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Abstract

:

Protein synthesis is tightly regulated at each step of translation. In particular, the formation of the basic cap-binding complex, eukaryotic initiation factor 4F (eIF4F) complex, on the 5′ cap structure of mRNA is positioned as the rate-limiting step, and various cis-elements on mRNA contribute to fine-tune spatiotemporal protein expression. The cis-element on mRNAs is recognized and bound to the trans-acting factors, which enable the regulation of the translation rate or mRNA stability. In this review, we focus on the molecular mechanism of how the assembly of the eIF4F complex is regulated on the cap structure of mRNAs. We also summarize the fine-tuned regulation of translation initiation by various trans-acting factors through cis-elements on mRNAs.
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1. Introduction


Gene expression involves protein synthesis. The translation can be divided into four main events: initiation, elongation, termination, and ribosome recycling. Initiation begins with the binding of the ribosome to mRNA and the recognition of the start codon. In eukaryotes, the molecular mechanism of initiation is more complex than that of prokaryotes [1,2,3,4,5]. Eukaryotic mRNAs have a cap structure at the 5′ end and a poly(A) tail at the 3′ end. The cap-dependent, canonical translation is initiated when the eukaryotic translation initiation factor (eIF) 4F complex is assembled on the 5′ cap of mRNAs. The eIF4F complex consists of eIF4E (cap-binding), eIF4G (platform for eIFs), and eIF4A (RNA unwinding). eIF4G has binding sites of eIF4E, eIF4A, eIF3, and poly(A)-binding protein (PABP). The interaction between PABP and eIF4G results in the circularization of mRNA, enhances the binding affinity of the eIF4F complex for the 5′ cap, and facilitates the 43S pre-initiation complex (PIC) binding to the mRNA [6,7]. Since the formation of the eIF4F complex (including eIF4G/PABP interaction) is a rate-limiting step of cap-dependent translation initiation, it is a molecular target of translational control (Figure 1). Some trans-acting factors, such as RNA-binding proteins and microRNAs (miRNAs), regulate translation through the direct or indirect interaction with a basic cap-binding complex to modulate the translation initiation complex. This review summarizes the molecular mechanism of translation regulation via the stability control of the cap-binding complex by trans-acting factors and cis-elements on mRNA.




2. RNA-Binding Protein-Mediated Translation Regulation


RNA-binding proteins are necessary for the posttranscriptional regulation of gene expression through the control of mRNA stability and translation. Each RNA-binding protein binds to the specific cis-element on mRNAs [8,9,10]. AU-rich elements (AREs) are cis-elements that promote mRNA destabilization following their deadenylation induced by deadenylase complexes, such as carbon catabolite repression 4/negative on TATA-less (CCR4/NOT) and PAN2-PAN3 [11].



Tristetraprolin (TTP), also known as zinc finger binding protein 36 (ZFP36) of the TIS11 (TPA-induced sequence) family, is an ARE-binding protein (ARE-BP) that induces deadenylation of target mRNAs by the CCR4/NOT complex [12]. TTP has a tandem zinc finger RNA-binding domain and binds to the 3′ untranslated region (UTR) of target mRNAs, such as tumor necrosis factor-α (TNF-α) and granulocyte-macrophage colony-stimulating factor (GM-CSF) [13,14]. TTP mediates the recruitment of the CCR4/NOT complex to the target mRNA through direct interaction with its subunits, CNOT1 and CNOT9 [15,16]. CNOT1 is a scaffold protein and plays a pivotal role in the deadenylase activity of the CCR4/NOT complex. Additionally, TTP interacts with one of the cap-binding proteins, 4EHP (also known as eIF4E2), via the direct binding to the growth factor receptor-bound protein 10-interacting glycine–tyrosine–phenylalanine domain protein 2 (GIGYF2) and inhibits the translation of target mRNAs [17,18]. Unlike eIF4E, 4EHP does not bind to eIF4G and form the eIF4F complex [19]. Moreover, the overexpression of 4EHP enhances TTP-mediated translational repression, whereas the overexpression of a cap-binding mutant 4EHP disrupts TTP-mediated translational repression [18]. Thus, TTP inhibits target mRNA translation by recruiting 4EHP, thereby disrupting the assembly of the eIF4F complex (Figure 2).



