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ABSTRACT

The eukaryotic initiation factor 4G2 (eIF4G2, DAP5,Nat1, p97) was discovered in 1997.Over the past two decades, dozens
of papers have presented contradictory data on eIF4G2 function. Since its identification, eIF4G2 has been assumed to par-
ticipate in noncanonical translation initiation mechanisms, but recent results indicate that it can be involved in scanning as
well. In particular, eIF4G2 provides leaky scanning through some upstream open reading frames (uORFs), which are typical
for long 5′′′′′ UTRs of mRNAs from higher eukaryotes. It is likely the protein can also help the ribosome overcome other im-
pediments during scanning of the 5′′′′′ UTRs of animal mRNAs. This may explain the need for eIF4G2 in higher eukaryotes, as
manymRNAs that encode regulatory proteins have rather long and highly structured 5′′′′′ UTRs. Additionally, they often bind
to various proteins, which also hamper the movement of scanning ribosomes. This review discusses the suggested
mechanisms of eIF4G2 action, denotes obscure or inconsistent results, and proposes ways to uncover other fundamental
mechanisms in which this important protein factor may be involved in higher eukaryotes.
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INTRODUCTION

Canonical mechanism of translation initiation
in eukaryotes

Since the discovery of eIF4G2, it has been clear that the
protein is involved in specific translation initiation mecha-
nisms, as it is partially homologous to the initiation factor
eIF4G1, which plays a key role in the canonical pathway
of translation initiation in eukaryotes. Therefore, it makes
sense to recall first how the majority of eukaryotic mRNAs
initiate translation, discuss proposed alternative initiation
mechanisms, and only then proceed to ideas about
eIF4G2 functions.

Themain principles of the canonical translation initiation
mechanism in eukaryotes are the recruitment of the small
ribosomal subunit to the very 5′ end of anmRNAand its fur-
ther sequential advancement along the 5′ UTR in the 3′ di-
rection to locate a start codon (the scanning process) (Fig.
1A). After recognition of the start codon, the large subunit
of the ribosome attaches and the synthesis of a polypep-
tide chain (translation elongation) begins. In eukaryotes,

all cytoplasmic mRNAs possess a 7-methylguanosine
(m7G) cap connected by a 5′,5′-triphosphate bond to a first
nucleotide; the riboses of first two nucleotide residues can
also bemethylated. The ribosome is recruited to the 5′ end
due to the ability of the eIF4F initiation complex to bind
simultaneously with the m7G-cap and with the 43S com-
plex that contains the small ribosomal subunit andother ini-
tiation factors; for recent detailed reviews, see (Hinnebusch
2014; Hinnebusch et al. 2016; Shirokikh and Preiss 2018).
eIF4F consists of three eukaryotic initiation factors (eIFs):
the cap-binding protein eIF4E, the helicase eIF4A, and
the scaffold protein eIF4G1, which also stimulates eIF4A
activity (Grifo et al. 1983). eIF4G1 interacts with eIF3, which
inmammals consists of 13 subunits. In its turn, eIF3 binds to
the 40S ribosomal subunit, forming the 43S scanning
complex, which also includes eIF1, eIF1A, and a ternary
complex consisting of eIF2, initiator methionyl-tRNA
(Met-tRNAi

Met), and GTP.
Thus, the 40S ribosome subunit is attracted to the

capped 5′ end ofmRNA through a chain of protein–protein
interactions. The subsequent scanning requires the ATP-
dependent activity of helicases (eIF4A and others) that
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unwind the secondary structure elements of 5′ UTRs in front
of the scanning complexes (Voss et al. 2017; Shen and
Pelletier 2020). Both eIF1 and eIF1Amaintain an open con-
formation of the ribosomal complex competent for scan-
ning and also influence start codon recognition. This is
ensured by a constant check for complementarity of
the scanned mRNA sequence to the anticodon of
Met-tRNAi

Met. The start codonmust be in a proper nucleo-
tide context for a greater probability of its recognition. For

that, the two most important nucleotides around a poten-
tial start codon are purines at positions −3 and +4. For ver-
tebrates, a highly efficient context, 5′-gccRccAUGG-3′,
where R is purine, was found by Kozak (1987). Later high-
throughput screenings confirmed this but also discovered
efficient non-Kozak contexts (Noderer et al. 2014; Arce
et al. 2017). The interplayof factors eIF2 (brings the initiator
Met-tRNAi

