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Abstract 

The mRNA translation machinery is tightly regulated through several, at times 

overlapping, mechanisms that modulate its efficiency and accuracy. Due to their fast 

rate of growth and metabolism, cancer cells require an excessive amount of mRNA 

translation and protein synthesis. However, unfavorable conditions, such as hypoxia, 

amino acid starvation, and oxidative stress, which are abundant in cancer, as well as 

many anti-cancer treatments inhibit mRNA translation. Cancer cells adapt to the 

various internal and environmental stresses by employing specialised transcript-

specific translation to survive and gain a proliferative advantage. We will highlight the 

major signaling pathways and mechanisms of translation that regulate the global or 

mRNA-specific translation in response to the intra- or extra-cellular signals and 

stresses that are key components in the process of tumourigenesis. 
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1. Introduction 

Beyond the regulation of transcription, post-transcriptional mechanisms of gene 

expression regulation, including mRNA translation, are pivotal for adjustment of the 

gene expression programme in response to intra- or extracellular signals. In fact, 

changes in the steady state of mRNA levels only partially correlate with variations in 

protein levels (Vogel, de Sousa Abreu et al. 2010, Ghazalpour, Bennett et al. 2011, 

Schwanhäusser, Busse et al. 2011), highlighting the crucial role of post-transcriptional 

mechanisms in determining the gene expression programme. Changes in the global 

or mRNA-specific translation rate govern fundamental biological processes including 

energy management, homeostasis, cell proliferation, survival and differentiation 

(Tanenbaum, Stern-Ginossar et al. 2015, Truitt, Conn et al. 2015, Leibovitch and 

Topisirovic 2018). Consequently, dysregulated translational control plays a key role in 

a plethora of diseases including cancers, wherein general or transcript-specific 

changes in mRNA translation are ubiquitously observed.  

The intricate mechanism of regulation of mRNA translation allows quick acting and 

precise responses to the constantly changing environments. This is enabled by a 

complex network of translation factors, RNA-binding proteins (RBPs), non-coding 

RNAs, RNA modification, and the sequence features and secondary structures 

embedded within the mRNAs. Regulation of global translation in the cell is mainly 

achieved via post-translational modulation of translation factors through an array of 

signaling pathways, whereas transcript-specific translational control is mostly directed 

by the sequences embedded within the mRNA. In the following sections, we will review 

the process of mRNA translation in eukaryotes, with an emphasis on mammals and 

discuss the major mechanisms that control this process, along with anomalies that 

contribute to various aspects of tumourigenesis. 

2. mRNA translation in higher eukaryotes 

Eukaryotic mRNAs contain several key features that are critical for regulation of 

translation efficiency and stability. Nearly all nuclear-encoded cellular mRNAs contain 

a modified nucleotide at their 5´ terminus (m7GpppN, where m is a methyl group, and 

N is any nucleotide) termed the 5´ cap. The cap structure plays prominent roles in 

regulation of stability of mRNA by protecting against the 5´ to 3´ exonucleases 

(Furuichi, LaFiandra et al. 1977). Cap also facilitates translation initiation with the aid 
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of the eukaryotic Initiation Factor 4F (eIF4F) complex (Grifo, Tahara et al. 1983). A 

second feature of eukaryotic mRNAs is the presence of the 5′ Un-Translated Region 

(5´ UTR) located between the cap and translation START codon. The length of 5´ 

UTRs varies considerably among individual genes, ranging from a few to thousands 

of nucleotides (Mignone, Gissi et al. 2002) and in general has an inverse correlation 

with the mRNA translation efficiency (Kochetov, Ischenko et al. 1998). Presence of 

specific nucleotide sequences (e.g. terminal oligopremydine or TOP sequences 

(Iadevaia, Caldarola et al. 2008)) or features such as hairpin structures (Kozak 1986) 

also significantly impacts the translation efficiency of mRNAs and their sensitivity to 

variations in the activity of the translation machinery.  

The open reading frame (ORF) that encodes the amino acid sequence begins with 

the START codon (typically AUG) and ends with the STOP codon (UAG, UAA, or 

UGA). The length and sequence of the 3´ UTR, located after the STOP codon, vary 

considerably among different genes and even different mRNA variants encoded by 

the same genes (Mignone, Gissi et al. 2002). RBP-binding sites and microRNAs 

(miRNAs)-recruitment elements are particularly enriched in 3´ UTRs. Another 

distinctive feature of eukaryotic mRNAs is the presence of a poly-Adenine stretch 

(poly(A) tail), which is the product of the endonucleolytic cleavage of the nascent 

transcript in the nucleus, followed by the template-independent synthesis of a poly(A) 

tail at their 3´ ends. Almost all mRNAs, with some notable exceptions such as the 

Histone mRNAs (Yang, Duff et al. 2011), contain a poly(A) tail. The typical poly(A) tails 

are ~60-80 nt long in human, and in addition to providing protection against 3´ to 5´ 

exonucleases, they increase the translation efficiency of the mRNA through 

recruitment of RBPs such as poly(A)-binding proteins (PABPs) (Kessler and Sachs 

1998, Kahvejian, Svitkin et al. 2005). Notably, PABPs also interact with the 

components of the eIF4F complex, thus creating a distinctive circularised (closed-loop) 

conformation for mRNA that accelerates the recycling of the ribosomal subunits and 

translation factors that are released upon termination of translation (Wells, Hillner et 

al. 1998).  

The process of mRNA translation consists of four stages: initiation, elongation, 

termination and ribosome recycling (Fig. 1). The first stage, termed “translation 

initiation” consists of two main events occurring in parallel: the formation of the 43S 

pre-initiation complex (PIC) and assembly of the eIF4F complex. The PIC is formed 

through assembly of the 40S ribosomal subunit with the eukaryotic initiation factors 
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(eIFs); eIF1, eIF1A, eIF3 and eIF5 and the ternary complex (TC; consisting of eIF2, 

initiator methionyl-transfer RNA (tRNAiMet) and GTP). The eIF4F complex is formed by 

assembly of the cap-binding protein eIF4E, the scaffolding protein eIF4G and the 

DEAD box RNA helicase, eIF4A. Upon binding of this complex to the cap, the PIC is 

recruited to the mRNA through binding of eIF4G to eIF3 and scans the 5´ UTR in the 

5´ to 3´ direction in order to identify the translation START codon (reviewed in 

(Shirokikh and Preiss 2018)).  

The scanning process could be impeded by secondary structures, high GC 

content and RBPs that bind to this region (Babendure, Babendure et al. 2006). While 

the 5´ UTR of most vertebrate mRNAs have a typical length of 20-100 nt, it is estimated 

that around a quarter of mRNAs have a 5´ UTR longer than 100 nt. Notably, the 

majority of mRNAs encoding proto-oncogenes have long 5´ UTRs, making them 

particularly vulnerable to the impediment of the 40S ribosome scanning due to the 

presence of secondary structures (Kozak 1987). Scanning through such impediments 

is facilitated by RNA helicases. The eIF4A subunit of the eIF4F complex unwinds such 

secondary structures and is essential for translation of mRNAs with structured 5´ 

UTRs (Rubio, Weisburd et al. 2014).  While translation initiation of most mammalian 

mRNAs is mediated by binding of the eIF4F complex to the 5′ cap, translation of many 

cellular mRNAs is not fully impaired in the absence or upon inactivation of eIF4F, due 

to the presence of alternative mechanisms of translation initiation (Weingarten-

Gabbay, Elias-Kirma et al. 2016). The ability to function independently of the canonical 

cap-dependent translation initiation enables selective-mRNA translation when cap-

dependent translation is inhibited (e.g. under stress conditions). Indeed, as discussed 

below, cancer cells heavily rely on non-canonical cap- or eIF4F-independent initiation 

mechanisms to avoid translational shut-down of important oncogenes under stress 

conditions. 

Upon detection of the start codon by the PIC, the 60S ribosomal subunit is recruited 

to form the complete 80S ribosome and begin the “elongation” phase. The eukaryotic 

elongation factors 1 and 2 (eEF1 and eEF2) and eIF5A play major roles in this phase 

(Moldave 1985, CARLBERG, NILSSON et al. 1990). Firstly, the GTPase, eEF1, 

mediates the binding of the aminoacyl-tRNA (tRNA bound to the cognate amino acid) 

to the A site on the ribosome, powered by hydrolysis of GTP to GDP. This is followed 

by the transfer of the polypeptide chain from the peptidyl-tRNA in the P site to the 

aminoacyl-tRNA in the A site. eIF5A facilitates the substrate positioning for peptide 



 5 

bond formation (Spahn, Gomez-Lorenzo et al. 2004, Taylor, Nilsson et al. 2007, Shoji, 

Walker et al. 2009, Ferguson, Wang et al. 2015, Ling and Ermolenko 2016). Next, the 

tRNA from the A site, now bound to the nascent polypeptide, translocates to the P site 

of the ribosome while the newly deacetylated tRNA in P site translocates to the E site. 

This process is aided by the GTPase, eEF2 (Moazed and Noller 1989, Budkevich, 

Giesebrecht et al. 2011, Behrmann, Loerke et al. 2015). Once a new aminoacyl-tRNA 

joins the now vacant A site, the deacyl-tRNA in the E site can exit the ribosome. 

Elongation continues until the ribosome arrives at one of the three stop codons, 

whereupon translation termination can occur. 

Efficient translation termination relies on two main release factors (RFs), eRF1 and 

eRF3 (Stansfield, Jones et al. 1995, Zhouravleva, Frolova et al. 1995, Alkalaeva, 

Pisarev et al. 2006). The RFs form a ternary complex along with GTP, where the stop 

codon is recognised by eRF1, followed by hydrolysis of GTP by eRF3. This facilitates 

extension of the Gly-Gly-Gly motif of eRF1 towards the final peptidyl-tRNA where it 

can hydrolyse the nascent peptide to release it from the tRNA and enables its exit from 

ribosome  (Atkinson, Baldauf et al. 2008). Following the release of the final polypeptide 

product, the last step of translation, recycling, takes place. At this stage, the 80S 

ribosomal subunit is bound to the mRNA, along with eRF1 in the A site and the 

deacylated tRNA in the P site (Korostelev, Asahara et al. 2008, Laurberg, Asahara et 

al. 2008, Weixlbaumer, Jin et al. 2008, Jin, Kelley et al. 2010). The first step of 

recycling is facilitated by a member of the ATP-binding cassette family, ABCE1, which 

undergoes conformational change in its iron-sulphur cluster, rotation of which causes 
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the dissociation of the 60S subunit (Pisarev, Skabkin et al. 2010, Barthelme, 

Dinkelaker et al. 2011) followed by dissociation of the deacylated tRNA from the 40S 

subunit (reviewed in (Hellen 2018)). 
Figure 1. Overview of mRNA translational in eukaryotes. 
Cap-dependent initiation requires two parallel events: i. formation of the eIF4F complex, comprised of 
cap-binding protein, eIF4E; scaffold protein, eIF4G; and RNA-helicase, eIF4A, and ii. formation of the 
pre-initiation complex (PIC), comprised of the 40S ribosomal subunit, eIF2, bound to GTP and 
methionine-loaded initiator tRNA, eIF1, eIF1A, eIF3, and eIF5. Interaction of eIF4G with the poly(A)-
binding protein (PABP) circularises the mRNA. PIC is recruited to the mRNA through interaction of eIF3 
with eIF4G and scans the 5´ UTR aided by the RNA helicase eIF4A, until the recognition of the START 
codon. Once the start codon is recognised, the 60S subunit joins to form the 80S ribosome and begins 
the elongation stage. Elongation involves the possessive movement of the ribosome along the mRNA 
as the nascent polypeptide is synthesised and is aided by eEF1a and eEF2. Binding of aminoacyl-
tRNAs to their corresponding codon at the A site is facilitated by eEF1a while eEF2 enables 
translocation of the peptidyl-tRNA through the ribosome and exit of the deacyl-tRNA from the ribosome. 
Termination begins when the STOP codon enters the ribosomal A site and is recognised by 
eRF1/eRF2/GTP complex. Movement of the stop codon from the A to P site causes polypeptide chain 
release through hydrolysis by eRF1. In concert witch eRF1, ABCE1-stimulated release of the 60S 
subunit leaves a 40S/mRNA/deacyl-tRNA complex. At this point, the 40S subunit can be ejected 
(recycled) to join a new mRNA or can remain bound to the same transcript and reinitiate for a new round 
of translation. 
 

3. Dysregulated control of translation initiation in cancer 

mRNA translation is the most energy consuming process in the cell (Buttgereit and 

Brand 1995). Therefore, in terms of energy conservation, it is intuitive that initiation is 

the stage at which the translation process is most heavily regulated to avoid the cells 

having to abrogate translation of an mRNA half-way. Multiple mechanisms involving a 

myriad of translation factors, specialised RNA sequences and structures, and 

regulatory pathways tightly control mRNA translation in both global and transcript-

specific scales. Cancer cells frequently modify, escape or hijack these mechanisms in 

order to reprogramme the translatome and achieve a competitive advantage.  

3.1. Regulation of cap-dependent initiation 

Translation of the majority of eukaryotic mRNAs commences upon formation of 

the eIF4F complex on the cap (Fig. 2A). Formation of eIF4F complex on cap builds 

upon binding of eIF4G to the dorsal surface of eIF4E through a conserved canonical 

eIF4E-binding motif, YXXXXLΦ, where Φ is a hydrophobic amino acid and X is any 

amino acid (Mader, Lee et al. 1995). The 4E-binding proteins (4E-BP1-3), which also 
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contain the canonical eIF4E-binding motif, compete with eIF4G for binding to the 

eIF4E-binding motif (Fig. 2B).  

3.1.1. 4E-BPs 

While 4E-BP2 is mostly expressed in neural cells (Banko, Poulin et al. 2005), 

4E-BP1 is the most abundant member in other cell types. 4E-BP3 is the least abundant 

paralog,  although its expression is induced in certain conditions such as sustained 

mechanistic target of rapamycin (mTOR) inhibition (Tsukumo, Alain et al. 2016). The 

ability of 4E-BPs to eIF4F complex formation is negatively correlated with the 

phosphorylation of a few key amino acids (Gingras, Raught et al. 2001). 4E-BP1 and 

2 are phosphorylated by mTOR on at least 4 amino acids (Thr-37, Thr-46, Ser-65, and 

Thr-70) in a sequential manner, (Thr-37 and Thr-46, followed by Thr-70 and Ser-65 

phosphorylation) (Gingras, Gygi et al. 1999). Additional phosphorylation events, 

including Ser-83 (Fadden, Haystead et al. 1997), Ser-101 (HEESOM, AVISON et al. 

1998), and Ser-112 (Wang, Li et al. 2003), have also been identified. Notably, besides 

disrupting the affinity of 4E-BPs for eIF4E, phosphorylation of 4E-BPs also results in 

their stabilisation (Yanagiya, Suyama et al. 2012), thus balancing the abundance and 

activity of these important regulatory proteins to maintain cellular homeostasis.  

Expression and phosphorylation levels of 4E-BPs have significant impacts on 

tumourigenesis. Phosphorylation of 4E-BPs by mTORC1 promotes cell proliferation 

(Fingar, Richardson et al. 2004, Dowling, Topisirovic et al. 2010). Reduced 4E-BP1 

expression (Wang, Feng et al. 2019) or its increased phosphorylation correlates with 

poor prognosis in several types of cancer (Armengol, Rojo et al. 2007, Rojo, Najera et 

al. 2007, O'Reilly, Warycha et al. 2009). 4E-BP1 phosphorylation also enables cancer 

cell resistance to stress and anti-cancer treatments. For instance, increased 4E-BP1 

phosphorylation and cap-dependent mRNA translation is a potent mechanism by 

which the redox master regulator NRF2 promotes cell growth in response to oxidative 

stress in Kras-mutated pancreatic cancer cells (Chio, Jafarnejad et al. 2016). Similarly, 

treatment with active-site mTOR inhibitor MLN0128 (Mallya, Fitch et al. 2014) and 

combined AKT (AKTi) and MEK (PD0325901) inhibitors induce cancer cell apoptosis 

via repression of 4E-BP1 phosphorylation (She, Halilovic et al. 2010). In contrast, 

prostate cancer cells that express higher levels of 4E-BP1 are less sensitive to 

treatment with phosphoinositide 3 kinase (PI3K) inhibitor BKM120 and mTOR inhibitor 
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MLN0128 (Hsieh, Nguyen et al. 2015), underlying the cell type specificity in sensitivity 

to pharmaceuticals that modulate signaling pathways and translation machinery. 