ZFP36 ring finger protein-like 1 (ZFP36L1) is also an ARE-BP, which is one of the TIS11 family proteins as TTP [12]. It has been reported that ZFP36L1 interacts with subunits of the CCR4/NOT complex and induces target mRNA decay [20]. ZFP36L1 also has a conserved sequence for the CNOT1-interacting motif (CIM) of TTP [16]. Our recent study demonstrates that ZFP36L1 induces deadenylation of the target mRNA by utilizing the CCR4/NOT complex via the direct interaction between ZFP36L1 and CNOT1 [21]. It was also shown that ZFP36L1 represses translation in a deadenylation-independent manner. Moreover, it was discovered that the ZFP36L1-mediated translation repression requires its CNOT1-binding. Additionally, we showed that ZFP36L1 does not interact efficiently with 4EHP or GIGYF2, unlike TTP. This suggests that the recruitment of 4EHP or GIGYF2 to the target mRNA is dispensable for ZFP36L1-mediated translation repression, or ZFP36L1-mediated translation repression occurs in a cap-independent manner. To test this possibility, we utilized the encephalomyocarditis virus (EMCV) IRES, which does not require eIF4E for its translation. Notably, ZFP36L1 failed to repress the EMCV IRES-driven translation, suggesting that cap-dependent translation initiation is a primary target in ZFP36L1-mediated translation repression [21].



Importantly, some ARE-BPs play stabilizing roles, whereas others play destabilizing roles. Hu proteins are highly conserved RNA-binding proteins in vertebrates. In mammals, there are four Hu proteins (named HuR, HuB, HuC, and HuD), and they all positively regulate the stability of ARE-containing mRNAs in contrast to the TIS11 family [22]. HuR is ubiquitously expressed and binds to AREs located in the target mRNA 3′ UTR or intron sequences. HuR controls alternative splicing for specific genes (such as ZNF207, GANAB, DST, and PTBP2) or stabilization of ARE-containing mRNAs (encoded c-Fos and c-Jun) in the 3′ UTR or microRNA precursor processing (miR-7, encoded in the hnRNP K exon) [23,24]. Additionally, HuR upregulates the protein level of p53 by binding to the 3′ UTR of p53 mRNA in response to irradiation with the short-wavelength UV light [25].



Alternatively, HuB, HuC, and HuD are expressed in neurons and play a pivotal role in neuronal differentiation [26,27]. The neuronal Hu proteins induce neuronal differentiation through a neuron-specific RNA regulatory system, such as the spatiotemporal control of protein synthesis. Previous studies have shown that Hu proteins regulate the stability and translation of multiple target mRNAs, such as neurofilament M (NF-M), growth-associated protein-43 (GAP-43), tau, p21, and p27 [28,29,30]. GAP-43 mRNA is stabilized by HuD in a poly (A)-tail length-dependent manner. HuD can increase the half-life of GAP-43 mRNA containing ARE and a poly(A)-tail (at least 150 A nucleotides) in the 3′ UTR, but not short length poly(A)-tail (A30) [31]. Antic et al. reported that HuB binds to the 3′ UTR of NF-M mRNA, and NF-M mRNA is recruited efficiently to heavy polysomes in the presence of HuB [28]. Yano and colleagues revealed that HuB binds to the ARE in the 3′ UTR of p21 mRNA and increases p21 protein levels in mouse neuroblastoma N1E-115 cells. On the contrary, heterogeneous nuclear ribonucleoprotein K (hnRNP K) represses the translation of p21 mRNA by binding to the CU-rich region in the 3′ UTR. They also found that hnRNP K directly interacts with HuB. Interestingly, the binding sites of HuB and hnRNP K are adjacent in 3′ UTR of p21 mRNA, and they interact directly. They, therefore, proposed the model that hnRNP K antagonizes HuB mediated translation stimulation via their protein–protein interactions, although the underlying mechanism is unknown [30].



