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ABSTRACT

Translation initiation is a critical facet of gene expression with important impacts that underlie cellular
responses to stresses and environmental cues. Its dysregulation in many diseases position this process as
an important area for the development of new therapeutics. The gateway translation factor elF4E is
typically considered responsible for ‘global’ or ‘canonical’ m’G cap-dependent translation. However,
elF4E impacts translation of specific transcripts rather than the entire translatome. There are many
alternative cap-dependent translation mechanisms that also contribute to the translation capacity of the
cell. We review the diversity of these, juxtaposing more recently identified mechanisms with elF4E-
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dependent modalities. We also explore the multiplicity of functions played by translation factors, both
within and outside protein synthesis, and discuss how these differentially contribute to their ultimate
physiological impacts. For comparison, we discuss some modalities for cap-independent translation. In
all, this review highlights the diverse mechanisms that engage and control translation in eukaryotes.

Introduction

A plethora of studies into epigenetics, genomics and tran-
scriptional regulation have yielded important insights into
the pathogenesis of human disease. However, proteomic stu-
dies revealed that the transcriptome does not always predict
the proteome [1]. This prompts the question: why not? This
dissociation is due, at least in part, to dysregulation at the
post-transcriptional level, including processes such as nuclear
RNA export and translation. As a consequence, it can elevate
the production or alter the form of proteins that function in
survival, proliferation, migration, invasion and metastases.
Often, networks of RNAs encoding proteins involved in the
same biological process, known as RNA regulons, are dis-
rupted simultaneously, leading to a wide array of biological
changes supporting disease phenotypes [2,3]. Several studies
demonstrated that RNA processing, including dysregulated
RNA export and translation, can contribute to aberrant con-
trol of RNA regulons thereby driving human diseases such as
cancer and neurodegenerative conditions [4-6]. Thus, it is
critical to understand the molecular bases driving and con-
trolling these processes.

Recent studies have highlighted what has been known for
some time: there are multiple means to initiate translation in
eukaryotes and that this diversity underpins responses to
stress and other environmental cues [5,7-12]. Furthermore,
key factors in translation also play direct roles in other aspects
of RNA processing and thereby impact on multiple levels of
post-transcriptional control simultaneously [12,13]. For
instance, some proteins recognize the methyl-7-guanosine

(m’G) cap on the 5'end of RNAs, and these proteins can act
in both the recruitment of RNAs to the ribosome via their
cap-binding activity as well as function in other levels of RNA
processing or independent roles in translation [11] (Table 1).
Examples of this include the eukaryotic translation initiation
factor eIF4E and the cap-binding complex CBC [12,13]. This
pliability and modularity of translation is not limited to the
cap-binding components of the initiation machinery, but also
include diversity in the platform proteins required for assem-
bly of the initiation complex including eIF4G, DAP5 (Death
Associated protein 5) also known as p97, the CBC-dependent
translation initiation factor (CTIF), and the threonyl-tRNA
synthetase (TRS) [5,7-12]. Further, there is also cap-
independent translation which implements Internal
Ribosome Entry Site (IRES), Cap-Independent Translation
Elements (CITEs) or even small potyviral proteins that can
substitute for the m’G cap in vitro [14-16]. This modularity
of translation initiation and its integration into other forms of
RNA processing highlight the plasticity of post-transcriptional
control. Their relative contributions to steady state and stress-
responsive translation differ. In this review, we explore these
different strategies and compare these with regard to the
machinery used, the RNAs targeted and the relevant contexts.
We also discuss the impact of dysregulation of these processes
and the relevance to their therapeutic development including
results of early phase clinical studies targeting eIF4E as
a model. Unfortunately, due to space restrictions, we were
not able to describe all the outstanding papers that merited
discussion.

CONTACT Katherine L.B. Borden @ katherine.borden@umontreal.ca @ Institute of Research in Immunology and Cancer (IRIC), Department of Pathology and Cell
Biology, Université de Montréal, Pavillon Marcelle-Coutu, Chemin de Polytechnique, Montreal, Québec H3T 1J4, Canada

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0003-2188-5074
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15476286.2020.1766179&domain=pdf&date_stamp=2020-08-01

1240 K. L. B. BORDEN AND L. VOLPON

Table 1. Multiplicity in function of translation initiation factors.

Factor Translation Function Other Functions

elF4E

m’G cap engagement RNA export, 3'end processing, effects

on elF4A helicase activity

CBC  m’G cap engagement General processing (splicing, export
etc.)
elF3d m’G cap engagement Recruitment of 40S ribosome subunit
to elF4F by elF4G interactions and
roles in IRES translation
PARN m’G cap engagement Shortening of poly(A) tails of mRNAs
elF4G  Assembly platform for
initiation binding elF4E
and elF3d
CTIF  Assembly platform for
initiation binding CBC and
elF3g
DAP5/ Assembly platform for elF3d  Acts in some forms of IRES
p97  or PARN dependent dependent translation and others
translation
TRS  Assembly platform for elF4E2 tRNA synthetase

cap-dependent translation

elF4E-dependent, cap-dependent translation: a reference
for translation initiation