These observations may also indicate the presence of a subpopulation of cancer cells 

with lower levels of protein synthesis, thus a lesser sensitivity to therapeutic agents 

that impinge on protein synthesis.  

Interestingly, stem cells and cancer stem cells, a small subpopulation of 

dormant tumour stem cells, exhibit substantially lower mTOR activity (likely due to its 

proteasomal degradation (Spevak, Elias et al. 2020)) and dramatically reduced global 

translation compared to their differentiated progenies (Sampath, Pritchard et al. 2008, 

Signer, Magee et al. 2014, Blanco, Bandiera et al. 2016). 4E-BPs are required for 

maintenance of mouse embryonic stem cells (Tahmasebi, Jafarnejad et al. 2016). 

However, the contribution of 4E-BPs to the maintenance and lower translation rate 

observed in cancer stem cells remains unknown. The functional impact of 4E-BPs on 

cancer also depends on the genetic context. For instance, while mouse embryonic 

fibroblasts (MEFs) lacking 4E-BPs undergo p53-dependent senescence and are 

resistant to oncogenic transformation, depletion of 4E-BP1 and 2 in p53 knockout mice 

increased the rate of tumourigenesis (Petroulakis, Parsyan et al. 2009).  

In addition to mTOR, phosphorylation of 4E-BP is also controlled by other 

signaling pathways (Fig. 2A). Cyclin-dependent kinase 1 (CDK1) phosphorylates 4E-

BP1 at Thr-70, Ser-83, and Ser-65 (Shin, Wolgamott et al. 2014, Shuda, Velásquez et 

al. 2015, Velásquez, Cheng et al. 2016, Spevak, Elias et al. 2020) during mitosis, and 

sustains the global translation level in myeloid progenitor cells, wherein mTOR is 

targeted for proteasomal degradation (Spevak, Elias et al. 2020). Alternative pathways 

of 4E-BP phosphorylation, including GSK3 (Shin, Wolgamott et al. 2014), the Ser/Thr 

kinase Pim-2 (Fox, Hammerman et al. 2003), and Casein kinase 1epsilon (CK1e) 

(Shin, Wolgamott et al. 2014), have also been identified but their pathophysiological 

relevance are not well understood. 

3.1.2. mTORC1: the central hub of translational regulation 

mTOR functions as a focal point for coordinating fundamental cellular 

processes, such as mRNA translation, autophagy, cell growth and metabolism and 

due to its prominent role in translational control and implication in almost every type of 

cancer (Mossmann, Park et al. 2018), will be further examined here.  
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mTOR activity is stimulated via numerous intra- and extracellular inputs, such 

as hormones, cellular energy, oxygen, availability of amino acids, glucose, and growth 

factors (Saxton and Sabatini 2017). In general, mTOR activates anabolic processes 

(e.g. lipid and protein synthesis) and blocks catabolic processes, such as autophagy. 

mTOR is a highly conserved Ser/Thr kinase and found in two functionally distinct 

complexes associated with different co-factors. mTOR complex 1 (mTORC1), which 

is inhibited by Rapamycin, a natural allosteric inhibitor of mTOR, is  composed of 

mTOR, the scaffolding protein Raptor (regulatory-associated protein of TOR), 

PRAS40 (proline-rich AKT substrate 40 kDa), mLST8, and Deptor (Peterson, Laplante 

et al. 2009, Aylett, Sauer et al. 2016). mTORC2 is not sensitive to Rapamycin and is 

composed of mTOR, Rictor (rapamycin-insensitive companion of TOR), Deptor, 

mLST8, mSIN1, and Protor (Frias, Thoreen et al. 2006, Jacinto, Facchinetti et al. 2006, 

Pearce, Huang et al. 2007, Thedieck, Polak et al. 2007, Woo, Kim et al. 2007, Fu and 

Hall 2020). mTORC1 and 2 govern distinct cellular processes and, while several 

mTORC1 substrates are directly involved in the regulation of translation, the role of 

mTORC2 in translational control is much less studied (Zinzalla, Stracka et al. 2011, 

Nayak, Feliers et al. 2013).  

mTORC1 activity is regulated via several distinct, although often 

interconnected, mechanisms (Fig. 2A). The PI3K is a major upstream regulator that is 

activated in response to growth factors. PI3K activates AKT serine/threonine kinase 

(AKT), via recruitment of mTORC2 and pyruvate dehydrogenase kinase 1 (PDK1). 

Activated AKT phosphorylates both the PRAS40 subunit of mTORC1, as well as the 

mTOR inhibitor, tuberous sclerosis complex 2 (TSC2) thus repressing its association 

with TSC1 leading to inactivation of TSC2. TSC2 is a GTPase-activation protein (GAP) 

for the small G-protein Rheb, the GTP-bound form of which activates mTORC1 (Inoki, 

Li et al. 2002). The Ras-MAPK (mitogen-activated protein kinase) signaling pathway 

also activates mTORC1 via inhibitory phosphorylation of TSC2 (Ma, Chen et al. 2005) 

and the stimulatory phosphorylation of PRAS40 (Carrière, Cargnello et al. 2008). 

Inactivation of TSC2 can also occur due to its phosphorylation by IKKβ, a downstream 

kinase of the TNFα signaling pathway (Lee, Kuo et al. 2007), and the stress-activated 

kinase p38-activated kinase MK2 (MAPKAPK2) (Li, Inoki et al. 2003).  

mTORC1 activity is also controlled via the intracellular level of amino acids, 

sensed by a variety of mechanisms, including the Rag GTPase complex (Sancak, 

Peterson et al. 2008), adenosine diphosphate ribosylation factor–1 GTPase (Arf1) 
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(Jewell, Kim et al. 2015), the lysosomal transmembrane protein SLC38A9 (Shen and 

Sabatini 2018), and the homotypic fusion and vacuole protein sorting (HOPS) complex 

(Hesketh, Papazotos et al. 2020). These factors recruit mTORC1 to the lysosomal 

surface, where it interacts with active Rheb GTPase (reviewed in (Saxton and Sabatini 

2017, Mossmann, Park et al. 2018, Kim and Guan 2019, Peng and Jewell 2020)). In 

contrast, mTOR is inhibited by 5´-adenosine monophosphate-activated protein kinase 

(AMPK) under hypoxia and high AMP/ATP ratio, indicators of physical exercise and 

low energy availability (Fig. 2B). Activated AMPK directly phosphorylates TSC2 (on 

different residues than those phosphorylated by MAPK and AKT), thereby stabilise the 

TSC1-TSC2 complex, leading to mTORC1 inhibition (Inoki, Zhu et al. 2003). Activated 

AMPK also directly phosphorylates mTOR on Ser-2448, a nutrient-sensitive 

phosphorylation site that is located within the catalytic domain, leading to mTORC1 

inactivation (Bolster, Crozier et al. 2002).  

Other sources of stress, such as DNA damage, could also result in the inhibition 

of mTORC1 via the p53-dependent upregulation of AMPK (Feng, Hu et al. 2007). 

Similarly, the glycogen synthase kinase 3 (GSK3) directly inhibits mTOR pathway by 

phosphorylating TSC2 (Inoki, Ouyang et al. 2006). Besides the AMPK pathway, in 

hypoxic conditions the hypoxia-inducible REDD1 protein  releases TSC2 from its 

growth factor-induced association with inhibitory 14-3-3 proteins, leading to repression 

of mTORC1 (DeYoung, Horak et al. 2008). Furthermore, the p38-regulated/activated 

kinase (PRAK) represses mTORC1 under energy starvation by direct phosphorylation 

of Rheb at Ser-130 and impairing its GTP-binding ability (Zheng, Wang et al. 2011) 

(Fig. 2B). 

Besides phosphorylation of 4E-BPs, mTORC1 activity also controls translation 

initiation by regulation of several key substrates including, S6Ks, LARP1, and eIF4G. 

3.1.3. S6Ks 

The S6K1 protein was originally identified as a epidermal growth factor-

activated ribosomal protein S6 kinase, the activation of which is directly controlled by 

phosphorylation (Jenö, Ballou et al. 1988). S6K2 was identified a decade later, and its 

activity was shown to be stimulated by serum stimulation and inhibited by Wortmannin 

(PI3 Kinase inhibitor) and mTOR inhibitor Rapamycin (Gout, Minami et al. 1998, 

Saitoh, ten Dijke et al. 1998), suggesting an mTOR-regulated mechanism of activation. 
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Utilisation of different translation start sites generates two isoforms for each protein 

(p70-S6K1 and p85-S6K1 and p54-S6K2 and p56-S6K2) (Grove, Banerjee et al. 1991, 

Gout, Minami et al. 1998). Whereas 4E-BPs mainly control the rate of cell proliferation 

downstream of mTOR, S6Ks predominantly affect the regulation of cellular and 

organismal size (Ohanna, Sobering et al. 2005, Dowling, Topisirovic et al. 2010).  

Besides mTORC1, several other kinases including PDK1 (Pullen, Dennis et al. 

1998), PKC (Valovka, Verdier et al. 2003), GSK3 (Shin, Wolgamott et al. 2011), MEK 

(Pardo, Arcaro et al. 2001), and receptor tyrosine kinases, such as platelet-derived 

growth factor receptor (PDGFR (Rebholz, Panasyuk et al. 2006)), all of which are 

critical components of oncogenic signaling pathways, can phosphorylate and regulate 

S6Ks activities. S6K1 and 2 have differential sensitivities to these upstream signals. 

While S6K1 is more sensitive to mTOR inhibition, S6K2 is more sensitive to MEK 

inhibition (Pardo, Arcaro et al. 2001). Similarly, leucine-deprivation, which is a strong 

environmental stimulus for repression of mTOR activity, reduced S6K1 but not S6K2 

phosphorylation (Talvas, Obled et al. 2006). 

S6Ks have profound impacts on several hallmarks of cancer, and amplification 

or overexpression of S6K1 and 2 has been observed in several types of cancer 

(Bärlund, Forozan et al. 2000, Van der Hage, van den Broek et al. 2004, Karlsson, 

Waltersson et al. 2011, Pérez-Tenorio, Karlsson et al. 2011). In ovarian cancer cells, 

expression of constitutively active forms of S6Ks increases invasiveness and migration 

by augmenting Matrix Metalloproteinase 9 (MMP-9) expression (Zhou and Wong 

2006). Similarly, S6K1 induces expression of Hypoxia-inducible factor 1-alpha (HIF-

1α) and Vascular endothelial growth factor (VEGF), two key drivers of angiogenesis, 

in multiple cancers (Skinner, Zheng et al. 2004). S6Ks also contribute to 

tumourigenesis through promoting cancer cell proliferation and resistance to apoptosis 

(Sridharan and Basu 2011), and chemo-resistance (Pardo, Wellbrock et al. 2006). 

Consistently, depletion of S6K1 prevented lung metastasis in a breast cancer 

xenograft model (Akar, Ozpolat et al. 2010), and reversed the epithelial to 

mesenchymal transition (EMT) (Pon, Zhou et al. 2008), as well as tumor growth and 

metastasis, in ovarian cancer cells (Ma, Kala et al. 2018). 

Beside regulation of cells size, the substrates of S6Ks are also involved in 

various biological functions including metabolism (Um, Frigerio et al. 2004, Dagon, 

Hur et al. 2012, Kim, Pyo et al. 2012), apoptosis (Harada, Andersen et al. 2001), cell 
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proliferation (Goh, Pardo et al. 2010), cytoskeleton organization (Ip, Cheung et al. 

2011), transcription (Ismail, Myronova et al. 2013) and mRNA translation. The best-

known substrate of S6Ks, involved in mRNA translation, is their namesake ribosomal 

protein S6 (rpS6), a component of the 40S ribosomal subunit. There are 5 highly 

conserved phosphorylation sites—Ser-235, Ser-236, Ser-240, Ser-244, and Ser-

247—located at the C terminus of rpS6 (Krieg, Hofsteenge et al. 1988). While 

phosphorylation of these residues is mainly attributed to the S6Ks (predominantly 

S6K2), phosphorylation at Ser-235 and Ser-236 is still observed in S6K1/2 double-

knockout cells, likely due to the activity of the 90 kDa ribosomal s6 kinases (RSKs) 

(Pende, Um et al. 2004) (Fig. 2A). RSK1 as well as ERK 1/2 were shown to also 

phosphorylate the mTOR inhibitor TSC2, thus activating mTOR and its downstream 

signaling pathways and leading to increased cell proliferation and tumourigenesis (Ma, 

Chen et al. 2005), reflecting the multiple points of crosstalk between these two 

oncogenic pathways. Furthermore, S6Ks are part of an intricate negative feedback 

loop mechanism that dampens mTORC1 activity via phosphorylation of the mTORC2 

components Rictor and Sin1. This in turn decreases the mTORC2-dependent 

phosphorylation of AKT (Dibble, Asara et al. 2009), or phosphorylation and inactivation 

of the Insulin Receptor Substrate 1 (IRS-1) upstream of PI3K/AKT (Smadja-Lamère, 

Shum et al. 2013).  

Surprisingly, while S6Ks activate mRNA translation, MEFs, wherein all five 

serine residues in rpS6 are substituted with alanine (rpSP-/-), exhibit elevated rate of 

protein synthesis and accelerated cell division, although they are significantly smaller 

than wild type MEFs (Ruvinsky, Sharon et al. 2005). Furthermore, while the impact of 

mutation of the rpS6 phosphorylation sites on cell sizes mirrors that of S6Ks-double 

knockout, its impact on general mRNA translation does not mimic that of S6Ks-

depleted cells, in which global mRNA translation is only modestly reduced (Tang, 

Hornstein et al. 2001). Increased expression or phosphorylation of rpS6 has been 

observed in cancers such as non-small cell lung cancer (NSCLC) (Chen, Tan et al. 

2015), pancreas (Hirashita, Hirashita et al. 2020), angiomyolipomas (Robb, Astrinidis 

et al. 2006), squamous cell carcinoma of the oral cavity (Chaisuparat, Rojanawatsirivej 

et al. 2013), and esophageal squamous cell carcinoma (Kim, Jang et al. 2013).  

S6Ks also control translation initiation via phosphorylation of the translation 

initiation factors eIF4B and Programmed cell death 4 (PDCD4). Phosphorylation of 

eIF4B stimulates the helicase activity of eIF4A by enhancing the affinity of eIF4A for 
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ATP and mRNA (Rogers, Richter et al. 1999) and promotes mRNA translation. 

Phosphorylation of eIF4B on Ser-406 by MAPK and PI3K/mTOR induced by insulin 

also stimulates mRNA translation (Van Gorp, Van Der Vos et al. 2009). Expression of 

eIF4B is elevated in numerous malignancies such as lung cancer (Attar-Schneider, 

Drucker et al. 2016) and diffuse large B-cell lymphoma (DLBCL) (Horvilleur, Sbarrato 

et al. 2014). eIF4B-mediated upregulation of proto-oncogenes and anti-apoptotic 

proteins such as bcl-2 and XIAP, which harbor structured 5´ UTRs, hence are more 

sensitive to eIF4A helicase activity promotes cancer cell proliferation and survival 

(Wang, Begley et al. 2016, Kapadia, Nanaji et al. 2018). Conversely, depletion of 

eIF4B leads to decreased cell survival and proliferation (Shahbazian, Parsyan et al. 

2010). PDCD4 is a tumour suppressor protein (Jansen, Camalier et al. 2005), 

expression of which is reduced in several types of cancer (Chen, Knösel et al. 2003, 

Chang, Miller et al. 2011). PDCD4 binds eIF4A and inhibits its activity by competing 

with eIF4G for binding to eIF4A (Yang, Jansen et al. 2003). S6Ks elevates eIF4A 

activity via phosphorylation and promoting degradation of PDCD4 (Dorrello, 

Peschiaroli et al. 2006).  