Our previous study showed that HuD enhances cap-dependent translation, and its activity of translation stimulation is necessary for neurite outgrowth in PC12 cells [32]. Hu proteins have three RNA-binding domains (RBDs, from the N-terminal RBD1 to the C-terminal RBD3) and a linker region between RBD2 and RBD3. It was reported that RBD1 and RBD2 bind to ARE, while RBD3 can interact with the poly(A)-tail and stabilize the mRNA–protein complex [33,34,35]. We revealed that HuD interacts with the cap-binding complex and that the HuD is co-sedimented with heavy polysomes, depending on its poly (A) binding ability [32]. The key is the interaction of HuD with actively translating poly(A) mRNAs but not with ribosomes. These observations prompted us to hypothesize that HuD might stimulate translation initiation of cap-poly(A) mRNA. We also found that HuD associates with the cap-binding complex via a direct binding to eIF4A. The eIF4A-binding activity of HuD is essential for the neurite outgrowth of PC12 cells and HuD-mediated translation activation. Thus, these findings showed that HuD stimulates the cap-poly(A) mRNA translation in a poly(A)- and eIF4A-binding-dependent manner [32]. In contrast, HuD represses the translation of p27 and preproinsulin (Ins2) mRNAs [36,37,38]. Although the molecular mechanism of translation repression by HuD is unclear, it was reported that an internal ribosome entry site (IRES) located in the 5′ UTR of p27 mRNA [36] and a short RNA sequence spanning positions 52–73 in the 5′ UTR of Ins2 mRNA [37,38] are required for HuD-binding. From this report, HuD can control the translation as a negative or positive regulator by forming a different complex on the target mRNA via the sequence and partner it binds to. IRES is the sequence that can initiate translation in a cap-independent manner and is also known to form various complexes via the binding to IRES-trans acting factors (ITAFs) [39].



Cytoplasmic polyadenylation elements (CPEs) are also cis-elements in the 3′ UTR of mRNAs to control its translation rate. CPEs are recognized by CPEB (CPE binding) family proteins. Their functions are conserved from invertebrates to vertebrates [40,41]. The translational control mediated by CPEB proteins is required for early development and neuronal synaptic plasticity. In Xenopus oocytes, the CPEB proteins form a prominent complex on the 3′UTR of CPE-containing mRNAs with various factors in regulating poly (A) tail length and translation initiation. Maskin is a key protein, one of the CPEB protein interacting factors, and it represses translation via inhibition of the eIF4F complex assembly by directly binding to eIF4E [42]. Additionally, CPEB proteins interact with Gld2, a poly(A) polymerase (PAP) and poly(A)-specific ribonuclease (PARN) [43]. Although PARN is a cap-interacting protein and its binding stimulates the deadenylase activity [44,45,46], PARN interacts with maskin and eIF4E via the CPEB protein and competes with Gld2, leading to poly(A)-tail shortening of CPE-containing mRNAs [43]. When PARN dissociates from the CPEB complex via the phosphorylation of CPEB proteins, Gld2 elongates the poly(A)-tail of CPE-containing mRNAs. As a result, the amount of PABP increases, and eIF4E-interacting proteins on CPE-containing mRNAs replace maskin with eIF4G in a PABP-dependent manner [42]. CPEB proteins also regulate the translation of CPE-containing mRNAs via the poly(A)-tail length control through the competition of PARN and Gld2 in Drosophila and mammal neurons. However, the eIF4E-binding protein in the neural CPEB complex is neuroguidin (Ngd) rather than maskin [47]. Ngd is widely expressed in the nervous system and interacts with eIF4E and CPEB protein as maskin. Moreover, Ngd can repress translation in a CPE-dependent manner [48] (Figure 3).