Translation initiation via eIF4E is often considered ‘canonical
translation’ [17]. As we discuss in this review, there are
a multiplicity of translation initiation mechanisms and thus,
it may be more relevant to describe eIF4E-mediated transla-
tion as ‘reference translation’. eIF4E binds the m’G cap struc-
ture on the 5'end of mRNAs and associates with the eIF4F
complex (Fig. 1A) which in turn associates with the 43 S pre-
initiation complex (PIC) [17]. eIF4F is comprised of the
assembly platform protein eIF4G and the DEAD box helicase
elF4A. The 43S PIC is comprised of the 40S ribosomal sub-
unit and several other elFs e.g. eIF1, eIF1A, eIF3, eIF5 and the
initiator tRNAMU_eIF2-GTP complex [17]. eIF4E and eIF4G
play central roles in this process. eIF4G utilizes a YXXXXL®
(where X is any residue and @ is any hydrophobic) consensus
binding motif and a separate auxiliary motif to directly bind
the dorsal surface of eIF4E [18-20] (Fig. 1A, 2A-B). eIF4E
directly interacts with the RNAs via the m’G cap in its cap-
binding site, which is located on the opposite face to its dorsal
surface [18,19] (Figs. 1A, 2A-C). In this way, eIF4E can bind
both m’G-capped RNAs and eIF4G simultaneously. The poly-
(A) tail of mRNAs also stimulates translation [17]. This is
usually considered to occur because the poly(A) binding pro-
tein (PABP) binds to eIF4G, circularizing the RNA and
increases the affinity of eIF4E for the cap via its interactions
with eIF4G [17] (Fig. 1A). However, recent live-cell imaging
studies also demonstrate that the RNAs may not be circular-
ized during translation leading to potential questions as to
how the poly(A) tail and PABP stimulate translation [21,22].
elF4G serves as the platform for assembly of 43S PIC and
elF4F, including eIF4E bound to m’G-capped RNA [17].
Following assembly, the 43S PIC scans the 5'UTR until it
finds a start codon, and then engages the 60S ribosome sub-
unit to form the 80S ribosome, which can then engage trans-
lation. Cryo-EM studies have revealed the first snapshots of
this complex [23].

There are substantial biochemical and structural studies
focussed on the engagement and regulation of eIF4E [18,19].
The dorsal surface of eIF4E is used as an important control

point for eIF4E’s translation (via e[F4G) and other biochem-
ical activities (see below) (Figs. 1A, 2A). The eIF4E binding
proteins (4E-BPs) bind to eIF4E, compete for eIF4G binding
by using the same structural strategies to interact with the
dorsal surface of eIF4E and thereby impair translation [17,19]
(Fig. 2B). The phosphorylation status of 4E-BPs impacts on
their affinity for eIF4E by causing a structural change whereby
hypo-phosphorylated 4E-BP binds to eIF4E and competes for
elF4G-binding, disrupting this form of translation [24].
Phosphorylated 4E-BPs have substantially reduced affinity
for eIF4E [17]. Interestingly, structural studies indicate that
hypo-phosphorylated 4E-BP1 is an intrinsically disordered
protein whereby phosphorylation reduces binding by indu-
cing 4E-BP1 to adopt a tertiary fold and this form of the
protein no longer binds eIF4E [24]. Structural and biochem-
ical studies revealed that eIF4E also binds to both the m’G cap
and 4E-BPs simultaneously suggesting that 4E-BP1 could
suppress translation by sequestering both eIF4E and the target
RNA [25,26]. There are several other factors that compete for
elF4G-binding using a similar dorsal-surface competition
strategy including a series of homeodomain proteins, but in
other cases factors use distinct structural modalities
[5,18,19,27-32] (Fig. 2A). For example, the RING domains
from the promyelocytic leukaemia protein (PML) or the are-
naviral protein Z bind an overlapping but distinct region of
the dorsal surface of eIF4E, as compared to eIF4G, and this
leads to a wide-scale conformational changes in the cap-
binding site thereby reducing m’G cap affinity [27,33-35].
The RING domain from HHARI similarly binds the dorsal
surface of the eIF4E family member eIF4E2 [27,33,34,36] (Fig.
2A). eIF4E also has cap-independent effects on translation.
Notably, eIF4E can alleviate eIF4G-mediated repression of
eIF4A helicase activity through protein-protein interactions
[37]. eIF4E does not need its cap-binding activity to modulate
translation in this manner [37]. This finding provides an
interesting model as to the preferential effects of eIF4E on
mRNAs with highly structured 5'UTRs.

Importantly, many findings from several groups support
the notion that eIF4E is likely NOT a global mediator of
translation. For example, studies using antisense oligonucleo-
tides (ASOs) to eIF4E demonstrated that while the ASOs
substantially reduced eIF4E RNA and protein levels, the
global impact on protein synthesis, as measured by >°S Met
incorporation, was very modest. Indeed, there was ~60-80%
of translation relative to controls [38]. Thus, the reduction in
global translation upon eIF4E reduction was only between
20-40%. At the same time, the ASO treatments clearly
impacted on the cancer-associated activities of eIF4E, just
not global translation. This is consistent with eIF4E impact-
ing on the production of specific proteins involved in these
activities. This is supported by observations that genetic
reduction of eIF4E in mouse models did not reduce total
translation, and indeed could be reduced by ~50% with little
impact on the mice [39]. These findings agree with the
observation that eIF4E can be targeted with inhibitors (e.g.
ribavirin) and in all of these cases, global translation is not
targeted but rather only the translation of specific subgroups
of RNAs is impaired [38,40]. For instance, ACTIN and
GAPDH RNAs are often used for controls in translation
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Figure 1. Models of different forms of cap-dependent translation and for comparison, two models of cap-independent translation. Not all factors are shown for clarity
and positioning of factors in the complexes is approximate. The m’G cap is depicted as a grey ring system on the 5' end of the RNAs. Circularization of RNAs is
traditionally considered to be accomplished via the 3' poly(A) tail, but this is controversial (see text). For panels G & H, there are multiple forms of IRES (G) and CITE
(H) translation, only one modality of each is shown here. In panel G, RBP (RNA binding protein) represents a multitude of factors that can be co-opted for translation.

experiments because housekeeping transcripts are well
known to be unaffected by eIF4E expression [41]. In agree-
ment with these findings, genetic reduction in eIF4G also had
a modest impact on global protein synthesis as assessed by *°S
Met incorporation [42]. Reduction in eIFGI or eIF4GI/II only
reduced global protein synthesis by ~20% i.e. translation was
~80% of controls. Finally, others have shown that different
mechanisms are used for about 20-30% of translation e.g. via
eIF3d [9]. In summary, there is ~60-80% of translation that is
independent of eIF4E and/or eIF4G. Consistently, e[F4E pre-
ferentially engages translation of a large subgroup of tran-
scripts with highly complex 5" untranslated regions (UTRs)
but not housekeeping transcripts [17-19,43]. In this way,
eIF4E overexpression leads to increased numbers of ribo-
somes per transcript on a select group of RNAs thereby
elevating translation efficacy. Many of these transcripts
encode proteins involved in oncogenic RNA regulons [2].