3.1.4. LARP1  

LARP1 is another key substrate of mTORC1 that increases the stability 

(Gentilella, Morón-Duran et al. 2017), while repressing the cap-dependent translation 

initiation, of TOP mRNAs (Fig. 2C) (Tcherkezian, Cargnello et al. 2014, Fonseca, 

Zakaria et al. 2015, Lahr, Fonseca et al. 2017, Philippe, Vasseur et al. 2018), which 

includes ribosomal proteins and the majority of translation factors (Iadevaia, Caldarola 

et al. 2008). LARP1 simultaneously binds to the cap and the poly(A) tail of  TOP 

mRNAs (Aoki, Adachi et al. 2013, Hong, Freeberg et al. 2017, Al-Ashtal, Rubottom et 

al. 2019), thus preserves TOP mRNAs in a long polyadenylated state during long-term 

amino acid starvation, allowing the rapid resumption of their translation after addition 

of amino acids (Ogami, Oishi et al. 2019). mTORC1-dependent phosphorylation of 

LARP1 controls its affinity for the TOP motif and translation repressive function 

(Philippe, Vasseur et al. 2018). Considering the crucial role of ribosomes in protein 

synthesis and cell growth, the LARP1-mediated control of ribosomal proteins and 

translation factors by mTORC1 plays an important role in coordinating the production 

of ribosomes in response to environmental signals that promote cell growth (Hong, 
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Freeberg et al. 2017). As such, depletion of LARP1 reduces cancer cell growth and 

proliferation, cell migration, invasion, and tumorigenesis (Tcherkezian, Cargnello et al. 

2014, Mura, Hopkins et al. 2015, Hong, Freeberg et al. 2017). Furthermore, LARP1 

upregulation has been observed in several types of cancer (Xie, Huang et al. 2013, 

Kato, Goto et al. 2015, Mura, Hopkins et al. 2015, Ye, Lin et al. 2016, Xu, Xu et al. 

2017). However, hitherto little information is available on the impact of LARP1 

phosphorylation on tumourigenesis.  

3.1.5. eIF4G 

eIF4G (eIF4G1) is a phosphoprotein containing several phosphorylation sites 

sensitive to PI3K/mTOR (Raught, Gingras et al. 2000). eIF4G is also phosphorylated 

on Ser-1093 by the 40S ribosomal subunit protein, receptor for activated C kinase 

(RACK1), in association with the protein kinase C βII (PKCβII) (Dobrikov, Dobrikova 

et al. 2018). Upon recruitment of the 40S ribosome to the eIF4F complex, RACK1 

phosphorylates eIF4G, possibly facilitating the dissociation and recycling of eIF4F 

complex. Interestingly, eIF4G is also phosphorylated on Ser-1186 by PKCα, which 

induces its interaction with the MAP kinase-interacting kinase 1 (Mnk1) and likely leads 

to enhanced phosphorylation of eIF4E by Mnk1 (Dobrikov, Dobrikova et al. 2011). 

Conversely, phosphorylation of eIF4G on S896D, by p21-activated protein kinase 2 

(Pak2), results in loss of its interaction with eIF4E and reduced mRNA translation rate 

(Ling, Morley et al. 2005). Pak2 is activated under stress conditions such as serum 

deprivation, hyperosmolarity and ionising radiation, highlighting the complexity of 

parallel pathways that control mRNA translation initiation in response to environmental 

stresses.   

While the functional significance of mTOR-mediated eIF4G phosphorylation 

events is not fully clear, depletion of eIF4G somewhat phenocopies inhibition of 

mTOR, causing a modest decreased in global protein synthesis (Ramírez-Valle, 

Braunstein et al. 2008). eIF4G depletion reduces translation of mRNAs involved in cell 

growth, proliferation, and bioenergetics, impairs cell proliferation and mitochondrial 

activity, and promotes autophagy (Ramírez-Valle, Braunstein et al. 2008). 

Overexpression of eIF4G caused malignant transformation of NIH3T3 cells 

(Fukuchi-Shimogori, Ishii et al. 1997), and its upregulation is observed in several types 

of cancer (Brass, Heckel et al. 1997, Silvera, Arju et al. 2009). Disruption of 
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eIF4E:eIF4G interaction by peptides directed to the site of the interaction (Herbert, 

Fåhraeus et al. 2000), or the small molecule inhibitors 4EGI-1 (Moerke, Aktas et al. 

2007), 4E1RCat (Cencic, Hall et al. 2011), and DDH-1 (Wang, Wang et al. 2020) 

significantly reduced expression of several proto-oncogenes, which led to inducing 

apoptosis, reducing tumourigenesis and acquiring resistance to chemotherapy in 

cancer mouse models.  

3.1.6. eIF4E  

The cap-binding protein eIF4E is the critical linchpin in the formation of the 

eIF4F complex and subsequent recruitment of ribosomes to the mRNA.  

The function of eIF4E is regulated at multiple levels; expression, post-

translational modification, protein-protein interaction, and competition with other cap-

binding proteins, where numerous lines of evidence link these mechanisms to cancer. 

Transcription of eIF4E is upregulated by c-Myc (Jones, Branda et al. 1996) and 

stimulated under hypoxic condition (DeFatta, Turbat-Herrera et al. 1999). eIF4E 

mRNA exists in multiple forms due to the utilisation of alternative polyadenylation sites 

in different tissues, generating mRNA variants with varying length of 3´ UTRs 

(Jaramillo, Pelletier et al. 1991, Mrvová, Frydrýšková et al. 2018), the significance of 

which is discussed in Section 7.  

Expression of eIF4E is elevated in various cancers (Kerekatte, Smiley et al. 

1995, Nathan, Liu et al. 1997, Franklin, Pho et al. 1999, Rosenwald, Chen et al. 1999, 

Wang, Rosenwald et al. 1999, Crew, Fuggle et al. 2000, Urtishak, Wang et al. 2019) 

and its overexpression induced transformed morphology, aberrant growth, and 

promotion of growth in soft agar (De Benedetti and Rhoads 1990, Lazaris-Karatzas, 

Montine et al. 1990, Lazaris-Karatzas and Sonenberg 1992, Ruggero, Montanaro et 

al. 2004). Conversely, reduction of eIF4E expression decreased the malignancy rate 

(De Benedetti, Joshi-Barve et al. 1991, Graff, Boghaert et al. 1995), and a 

haploinsufficient mouse model of eIF4E (eIF4E+/−) revealed that a 50% reduction in 

eIF4E expression confers resistance to tumourigenicity, without any tangible impact 

on global protein synthesis and embryonic development (Truitt, Conn et al. 2015). 

Reducing eIF4E expression with antisense oligonucleotide (ASO) inhibited colorectal 

cancer cell proliferation in preclinical studies (Hong, Kurzrock et al. 2011, Duffy, 

Makarova-Rusher et al. 2016). Disrupting eIF4E binding to the cap via small molecule 
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inhibitors (4Ei-1) increased sensitivity to the chemotherapeutic reagent Gemcitabine 

in breast and lung cancer cells (Li, Jia et al. 2013).  

eIF4E is phosphorylated on Ser-209 upon treatment of cells with growth factors, 

hormones, and mitogens (Joshi, Cai et al. 1995, Makkinje, Xiong et al. 1995) by Mnk1 

and Mnk2, which in turn are regulated by MAPK/ERK signaling pathway (Pyronnet, 

Imataka et al. 1999, Scheper, Morrice et al. 2001) (Fig. 2A). Mnk1/2 are dispensable 

in cell growth and mouse development (Ueda, Watanabe-Fukunaga et al. 2004). 

However, Mnk1/2-deficient MEFs are resistant to Ras-induced transformation, and 

Mnk1/2 double knockout (Mnk-DKO) mice are significantly less prone to tumour 

development in a Pten-deficient lymphoma model. Furthermore, overexpression of a 

constitutively activate mutant Mnk1 promoted, while a dominant-negative MNK mutant 

inhibited, tumour cell proliferation in lymphoma mouse model (Wendel, Silva et al. 

2007). Inhibition of Mnk1/2 activity by the small molecule inhibitors CGP57380(Grzmil, 

Morin et al. 2011), cercosporamide (Konicek, Stephens et al. 2011), eFT508 

(Tomivosertib) (Xu, Poggio et al. 2019), and SEL201(Zhan, Guo et al. 2017), 

suppressed tumourigenesis and increased sensitivity to chemotherapy (Astanehe, 

Finkbeiner et al. 2012, Adesso, Calabretta et al. 2013, Kosciuczuk, Kar et al. 2019) in 

various tumour models. Several ongoing clinical trials are evaluating the efficacy of 

the Mnk1/2 inhibitor eFT-508 (NCT03616834, NCT03690141, NCT04261218) for 

treatment of cancer in combination with chemotherapy or other anti-cancer treatments. 

Nonetheless, Ser-209 is located on the dorsal surface of the eIF4E, therefore 

is not close to the cap-binding site or the 4E-BPs/eIF4G-binding motif (Marcotrigiano, 

Gingras et al. 1997). Furthermore, the evidence for the impact of eIF4E 

phosphorylation on its affinity for cap are inconclusive (Minich, Balasta et al. 1994, 

Scheper, Van Kollenburg et al. 2002, Slepenkov, Darzynkiewicz et al. 2006), therefore 

the exact mechanism by which eIF4E phosphorylation affects mRNA translation is 

poorly understood. Increased phospho-Ser-209 of eIF4E has been observed in 

various types of cancer and inversely correlates with disease progression or patients’ 

survival (Bianchini, Loiarro et al. 2008, Graff, Konicek et al. 2009, Yoshizawa, Fukuoka 

et al. 2010, Adesso, Calabretta et al. 2013, Guo, Peng et al. 2017). A knock-in mouse 

with Ser-209/Ala mutation in eIF4E is resistant to development of prostate cancer 

(Ueda, Watanabe-Fukunaga et al. 2004). Translation of several important proto-

oncogenes, including the anti-apoptotic factor BIRC2, and VEGF-C, MMP-3 and MMP-

9,  is downregulated in eIF4E knock-in cancer cells (Furic, Rong et al. 2010). 
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Enhanced translation of MMP-3 and the transcription factor SNAIL by phospho-eIF4E 

was later shown to lead to the promotion of EMT and metastasis (Robichaud, del 

Rincon et al. 2015). Importantly, Ser-209 phosphorylation in non-tumour cells within 

the tumor microenvironment also impacts cancer progression. Accordingly, the eIF4E 

knock-in mice are resistant to the formation of lung metastases in a syngeneic 

mammary tumor model, due to the decreased expression of the anti-apoptotic proteins 

BCL2 and MCL1 in pro-metastatic neutrophils, leading to their reduced survival 

(Robichaud, Hsu et al. 2018).  

3.1.7. eIF4E paralogs and other cap-binding proteins 

In addition to the tight regulation of eIF4E availability (through 4E-BPs,) and 

activity (Ser-209 phosphorylation) that enable rapid modulation of translation in 

response to various signals, eIF4E binding to the cap is also subject to competition 

with other cap-binding proteins (Fig. 2C). This competition could have significant 

impacts on tumourigenesis. In mammals, eIF4E has two known paralogue proteins, 

eIF4E2 (also known as 4E-Homologous Protein; 4EHP) and eIF4E3. These 3 paralogs 

share 25-30% amino acid sequence identity (Joshi, Cameron et al. 2004). 4EHP is 

widely expressed, albeit 5-10 times less abundant than eIF4E, whereas eIF4E3 

expression is barely detectable and largely restricted to hematopoietic cells (Rom, Kim 

et al. 1998). 

Compared with eIF4E, 4EHP has a 30-100-fold weaker affinity for the cap due 

to substitution of two important Tryptophan residues in its cap-binding pocket 

(Zuberek, Kubacka et al. 2007). Affinity of 4EHP for the cap increases upon interaction 

with the 4E-T (4E-transporter) protein, directed by the miRNA-induced silencing 

machinery (Chapat, Jafarnejad et al. 2017) or modification with the ubiquitin-like 

molecule ISG15, which is activated by interferon, in response to genotoxic stress or  

pathogen infection (Okumura, Zou et al. 2007). Unlike eIF4E, 4EHP does not interact 

with eIF4G, therefore is unable to form the eIF4F complex and generally believed to 

repress mRNA translation (Joshi, Cameron et al. 2004). Thus, upon recruitment by the 

miRNA-induced silencing machinery (Chapat, Jafarnejad et al. 2017, Chen and Gao 

2017) or triggering of the ribosome quality control (RQC) mechanism (Hickey, Dickson 

et al. 2020, Sinha, Ordureau et al. 2020) (discussed further in section 4.6), 4EHP 

represses the translation of the target mRNAs through displacement of eIF4E from the 
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cap (Chapat, Jafarnejad et al. 2017, Chen and Gao 2017, Ruscica, Bawankar et al. 

2019, Räsch, Weber et al. 2020). This mechanism is critical for promotion of cell 

growth and prevention of apoptosis in glioblastoma cells through mediating the miR-

145-mediated repression of DUSP6, an ERK1/2-specific phosphatase (Jafarnejad, 

Chapat et al. 2018). 

Interestingly, 4EHP may switch to a translation activator in certain stress 

conditions such as hypoxia. Accordingly, hypoxia stimulates the formation of a 

complex involving the RNA-binding protein RBM4, hypoxia-inducible factor 2α (HIF-

2α), and 4EHP (Fig. 2D). This trimer replaces eIF4F to recruit ribosome and initiate 

mRNA translation on a limited list of hypoxic-response mRNAs (Uniacke, Holterman 

et al. 2012), although it is not clear how this complex recruits ribosome in the absence 

of eIF4G and eIF3. 4EHP-directed translation was shown to promote tumour formation 

in xenograft models (Uniacke, Perera et al. 2014) and drive cancer cell migration, 

invasion and adhesion through upregulation of the cell-cell adhesion molecule 

cadherin-22 (Kelly, Varga et al. 2018).  

Strikingly, 4EHP was also shown to activate mRNA translation through 

association with the threonyl aminoacyl-tRNA synthetase (TARS) (Jeong, Park et al. 

2019). Accordingly, the 4EHP/TARS dimer replaces eIF4E/eIF4G, and in cooperation 

with eIF4A, generates a pseudo-eIF4F complex and recruits PIC to the target mRNAs 

through direct interaction of TARS with eIF3 (Fig. 2E). Notably, this mechanism 

positively regulates the translation of mRNAs required for vertebrate development, 

particularly those involved in vasculogenesis and angiogenesis such as Vegf mRNA 

(Jeong, Park et al. 2019). Considering the pervasive function of aminoacyl-tRNA 

synthetase in non-canonical functions, besides their main roles in charging tRNAs with 

their cognate amino acids (Guo and Schimmel 2013, Jafarnejad, Kim et al. 2018), it 

would be interesting to assess the putative role of this mechanism in controlling mRNA 

translation in response to changes in amino acid levels.  

The cap binding activity of eIF4E and 4EHP is achieved through the positively 

charged m7G cap and the negative π-electron clouds from two aromatic residues 

(Quiocho, Hu et al. 2000), which are missing in eIF4E3. Thus, it was believed that 

eIF4E3 lacks the ability to bind the cap (Joshi, Cameron et al. 2004). However, a later 

study reported that eIF4E3 binds the cap using a different spatial arrangement of 

residues to provide the necessary electrostatic and van der Waals contacts (Osborne, 

Volpon et al. 2013). Similar to eIF4E, eIF4E3 is able to interact with eIF4G and eIF4A, 
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thus generating an alternative eIF4F complex, in which eIF4E is replaced by eIF4E3 

(Robert, Cencic et al. 2020). Furthermore, eIF4E3 replaces eIF4E in Mnk-depleted 

DLBCL cells, in which eIF4E3 expression is increased along with the reduction in 

eIF4E expression and Ser-209 phosphorylation. In this condition, eIF4E3 activates 

translation of several proto-oncogenes and sustains cell viability (Landon, Muniandy 

et al. 2014). In contrast, eIF4E3 was also shown to compete with eIF4E for binding to 

the cap and repress the translation of proto-oncogenes such as Vegf, c-Myc, Cyclin 

D1, and Nbs1 mRNAs, thus it acts as a tumor suppressor (Osborne, Volpon et al. 