3. microRNA-Mediated Translation Regulation


MicroRNAs are endogenous and small non-coding RNAs (20 bases) that bind to target mRNAs with a complementary sequence and regulate gene expression. Instead of functioning alone, miRNAs regulate gene expression by forming miRISC (miRNA-induced silencing complex) with Ago (Argonaute) proteins, and miRISC induces translation repression and destabilization of target mRNAs [49,50,51,52,53,54,55]. It has been shown that the GW182 protein is important for gene silencing by miRISC in animals. The GW182 protein interacts with the target mRNA by binding to the Ago protein and functions as a scaffold for PABP and two deadenylation complexes (CCR4/NOT and PAN2-PAN3) [56,57,58,59,60,61,62,63,64,65]. Some experiments with the knockdown of components or the dominant negative mutant overexpression of CCR4/NOT and PAN2-PAN3 complexes revealed that the CCR4/NOT complex is primarily involved in miRNA-mediated deadenylation [66,67,68]. After deadenylation, mRNA degradation in the 5′to 3′direction occurs, which requires the decapping of target mRNAs. MiRISC controls decapping by recruiting various factors involved in the decapping of target mRNAs. In mammals, DCP2, the catalytic subunit of decapping, DCP1, DDX6, and EDC4, which are involved in the activation of decapping, interacts with the Ago proteins [69].



Many studies with different organisms and methods have shown that gene silencing by miRNAs induces mRNA degradation and a translation repression pathway. GW182 suppresses translation even for mRNAs without a poly (A)-tail in a CCR4/NOT complex-dependent manner [61,62]. This result indicates that GW182 plays an essential role in miRNA-mediated translation repression. Additionally, since CAF1, which is a deadenylase of the CCR4/NOT complex, mediates the deadenylation-independent translation repression, the CCR4/NOT complex is also vital for miRNA-mediated translation repression [70,71]. Several groups have shown that CNOT1 binds explicitly to the DEAD-box RNA helicase DDX6, also known as a decapping activator mentioned above. DDX6 represses the translation at the initiation step and elongation step [72,73]. In addition, DDX6 recruits the eIF4E-binding protein 4E-T to the target mRNA, and 4E-T represses the translation via its eIF4E-binding domain [74,75].



Furthermore, Chapat et al. and Chen et al. reveal that the cap-binding activity of 4EHP contributes to the miRNA-mediated translation repression through the CCR4/NOT complex [76,77]. They also show that 4EHP competes with eIF4E for the 4E-T binding, while the cap-binding affinity of 4EHP increased by 4E-T binding [76]. These reports suggest that miRNA-mediated translation repression is caused by crippling eIF4F on target mRNAs by recruiting DDX6, 4E-T, and 4EHP with CNOT1 as a scaffold in a GW182-dependent manner (Figure 4).



Alternatively, we have demonstrated another model of miRNA-mediated translation repression with a different approach [78]. First, we isolated an mRNA-protein complex, including miRISC on target mRNAs, by an in vitro translation system arranged with GRNA affinity chromatography (mRNA pull-down using the specific interaction between lambda N peptides and BoxB sequences [79]) and analyzed its constituent factors. We discovered that both eIF4AI and eIF4AII were dissociated from the translation initiation complex on the miRISC-bound mRNA [78]. Furthermore, the excess amount of eIF4AI and eIF4AII attenuates miRNA-mediated translation repression. These results suggest that miRISC dissociates eIF4AI and eIF4AII from the eIF4F complex or inhibits eIF4F formation on target mRNAs (Figure 4). To test these possibilities, we used a pharmacological eIF4A inhibitor, silvestrol, which immobilizes eIF4A onto mRNA [80,81,82]. We observed that eIF4As still remain associated with mRNAs even in the presence of both miRNA and silvestrol. This result strongly suggests that miRNA displaces eIF4As from mRNA rather than inhibiting initial recruitment of eIF4A to mRNAs. We next used the feature of HuD as a tool to prove that the dissociation of eIF4AI and eIF4AII from the eIF4F complex is essential for miRNA-mediated translation repression [78]. Binding to eIF4A is necessary for HuD-mediated translation stimulation [32]. Therefore, HuD was expected to act antagonistically with the miRNA mechanism that also targets eIF4A. As expected, we confirmed that HuD inhibits the miRNA-mediated translation repression and the dissociation of eIF4AI and eIF4AII from the eIF4F complex in an eIF4A-binding dependent manner (Figure 5). In summary, we conclude that the translational inhibitory effect of miRNAs in humans is exerted by dissociating eIF4AI and eIF4AII from the target mRNA [78]. Fukaya and Tomari also demonstrated that fly Ago1-RISC induces the dissociation of eIF4A from the eIF4F complex in Drosophila, using a different approach (site-specific UV crosslinking analysis) [83]. These reports suggest that eIF4A is targeted by miRNA-mediated translation repression, and this model is conserved in animals.