Indeed, eIF4E is elevated in a wide variety of cancers and
eIF4E has been targeted in multiple cancer clinical trials [43-
47] (see cancer section).

elF4E: cap-dependent functions beyond translation

While most focus on eIF4E has related to its role in the
cytoplasm, it is also localizes to the nucleus [43,44,48-54]
(Table 1). eIF4E forms nuclear bodies in many organisms
e.g. yeast, Drosophila, Xenopus, mouse and human
[27,48,55,56]. Depending on the cell type, between 33% to
70% of eIF4E is found within the nucleus [48,52,55]. Its best
characterized nuclear role is in the export of a subset of RNAs,
thereby increasing their cytoplasmic concentrations and thus,
providing better availability to the translation apparatus; and
in some cases, increases their translational efficiency (number
of ribosomes per mRNA) in the cytoplasm [1,10,11,27,57]. At
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Figure 2. Structural insights into the elF4E family. Panel A. Structure of apo-elF4E demonstrating the relative location for the binding of described factors which
engage and/or regulate this protein. Panel B. elF4E/4E-BP1 demonstrates the arrangement of 4E-BP1 on the dorsal surface. Panels C, D and E. Structures of all three
members of the elF4E family demonstrating the similar means by which they bind the m’G cap. This same pocket is used to bind TMG cap for elF4E. PDB codes are

as follow: 4UED (B); 3AM7 (C); 2JGB (D); 4B6U (E).

the biochemical level, eIF4E requires target RNAs to have
the m’G cap; and additionally, translation targets need
a complex 5'UTR while RNA export targets require a ~50-
nucleotide element in their 3'UTR denoted an eIF4E sensitiv-
ity element (4ESE) to select RNA targets [1,10,11,27,57].
Genome-wide analyses revealed that ~3000 RNAs are nuclear
targets of e[F4E, many acting in pathways driving prolifera-
tion, survival, invasion and malignant transformation
[40,58,59]. By contrast, housekeeping transcripts e.g.
GAPDH are neither mRNA export nor translation targets of
eIF4E [27,57].

Nuclear eIF4E plays a direct role in the RNA export of
these transcripts. e[F4E forms a 4ESE-RNA export complex
comprised of LRPPRC (leucine rich pentatricopeptide repeat
C-terminus protein), the 4ESE RNA and the CRM1/XPO1
export receptor [40,43] (Fig. 2A). Indeed, LRPPRC directly
interacts with all of these components acting as an assembly
platform binding the dorsal surface of eIF4E, using similar
structural features to eIF4G and 4E-BPs [43,60]. eIF4E-
dependent export is distinct from bulk mRNA export on
many levels e.g. it uses CRM1 rather than the bulk mRNA
export receptor NXF1 to transit through the nuclear pore
[49,50,60,61]. Indeed, knockdown of NXF1/TAP1 does not
impair this RNA export activity while Leptomycin
B treatment does [50]. Moreover, eIlF4E remodels the nuclear
pore complex to promote 4ESE mRNA export [62]. In all,
eIF4E drives protein expression by increasing the cytoplasmic
levels of specific transcripts (via mRNA export) and in some
cases, additionally enhancing their translation efficiency in the
cytoplasm. Other RNAs are only translation targets of eIF4E
providing further layers of regulation. Additionally, nuclear
eIF4E plays newly described roles in 3'end processing [63]
and m’G RNA capping [64] and these too could play

important roles with regard to its oncogenic activities. In all,
eIF4E appears to be a cap-chaperone protein, escorting tran-
scripts through various types of RNA processing defined by
cis-acting elements in RNAs and context specific trans-acting
factors [13]. Indeed, eIF4E appears to bind other elements
than the m’G cap, suggesting it may have a broader chaper-
one activity (see below).

A central question relates to eIF4E trafficking given it has
no nuclear localization signal (NLS). One factor involved in
its nuclear import, likely of many, is Importin 8 [54,61].
NMR and biochemical studies revealed that Importin 8
binds the cap-binding site of eIF4E (Fig. 2A); thereby reveal-
ing a new RNA surveillance mechanism which protects
eIF4E engaged in translation from nuclear import [54,61].
Further, this interaction would prevent the re-import of
elF4E-RNA export complexes and thus, reduce futile re-
import cycles of these transcripts. eIF4E nuclear import
and export are important in several human diseases includ-
ing Acute Myeloid Leukaemia (AML). The PML and
Z proteins prevent elF4E-dependent RNA export through
binding the dorsal surface (Fig. 2A) and reducing the affinity
of eIF4E for m’G-capped RNAs by ~50-100 fold by altering
motions in the cap-binding site [27,33-35]. These also pro-
vide examples of different structural modalities for eIF4E
regulation beyond the strategies used by eIF4G and 4E-BPs.

eIlF4E is also found in cytoplasmic foci including in
P-bodies and stress granules [65-68]. In P-bodies, eIF4E likely
plays a role in sequestration of transcripts from the translation
machinery, as these bodies do not typically have ribosomes
and could be involved in decay. RNAs have been shown to
move between active translation and these P-bodies, consis-
tent with the idea that they can re-engage in translation once
released from sequestration [68]. eIF4E may also play a role in



RNA stability in this case by protecting the 5'end of the
transcripts from decapping enzymes and subsequent degrada-
tion in these foci [65-68].