2013). The precise function of eIF4E3 in regulation of mRNA translation and its role in 

tumourigenesis remain to be fully elucidated. 

Interestingly, in addition to eIF4E paralogue proteins, several other cap-binding 

proteins have also been identified that modulate cap-dependent initiation by direct 

binding to the cap (Fig. 2C). The so-called “pioneer round” of translation initiation, i.e. 

the first round of translation on an mRNA that is exported from the nucleus to 

cytoplasm, requires the nuclear cap-binding complex (nCBC), a heterodimer of CBP80 

and CBP20 (Ishigaki, Li et al. 2001). The pioneer round involves loading of one or 

more ribosomes to ensure that the mRNAs are properly processed (e.g. absence of 

non-spliced introns). This involves the nCBC-mediated recruitment of the 40S 

ribosome via eIF4G and eIF3 and is facilitated by the nCBC-dependent translation 

initiation factor (CTIF) (Maquat, Tarn et al. 2010) binds the ribosome-bound eIF3g (von 

Moeller, Lerner et al. 2013). This is however a temporary arrangement, since if the 

mRNA is deemed properly processed, it will be dissociated from the nCBC to eIF4E, 

which will subsequently initiate the bulk of translation in the cell. Improperly processed 

mRNAs will be degraded by the nonsense-mediated decay (NMD) pathway (Karousis 

and Mühlemann 2019).  

Recent evidence also suggested the presence of an eIF4F-independent 

mechanism that stimulates translation of the mRNA encoding the proto-oncogene c-

JUN through direct binding of eIF3D to the cap (Lee, Kranzusch et al. 2016). 

Protein/mRNA cross-linking assays showed that a ∼62 kDa subunit of eIF3 (eIF3L or 

eIF3D) could directly bind to the cap (Kumar, Hellen et al. 2016). However, structural 

studies, using highly purified ribosomal complexes and electron cryo-microscopy, 

position eIF3D in the exit channel of the 40S ribosome, where it does not contact the 

mRNA (Eliseev, Yeramala et al. 2018). This result indicates the limited ability of eIF3D 
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to directly activate mRNA translation as a cap-binding protein. eIF3D was also 

suggested to facilitate cap-dependent translation of approximately 20% of mRNAs, 

including those involved in cell survival, motility, and DNA repair, via interaction with 

the eIF4G homologue protein DAP5 (eIF4G2) (de la Parra, Ernlund et al. 2018). Unlike 

eIF4G, DAP5 lacks the ability to bind to eIF4E, but instead interacts with eIF4A and 

eIF3D. This complex directly recruits PIC to the cap DAP5 (de la Parra, Ernlund et al. 

2018, Haizel, Bhardwaj et al. 2020).  

LARP1 is another recently identified cap-binding protein, which recognises the 

cap (Lahr, Fonseca et al. 2017, Philippe, Vasseur et al. 2018, Cassidy, Lahr et al. 

2019) and its adjacent pyrimidine-rich sequence on TOP mRNAs (Iadevaia, Caldarola 

et al. 2008). Binding of LARP1 to the cap blocks the eIF4E binding to the cap, leading 

to the repression of the translation of TOP mRNAs, which encode ribosomal proteins 

and several key translation factors (Fonseca, Zakaria et al. 2015, Lahr, Fonseca et al. 

2017, Philippe, Vasseur et al. 2018).  
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Figure 2. Regulation of translation initiation by cap-binding proteins. 
(A) Binding of eIF4G to the dorsal surface of eIF4E, which is pivotal for the formation of eIF4F complex, 
can be interrupted by the eIF4E-binding proteins (4E-BP1-3) that compete with eIF4G for binding to 
eIF4E. Phosphorylation of 4E-BPs by mTOR alleviates their inhibitory function and enables eIF4F 
complex formation, followed by recruitment of PIC and scanning of the 5´ UTR. Besides mTORC1, 
several other kinases can also phosphorylate 4E-BPs to induce dissociation from eIF4E. 
Phosphorylation of LARP1 by mTORC1 relives the repression of mRNAs with 5´ terminal 
oligopyrimidine tract (TOP). In addition, eIF4E can be phosphorylated by the MNKs. Phosphorylation 
of the ribosomal protein rpS6 by mTORC1-activated S6Ks and MAPK-activated RSKs may control 
translation of mRNAs related to regulation of cell size. Phosphorylation of eIF4E on Ser-209, via 
Ras/MAPK-activated MNK1/2, stimulates selective translation of mRNAs involved. Activity of mTORC1, 
the central hub for regulation of initiation by cap-binding proteins, is regulated by a multitude of internal 
and external signals. The mitogen–activated Ras-MAPK pathway can also activate mTORC1 via the 
phosphorylation of its PRAS40 and TSC2, the inhibitor of the small GTPase protein Rheb, that in turn 
activates mTORC1. PI3K is activated in response to growth factors, where it in turn inactivates and 
phosphorylates TSC2 and PRAS40 via AKT. IKKß and p38-activated MK2 (MAPKAPK2) also 
phosphorylate TSC2 and inactivate it. mTORC1 is recruited to the ribosome and activated in response 
to the intracellular level of amino acids, sensed by several sensors including the Rag GTPase complex, 
the lysosomal transmembrane protein SLC38A9 and the regulator complex. (B) Under stress 
conditions, mTORC1 is inhibited through the stimulatory phosphorylation of its inhibitor TSC2 via AMPK 
and GSK3. Under hypoxic conditions, REDD1 releases TSC2 from its association with the inhibitory 
14-3-3 proteins, leading to its activation. Energy starvation activates PRAK (p38β), which directly 
inhibits Rheb by phosphorylation, leading to inactivation of mTORC1. Inactivation of mTORC1 results 
in hypophosphorylation of 4E-BPs, which in turn bind eIF4E and interrupt the eIF4F complex. (C) eIF4F-
mediated initiation from the cap is also subject to competition of eIF4E with other cap-binding proteins 
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for the cap. The eIF4E paralogue proteins 4EHP (eIF4E2) and eIF4E3, as well as LARP1 and possibly 
eIF3D subunit were also shown to bind the cap and prevent binding of eIF4E and canonical eIF4F 
complex formation. (D) 4EHP may activate the translation initiation of specific mRNAs under hypoxic 
stress, during which a complex formed by 4EHP, the RNA-binding protein RBM4, and oxygen-regulated 
hypoxia-inducible factor 2α (HIF-2α) recruit the 40S ribosome to the cap. It is not clear how this complex 
recruits the ribosome in the absence of eIF4G and eIF3. (E) 4EHP may also promote mRNA-specific 
translation through interaction with the threonyl aminoacyl-tRNA synthetase (TARS). The 4EHP/TARS 
dimer replaces eIF4E/eIF4G, and through direct interaction of TARS with eIF3, recruits PIC to target 
mRNAs. Arrows indicate activation, whereas bar-headed lines indicate inhibition. Yellow lines indicate 
phosphorylation, and grey lines indicate inactivation. 
 

3.1.8. eIF4A and RNA helicases 

5´ UTR scanning by PIC is significantly hampered in the presence of secondary 

structures (Babendure, Babendure et al. 2006), particularly in long and CG-rich 5´ 

UTRs of the proto-oncogene encoding mRNAs (Kozak 1987). G-rich sequences 

stabilised by stacked G–G–G–G tetrads (G-quadruplexes) and positioned adjacent to 

translation START codon (Patel, Phan et al. 2007), which are disproportionally more 

abundant in oncogenes compared to tumor suppressors (Eddy and Maizels 2006) also 

impede scanning. Thus translation of proto-oncogene encoding mRNAs is reliant on 

RNA helicases such as eIF4A (Rogers, Richter et al. 1999, Svitkin, Pause et al. 2001). 

Two eIF4A paralogs in mammalian cells, eIF4A1 and eIF4A2, which are ∼90% 

identical (Nielsen and Trachsel 1988), can participate in the eIF4F complex formation. 

However, while eIF4A1 is essential for efficient mRNA translation and cell viability, the 

absence of eIF4A2 does not affect cell viability, proliferation, or global mRNA 

translation (Galicia-Vázquez, Chu et al. 2015). A third paralog, eIF4A3 that is less 

similar to the other two isoforms (<65%), is implicated in NMD (Palacios, Gatfield et 

al. 2004, Shibuya, Tange et al. 2004).  

Activity of eIF4A can be enhanced by eIF4E and other translation factors such 

as eIF4B and eIF4H (Rogers, Richter et al. 2001) and inhibited by direct interaction 

with the tumour suppressor PDCD4 (Yang, Jansen et al. 2003). It has also been 

suggested that miRNAs repress translation of their target mRNA via inactivation or 

displacement of eIF4A1 and eIF4A2 (Meijer, Kong et al. 2013, Fukao, Mishima et al. 

2014), although the exact mechanism of interference with eIF4A function by miRNAs 

is disputed (Fukaya, Iwakawa et al. 2014, Kuzuoğlu-Öztürk, Bhandari et al. 2016). 

High-throughput analyses demonstrated that eIF4A stimulates translation of mRNAs 

with long and structured 5′ UTRs, or mRNAs that contain 12 G-quadruplexes including 
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those encoding many oncogenes, such as MYC, but not mRNAs with short 5´ UTRs 

(Rubio, Weisburd et al. 2014, Wolfe, Singh et al. 2014, Gandin, Masvidal et al. 2016). 

Consistently, overexpression of eIF4A is detected in several types of cancer (Shuda, 

Kondoh et al. 2000, Chen, Knösel et al. 2003, Oblinger, Burns et al. 2018) and, 

perhaps not surprisingly, inhibition of eIF4A activity by specific small molecule 

inhibitors such as Silvestrol (Bordeleau, Robert et al. 2008, Wolfe, Singh et al. 2014, 

Chan, Robert et al. 2019), Hippuristanol (Cencic, Robert et al. 2013, Ishikawa, Tanaka 

et al. 2013), and Pateamine A (Low, Dang et al. 2005, Kuznetsov, Xu et al. 2009) 

revealed promising anti-cancer activity. 

eIF4A is a relatively weak helicase on its own (Rogers, Richter et al. 1999). 

Therefore, several other RNA helicases such as DHX29 (Pisareva, Pisarev et al. 

2008), DDX3 (Lai, Lee et al. 2008), and RHA (DHX9) (Hartman, Qian et al. 2006) 

promote translation of mRNAs with complex 5´ UTRs and contribute to tumourigenesis 

(Clark, Coulson et al. 2008, Zoppoli, Regairaz et al. 2012, Oh, Flynn et al. 2016). 

Whereas majority of these helicases remove secondary structures in mRNAs without 

sequence specificity, certain RNA helicases facilitate translation by binding to specific 

RNA sequences. A typical example is DHX9, which promotes scanning through a two 

stem-loop structures called post-transcriptional control element (PCE), found in the 

mRNA encoding the proto-oncogene JUND  (Hartman, Qian et al. 2006). YTHDC2 is 

a member of the YTH-domain family of proteins that bind N6 methylated adenosines 

(m6A), the most common internal modification amongst the eukaryotic mRNAs post-

transcriptional modifications (Hsu, Zhu et al. 2017). YTHDC2 possesses two DExD/H 

box motifs, conferring RNA helicase activity to it and enabling promotion of translation 

of mRNAs with m6A by resolving mRNA secondary structures (Mao, Dong et al. 2019). 

YTHDC2 facilitates translation initiation of HIF-1α and Twist1 mRNAs under hypoxic 

condition, and depletion of YTHDC2 reduced the in vitro and in vivo metastatic 

potential of colon cancer cells (Tanabe, Tanikawa et al. 2016). Importantly, m6A also 

affects cap-independent translation initiation via other members of the YTH-domain 

family (discussed in section 3.4.2). 

Remarkably, certain RNA helicases repress translation of specific mRNAs. 

Depletion of DDX28 elevates Hif-2α mRNA translation and confers a proliferative 

advantage to hypoxic, but not normoxic glioblastoma cells (Evagelou, Bebenek et al. 

2020). The RNA helicase DDX6 is extensively linked to the translational repression. 

Depletion of DDX6 increases Vegf mRNA translation under hypoxia, in a 5´ UTR-
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dependent manner, leading to increased angiogenesis (de Vries, Naarmann-de Vries 

et al. 2013). Importantly, DDX6 is a critical component of the miRNA-induced silencing 

machinery (Rouya, Siddiqui et al. 2014, Radhakrishnan, Chen et al. 2016). The key 

role of DDX6 in cancer would be further appreciated in the context of the pivotal role 

of miRNAs in regulation of almost every aspect of tumourigenesis (Rupaimoole and 

Slack 2017).    

3.2. Alternative cap-dependent initiation regulated by cis-elements  

While recruitment of ribosome to the cap via eIF4F and 5´ UTR scanning by 

40S is the most common mechanism of translation initiation, recent evidence 

highlighted alternative, albeit less common, mechanisms of cap-dependent initiation.  

In mRNAs with short 5´ UTRs, a unique sequence termed translation initiator of 

short 5´ UTR (TISU) activates mRNA translation in a cap-dependent but 40S ribosome 

scanning-independent manner (Elfakess, Sinvani et al. 2011). The underlying 

mechanisms of translation of TISU mRNAs may involve interaction between eIF1 and 

eIF4G and eIF1A-directed binding of ribosomal proteins S3 and S10e to the TISU 

element (Haimov, Sinvani et al. 2017). TISU element is present in 4.5% of protein-

coding mRNAs (Elfakess and Dikstein 2008), many of which encode mitochondrial 

proteins and impact cellular bioenergetics (Elfakess and Dikstein 2008). TISU-

mediated translation enables continuous translation of these mRNAs under stress 

conditions such as nutrition deprivation (Sinvani, Haimov et al. 2015). However, 

translation of TISU mRNAs was shown to be negatively impacted by mTOR inhibition 

(Gandin, Masvidal et al. 2016) and was not enriched among the eIF1A-affected genes 

(Sehrawat, Koning et al. 2019), underscoring the complexities of this mode of 

translational regulation and the need for further investigation. 

Ribosome “shunting”, mediated by the cap-independent translation enhancer 

(CITE) elements, is another alternative cap-dependent, but scanning-free initiation 

mechanism, that facilitates selective translation of several viral RNA genomes, as well 

as the cellular mRNAs encoding heat shock protein 70 (Hsp70) (Yueh and Schneider 

2000), betasecretase 1 (Koh, Edelman et al. 2013), the proto-oncogenes Myc1 and 

Myc2 (Carter, Jarquin-Pardo et al. 1999), and cellular inhibitor of apoptosis 2 (cIAP2) 

(Nicholson, Jevons et al. 2017). While many mechanistic details of shunting remain to 

be understood, it involves direct interaction of the CITE elements with the 18S rRNA 
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in 40S ribosome, upon which PIC binds the cap and bypasses the 5´ UTR to reach the 

START codon (Yueh and Schneider 2000). 

In addition to the main ORF, nearly half of all mRNAs in humans contain at least 

one upstream ORF (uORF) in their 5´ UTRs (Calvo, Pagliarini et al. 2009). uORFs are 

defined by a start codon that is out-of-frame with the downstream main ORF, and their 

presence significantly correlates with reduced translation of the main ORFs (Calvo, 

Pagliarini et al. 2009). This is due to the fact that initiation on uORF START codon and 

termination at the corresponding uORF STOP codon excludes the possibility of the 

PIC reaching the START codon of the main ORF. Thus, translation of the main ORF 

entails either a leaky scanning by the 40S ribosome, wherein it ignores the uORF 

START codon, or resumption of the translation at the downstream START codon after 

termination at the uORF STOP codon, in a process called “re-initiation”. Re-initiation 

requires the 40S ribosome to release the deacylated tRNA, remain associated with 

the mRNA, and recruit a new initiator tRNA. The mechanism of re-initiation is only 

partially understood. It involves several non-canonical initiation factors, such as 

density regulated protein (DENR) and multiple copies in T-cell lymphoma-1 (MCTS1) 

(Schleich, Strassburger et al. 2014) and the canonical translation factors eIF2D 

(Bohlen, Harbrecht et al. 2020) and eIF3h (Hronová, Mohammad et al. 2017). This 

mechanism is critical for translation of mRNAs encoding several proto-oncogenes 

such as ATF4, a-RAF, c-RAF, and CDK4 that contain uORFs (Bohlen, Harbrecht et 

al. 2020), under stress conditions.  