4. Translation Regulation via PABP-Binding


Thus far, the molecular mechanism directly involved in the eIF4F formation for translational regulation by RNA-binding proteins and miRNAs has been described. However, the presence of PABP on mRNAs is indispensable for the efficiency of eIF4F formation, and there are many studies on translation repression on specific mRNAs by inhibiting the function of PABP. For example, PABP interacting protein 2 (Paip2), a negative translational regulator, directly binds to PABP via PABP interacting motif 1 (PAM1) and PAM2. It was reported that Paip2 represses translation through the release of PABP from the poly(A) tail of mRNA [84,85]. Msi, the Drosophila homolog of musashi, is an RNA-binding protein containing two RNA recognition motifs. In mammals, there are two members of the Msi family proteins, Msi1 and Msi2. Each Msi protein has a different expression pattern that Msi1 expresses in neuronal stem cells, and Msi2 expresses ubiquitously [86,87,88]. Kawahara et al. showed that Msi1 inhibits the translation of m-Numb mRNA via its PABP-binding ability. Msi1 binds to PABP directly at the C-terminal region of Msi1 and competes with eIF4G [89]. This implies that Msi1 dissociates PABP from the translation initiation complex and destabilizes the eIF4F complex on target mRNAs. In contrast, Cragle and MacNicol reported that Msi1 is an activator of translation in progesterone-stimulated Xenopus oocytes [90]. They also showed that Msi1 interacts with Gld2 and that Msi1 stimulates translation via the polyadenylation of the target mRNA, such as CPEB proteins.



As previously described, GW182 is an essential protein for miRNA-mediated translation repression and deadenylation in animals. GW182 directly interacts with PABP through PAM2 located in the C-terminal silencing domain and competes with eIF4G to bind with PABP in Drosophila [56,58,59]. Although deadenylation induces the dissociation of PABP from target mRNAs, it has been reported that GW182 displaces PABP from the target mRNA in the absence of deadenylation [57,91] (Figure 4). In addition, disassembly of PABP from poly(A)-tail requires interaction between GW182 and the CCR4/NOT complex. Moreover, Yi et al. suggest that PABP concerts with the CCR4/NOT complex to regulate mRNA deadenylation. CAF1 and CCR4 are catalytic subunits of the CCR4/NOT complex, and CCR4 requires CAF1 for the interaction with CNOT1. They showed that CAF1 and CCR4 have a distinct activity for deadenylation using the CCR4/NOT complex, including each catalytic mutant purified from mammalian cells. CAF1 untrims the PABP-bound poly(A) tail. Alternatively, the deadenylase activity of CCR4 increases in the presence of PABP [92]. These results suggest that the miRNA-mediated dissociation of PABP and deadenylation on target mRNAs depends on the usage of CCR4 or CAF1 within the CCR4/NOT complex.