elF4E can interact with transcripts independently of
the m’G cap

The basic principle of engagement of mRNAs by this transla-
tion initiation complex is that eIF4E binds their m’G cap on
the 5'end of RNAs [18,19]. High-resolution crystal structures
and NMR solution structures indicate that eIF4E uses two
tryptophan residues (W56 and W102 in humans) to interca-
late the methyl-7-guanosine moiety. The partial positive
charge on the m’G cap is thought to be required for its
interactions with the pi-electron clouds of the tryptophan, or
in some cases, tyrosine or phenylalanine residues. It also uses
a positively charged patch constituted of R157, K159, K162
which associates with the phosphate moieties of the m’G cap
[18,19] (Fig. 2C). eIF4E also binds other types of caps [18,19].
Crystal structures of nematode and human eIF4E with
2,2,7-trimethyl guanosine (TMG) indicate that the TMG is
bound in a similar manner to m’G cap albeit with lower
affinity (100 fold less in humans; 6 fold in nematodes) [69].
The TMG cap is used to actively engage eIF4E’s translation
activity in nematodes [69]. However, given the high concen-
trations of UsnRNAs in cells, it may be possible that eIF4E-
TMG interactions occur in mammals. This remains to be
tested. Also of relevance, eIF4E does not require m’G cap-
binding for folding, but cap-binding does cause local confor-
mational changes around this site [70].

The viral protein genome linked (VPg) from plant poty-
viruses provides insights into other ways that eIF4E can be
engaged to act in translation (Fig. 3A). Potyviruses are small
RNA viruses which present a major threat to a wide array of
agricultural crops. After infection, VPg protein is covalently
attached via a hydroxyl group of a tyrosine residue to the 5’
end of the viral genomic RNA [71,72]. Importantly, potyvirus
VPg has no similarity at the sequence or structure level with
VPgs from other viruses [15,73]. Botanists and biochemists
had identified a strong genetic link between VPg and eIF4E
[74-78]. Indeed, plants evolve resistance to infection through
mutation of eIF4E. Studies into the structure of potyvirus VPg
and the VPg-eIF4E complex were conducted using NMR and
crosslink-mass spectrometry [15]. VPg is a beta-sheet protein
with adjacent alpha helices which is used to directly bind the
cap-binding site of eIF4E [15]. Indeed, NMR and biochemical
studies demonstrated that VPg competed for m’G cap-
binding, with similar affinities for eIF4E. Free VPg (in the
absence of conjugated RNA) successfully competed for all the
cap-dependent activities of eIF4E in the cell suppressing
translation, RNA export and oncogenic transformation [15].
VPg-RNA conjugates were translated with similar efficiency
to m’G-capped RNAs indicating that VPg could both bind
eIF4E and engage the translation machinery, as expected for
a ‘cap’ [15]. Thus, VPg functionally substitutes for the m’G
cap in vitro, but this remains to be tested during viral infec-
tion. Furthermore, VPg exhibited structural homology to the
human kinesin EG5 (but with no sequence similarity), sug-
gesting that human proteins may bind to eIF4E in a similar

RNA BIOLOGY 1243

manner [15]. In this case, one would predict that EG5 would
only bind RNA-free eIF4E.

Interestingly, eIF4E also binds RNA elements. eIF4E binds
the 22-nucleotide trans-spliced leader sequence in nematodes.
Here, association of this element induces conformation
changes in the cap-binding pocket of eIF4E which increases
affinity for TMG [69]. In an example of cap-independent
translation mediated by eIF4E, eIF4E binds the PTE
(Panicum mosaic virus-like translational enhancer) element
of Pea enation mosaic virus [79]. eIF4E also binds a paired
stem loop element in the 5'UTR of Histone H4 mRNA,
structurally similar to the 4ESE export element in the
3'UTRs according to RNase mapping, to promote translation
[80]. This element binds independently of the m’G cap.
Conversely, eIFAE can interact with the m’G cap of this
RNA independently of this other element. These studies pro-
vide strong evidence that eIF4E can engage a wide variety of
modalities to interact with RNAs, and by inference recruit
these to the translation and/or RNA export machineries.

elF4E family homologues can be activators and
repressors: context is everything

There are three eIF4E family members: eIF4E1 referred to
here as eIF4E, eIF4E2 (also known as 4EHP, homologous
protein) and eIF4E3 [81]. These three proteins have highly
similar structures. Like eIF4E, eIF4E2 binds the m’G cap by
intercalating it between two aromatic residues [82] whereas
eIF4E3 binds the m’G cap using a novel arrangement of one
conserved tryptophan and a series of hydrophobic interac-
tions including a cysteine at the position of the other trypto-
phan [81] (Fig. 2C-E). eIF4E2 both activates and inhibits
translation [11,83,84]. Structural studies demonstrated that
eIF4E2 can form complexes with the Grb10-interacting GYF
protein 2 (GIGYF2) and the zinc finger protein 598 to repress
translation during embryonic development [84]. During
hypoxia, eIF4E2 replaces eIF4E in translation initiation [83].
Here it assembles with hypoxia induced factor 2a (HIF-2a)
and the RNA binding protein RBM4 to regulate global protein
synthesis during hypoxia [84] (Fig. 1B). Recent structural and
biochemical studies revealed that eIF4E2 can form
a completely novel translation initiation complex with the
tRNATH synthetase complex (TRS) and eIF4A [11] (Fig.
1C). Here, the TRS substitutes for eIF4G. TRS specifically
bound eIF4E2, not eIF4E or eIF4E3 and conversely, TRS
was the only aminoacyl-tRNA synthetase examined that
bound eIF4E2 [11]. A fragment of TRS uses a consensus
eIF4E-binding site motif to associate with the dorsal surface
in a manner similar to eIF4G (Fig. 3B). Consistent with this
role, TRS also physically interacts with eIF3 (b, d, f, 1) and
PABP [11]. TRS-mediated translation is positioned to mod-
ulate many transcripts with interactions reported for over
2000 RNAs [11]. These RNAs play important biological
roles and indeed, eIF4E2 and TRS impact on translation of
transcripts that ultimately impact on endothelial migration
and tubal formation [11].