3.3. Integrated stress response (ISR) pathway 

During translation initiation, the GTP-bound eIF2α forms a ternary complex with 

Met-tRNAiMet, and along with other initiation factors and the 40S ribosome, form the 

43S pre-initiation complex (PIC). After recognition of the START codon by PIC, the 

GTPase activating protein (GAP) eIF5 induces hydrolysis of the GTP, leading to the 

dissociation of the GDP-bound eIF2α from the 40S ribosome (Paulin, Campbell et al. 

2001). In order to participate in a new round of initiation, the GDP on eIF2 has to be 

exchanged for GTP, catalysed by the guanine nucleotide exchange factor (GEF) 

eIF2B (Fig. 3A). In response to various stress conditions, eIF2α is phosphorylated on 

Ser-51, converting it from a substrate to an inhibitor of the GEF subunit, eIF2B 

(Sudhakar, Ramachandran et al. 2000).  
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eIF2α phosphorylation under stress conditions results in reduced formation and 

activity of PIC, and declined rates of global translation initiation, enabling the cell to 

direct the recourses required for protein synthesis to more urgent processes. In 

mammals, four protein kinases are known to phosphorylate eIF2α Ser-51 in response 

to different upstream stimuli; general control non-derepressible 2 (GCN2) is activated 

by uncharged tRNAs that accumulate during amino acids starvation (Dong, Qiu et al. 

2000, Sood, Porter et al. 2000), UV radiation (Deng, Harding et al. 2002), or ribosome 

stalling (Ishimura, Nagy et al. 2016), protein kinase RNA-like endoplasmic reticulum 

kinase (PERK) is activated by unfolded proteins in the endoplasmic reticulum (ER 

stress) (Shi, Vattem et al. 1998), protein kinase RNA-activated (PKR) is activated in 

response to the double-stranded RNAs in virus-infected cells (Meurs, Chong et al. 

1990), and heme-regulated inhibitor (HRI) is activated under conditions of low haem, 

heat shock, osmotic shock and arsenite treatment (Lu, Han et al. 2001) (Fig. 3B). 

Thus, eIF2α phosphorylation is the culmination of the ISR pathway that coalesces 

signaling downstream of several types of stress, the outcome of which is reduced 

global translation and increased selective translation of mRNA encoding stress-

response proteins. 

Genome-wide translatome analysis revealed that mRNAs encoding stress-

response proteins harbor a high number of uORFs (Ingolia, Ghaemmaghami et al. 

2009). Nearly half of all mRNAs in humans (Calvo, Pagliarini et al. 2009) including the 

majority of proto-oncogenes (Kozak 1991) and other proteins involved in cellular 

processes such as differentiation, cell cycle, and stress response contain at least one 

uORF. Thus ISR/p-eIF2α-mediated regulation of translation has a major impact on 

homeostasis as well as tumourigenesis (Fig. 3B). A typical example for ISR/p-eIF2α-

mediated translational regulation is the upregulation of the transcription factor ATF4 

under starvation. The Atf4 mRNA contains two uORFs, the second of which (uORF2) 

is overlapping and out-of-frame with the main ORF. In normal conditions, when eIF2α-

GTP is abundant, translation of the main ORF is limited due to translation of uORF2. 

During stress, phosphorylation of eIF2α and reduction in the eIF2α-GTP levels 

increase the time required for the scanning ribosomes to re-initiate translation on 

uORF2. This delayed re-initiation allows for 40S to continue scanning and eventually 

initiate translation at the downstream main ORF (Vattem and Wek 2004) (Fig. 3B). 

The increased ATF protein level in turn triggers a cascade of transcriptional regulators 

including the transcription factors C/EBP homologous protein (CHOP) and ATF3, 
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leading to activation of a stress-response that is critical for metabolism, redox status 

of the cell, and survival (Harding, Zhang et al. 2003).  

Interestingly, p-eIF2α also enhances translation of Chop mRNA, a key player 

in promoting cell death during chronic stress conditions by a similar mechanism (Han, 

Back et al. 2013). Repression of the uORF and simultaneous activation of main ORF 

by ISR/p-eIF2α under stress conditions has been reported for a relatively large number 

of mRNAs (Sidrauski, McGeachy et al. 2015).  

Whereas AUG is the main translation START codon, another alternative but less 

common translation process is initiated at non-AUG codons; the near-cognate codons 

that differ by only one nucleotide, with CUG being most common. This is a highly 

regulated process that commonly leads to the synthesis of proteins involved in stress 

response and its impairment is linked to diseases including cancer. Nucleotide 

resolution ribosome profiling revealed the dramatic increase in ribosome occupancy 

of non-AUG uORFs during starvation (Ingolia, Ghaemmaghami et al. 2009, Zhou, Wan 

et al. 2018), exceeding the translation of canonical AUG uORFs as well as the main 

ORFs (Ingolia, Ghaemmaghami et al. 2009). A general mechanism for non-AUG 

initiation is utilisation of Leu-encoding codons (CUG and UUG) by eIF2α.  

For instance, translation of the essential ER-resident chaperone, binding 

immunoglobulin protein (BiP) is enhanced upon ER stress due to eIF2α-mediated 

usage of UUG and CUG start codons (Starck, Tsai et al. 2016). Similarly, during 

oxidative stress, eIF2α promotes initiation from a CUG codon upstream of the main 

AUG codon in PTEN mRNA, which encodes an important tumour suppressor protein. 

This leads to production of an N-terminal extended isoform of named PTENα that 

induces cytochrome-c oxidase activity and ATP production in mitochondria, thus 

significantly reprograms the cellular metabolism (Liang, He et al. 2014). Notably, 

usage of an in-frame AUU codon upstream of the AUG initiation sequence for 

canonical PTEN leads to production of another N-terminal extended PTEN isoform, 

designated PTENβ. PTENβ localises in the nucleolus and regulates pre-rRNA 

synthesis and cellular proliferation (Liang, Chen et al. 2017). Furthermore, at higher 

cell densities and low availability of amino acids, particularly methionine, utilisation 

of an upstream in-frame CUG codon in c-Myc mRNA results in the production of a 

larger isoform with a distinct N-terminus (Hann, Sloan-Brown et al. 1992). This 

isoform contributes to the oncogenesis in Burkitt’s lymphoma cells (Hann, King et al. 

1988).  
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The mRNAs that are translationally repressed upon ISR activation are thought 

to partition into non–membrane compartments called Stress Granules (SGs) 

(Kedersha, Gupta et al. 1999). Within SGs the mRNAs are associated with 40S 

ribosomal subunits, along with their associated initiation factors (Kedersha, Stoecklin 

et al. 2005). Thus, accumulation of repressed mRNAs in SGs is reversible and upon 

recovery of the cell from a sub-lethal stress, the translation of these mRNAs could 

resume quickly due to their association with pre-initiation complex. Importantly, 

activation of ISR with different upstream stimuli leads to widespread, yet distinct 

translational responses which differ based on type of stress (Smirnova, Selley et al. 

2005). The mechanism behind the preferential ISR-mediated translational 

reprogramming by different types of stress  is not clearly understood but can be 

attributed to multiple reasons including; activation of transcriptional programmes that 

produce different transcriptomes in various conditions (Dey, Baird et al. 2010), 

spatially restriction of mRNA availability due to subcellular localization of mRNAs 

(Reid, Chen et al. 2014), and utilisation of alternative promoters and/or splicing 

patterns in the target mRNAs (Lehman, Cerniglia et al. 2015, Wek 2018). 

Homozygous loss of eIF2α phosphorylation (eIF2αS51A/S51A) in mouse leads to 

death within 18 hour after birth due to hypoglycemia but heterozygous (eIF2α+/S51A) 

mice grow into healthy adults (Scheuner, Song et al. 2001). Phosphorylation of eIF2α 

is reversible and ends the ISR process. This is achieved by components of the protein 

phosphatase 1 (PP1) complex (Connor, Weiser et al. 2001, Jousse, Oyadomari et al. 

2003) (Fig. 3B), depletion of key component of which in mouse (Ppp1r15b−/−) results 

in severe growth retardation and early embryonic lethality. Notably, eIF2αS51A mutation 

rescued these phenotypes (Harding, Zhang et al. 2009). The exact role of ISR in 

cancer is complex and likely context-dependent. Inactivation of ISR via mutations in 

PERK or inhibition of eIF2α phosphorylation by a dominant-negative PERK impaired 

cell survival under extreme hypoxia and tumourigenesis (Bi, Naczki et al. 2005). 

Oncogenic stress upon overexpression of c-Myc was also shown to activate the 

PERK/eIF2α/ATF4 pathway, leading to increased cell survival via the induction of cyto-

protective autophagy (Hart, Cunningham et al. 2012). PERK/eIF2α axis also plays a 

key role in tumour cell survival under hypoxic conditions via increased glutathione 

synthesis, uptake of cysteine, and protection against ROS (reactive oxygen species) 

(Rouschop, Dubois et al. 2013).  
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The GCN2/eIF2α axis was also recently shown to engender a negative 

feedback loop that limits protein synthesis to prevent Myc-induced oncogenic stress 

and apoptosis in colorectal cancer cells (Schmidt, Gay et al. 2019). During EMT, 

cancer cells exhibit strong ER stress and activation of the PERK/eIF2α axis is required 

for EMT cells to invade and metastasise (Feng, Sokol et al. 2014). Altogether these 

studies indicate the requirement for a robust stress-response capacity mediated by 

the ISR pathway in cancer. However, contrary evidence also demonstrated the 

negative impact of long-term ISR activity on tumour growth and survival. In colon 

carcinoma cells, PERK-induced eIF2α phosphorylation is required for cell survival, 

but inducible activation of PERK resulted in quiescence (Ranganathan, Ojha et al. 

2008).  

Importantly, ISR/p-eIF2α pathway could be blunted by the small molecule 

inhibitor ISRIB (Sidrauski, McGeachy et al. 2015), which bolsters eIF2B GEF activity 

(Sekine, Zyryanova et al. 2015). Recent evidence demonstrated that ISRIB could 

inhibit the growth of tyrosine kinase receptors (RTK)-addicted hepatocellular cancer 

cells (Mahameed, Boukeileh et al. 2020), and attenuate the breast cancer plasticity 

induced by stimuli including hypoxia, mTOR inhibitors, and paclitaxel (Jewer, Lee et 

al. 2020). The potential efficacy of ISRIB in treatment of cancer needs further 

investigations.  
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Figure 3. Integrated Stress Response pathway and translation of uORF-containing transcripts. 

Cells activate the integrated stress response (ISR) to restore homeostasis in response to diverse types 
of stress. (A) The eukaryotic translation initiation factor 2 (eIF2) is comprised of 3 subunits, Met-tRNAi 
binding eIF2α, GEF eIF2β, and GAP eIF2γ. In its GTP-bound state, eIF2α binds to Met-tRNAi and forms 
the ternary complex (TC). TC participates in the formation of pre-initiation complex (PIC) along with 40S 
ribosome, eIF1 and eIF1A, eIF3, and eIF5 and scans the 5´ UTR to identify the translation START 
codon. In normal conditions, the main ORF (open reading frame) of mRNAs that contain uORFs 
(upstream ORF) will not be translated efficiently due to the fact that initiation of translation on uORF 
START codon and termination at the corresponding STOP codon excludes the possibility of the PIC 
reaching the START codon of the main ORF. (B) The core event in ISR pathway is the phosphorylation 
of eIF2α at Ser-51 by four kinases that are activated by specific stress signals. eIF2α phosphorylation 
converts it to an inhibitor of eIF2ß, resulting in repression of the global cap-dependent translation. 
However, ISR augments the transcript-specific translation of the mRNAs encoding stress-response 
proteins, which typically harbour one or more uORFs, due to inefficient initiation at the uORF START 
codon, allowing the continuous scanning of PIC until arrival at the START codon of the main ORF. ISR 
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terminates by the PP1 phosphatase complex that dephosphorylates eIF2α. By reducing general mRNA 
translation and enhancing the transcript-specific translation of mRNAs that encode key stress-response 
proteins, ISR maintains cellular homeostasis. Arrows indicate activation, bar-headed lines indicate 
inhibition, and yellow lines indicate phosphorylation. UPR, unfolded protein response 
 

3.4. Cap-independent translation initiation 

Cap-dependent translation initiation is maintained by mechanisms (e.g. 

mTORC1) that are inactivated in unfavorable growth and stress conditions. However, 

even under severe stress conditions, wherein general mRNA translation is repressed, 

translation of certain mRNAs that are required for the stress response or recovery from 

the stress is maintained in a cap-independent manner.  

3.4.1. IRES 

Internal Ribosomal Entry Sites (IRESs) promote cap-independent initiation, by 

bypassing the block in cap-dependent initiation and sustain the expression of proteins 

that are critical for cell survival under such conditions (Fig. 4). Several different types 

of IRES were originally identified in viruses, enabling the sustained translation of the 

viral RNAs despite the shutdown of the host cap-dependent translation (reviewed in 

(Lee, Chen et al. 2017)). Strikingly, an estimated 5-10% of cellular mRNAs can also 

recruit the ribosome through IRES (Spriggs, Stoneley et al. 2008, Weingarten-Gabbay, 

Elias-Kirma et al. 2016). However, compared with viral IRESs, cellular IRESs are less 

structured and defined, share less sequence conservation among them, and their 

mechanisms of action are largely unknown (Gilbert 2010, Jackson 2013). Cellular 

IRESs initiate translation via two general mechanisms; 1) certain mRNAs such as c-

Myc (Stoneley, Subkhankulova et al. 2000) and XIAP (Thakor, Smith et al. 2017) 

contain structural elements or modifications (m6A) that facilitate recruitment of 40S 

ribosomes via eIFs and RNA binding proteins known as IRES-transacting factors 

(ITAFs). 2) mRNAs, such as those encoding insulin-like growth factor 1 receptor 

(IGF1R) (Meng, Jackson et al. 2010) and NRF2 (Li, Thakor et al. 2010), contain a 

sequence resembling the bacterial Shine-Dalgarno motif, which recruits the ribosome 

directly to the mRNA (Dresios, Chappell et al. 2006).  

IRESs can facilitate translation of key proteins for normal cellular processes 

and development. During mitosis, where the global translational efficiency is 



 32 

dramatically reduced, translation of ∼3% of mRNAs remain predominantly 

unchanged, at least partially due to presence of IRESs (Qin and Sarnow 2004). IRES 

elements in the mRNAs encoding Fibroblast growth factor-1 (FGF-1) and 2 (FGF-2) 

were shown to stringently control their spatiotemporal expression and play a role in 

myogenesis (Conte, Ainaoui et al. 2009) and neurogenesis (Audigier, Guiramand et 

al. 2008) respectively, and upregulate angiogenic growth factors after ischemic stress 

(Philippe, Dubrac et al. 2016). However, due to prevalence of stresses such as 

hypoxia, DNA damage, and starvation, which downregulate global translation, IRESs 

play a more prominent role in coping with such stresses in cancers (Fig. 4B). For 

instance, In hypoxic tumors and lymph nodes, VEGF-C expression is maintained via 

an IRES in its 5´ UTR (Morfoisse, Kuchnio et al. 2014).  