5. Translation Regulation via Phosphorylation of RNA-Binding Proteins


In eukaryotes, the assembly of the eIF4F complex is regulated through the phosphorylation of various eIFs. 4E-BPs are eIF4E-binding proteins that inhibit the formation of the eIF4F complex via competition with eIF4G [93]. The mechanistic/mammalian target of rapamycin (mTOR) directly phosphorylates and inactivates 4E-BPs, followed by increasing the eIF4F complex [94,95]. Programmed cell death 4 (PDCD4) binds to eIF4A and inhibits translation by reducing eIF4A available to the eIF4F complex [96]. PDCD4 is phosphorylated by the mTOR pathway and inhibits the binding to eIF4A [97,98]. These are examples of phosphorylation-mediated regulatory mechanisms of the eIF4F complex formation for general mRNAs. In higher eukaryotes, the regulation of spatiotemporal protein synthesis requires the cooperative action of the signaling pathway and RNA-binding proteins.



In Xenopus oocytes, progesterone stimulates a serine/threonine kinase known as Aurora A. It phosphorylates CPEB at serine 174, and then phospho-CPEB induces polyadenylation of CPE-containing mRNAs via Gld2 [99,100]. Moreover, in the brain, the CPEB complex on CPE-containing mRNAs, including Ngd but not maskin, regulates synaptic plasticity and hippocampal-dependent memories. Ca2+/calmodulin-dependent protein kinase II (CaMKII) phosphorylates CPEB via activation of the N-methyl-D-aspartate receptor (NMDAR) [101,102]. The phosphorylation of the CPEB protein induces polyadenylation and translation of CPE-containing mRNAs by a similar mechanism as a CPEB complex, including maskin [48]. Protein kinase B (PKB/Akt) phosphorylates ZFP36L1 and inactivates its ability of mRNA decay [103,104]. It was reported that the phosphorylation of ZFP36L1 increased the interaction with 14-3-3 proteins, which are multifunctional adaptor proteins. Additionally, the ZFP36L1-mediated translation repression and deadenylation require interaction with CNOT1 [21]. These results imply that 14-3-3 proteins inhibit the recruitment of the CCR4/NOT complex to target mRNAs via the phosphorylation of ZFP36L1. Protein kinase C (PKC) is a serine/threonine kinase, which is ubiquitously expressed and phosphorylates HuD [105,106]. The phosphorylation of HuD induced stabilizes the target mRNA (GAP-43 mRNA) and increases the GAP-43 protein level [105]. It has been shown that HuD upregulates cap- and poly(A)-dependent translation via direct interaction with eIF4A (see Section 2). We previously showed that the PI3K/Akt pathway is involved in the ability of HuD to induce differentiation of PC12 cells by overexpressing a dominant negative mutant of Akt1. HuD directly and specifically interacts with the active (phosphorylated) form of Akt1, and this interaction is essential for HuD-mediated differentiation of PC12 cells [107]. Notably, only neuronal Hu proteins (HuB, HuC, and HuD) can bind to the active Akt1 but not to ubiquitous HuR. Furthermore, it was discovered that the Akt1-binding region in HuD is a linker region between RBD2 and RBD3, which includes neuronal-specific sequences, using chimeric mutants by swapping the linker region between HuD and HuR. Moreover, we indicated that Akt1 does not phosphorylate HuD, although HuD specifically binds to the active Akt1 [107]. This suggests that HuD functions as a platform of signaling pathways onto specific mRNAs. The PI3K/Akt pathway activates mTOR, resulting in increased assembly of the eIF4F complex via the phosphorylation of 4E-BP and PDCD4 [94,95,96,97,98]. Additionally, PKB/Akt directly phosphorylates eIF4B [108], and mTOR activated by PKB/Akt also phosphorylates eIF4B (mediated by p70S6K) [109,110]. eIF4B is the accessory protein of eIF4A and can stimulate the helicase activity of eIF4A through its phosphorylation [111]. These reports may imply that HuD enhances the cap- and poly(A)-dependent translation by activating eIF4A helicase activity via the recruitment of active Akt1 to the eIF4F complex. Alternatively, eIF4B is directly phosphorylated by PKB/Akt at Ser422 and indirectly phosphorylated by the mTOR pathway at Ser406 [108]. In the brain, BC1 RNA, a brain cytoplasmic (BC) RNA that is a non-coding small RNA, regulates translation in cooperation with eIF4B [112]. BC1 RNA associates with eIF4B in the state of phosphorylation at Ser406 and inhibits translation. When eIF4B is dephosphorylated by protein phosphatase 2A (PP2A) at Ser406, BC1 RNA is released from eIF4B and begins translation [112]. This indicates that Ser406 of eIF4B is an important residue for the translation regulation in neurons. It is still unclear how the HuD-active Akt1 complex regulates translation, but the functional changes in the phosphorylated state of eIF4B in neurons are interesting.