In parallel, eIF4E3 can act both as a repressor of, or
initiate, translation [81,85]. eIF4E3 overexpression correlated
with reduction in eIF4E target proteins (but not housekeeping
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Figure 3. Structural insights into cap substitutions and other cap-binding proteins. Panel A. NMR based model of elF4E/VPg complex highlighting the competition
with the m’G cap in the cap-binding pocket (red arrow). Panel B. elF4E2 bound to TRS, using a similar surface used by elF4E to bind elF4G or 4E-BP1. The crystal
structure was not solved in the presence of a cap analogue, but the cap-binding pocket is shown with the red arrow. Panels C and D. Structures of factors identified
demonstrating the similar means by which they interact with the m’G cap. This same pocket is use to bind TMG cap for CBC. Panel E. elF3d cap-binding domain
modelled with the cap analogue placed according to its position in DXO. PDB codes are as follow: 5XLN (B); TH2U (C); 3D45 (D); 5K4B (E).

factors), and reduced oncogenic foci formation [81]. Mutation
of the tryptophan 98, (equivalent to W102 in eIF4E) which is
important for cap recognition, reversed these effects [81].
Under these conditions, eIF4E3 did not immunoprecipitate
with eIF4G [81]. However, during MNK inhibition which
reduces the levels of phosphorylated eIF4E and thus reduces
eIF4E activity in both RNA export and translation [86],
elF4E3 bound elF4G and activated translation [85]. In all,
the biochemical roles played by eIF4E family members are
diverse and context dependent.

CBC: pioneer round, translation under stress and viral
hijacking

The cap binding complex (CBC), comprised of a heterodimer
of CPB20 (NCBP2) and CBP80 (NCPBI1), plays roles in
nuclear RNA processing binding transcripts shortly after
they are capped, and escorts these through multiple matura-
tion steps [12] (Fig. 1D, 3C, Table 1). CBC also binds TMG
and plays important roles in the processing of UsnRNAs

including exporting them to the cytoplasm for their matura-
tion [12]. One of the best-characterized roles for CBC-
dependent translation is in nonsense mediated decay
(NMD), which is used to detect premature termination
codons (PTCs) [87,88]. The pioneer round of translation
occurs during or just after nuclear export of transcripts.
RNAs with PTCs would be less stable and thus degraded
after detection of PTCs via this mechanism. Interestingly,
NMD can also occur on elF4E-bound RNAs [89,90]. In this
way, CBC-dependent translation is considered to be a facet of
RNA quality control which precedes eIF4E-dependent, and
perhaps other forms, of translation [12].

However, recent studies suggest that the line between CBC
and eIF4E may be more blurred [12]. There are many com-
monalities and some important distinctions relating to the
translation initiation complexes formed. For CBC-dependent
translation, CBC binds to CTIF which plays a parallel role to
elF4G (Fig. 1A versus 1D). Both CTIF and eIF4G bind to eIF3
through a common evolutionarily conserved domain known
as MIF4G (middle of 4G domain) [12]. However, this MIF4G
domain binds to different constituents of eIF3 to recruit the



40S ribosome. For example, CTIF associates with eIF3g while
eIF4G interacts with eIF3c, eIF3d and elF3e. For the case of
CBC-dependent translation, eIF3g is thought to act as
a platform to access the start codon. In terms of the helicase
activity associated with unwinding during scanning, these two
types of translation again exhibit substantial differences. CBC-
mediated translation utilizes e[F4A3 while eIF4E uses eIF4A1/
A2 with co-factors eIF4B and eIF4H [91-95]. Indeed, genetic
targeting of eIF4A3 only impairs CBC-dependent translation
[91]. In eIF4E-dependent translation, the poly(A) tail plays an
important role, particularly through interactions between
PABP and eIF4G presumably by increasing the affinity of
elF4E for the m’G cap [17,26,96] (Fig. 1A). The role of the
poly(A) tail in CBC-dependent translation is not yet well
understood [12] (Fig. 1D). Aside from PTCs and NMD,
some transcripts and cellular contexts favour CBC-
dependent translation. For instance, replication-dependent
histones do not contain a poly(A) tail but undergo alternative
3'end processing generating a stem loop structure. It has been
proposed that the stem-loop binding protein (SLBP) which
binds the histone stem-loop structure could bind eIF4G and
thereby substitute for a poly(A) tail [12]. Recent studies sug-
gest that these transcripts undergo CBC-dependent transla-
tion at steady state [12]. Stress conditions such as nutrient
deprivation or hypoxia also influence the type of translation,
as can development or differentiation. For instance, during
stress, elF2a is phosphorylated while 4E-BP1 is dephosphory-
lated [5]. Phosphorylation of elF2a leads to reduced amounts
of available eIF2-GTP, thus reducing amounts of eIF2-GTP-
tRNAM" initiator complexes which decreases both CBC and
elF4E-dependent translation [12]. By contrast, 4E-BP1 hypo-
phosphorylation increases its affinity for eIF4E, reducing
binding of eIF4E to eIF4G and thereby selectively repressing
elF4E-dependent translation [17]. In this way, CBC-
dependent translation may be more resilient under stress
conditions that do not affect e[F2-GTP availability. An exam-
ple of this is hypoxia. In acute hypoxia, reduction in elF2-
GTP availability represses both types of translation while for
prolonged hypoxia, 4E-BP1 is hypo-phosphorylated and
elF4E is sequestered into cytoplasmic foci thereby selectively
repressing el[F4E-dependent translation [97-99]. Under these
conditions, CBC-dependent translation increases [99].
Another example of this comes from hyperosmotic stress in
yeast. Here, CBC actively engages polysomes during hyperos-
motic stress, where it mediates translation of around 600
transcripts, about 10% of the transcriptome [100]. These
same conditions inhibit eIF4E-mediated translation. Indeed,
deletion of eIF4E during osmotic stress leads to increased
growth while simultaneously targeting eIF4E and CBC causes
synthetic sickness at both restrictive and permissive tempera-
tures [100].