"Oxidative stress”, defined as a relative excess of ROS, is common in cancer 

cells (Hayes, Dinkova-Kostova et al. 2020), and can lead to impaired global translation 

through activation of the  ISR pathway (Liu, Wise et al. 2008) and direct oxidation of 

specific translation factors (Gerashchenko, Lobanov et al. 2012, Chio, Jafarnejad et 

al. 2016). Cancer cells sustain expression of oxidative stress response proteins, such 

as the pivotal antioxidant response coordinator NRF2 through IRES-mediated 

translation (Li, Thakor et al. 2010). NRF2 protein in turn masterminds a gene 

expression programme that improves cellular fitness under stress (De La Rojo Vega, 

Chapman et al. 2018). IRESs also play a key role in the translation of c-MYC 

(SUBKHANKULOVA, MITCHELL et al. 2001), cellular inhibitor of apoptosis protein 1 

(c-IAP)1 (VAN EDEN, BYRD et al. 2004), and Bcl2 mRNAs that encode important pro-

survival proteins (Sherrill, Byrd et al. 2004), in response to oxidative and genotoxic 

stress. Translation of several mRNAs encoding key proto-oncogenes such as Snail1 

(Evdokimova, Tognon et al. 2009), Zeb2 (Beltran, Puig et al. 2008), and Laminin B1 

(Petz, Them et al. 2012) during EMT, a process which is imbued with multiple types 

of stress (Jiang, Wang et al. 2017) is also maintained by IRESs.  

Furthermore, selective translational upregulation of anti-apoptotic genes by 

IRES is also linked to anti-cancer therapy resistance. IRES-mediated translation of the 

anti-apoptotic protein XIAP contributes to the human carcinoma cells resistant to γ-

irradiation (Holcik, Lefebvre et al. 1999). Translation of BCL2-associated athanogene 

(BAG-1), which functions as a pro-survival protein and is associated with 

tumorigenesis and chemoresistance, is induced by IRES following treatment with 
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vincristine, a drug that blocks mitosis by interfering with microtubule polymerisation 

(Dobbyn, Hill et al. 2008).  

RBPs play essential roles as ITAFs in translation of cellular IRESs, thus 

regulation of their expression and/or activity is a key mechanism in the regulation of 

IRES-dependent translation of these mRNAs (Mokrejš, Mašek et al. 2010). The exact 

mechanisms by which ITAFs control IRES-dependent translation are variable and, in 

many cases, largely unclear. The RBPs, Y-box-binding protein (Ybx-1) and 

polypyrimidine tract-binding protein 1 (PTBP1), act as ITAFs for the c-Myc mRNA 

IRES, and their overexpression results in enhanced c-MYC expression (Cobbold, 

Wilson et al. 2010). Furthermore, a C to T mutation in the c-Myc IRES, that is 

frequently observed in multiple myeloma patients, enhances the affinity of these ITAFs 

for the IRES and augments c-Myc mRNA translation (Cobbold, Wilson et al. 2010). 

Under genotoxic stress conditions, IRES mediated translation of critical tumour 

suppressor protein, p53, is induced through synergistic phosphorylation of its ITAFs, 

HDMX and HDM2 by ataxia telangiectasia mutated (ATM) kinase. Phospho-HDMX 

first binds p53 mRNA to promote a confirmation that supports binding of HDM2 and 

subsequent stimulation of IRES mediated translation (Malbert-Colas, Ponnuswamy et 

al. 2014). Interestingly, HDM2 also activate the IRES of the anti-apoptotic proto-

oncogene Xiap mRNA and augment resistance to ionising radiation-induced apoptosis 

(Gu, Zhu et al. 2009).  

While most ITAFs positively regulate their corresponding IRESs, a number of 

ITAFs (negative ITAFs) inhibit IRES activity. The PDCD4 tumour suppressor protein 
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directly binds to and represses the IRESs on Xiap and Bcl-xL mRNAs, thus prevents 

ribosome recruitment. S6Ks-mediated phosphorylation and subsequent degradation 

of PDCD4 leads to derepression of Xiap and Bcl-xL translation (Liwak, Thakor et al. 

2012). The Bcl-xL mRNA IRES is also negatively regulated by hnRNPA1 during 

hypertonic stress, resulting in enhances apoptosis (Bevilacqua, Wang et al. 2010). 

Negative regulation of the IRES of the pro-apoptotic caspase-2 mRNA by HuR protein 

leads to resistance to doxorubicin and paclitaxel treatment in colon carcinoma cells 

(Badawi, Biyanee et al. 2018).  
Figure 4. Cap-independent translation initiation mediated by Internal Ribosome Entry Sites 
(IRES). 
(A) In normal conditions, initiation of translation of most mRNAs commences with cap–dependent 
recruitment of PIC to the mRNA via eIF4F complex. (B) Under stress conditions, wherein the global 
cap-dependent mRNA translation is repressed due to dismantling of eIF4F complex by hypo-
phosphorylated 4E-BPs, translation of a subset of mRNAs is sustained due to the presence of IRES 
elements within their 5´ UTRs. The cellular IRESs recruit ribosomes via two distinct mechanisms; i. 
recruitment of 40S ribosomes via eIFs and RNA-binding proteins known as IRES-transacting factors 
(ITAFs), and ii. recruitment of 40S ribosome via a sequence resembling the bacterial Shine-Dalgarno 
motif, which directly binds to a sequence within the 18S rRNA. Cap-independent translation by IRESs 
is not subjected to many regulatory mechanisms that control cap-dependent translation, thus allows 
sustained expression of important stress-response pathways under stress conditions, such as hypoxia.  

 

3.4.2. m6A modifications 

Besides IRESs, the m6A mRNA modifications can also facilitate cap-

independent translation initiation. m6A is the most prevalent methylated nucleoside in 

eukaryotic mRNAs with more than 7000 mRNA in human and mouse containing m6A 

in a non-stoichiometric and tissue-specific manner (Levanon, Eisenberg et al. 2004, 

Meyer, Saletore et al. 2012). m6As serve as docking points for several important 

“readers” that control the stability and/or translation of the mRNA (Helm and Motorin 

2017). While majority of m6A modifications occur in 3´ UTRs or near the stop codons 

(Meyer, Saletore et al. 2012), m6As in 5´ UTRs are also common and significantly 

affect translation. Initially, presence of m6A in the 5´ UTR of an un-capped mRNA was 

shown to promote translation initiation in the absence of eIF4F complex (Meyer, Patil 

et al. 2015). Importantly, m6A modifications in 5´ UTRs significantly increase during 

stress (Zhou, Wan et al. 2015), resulting in cap-independent translation and production 

of important stress-response proteins such as Hsp70 (Meyer, Patil et al. 2015), 

independent of structural IRES activity. Furthermore, translation of TOP mRNAs is 
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significantly enhanced by the presence of m6A in the 5´ UTR, in a cap and IRES-

independent manner (Coots, Liu et al. 2017).  

The exact mechanism by which m6A leads to ribosome recruitment independent 

of the cap and eIF4F complex is unclear and likely context-dependent. Efficient 

initiation on m6A-containing mRNAs only requires eIF1, 1A, 2, and 3 (Meyer, Patil et 

al. 2015) and is likely mediated by METTL3 (Lin, Choe et al. 2016) or YTHDF1 (Wang, 

Zhao et al. 2015) proteins, which create a bridge between the m6A and eIF3, thereby 

recruit PIC. METTL3 expression is elevated in lung adenocarcinoma and METTL3-

mediated translation of m6A-labelled mRNAs leads to translational upregulation of 

important proto-oncogenes including EGFR and the Hippo pathway effector, TAZ, as 

well as  growth, survival, and invasion of lung cancer cells (Lin, Choe et al. 2016). 

Similarly, m6A and METTL3 promote the translation of c-Myc, Bcl2 and Pten mRNAs 

in the human acute myeloid leukemia cells (Vu, Pickering et al. 2017).  

YTHDF1 expression is elevated in Hepatocellular carcinoma tissues, wherein it 

promotes cell proliferation and metastasis via enhanced translation of the FZD5 mRNA 

that encodes a receptor for Wnt proteins (Liu, Qin et al. 2020). YTHDF1 is also 

frequently amplified in ovarian cancer, wherein it augments the translation of eIF3C 

mRNA in an m6A-dependent manner and facilitates tumorigenesis and metastasis 

(Liu, Wei et al. 2020). Interestingly, YTHDF1-mediated translation of m6A-bearing 

Cathepsins mRNAs in tumour microenvironment cells is also linked to enhanced 

tumourigenesis and resistance to PD-L1 checkpoint blockade in a mouse model of 

melanoma (Han, Liu et al. 2019). In contrast, m6A was also shown to reduce 

translation efficiency of some mRNAs including Atf4 under stress conditions, 

potentially through slowing the 40S ribosome scanning, which leads to enhanced 

translation at uORFs, thus repression of the main ORF (Zhou, Wan et al. 2018).   

3.4.3. Cap-independent translation of circular RNAs 

IRES structures and m6A modification can also facilitate translation initiation on a 

class of RNAs termed circular RNAs (circRNAs). Human cells produce over hundred 

thousand circRNAs through back-splicing of exons in protein-coding genes (Ji, Wu et 

al. 2019), many of which are differential expression in cancer (Xia, Feng et al. 2018). 

Some circRNAs wield important regulatory functions in biological processes such as 

cell proliferation (Legnini, Di Timoteo et al. 2017) and immune response (Chen, 
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Satpathy et al. 2017). In most cases the role of circRNAs in tumourigenesis is 

attributed to their function as miRNA sponges, thus prohibiting the repression of proto-

oncogenes by the corresponding miRNAs (Hansen, Jensen et al. 2013, Memczak, 

Jens et al. 2013, Sun, Xu et al. 2018). circRNAs also modify the function of regulatory 

proteins, such as the ternary complex between circFoxo3, p21 and CDK2, which is 

required for cell cycle progression (Du, Yang et al. 2016).  

However, recent evidence also demonstrated the regulated translation of at least 

some circRNAs under stress conditions (Pamudurti, Bartok et al. 2017, Yang, Fan et 

al. 2017) and the direct role of circRNA-encoded proteins in tumourigenesis. For 

instance, the human papilloma virus HPV160-derived circE7 was shown to produce 

the E7 oncoprotein in cervical carcinoma cells. E7 blocks the function of the tumour 

suppressor Rb, thus circE7-depletion resulted in decreased cell proliferation and 

tumourigenicity (Zhao, Lee et al. 2019). However, due to absence of cap, ribosomes 

must be internally recruited onto the circRNAs through a natural IRES that initiates 

translation, in the case of circZNF609 (Legnini, Di Timoteo et al. 2017), or through m6A 

modifications in sequences immediately before the START codon (Zhou, Molinie et al. 

2017). 

4. Dysregulated translation elongation in cancer 

Although initiation has been at the forefront of research in the regulation of mRNA 

translation in health and diseases, emerging evidence also highlights the global as 

well as selective regulation of mRNA translation at the elongation phase. In contrast 

to the initiation phase, elongation  requires only a minimal set of factors, including 

eEF1A, eEF2, and the elongation factor eIF5A, which was originally identified as an 

initiation factor (Saini, Eyler et al. 2009).  

4.1. eEF1A 

Vertebrates encode two eEF1A isoforms; eEF1A1 and eEF1A2, which share 

98% amino acid homology. eEF1A1 is expressed in almost all tissues, however 

eEF1A2 is only expressed in the brain, heart, and skeletal muscle tissues that are 

composed of cells in permanent senescence (Lee, Francoeur et al. 1992). eEF1A 

activity is regulated via methylation on Lys-36 and methylation-deficient eEF1A 
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increase the translation efficiency on histidine codon but decrease efficiency on 

asparagine codons (Jakobsson, Małecki et al. 2017).  

eEF1A1 overexpression has been observed in multiple types of cancers and 

protects the cancer cells in stress conditions (Scaggiante, Dapas et al. 2012, Liu, Chen 

et al. 2016, Lin, Beattie et al. 2018). Overexpression of eEF1A2 resulted in oncogenic 

transformation of NIH3T3 cells and enhanced their proliferation and ability to form 

tumour-like spheroids by ovarian carcinoma cells. Consistently, eEF1A2 is 

overexpressed in approximately 30% of ovarian tumours (Anand, Murthy et al. 2002) 

and is linked to tumourigenesis in several other types of cancer  (Lee and Surh 2009, 

Li, Qi et al. 2010). Notably, plitidepsin, a drug approved for treatment of multiple 

myelomas, exerts its antitumor activity by targeting eEF1A2 (Losada, Muñoz-Alonso 

et al. 2016). However, considering the multitude of functions that eIF1A1/2 are 

implicated, besides their role in translation elongation, the contribution of their 

translational function in tumourigenesis is not always clear (Abbas, Kumar et al. 2015). 

4.2. eEF2 and eEF2 kinase 

eEF2 plays a pivotal role in translation elongation and is subject to several types 

of regulatory post-transcriptional modifications (Fig. 5A). A unique posttranslational 

modification of the eEF2 His-715 into diphthamide is essential for prevention of -1 

frameshifting during elongation (Liu, Bachran et al. 2012). Although the direct role of 

this modification in cancer is not determined, depletion of OVCA1, a key enzyme in 

the process of diphthamide modification, increased the rate of spontaneous tumour 

development in mice (Chen and Behringer 2004). eEF2 is also heavily regulated 

through the phosphorylation of its Thr-56. This phosphorylation mediated by the eEF2 

kinase (eEF2K) reduces the affinity of eEF2 for the ribosome (CARLBERG, NILSSON 

et al. 1990) and decreases the elongation rate (Ryazanov, Shestakova et al. 1988) 

(Fig. 5B). eEF2 is the only known substrate of eEF2K, and eEF2K is the only known 

kinase of eEF2 Thr-56, although recent evidence suggested a possible eEF2K-

indepndent mechanism of increased eEF2 phosphorylation by AMPK (Kumar, Giles 

et al. 2020). Phosphorylation of eEF2 on Ser-595 by cyclin A–cyclin-dependent kinase 

2 (CDK2) during mitosis also leads to inhibition of eEF2 activity by facilitating the 

recruitment of eEF2K and Thr-56 phosphorylation (Hizli, Chi et al. 2013) (Fig. 5B). 
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eEF2K is highly expressed in multiple types of cancer (Leprivier, Remke et al. 

2013, Ashour, Gurbuz et al. 2014, Liu, Voisin et al. 2014) and promotes cancer cell 

survival during severe stress such as nutrient deprivation (Leprivier, Remke et al. 

2013), anti-cancer drug treatment (Wu, Zhu et al. 2009, Cheng, Ren et al. 2011, Wang, 

Xu et al. 2019), and cell migration and tumour progression (Xie, Shen et al. 2018). 

eEF2K-knockout mice are viable (Chu, Liao et al. 2014) and preliminary studies with 

small molecule inhibitors of eEF2K have shown promising results in repressing tumour 

growth (Guo, Zhao et al. 2018, Kabil, Bayraktar et al. 2018, Li, Li et al. 2019). Activity 

of eEF2K is tightly controlled by a plethora of upstream stimuli including nutrient 

availability, hypoxia, and other types of stress. For instance, tumourigenicity and 

increased proliferation of APC-deficient colorectal cancer cells in response to insulin 

stimulation (Faller, Jackson et al. 2015) depends on phosphorylation of eEF2K Ser-

366 by S6Ks, leading to  reduced eEF2 phosphorylation (Wang, Li et al. 2001, Browne 

and Proud 2004) (Fig. 5A). Ser-366 could also be phosphorylated by the MAPK-

regulated p90RSK1 in response to treatment with mitogenic factors (Wang, Li et al. 

2001). Stimulation of mTORC1 by amino acids can also repress eEF2K activity via 

cyclin-dependent kinase 1 (cdc2)-mediated phosphorylation of Ser-359 (Smith and 

Proud 2008). The Ser-359 residue is also phosphorylated by the stress-activated 

protein kinase 4 (SAPK4 also known as p38δ) (Fig. 5A), although the physiological 

relevance of inhibition of eEF2K and the subsequent increased elongation rate by 

SAPK4 is not fully understood (Knebel, Morrice et al. 2001).  

