. The let-7 family of microRNAs inhibits Bcl-xL expression and potentiates sorafenib-induced apoptosis in human hepatocellular carcinoma. J. Hepatol 2010, 52, 698–704. [Google Scholar]















© 2013 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  ijms-14-00177


  
    		
      ijms-14-00177
    


  




  





media/file0.png
elF2

Actlvated ternary
6lF2.GTP.Met.tRNAI complex

Phosphorylated and
Inactlvated complexes






media/file1.png
Stress and
apoptotic
signal

Inhibition of Translation
cap-dependent dependent on
translation cls-slsments





media/file2.png