CBC-dependent translation is also co-opted during HIV
infection. In lymphocytes, eIlF4E mediated translation is
inhibited during infection because of reduced levels of phos-
pho-elF4E and decreased phospho-4E-BP1. In this case, the
virus uses CBC-mediated translation of unspliced HIV RNAs
in order to bypass loss of eIF4E activity [101]. CBC binds Rev
which in turn associates with e[F4A1 [102]. Some HIV RNAs
are TMG capped [103]. The CBC link here is interesting since
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CPB20 has a ~70-fold increased affinity for the TMG (for the
dinucleotide form) while eIF4E has a ~100 fold higher affinity
for m’G cap [69,104].

elF3: roles in elF4E-dependent and elF4E-independent
translation

elF3 is a multiprotein complex which is typified by its role in
binding the 40S ribosome during translation [17].
Mammalian eIF3 is comprised of 13 subunits [17]. In the
context of the 43S PIC, the cryo-EM structure of eIF3 revealed
that eIF3d is positioned near the RNA exit, far from the m’G
cap [23]. However, recent studies demonstrated that two
components of this system, eIF3d and eIF3l, can directly
bind the m’G cap [9,10]. Indeed, in the case of eIF3d, a high-
resolution crystal structure reveals what was an unexpected
cap-binding site which is highly similar to the one observed in
the DXO cap-cleaving enzyme [10] (Figs. 1E, 3E, Table 1).
Initial studies revealed that eIF3d regulated the translation of
c-Jun suggesting that eIF3d cap-binding may be a rare form of
translation to overcome stress [10]. However, global studies in
cancer cells showed that ~20-30% of translation occurred via
the cap-binding activity of eIF3d [9]. Here, eIF3d binds the
eIF4G homologue DAP5/p97, which importantly lacks the
eIF4E binding domains of eIF4G (Fig. 1E). Biochemical ana-
lysis demonstrated a direct interaction between eIF3d and
DAP5 [9]. Further the elF4F factors (eIF4E, eIF4GI, and
elF4A1) were not present in the eIF3d-DAP5 complexes [9].
Indeed, inhibition of eIF4E-dependent translation did not
alter translation by eIF3d-DAP5 [9,10]. These studies also
demonstrated that about 9% of poorly translated and 13% of
well-translated RNAs were DAP5-dependent highlighting the
global relevance of DAP5 to translation [9]. The RNA deter-
minants for eIF3d-DAP5 versus eIF4E-eIF4G translation are
not yet known, and it seems that some RNAs may be sub-
strates of both pathways. Along the same theme, eIF3] has also
been shown to directly bind both the m’G methylated and
unmethylated forms of the cap positioning it as another factor
that might play a role in eIF4E-independent, cap-dependent
translation [105]. Finally, eIF3-mediated, eIF4E-independent
translation was shown to be important for the translation
initiation of specific transcripts during Drosophila develop-
ment [106]. During pruning of sensory neurons, eIF4E-
dependent translation is turned off. Here, eIF3 and eIF4A
are required for translation initiation of Mical mRNA. This
depends on the 5UTR of Mical RNA and the helicase activity
of eIF4A [106].

MicroRNA-dependent translation using PARN as the
cap-binding protein

There is typically a decline in eIF4E-dependent translation
upon mTOR inhibition due to reductions in phosphorylation
of eIF4E and 4E-BPs. This is observed during GO in the AML
cell line THP1 [7]. Studies into the molecular basis of this
revealed a novel translation initiation complex associated with
Fragile-X-mental-retardation protein la (FXAla) [7] (Figs.
1F, 3D, Table 1). Here, FXR1a and Argonaut family member
2 (AGO2) are part of a complex that activates translation
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initiation of transcripts including TNFa and MYT]I [7]. Here,
RNAs with short or no-poly(A) tails undergo increased trans-
lation (Fig. 1F). FXR1la-AGO2 complexes directly bind
microRNA-binding sites in the 3'UTR of target transcripts,
thereby selecting the RNA targets. FXRla-microRNP also
physically associates with poly(A) specific ribonuclease
(PARN) and DAP5/p97, the eIF4G homologue [7].
Importantly, there is no eIF4E or eIF4G present in this trans-
lation complex. In this process, PARN plays a dual role: 1.
ensures that the 3'end remains with short or no A tails and 2.
directly binds the m’G cap of the target RNAs. Indeed, there
are several biochemical and structural studies that demon-
strate PARN binds the m’G cap, and this interaction is inde-
pendent of its de-adenylase activity [107-109] (Fig. 3D).
Interestingly when mTOR activity is low during GO, PARN
binding to the m’G cap increases ~2.5 fold relative to controls
[7]. Under these same conditions, eIF4E still binds the cap but
this activity is reduced by ~25%. Thus, both forms of transla-
tion likely occur side-by-side. DAPS5 also acts as the assembly
platform for PARN and the FXRla-microRNP. Like eIF4G,
DAPS5 recruits eIF3 and the 40S ribosome subunits to mediate
translation. DAP5 has also been implicated in IRES driven
translation [110-112] (Table 1, see below) and additionally
interacts with eIF3d to engage translation of different subsets
of RNAs indicating it is a widely utilized translation platform
[68,69]. The number of transcripts associated with FXRla-
PARN-DAP5 translation is not yet known, but provides an
elegant model for the initiation of translation of RNAs with-
out A tails or with short A tails as well as a model of
microRNA engagement.