In contrast, AMPK, the major sensor of low cellular energy levels, activates 

eEF2K activity by phosphorylation of the Ser-398 residue, resulting in reduced mRNA 

translation and preservation of energy (Browne, Finn et al. 2004). Similarly, the cAMP-

dependent protein kinase, PKA activates eEF2K by phosphorylation of Ser-500 in 

response to increased levels of cAMP (Redpath and Proud 1993) (Fig. 5B). Under 

hypoxic conditions, reduced mTORC1 activity results in hypophosphorylation of 4E-

BP1 as well as hypophosphorylation and stabilisation of eEF2K. This two-pronged 

mechanism results in simultaneous inhibition of translation initiation and elongation 

(Connolly, Braunstein et al. 2006). Hypoxic conditions also induce hydroxylation of 

eEF2K on Pro-98 by proline hydroxylases (PHDs), oxygen-dependent enzymes that 

are inactivated during hypoxia, leading to reduced activity of eEF2K without affecting 

its stability (Moore, Mikolajek et al. 2015) (Fig. 5B).  
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Depletion of eEF2K was shown to increase global protein synthesis, indicating a 

non-transcript specific regulation of translation by eEF2K-mediated eEF2 

phosphorylation (Chu, Liao et al. 2014). However, recent evidence suggested that in 

prostate and lung cancer cells, eEF2K activity led to increased translation of the PD-

L1, a pivotal immune-suppressant protein, by repressing the translation of an uORF, 

leading to the increased translation of the main ORF (Wu, Xie et al. 2020).  

4.3. eIF5A and its unique hypusine modification 

The third factor directly involved in translation elongation is eIF5A, which is 

encoded by two distinct genes; EIF5A1 and EIF5A2. The two encoded proteins are 

82% identical and while eIF5A1 is very abundant in most tissues, eIF5A2 is rare in 

normal tissues but overexpressed in many types of cancer malignancies (Guan, Sham 

et al. 2001). eIF5A is particularly critical for translation of stretches with consecutive 

proline residues, and its depletion results in ribosome stalling and impaired translation 

of polyproline-containing proteins in vivo (Gutierrez, Shin et al. 2013). A key feature of 

eIF5A proteins is the unusual post-translational modification of Lys-50 that results in 

formation of the amino acid hypusine. It has been proposed that upon localisation of 

eIF5A near the E site of the ribosome, the hypusine residue positions adjacent to the 

acceptor stem of the P site tRNA to stimulate the peptidyl transferase activity of poor 

substrates like Proline (Gutierrez, Shin et al. 2013). This unique modification is 

effected by two essential enzymes, deoxyhypusine synthase (DHPS), and 

deoxyhypusine hydroxylase (DOHH) (Park, Wolff et al. 1993), depletion of both of 

which in mouse is lethal (Meng, Kang et al. 2015, Pällmann, Braig et al. 2015). 

eIF5A is a critical regulator of tumour cell growth through translation upregulation 

of key proto-oncogenes. Expression of eIF5A1 and eIF5A2 highly correlates with 

tumour progression and poor patient survival (Yang, Xie et al. 2009, He, Zhao et al. 

2011, Tunca, Tezcan et al. 2013, Meng, Kang et al. 2015) and depletion of eIF5A 

inhibited tumor growth in vivo (Fujimura, Wright et al. 2014). eIF5A2 overexpression 

induces transformation in NIH3T3 cells (Guan, Fung et al. 2004) and promotes EMT 

and metastasis in several types of cancer (Tang, Dong et al. 2010, Li, Fu et al. 2014, 

Wei, Cao et al. 2014). Notably, expression of the DHPS and DOHH enzymes, which 

are responsible for eIF5A hypusinlation, also correlates with tumourigenesis (Bandino, 

Geerts et al. 2014). Moreover, small-molecule inhibitors that suppress eIF5A 
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hypusination also prevent tumourigenesis (Balabanov, Gontarewicz et al. 2007, 

Fujimura, Wright et al. 2014), creating a promising opportunity for cancer therapy 

considering that eIF5A is the only known hypusinated protein in humans. 

Despite the prominent role of eIF5A in promotion of translation of polyproline-

encoding mRNAs, recent genome-wide translatome analyses revealed that eIF5A 

facilitates global translation elongation, including many non polyproline-mRNAs 

(Pelechano and Alepuz 2017, Schuller, Wu et al. 2017). Interestingly, besides 

translation elongation, these analyses revealed that eIF5A also facilitates translation 

termination (Pelechano and Alepuz 2017, Schuller, Wu et al. 2017), likely through 

promoting eRF1 and eRF3 activity. Specific regulation of Peak1 mRNA, encoding a 

non-receptor tyrosine kinase, as well as RhoA and Rock2 mRNAs by eIF5A was also 

shown to promote the cell growth, invasive potential, and therapy resistance of 

pancreatic cancer (Fujimura, Wright et al. 2014, Fujimura, Choi et al. 2015). However, 

the mechanism by which eIF5A enhances transcript-specific translation is not 

understood. 

4.4. eIF3 

Besides recruiting the 40S ribosome to the eIF4F complex, the multi-subunit 

translation initiation factor eIF3 is involved in a multitude of non-canonical functions 

(Wolf, Lin et al. 2020).  Interestingly, eIF3 was also found to associate with the 

elongating 80S ribosome and elongation factors, including eEF1A and eEF2 (Sha, Brill 

et al. 2009), where eIF3 remains associated with the 80S ribosome at least during the 

translation of the first 5–10 codons (Mohammad, Munzarová Pondělíčková et al. 

2017). Recent studies revealed that eIF3 promotes selective mRNA translation 

elongation of select mRNAs encoding membrane proteins. Specifically, depletion of 

eIF3E subunit resulted in the accumulation of ribosomes in the first 25-75 codons (Lin, 

Li et al. 2020). This mechanism potentially affects the translation of thousands of 

mRNA, including mRNAs that encode membrane, secretory, and organelle-targeted 

proteins, and regulate the mitochondrial function and skeletal muscle health (Lin, Li et 

al. 2020). 

4.5. Regulation of elongation by controlled abundance and modification of 
tRNAs 
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Availability and post-transcriptional modifications of tRNAs could significantly 

affect the rate of translation elongation. Abundance of codon-specific tRNAs is a major 

determinant of mRNA translation efficiency and accuracy (Drummond and Wilke 

2008), and mRNAs that are enriched with codons biased towards the abundant tRNAs 

are translated more efficiently (Man and Pilpel 2007). Importantly, genes encoding cell 

growth and proliferation-related proteins use common codons, whereas those 

encoding stress-response proteins tend to use rare codons. Thus, a dynamic and 

rearranged tRNA pool dictates selective mRNA translation under normal or stress 

conditions (Torrent, Chalancon et al. 2018).  

tRNAs are encoded by over 600 genes in humans, thus exhibit large sequence 

diversity (Berg, Giguere et al. 2019). Transcription of these tRNAs by RNA polymerase 

III is tightly controlled by the mTORC1 pathway, thereby coordinating the availability 

of tRNAs with the higher demand for them during active growth periods (Shor, Wu et 

al. 2010). Nevertheless, expression of tRNAs in response to environmental stimuli 

could be differentially regulated, hence changing the global tRNA expression profile in 

various conditions.  

For instance, expression of tRNAs carrying anticodons that often correspond to 

a codon-usage signature characteristic of proliferation-related genes, such as 

tRNAiMet, is induced in proliferating cells but repressed in differentiating/arresting cells. 

Conversely, tRNAs that harbour anticodons optimal for translation of codons found in 

differentiation-promoting mRNAs, such as selenocysteine tRNAs, are induced during 

differentiation (Gingold, Tehler et al. 2014). Consistently, overexpression of the 

tRNAiMet was shown to induce cell proliferation (Pavon-Eternod, Gomes et al. 2013), 

whereas reduction in selenoprotein levels resulted in increased tumourigenesis 

(Diwadkar-Navsariwala, Prins et al. 2006). Upregulation of GluUUC and ArgCCG tRNAs 

was shown to promote metastasis through enhanced stability and translation 

efficiency of proteins enriched for their cognate codons such as Exoc2 and Gripap1 

mRNAs, depletion of which abrogates the metastatic potential of breast cancer cells 

(Goodarzi, Nguyen et al. 2016). 

Stress conditions also induce cleavage of tRNAs within the anticodon loop by the 

ribonuclease Angiogenin (ANG), which generates the 5´ and 3´ tRNA-derived stress-

induced RNAs (tiRNAs) (Yamasaki, Ivanov et al. 2009). Importantly, some 5´-tiRNAs 

can inhibit cap-dependent translation by displacing eIF4F from the cap and partition 
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the target mRNAs to stress granules (Ivanov, Emara et al. 2011). Later evidence 

showed that production of these tiRNAs under hypoxic conditions suppressed breast 

cancer cells invasion, metastasis, and growth under serum-starvation by repressing 

translation of proto-oncogene encoding mRNAs  (Goodarzi, Liu et al. 2015). 

tRNAs are subject to extensive and diverse post-transcriptional modifications 

ranging from simple methylation to complex multistep modifications, involving a large 

number of enzymatic reactions (Pan 2018). On average each human tRNA contains 

an estimated 13 different modifications (Saikia, Fu et al. 2010) and while modifications 

are found along the entire 76-nucleotide length of the tRNAs, they most commonly 

occur at the wobble position and exert significant role in regulation of translation in 

response to environmental stress (Chan, Dyavaiah et al. 2010). For instance, 

increased m5C modification of LeuCAA following oxidative stress upregulates the 

translation of the ribosomal protein RPL22A and cell survival (Chan, Pang et al. 2012). 

Queuosine is a hyper-modified guanosine analog that is naturally produced by gut 

microbiota and occurs at the wobble position of AspGUC, HisGUG, TyrGUA, and AsnGUU. 

Cytosine 38 methylation of tRNAs is promoted by Queuosine-containing tRNAs (Q-

tRNA) leading to increased rate of translation elongation at codons decoded by Q-

tRNAs and their near-cognate codons (Tuorto, Legrand et al. 2018). Importantly, loss 

of Q-modification results in production of unfolded proteins and triggering the ER 

stress and unfolded protein response (Tuorto, Legrand et al. 2018).  

Dysregulated tRNA modifications and expression of tRNA-modifying enzymes, 

leading to differential mRNA translation, have been frequently observed in cancers 

(Close, Gillard et al. 2012, Begley, Sosa et al. 2013, Ladang, Rapino et al. 2015, He, 

Yang et al. 2020). The augmented expression of the tRNA modifying enzyme, NSun2, 

by Myc was shown to induce cancer cell proliferation and is upregulated in tumours 

(Frye and Watt 2006). In melanoma cases with BRAFV600E mutation, depletion of the 

U34 enzymes, which catalyse modifications of the wobble uridine 34 (U34) on tRNAs, 

led to increased cell death and reduced tumourigenesis. In these cells, PI3K pathway, 

a common mechanism of resistance to BRAFV600E inhibitors, induces the expression 

of U34 enzymes, which in turn promotes glycolysis through the direct, codon-

dependent, elevation of Hif1-α mRNA translation (Rapino, Delaunay et al. 2018). 

4.6. Ribosome stalling and quality control 
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In addition to slowed rates of translation elongation in stress conditions, the 

procession of the 80S ribosome along the ORF could also be halted, resulting in stalled 

ribosomes. “Ribosome stalling” could occurs due to various reasons including 

translation of poly(A) tracts (Dimitrova, Kuroha et al. 2009) and strong secondary 

structures (Doma and Parker 2006), damages to the mRNAs (e.g. oxidised 

nucleotides) (Simms, Hudson et al. 2014), deficiency in specific tRNAs (Ishimura, 

Nagy et al. 2014), or ribosome collisions in highly translated mRNAs (Juszkiewicz and 

Hegde 2017, Park and Subramaniam 2019). An unresolved stalled ribosome could 

have undesirable consequences such as aggregation and release of truncated 

proteins. The ribosome-associated quality control (RQC) mechanism recognises 

stalled ribosome and triggers a complex process that eliminates the nascent peptide 

as well as the aberrant mRNA (reviewed in (Joazeiro 2019)).  

In brief, collision of a stalled ribosome with the trailing ribosome(s) is detected by 

the E3-ligase and RNA-binding protein ZNF598 (Juszkiewicz, Chandrasekaran et al. 

2018). Facilitated by yet an unknown mechanism, detection of ribosome collision 

induces recruitment of the E2 ubiquitin ligase UBE2D3 by ZNF598, resulting in 

ubiquitination of several 40S ribosomal proteins (Garzia, Jafarnejad et al. 2017) and 

the dissociation of  the 40S and 60S ribosomal subunits (Juszkiewicz, Speldewinde et 

al. 2020). The nascent peptide is ubiquitinated by the E3 ligase listerin and destined 

for proteasomal degradation. The aberrant mRNA is first cleaved by the endonuclease 

N4BP2 (D'Orazio, Wu et al. 2019), followed by degradation with 5´ and 3´ 

exonucleases (Joazeiro 2019). Recent evidence also showed that instead of outright 

degradation, RQC-target mRNAs could be translationally repressed by either of two 

alternative mechanisms; 1) the cap-binding protein and translation inhibitor 4EHP and 

its binding partner GIGYF2 are recruited to the stalled ribosome via either ZNF598 

(Hickey, Dickson et al. 2020, Weber, Chung et al. 2020) or by EDF1 (Sinha, Ordureau 

et al. 2020) (Fig. 5C), 2) in yeast, recruitment of GCN2, likely through direct binding of 

GCN1 to the stalled/collided ribosomes (Pochopien, Beckert et al. 2020), induces 

ISR/p-eIF2α mediated translational repression (Wu, Peterson et al. 2020) (Fig. 5D), 

although it is not clear if a similar mechanism exists in humans and how p-eIF2α would 

specifically reduce translation of the aberrant mRNA without triggering a global 

translation shutdown.  

Triggering RQC by stressors such as arsenate was also shown to partition the 

aberrant mRNA to stress granules (Moon, Morisaki et al. 2020), an indication of their 
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translational repression rather than decay. Altogether, these data highlight a 

coordinate mechanism of regulation of translation initiation and elongation that 

prohibits further rounds of translation of the aberrant mRNAs.  

Severe neuromuscular and developmental deficiencies have been observed in 

mice with mutation in key components of RQC NEMF (Martin, Kigoshi-Tansho et al. 

2020) and Listerin. However, the potential role of this mechanism in cancer has 

remained unexplored. Importantly, in the absence of RQC (e.g. depletion of ZNF598) 

or when RQC in overwhelmed under severe stress, a more expansive stress response 

pathway is activated. In such cases ZAKα, another sensor of collided ribosomes 

triggers apoptosis in a stress-activated protein kinases (SAPKs) dependent manner. 

ZAKα was previously shown to be required for SAPK-mediated ribotoxic stressor and 

chemotherapeutic agent doxorubicin-induced cell death (Sauter, Magun et al. 2010), 

further illustrating the potential importance of this mechanism in stress response 

pathway in cancer.  
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Figure 5. Regulation of translation elongation.  
(A) The eukaryotic translation elongation factor 1a (eEF1a) facilitates binding of the aminoacyl-tRNAs 
to the A site of the ribosome. This is followed by peptide bond formation between the nascent 
polypeptide, which is bound to the peptidyl-tRNA in the P site, and the amino acid on the newly joined 
aminoacyl-tRNA causing transfer of the polypeptide chain. eEF2 facilitates, through GTP hydrolysis, 
translocation of the new peptidyl-tRNA in the A site to the P site, and the concomitant translocation of 
the newly deacetylated tRNA from the P site to the E site. Phosphorylation of eEF2 on Thr-56 by the 
eEF2 kinase (eEF2K) dramatically reduces the affinity of eEF2 for ribosome and reduced the rate of 
elongation. In normal conditions, eEF2K is phosphorylated on Ser-366 by S6Ks and RSK or Ser-359 
by cdc2 and p38δ, leading to its repression and sustained activity of eEF2. (B) Under stress conditions, 
eEF2K becomes activated through hypo-phosphorylation of Ser-366 and Ser-359 residues due to 
repression of the upstream signaling pathways while simultaneously phosphorylated on Ser-398 and 
Ser-500 by AMPK and PKA, respectively, which leads to its activation and repression of eEF2 and 
reduces rate of global translation. In hypoxic conditions eEF2K is also hydroxylated on Pro-98 by proline 
hydroxylases (PHDs), which reduces its activity. Elongating ribosomes could stall before the stop codon 
is reached due to several causes such as damaged (oxidised nucleotides), truncated mRNA, presence 
of difficult secondary structures, deficiency in specific amino acids, or presence of poly(A) tract within 
ORF (open reading frame). The ribosome-associated quality control (RQC) mechanism resolves stalled 
ribosomes in order to avoid deleterious consequences, such as aggregation. During this process RQC 
blocks new rounds of translation on the aberrant mRNA via two proposed mechanisms: (C) collided 
ribosomes due to crashing of trailing ribosome with the stalled ribosome are detected by sensors of 
collided ribosomes ZNF598 or EDF1, which in turn recruit the 4EHP cap-binding protein and its binding 
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partner GIGYF2 to prepress new rounds of initiation on the cap, and (D) recruitment of GCN1 to the 
collided ribosomes activates the GCN2 kinase, which in turn phosphorylates eIF2α and represses 
mRNA translation via ISR pathway. Arrows indicate activation, bar-headed lines indicate inhibition, and 
yellow lines indicate phosphorylation. 