6. Conclusions


Expression of genetic information that is transcribed from DNA into mRNA is controlled by complicated and sophisticated regulatory systems with various RNA-binding trans-acting factors (e.g., RNA-binding proteins and microRNAs) and determines higher order vital cellular phenomena in eukaryotes. Among these post-transcriptional gene expression regulations, fine-tuning of spatiotemporal protein synthesis is particularly essential for cell growth, development, and differentiation. To accomplish spatiotemporal translation, the regulation of the translation initiation step is very efficient because this step is the rate-limiting step of protein synthesis. There emerged evidence that RNA-binding proteins and microRNAs control the differentiation process of various cells via the regulation of spatiotemporal translation as a regulator of translation initiation. By having various RNA-binding motifs, RNA-binding proteins bind to a specific mRNA in a specific manner. In addition, hundreds of transcripts are microRNA targets, and many of them are regulated by multiple miRNAs. Therefore, to elucidate the molecular mechanism of spatiotemporal regulation of translation initiation, it is imperative to identify the primary sequence or structure of target mRNAs recognized by RNA-binding proteins and miRNAs. Recently developed methods, such as HITS-CLIP [113] and PAR-CLIP [114], to analyze direct interactions between RNA-binding proteins and RNAs in living cells enabled the comprehensive analysis of endogenous targets of RNA-binding proteins and microRNAs. In addition, ribosome profiling, a method based on deep-sequencing of mRNA fragments occupied by the 80S ribosome, has been established [115,116]. This method enabled comprehensive and quantitatively identification of the sequences covered by the 80S ribosome, and the translation level of mRNAs in living cells can be determined. Furthermore, recent revolutionary advances in cryo-electron microscopy will reveal the complex structure of the ribosome and the various ribosome binding factors at high resolution. These emerging innovative technologies will enable us to understand the entire network of interactions for cell-specific regulation of translation initiation in the near future.
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Figure 1. The formation of the basic translation initiation complex in eukaryotes. The eukaryotic translation initiation factor (eIF) 4F complex (which consists of eIF4E, eIF4G, and eIF4A) is assembled on the 5′ cap of mRNAs with PABP. The 43S PIC consists of 40S, a small ribosomal subunit, and several eIFs, such as eIF3 and eIF2. 
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Figure 2. TTP-mediated translation repression. TTP recruits the GIGYF2/4EHP complex to the target mRNA and inhibits the assembly of eIF4F. 
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Figure 3. The regulation of the translation and the length of poly(A)-tail on CPE-containing mRNAs. CPEB proteins interact with maskin/Ngd and inhibit the assembly of eIF4F. CPEB protein is phosphorylated by Aurora A or CaMKII and induces the polyadenylation of CPE-containing mRNAs. 
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Figure 4. MiRNA-mediated translation repression. MiRISC (including GW182) represses the translation in a deadenylation-independent manner via the dissociation of PABP, eIF4As, or eIF4E. 
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Figure 5. HuD-mediated translation stimulation and miRNA inhibition. HuD interacts with the basic cap-binding complex via the binding to eIF4A and poly(A)-tail and inhibits miRNA-mediated translation repression through the eIF4A-binding. 
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