Cap-independent, IRES-mediated translation

Internal ribosome entry site (IRES) mediated translation is
a strategy used by many positive-sense single-stranded RNA
viruses which do not have capped RNAs and lack the capacity
to steal caps. IRES’s are cis-acting RNA elements that either
directly interact with the ribosome or interact with adaptor
proteins (IRES trans-acting factor, ITAFs) which mediate the
association with the translation machinery [14,113]. ITAFs
can act as adaptors and/or remodel the IRES RNA in order
to activate it [14,113]. Viruses often reduce host cell transla-
tion initiation in order to compete for the machinery. These
include such tactics as cleavage of factors such as PABP,
elF4G, elF4A or elF3, or inactivation of eIF2 which compro-
mises host RNA translation [114-117]. In other cases, viruses
must co-opt some of the translation machinery in order to
translate their RNAs (see below) (Fig. 1G). While viral IRES
are well characterized both biochemically and structurally, the
existence of IRES elements in host RNAs is somewhat con-
troversial [14,113]. A genome-wide study of IRESs in human
and virus cells, suggested that up to ~10% of host-cell transla-
tion could be IRES mediated [118]. Interestingly in this study,
IRESs were nearly equally distributed between 5’ and 3'UTRs
and could be short, unstructured elements or complex struc-
tures [118]. However, these elements were not confirmed to
act in translation initiation. Mechanisms for putative IRES
activity in human transcripts are not delineated but suggested
to run along similar lines to viral IRESs [118]. One of the

roadblocks in developing a fuller understanding of IRESs in
human transcripts is the complexity of the assays required to
definitively prove IRES-mediated translation; indeed there are
many pitfalls with regard to commonly used assays which
have been summarized elsewhere and thus are not repeated
here [14,119,120]. Here, we discuss a few well-described
mechanisms for viral IRESs. There are many excellent reviews
highlighting in particular the structural aspects of IRES-
ribosome interaction which we do not have space to cover
here [14,113].

Picornaviruses were the first to be identified as IRES ele-
ments and provide an example of the diversity of these
mechanisms [121,122]. There is substantial diversity even
within this genus with 5 different classes of IRES elements
identified, all characterized by substantial structural diversity
[14,113]. These co-opt different facets of translation. For class
I and class II IRESs, elF4A, elF2, elF3 and the C-terminal
domain of eIF4G are required to form the 48S initiation
complex in vitro, and do not require eIF4E [123] (Fig. 1G).
Type III IRESs depend on eIF4G and eIF4E, and increase the
affinity of this eIF4F complex to the IRES as well as unwind-
ing of the IRES by eIF4A [124]. Type IV IRES elements
require elF2 and eIF3 but not e[F4G. DAP5 is also proposed
to be utilized also for some human IRES mediated activ-
ity [125].

Studies into Hepacivirus reveal a structural basis for the
recruitment of eIF3 and provide an excellent example of
how RNA structure can substitute for protein factors. The
IRES is divided into three parts: domains II, III and IV.
The L-shaped Domain II is involved in eIF5 induced GTP
hydrolysis of eIF2 and other regions of Domain II bind the
small ribosomal subunit [126,127]. Domain III uses differ-
ent subdomains to contact eIF3 and the 40S ribosomal
subunit. This includes the use of a GGG motif to bind
the CCC triplet in 185 rRNA causing a conformational
change [128-131]. Importantly, there is no one universal
IRES structure. These elements can adopt a variety of
structures which can either act directly through RNA-
RNA interactions or use adaptor proteins to recruit the
ribosome. These elements do not appear conserved at the
sequence level and in some cases can be short unstructured
elements. However, in viruses, specific virus families do
retain some common structural features.

Cap-independent translation elements (CITEs)

CITEs are 3" RNA elements that can facilitate cap-
independent translation, usually via increasing the affinity of
RNAs for translation initiation factors [16,132-135] (Fig. 1H).
These elements are found in many plant positive-stranded
RNA viruses which do not have transcripts with a m’G cap
or 5' VPg [16]. CITEs are characterized by different classes of
structural elements. CITEs typically contain elements that
bind a part of the eIF4F complex and additionally an RNA-
RNA kissing-loop interaction forms between the CITEs and
the 5" end of the RNA to promote circularization. It remains
unknown if these elements are found in, and/or contribute to,
translation in animal cells.



elF4E and cancer

eIlF4E governs RNA regulons that underpin its oncogenic
activities and is dysregulated in ~30% of cancers [4,40,57].
In cell lines, eIF4E overexpression promotes foci formation,
growth in soft agar, and apoptotic rescue from a variety of
stimuli [5,57,136]. In xenograft mouse models, elevated eIF4E
correlates with increased tumour numbers, invasion and
metastases [137]. In transgenic models of eIF4E overexpres-
sion, mice develop a variety of cancers [138]. eI[F4E-mediated
transformation was thought to rely only on increased transla-
tion of oncogenic mRNAs [58]. However, eIF4E’s nuclear
functions are also critical for its oncogenic activities. For
example, the W73A eIF4E mutant is deficient in stimulating
translation but exports RNAs and transforms cells as well as
wildtype eIF4E [27,49,50,139], while the S53A mutant is active
in translation but deficient in RNA export and oncogenic
transformation [62,140]. eIF4E’s nuclear import and ability
to modify the nuclear pore also substantially contribute to its
oncogenic activity [54,62]. eIF4E levels are increased in many
cancers where it generally correlates with poor prognosis [57].
In a subset of AMLs, eIF4E is substantially elevated and forms
abnormally large nuclear bodies relative to CD34+ or bone
marrow mononuclear cells from healthy volunteers
[43,44,52,141]. This subset includes all examined French
American British (FAB) M4/M5 AML subtypes as well as
~20-30% of M1 and M2 AML subtypes (>150 specimens
examined to date) [43,44,52,141]. While FAB subtypes are
no longer used, these provide evidence that a substantial
number of AML patients have elevated, nuclear eIF4E relative
to healthy volunteers. The nuclear enrichment of eIF4E in
these AML specimens correlated with elevated eIF4E-
dependent RNA export relative to normal cells
[43,44,52,141]. Indeed, this can even lead to restructuring
the extracellular surface architecture of cells which is related
to its invasion and migration activities [136].