 

5. Abnormal translation termination in cancer 

Precise translation termination at STOP codon is crucial for the generation of 

functional proteins. Premature termination could result in production of truncated, 

nonfunctional, or deleterious proteins with dominant-negative or gain-of-function 

effects. Premature termination codons (PTCs) occur due to mutations such as 

nonsense mutations and frame-shift deletions/insertions, or aberrant splicing that 

generates mRNA variants with truncated reading frames. It has been estimated that 

one-third of alleles causing genetic diseases carry premature termination codons 

(Linde and Kerem 2008). Nonsense mutations, leading to inactivation of tumour 

suppressor genes, have been frequently observed. For instance, an estimated 83% of 

hereditary diffuse gastric cancer (HDGC) produce truncated E-cadherin proteins due 

to nonsense, splice-site, or frame-shift mutations (Carneiro, Oliveira et al. 2008). 

Similarly, >90% of colorectal cancer patients generate truncated APC (adenomatous 

polyposis coli) proteins due to nonsense or frame-shift mutations (Béroud and Soussi 

1996).  

Majority of PTC carrying mRNAs are detected and removed by NMD (reviewed in 

(Kurosaki, Popp et al. 2019)). Multiple pharmaceutical compounds enable translational 

readthrough of PTCs, thus restore the expression of the functional full-length protein 

(Dabrowski, Bukowy-Bieryllo et al. 2018). NB124, a synthetic aminoglycoside 

derivative, was shown to strongly induce apoptosis by promoting readthrough in 

human tumor cells that carry PTC in p53 and APC mRNAs (Bidou, Bugaud et al. 

2017). Similarly, 2,6-Diaminopurine (DAP), a naturally occurring compound in 

mushroom Lepista inversa enables readthrough of the UGA nonsense mutations in 

p53 mRNA, leading to decreased growth of xenograft tumours (Trzaska, Amand et al. 

2020). 

Ineffective termination (STOP-codon readthrough) occurs through incorporation of 

an amino acid due to the recoding of the termination codon by a natural tRNA (Fig. 6). 

This could result in production of isoforms with extended C-terminus and possibly new 

functions. STOP-codon readthrough naturally occurs in ≈0.1% of STOP codons 
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(Schueren and Thoms 2016) and ribosome profiling assay revealed potential STOP-

codon readthrough in 42 genes in primary human foreskin (Dunn, Foo et al. 2013). A 

common mechanism of STOP-codon readthrough is the incorporation of the naturally 

occurring non-canonical amino acid selenocysteine, mediated by the SecUAG tRNA 

that recodes the UGA STOP codon. Humans produce twenty-five known 

selenoproteins, the majority of which (e.g. glutathione peroxidases) are involved in 

antioxidant and anabolic processes (Labunskyy, Hatfield et al. 2014).  

A secondary structure called the selenocysteine insertion sequence (SECIS) 

element (Berry, Banu et al. 1993) within the 3´ UTR of selenoprotein-encoding mRNAs 

facilitates the incorporation of selenocysteine by the unique GTP-binding elongation 

factor mSelB that recognizes the SecUGA tRNA and is required for efficient readthrough 

at UGA STOP codons (Fagegaltier, Hubert et al. 2000).  

Other specific cis-acting mRNAs motifs were also shown to be important for STOP-

codon readthrough in human. A specific CUAG motif positioned immediately after the 

UGA STOP codon is essential for STOP-codon readthrough in human 

Sacm1l, Oprk1, Oprl1 and Bri3bp mRNAs (Loughran, Chou et al. 2014). A 63-

nucleotide element in the 3´ UTR of Vegf-A mRNA was also shown to promote 

readthrough by recruiting the hnRNPA2/B1 RNA-binding protein, leading to production 

of a C-terminal extended protein called VEGF-Ax (Eswarappa, Potdar et al. 2014). 

Although it was initially shown that VEGF-Ax exhibits antiangiogenic and tumour 

suppressor activities (Eswarappa, Potdar et al. 2014), later evidence indicated the 

opposite mitogenic and angiogenic functions for VEGF-Ax (Xin, Zhong et al. 2016).  

AGO1x is a product of STOP-codon readthrough of the Ago1 mRNA that encodes 

Argonaute 1, a pivotal protein involved in miRNA-induced silencing. A short motif, 

located 10 nucleotides downstream of the canonical stop codon of the Ago1 mRNA, 

was shown to be targeted by the let Let-7a miRNA, which in turn promotes STOP-

codon readthrough. The resultant AGO1x protein functions as a dominant negative, 

due to its inability to interact with GW182, another key component of the miRNA-

induced silencing pathway (Singh, Manjunath et al. 2019). Recent evidence 

demonstrated that AGO1x is produced in highly proliferative breast cancer cells, where 

it promotes cell growth and blocks induction of interferon-responses and apoptosis by 

inhibiting accumulation of double stranded RNAs (Ghosh, Guimaraes et al. 2020).  

Binding of eIF3 translation factors to the pre-termination 80S ribosome, likely 

through interaction with the ribosomal protein uS3/Rps3 (Poncová, Wagner et al. 
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2019), was also shown to interfere with the eRF1-mediated decoding of STOP codons 

that are set in an unfavorable termination context (Beznosková, Wagner et al. 2015). 

This function is important for re-initiation of mRNAs with uORF and translation of 

important stress-response protein coding mRNAs such as  ATF4 under stress 

conditions (Hronová, Mohammad et al. 2017). The contribution of eIF3 in programmed 

STOP-codon readthrough at the main ORFs and its potential relevance to cancer 

remain to be addressed.  

6. Ribosome recycling 

The final stage of translation, recycling of ribosomes, is essential for maintenance 

of a pool of free ribosomes, hence for cellular homeostasis. In addition, un-recycled 

ribosomes could queue at stop codons and potentially re-initiate translation in 3´ UTRs 

in any of the three reading frames relative to the main ORF (Young, Guydosh et al. 

2015). The generated polypeptides potentially impose significant and likely 

deleterious, effects. For instance, such novel peptides were observed on major 

histocompatibility complex (MHC) class I, with the ability to promote immune system 

reactivity (Schwab, Li et al. 2003), implying the importance of efficient and precise 

ribosome recycling in the maintenance of homeostasis and preventing cytotoxicity. 

However, information on ribosome recycling regulation and its implication in cancer 

are limited. Furthermore, the key proteins involved in the process of recycling, namely 

ABCE1, eIF3, and eIF6, are also involved in other aspects of translation (e.g. initiation 

and re-initiation), where the relative contribution of these functions to tumourigenesis 

has not been decoupled. 

ABCE1 is an essential protein for the separation of the 60S and 40S subunits and 

has been linked to increased tumourigenecity. Ectopic expression of ABCE1 promoted 

clonogenicity, anchorage-independent growth, tumour growth, and metastatic 

potential of lung cancer cells (Tian, Tian et al. 2016). In neuroblastoma, ABCE1 

expression strongly correlates with poor clinical outcome and depletion of ABCE1 

reduces the growth, motility, and invasiveness of n-Myc-amplified neuroblastoma cells 

(Gao, Jung et al. 2020). Expression of ABCE1 is also upregulated in glioma tissues 

and its repression increases sensitivity of the glioma cells to the chemotherapeutic 

agent temozolomide (Zhang, Chen et al. 2018). Although it is unclear whether the 
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conspicuous oncogenic role of ABCE1 is due to its function in ribosome recycling, or 

else owed to an unidentified function, unrelated to ribosome recycling. 

The translation initiation factor eIF6 increases the efficiency of ribosome 

dissociation and prohibits unproductive 80S formation without an mRNA (Valenzuela, 

Chaudhuri et al. 1982), thus maintaining the pool of free ribosomes. Consistently, 

expression of eIF6 is tightly regulated in accordance with the demand for ribosome 

and translational rate (Donadini, Giodini et al. 2001). eIF6 expression is positively 

correlated with cancer progression (GOLOB-SCHWARZL, PUCHAS et al. 2020), and 

its depletion limits the in vivo tumour growth (Gandin, Miluzio et al. 2008). Recent 

evidence also revealed a role for eIF3 in ribosome recycling. In yeast, the eIF3J was 

found as an accessory factor for ABCE1-catalysed ribosome dissociation. 

Accordingly, unrecycled 80S ribosomes can re-initiate translation in 3´ UTRs in eIF3J-

deifiecnt cells (Young and Guydosh 2019). However, the potential role of human eIF3J 

in recycling is unclear. 

Oxidative stress and ROS-inducing drugs were shown to reduce ribosome 

recycling efficiency and increase translation in 3´ UTRs, in an ABCE1-dependent 

manner (Sudmant, Lee et al. 2018, Zhu, Zhang et al. 2020) (Fig. 6). Given the 

prevalence of oxidative stress and ROS in cancer, targeting the ribosome recycling 

machinery could be a promising strategy to use in order to induce non-canonical 

translation events, with the potential for neo-antigens generation and reducing the free 

ribosome availability in cancer cells.  

7. Versatile utility of 3´ UTR for translational control in cancer 

3´ UTR have a profound impact on mRNA stability, subcellular localisation, 

translation efficiency, and protein-protein interaction of the nascent polypeptide, thus 

they significantly impact key cellular processes that affect cellular homeostasis and 

tumourigenesis. The main functions of 3´ UTR are affected via cis-acting motifs, which 

recruit trans-acting factors including miRNAs and RBPs. miRNAs are a large family of 

~22 nucleotides regulatory RNAs, encoded by >2000 genes, which target an 

estimated 60% of protein-coding mRNAs in humans (Huang, Shi et al. 2019). miRNAs 

silence their target mRNAs by recruiting the miRNA-induced silencing complex 

(miRISC), which in turn engages the CCR4-NOT complex (Fig. 6) to repress target 

mRNAs by two mechanisms: repression of translation and promotion of mRNA decay 
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(Duchaine and Fabian 2019). While it has been suggested that the majority of miRNA-

mediated repression is due to decay, several studies have demonstrated translational 

silencing in the absence of mRNA decay (Jin, Oda et al. 2017, Jafarnejad, Chapat et 

al. 2018). Dysregulated miRNA biogenesis and function have been frequently 

documented in almost all types of cancer and reviewed elsewhere (Hata and Kashima 

2016). 

RBPs are a large and heterogeneous family of proteins that contribute to the 

formation of different ribonucleoprotein complexes and play essential roles in 

sustaining cellular homeostasis as well as in diseases, including cancer. Human 

genome encodes >1500 RBPs (Gerstberger, Hafner et al. 2014), which affect various 

stages of mRNA life cycle, including maturation, transport, translation efficiency, 

stability and degradation (Hentze, Castello et al. 2018), illustrating the substantial and 

intricate roles of these proteins in almost every aspect of cellular physio/pathology. 

Similar to miRNAs, majority of RBPs bind to motifs located in the 3´ UTR (Mayr 2019). 

For instance, AU-rich elements (AREs), usually pentamers of the AUUUA, are present 

in 5-10% of all human mRNAs (Halees, El-Badrawi et al. 2008) and control stability 

and translation. Several RBPs such as AU-binding factor 1 (Brewer 1991), 

Tristetraprolin family (Blackshear, Lai et al. 2003), and ELAV/HuR family (Ma, Cheng 

et al. 1996) bind to AREs and control the stability and/or translation of their target 

mRNAs. Notably, while the majority of the ARE-binding proteins negatively impact the 

expression of target mRNAs by promoting decay or translational repression, 

ELAV/HuR proteins increase stability and/or translation of target mRNAs, at least 

partly by prohibiting the repression induced by other RBPs and miRNAs 

(Bhattacharyya, Habermacher et al. 2006). Dysregulated mRNA translation due to the 

aberrant expression and function of ARE-binding factors has been frequently observed 

in cancer (reviewed in (Bhattacharyya, Habermacher et al. 2006)).  

Cancer cells employ two main strategies to circumvent the RBP- and miRNA-

binding to the 3´ UTRs. Approximately 70% of mammalian mRNA-encoding genes use 

alternative polyadenylation sites to generate mRNA transcripts that differ in their 3´ 

UTR lengths, without changing the protein sequence (Derti, Garrett-Engele et al. 2012, 

Hoque, Ji et al. 2013). Proliferating (Sandberg, Neilson et al. 2008) and cancer cells 

(Mayr and Bartel 2009) commonly utilise alternative cleavage and polyadenylation 

sites to generate mRNA variants with shorter 3´ UTRs that lack the RBP- and miRNA-

binding sites. For instance, expression of the shorter variants of the proto-



 51 

oncogenes IGF2BP1, Cyclin D1, Cyclin D2, and FGF2 mRNAs, led to more oncogenic 

transformation compared with the expression of the full-length mRNAs (Mayr and 

Bartel 2009). Alternative splicing of mRNAs (3′ exon switching), leading to exclusion 

of the suppressive elements in mRNAs such as the proto-oncogene Her2, is another 

approach utilised to avert the RBP- and miRNA-induced silencing in cancer cells 

(Edwalds-Gilbert, Veraldi et al. 1997, Sandberg, Neilson et al. 2008, Mayr and Bartel 

2009).  

 

 

 

Figure 6. Overview of the multifaceted stress-induced regulation of mRNA translation  
mRNA translation is highly influenced by various types of stress which (dys)regulate every stage of the 
translation process. In many cases, different types of stress could exert simultaneous and overlapping 



 52 

effects on multiple stages of translation. Arrows indicate activation, bar-headed lines indicate inhibition, 
and yellow lines indicate phosphorylation. 

 

8. Concluding remarks 

Regulation of mRNA translation is a multifaceted mechanism involving an intricate 

network of translation factors, RBPs, non-coding RNAs, and signaling pathways. As 

highlighted frequently in this review, many signaling pathways simultaneously control 

multiple stages of translation. Furthermore, translation factors that we initially believed 

to be only involved in specific stages of translation have appeared to participate in 

more than one function (e.g. eIF3), illustrating the need for cautious interpretation of 

the outcomes of relevant mechanistic studies.  

Furthermore, an important issue regarding the regulation of mRNA translation in 

cancer is the conspicuous context-dependency. This implies the unlikely chance of 

success for a one-size fits all approach and highlights the need for further informed, 

personalised procedures when selecting treatments involving translation-modulating 

reagents. Translation machinery and its associated regulatory pathways are highly 

amenable to treatment with drugs (Bhat, Robichaud et al. 2015), yet so far limited 

success has been achieved in “translating” that into clinic.  

We discussed several major mechanisms that influence the global or transcript-

specific regulation of mRNA translation in cancer. However, the growing list of novel 

regulatory mechanisms and non-canonical translation events provide exciting 

opportunities for further discoveries in this field as well as the possibility of significant 

advancement in the development of new forms of anti-cancer treatments.  
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