Ribavirin, an old antiviral drug, acts as a m7G-cap compe-
titor directly binding eIF4E as shown by NMR and other
biophysical techniques [51,142,143]. *H ribavirin binds
eIlF4E demonstrating interactions in cells. Ribavirin inhibits
elF4F’s activities in mRNA export, translation, and oncogenic
transformation [51,141,142,144,145]. In cell lines and primary
specimens, ribavirin alone or in combination with other drugs
targeted eIF4E in glioblastoma, multiple myeloma, diffuse
large B-cell lymphoma (DLBCL), AML, infant acute lympho-
blastic leukaemia and others [40,43,44,54,146]. RNAi knock-
down of eIF4E reduces ribavirin activity supporting it acts via
eIF4E [147,148]. These findings prompted multiple clinical
trials targeting eIF4E in cancer. In AML patients, ribavirin
treatment resulted in objective clinical responses including
remissions [43,44] (ClinialTrials.gov NCT02073838). In
patients, ribavirin blocks eIF4E’s association with Importin 8
leading to cytoplasmic retention of eIF4E, impaired eIF4E-
dependent mRNA export and clinical responses [43,44,54].
Relapse correlated with nuclear re-entry of eIF4E and
increased mRNA export due to chemical deactivation of riba-
virin [3,43,54,142]. Other groups have also completed early-
stage clinical trials targeting eIF4E with ribavirin e.g. castra-
tion-resistant prostate cancer and head and neck cancers and
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observed objective clinical responses [45,46]. There are >15
ongoing trials targeting eIF4E with ribavirin in cancer, e.g.
Follicular Lymphoma (ClinicalTrials.gov NCT03585725).

elF4E has also been targeted using antisense oligonucleo-
tides (ASO) in the clinic. This strategy was very promising in
early mouse models of prostate cancer in which ASOs sub-
stantially reduced eIF4E levels [38]. Importantly, ASOs would
be expected to impact on the nuclear and cytoplasmic activ-
ities of eIF4E. The efficacy of eIF4E ASOs was investigated in
the setting of advanced solid tumours in a phase I trial [47].
Unfortunately, the ASO treatment was not successful in
humans. No patients achieved remissions, with 7 stable dis-
eases and 15 progressive diseases out of 22 patients with only
2 patients on the study for more than 3 months [47]. The
reduction in eIF4E levels in the mouse models was substantial,
but in the patients, much less so. This suggests that there is
a delivery issue with the ASO that needs to be overcome to
improve efficacy.

Another translation initiation inhibitor was developed to
interfere with the eIF4E-elF4G interaction [149]. This com-
pound, known as 4EGI-1 (Fig. 2A), strongly inhibits eIF4E-
dependent, cap-dependent translation in cell lines without tar-
geting eIF4F levels, but has not been used in patients to date
[150,151]. Also, it appears to have multiple activities including
increasing the interaction of 5’ cap RNAs with ribosomal com-
plexes associated with inactive eIF2, suggesting that it is not only
targeting eIF4E-eIlF4G-mediated translation events [152].

There have also been substantial efforts targeting phos-
phorylation of eIF4E. Inhibition of eIF4E phosphorylation is
linked to a strong reduction in its oncogenic activities and is
linked to repression of both its RNA export and translation
initiation activities, and perhaps its other functions [86].
Phosphorylation of eIF4E is carried out by MNKI1 and
MNK?2 [153,154]. It should be noted that MNKs also phos-
phorylates a major RNA processing protein hnRNPA1 and
thus the impact of MNK inhibition is not limited to its effects
on elF4E alone [153,154]. Ongoing studies seek to determine
the efficacy of combining the MNK1/2 inhibitor eFT508 with
anti-PD1/anti-PD-L in patients with solid tumours who could
not achieve a response with anti-PD therapy alone
(ClinicalTrials.gov NCT03616834). In summary, it is clear
that targeting eIF4E activity is safe and well tolerated. This
is consistent with the overall plasticity of translation initiation
described in this review. Inhibition of other translation mod-
alities might give more targeted effects. To date other transla-
tion initiation elements have not been targeted in clinical
trials, but this is an exciting new direction.

Conclusions

The biological relevance of translation is clear. RNA proces-
sing including RNA translation enables well-poised adaptive
responses to a wide array of environmental cues and contexts.
Thus, it is not surprising that there are a variety of intricate
molecular mechanisms in place to both engage and control
protein synthesis. While eIF4E is often considered the gateway
to translation, given its role in ~40% of translation at ‘steady
state’, there are several other translation initiation
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mechanisms and these can have biological impacts indepen-
dently of eIF4E. For example, the eIF3d-DAP5 pathway is
responsible for ~20-30% of translation and likely also contri-
butes to cancer. It will be exciting to quantify the translation
capacity of the other pathways outlined here and their relative
impact in different environments and conditions. The bio-
chemical diversity highlighted here provides an understanding
as to why targeting eIF4E with ribavirin or ASOs does not
lead to overt toxicity in patients. Indeed, this multiplicity has
important implications for developing therapeutic interven-
tions for translation. Further, these translation modalities
likely allow specific subgroups of RNAs to be translated (or
to have their translation inhibited). It will be critical to deter-
mine which RNAs are controlled by what pathways and when.
Likely the RNAs are selected via specific cis-acting elements
known as USER codes to enable coordinated translation con-
trol as in the RNA regulon model [3]. Furthermore, it is clear
that many of the factors involved in translation initiation are
actors in other aspects of RNA processing (e.g. eIF4E, CBC)
or other facets of translation (e.g. eIF3d, TRS) (Table 1).
Given this multiplicity of function, dissection of the biological
impacts of these differing roles must be considered. This is an
exciting time to study the diversity of translation initiation
and its impact on human disease.
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