Met to the ribosome), eIF1 (destabilizes inappro-
priate codon-anticodon interactions, thereby promoting

40SS eIF3

AUG

AAA
A

A
AAA

A...3’
A

A
eIF4G1G1

4A 4A

AAAA
A AAA AAAA

I
PABP

eIF

eIF4E

A

B

C

Canonical cap-dependent initiation

IRES-mediated initiation

CITE-mediated initiation

m7G-cap

5’ end-independent
cap-independent

5’ end-dependent
cap-dependent

40S

ITAFs

eIF4G1
4A 4A

AUG

AAA
A

A
AAA

A...3’
A

A

I

A AAAAAA AAAA
PABP

40SS eIF3

AUG

AAA
A

A
AAA

A...3’
A

A

VPg

ITAFs 40S

eIF4G1
4A 4A

A AAAAA AAAA

I

PABP
0S

AA4A4A

eIF3

AUG

AAA
A AA

A...3’
A

eIF3

eIF4G11 4A 4A

AAA A AAA AAAA

eIF4
PABP

m7G-cap
m6A 

VPg

40S

eIF4G1G1
4A 4A

eIF

eIF4E

AUG

AAA
A

A
AAA

A...3’
A

A

S eIF3

I

AAAA
A AAAA AAAA

PABP

AUG

AAA
A

A
AAA
A...3’

A

A
A

AAAAA

40S

eIF4G111
4A 4A

AAAA
A AAA AAAA A

IF44
PABP

A4AA

eIF3

5’ end-dependent
cap-independent

scanning

scanning

FIGURE 1. Different modes of translation initiation. The eIF2 ternary complex, eIF1, eIF1A, eIF5, and eIF4B are not shown for simplicity. (A)
Canonical cap-dependent translation. The small ribosomal subunit is recruited to the very 5′ end of mRNA by the eIF4E–eIF4G1–eIF3–40S inter-
action and then inspects the 5′ UTR of mRNA in the 3′ direction to locate the start codon (the scanning process). (B) IRES-mediated initiation. The
small ribosomal subunit is recruited near the start codon of mRNA by the interaction of some translation initiation factors with specific secondary
and tertiary structures. In the depicted case, the J-K domain of EMCV IRES attracts eIF4G1, forming a landing platform for the 40S ribosome. (C )
CITE-mediated initiation. A tertiary structure or an RNA modification attracts the initiation factor (like the depicted N6-methyladenosine [m6A]
attracts eIF3), then the 40S ribosomal complex is recruited and scanning starts from the very 5′ end of mRNA.
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correct recognition), and eIF5 (activates theGTPase activity
of eIF2) is critical for start codon recognition and its
stringency. Successful recognition causes the formation
of the 48S initiation complex, the rearrangement of
Met-tRNAi

Met, the release of eIF1, which lets eIF5 trigger
eIF2-bound GTP hydrolysis, and the release of inorganic
phosphate. The network of eIF1A–eIF5B–Met-tRNAi

Met in-
teractions ensures that the initiation complexes are compe-
tent for the large subunit to join. The 60S attachment
triggers the hydrolysis of GTP bound to eIF5B, then the re-
maining initiating factors dissociate and polypeptide elon-
gation begins.

At the moment, it is not entirely clear for how long the
eIF4F complex remainsbound to them7G-capduring scan-
ning. On longer 5′ UTRs, the connection is most likely bro-
ken at some point, probably due to a steric hindrance.
Otherwise, only one scanning ribosome per the 5′ UTR
could be present at a time. This would significantly reduce
the efficiency of translation initiation in proportion to the
5′ UTR length (Bohlen et al. 2020). Futhermore, chains of
several 40S ribosomal subunits followed by a single 80S ri-
bosome were observed via electron microscopy of 80S
elongating complexes arrested by cycloheximide. This
supports the idea that a scanning complex dissociates
from the m7G-cap as they move toward a start codon
(Shirokikh et al. 2019).

In addition, eIF4G1 interacts with poly(A)-binding pro-
tein (PABP). As a result, the polyadenylated 3′ end of an
mRNA is also connected to the initiation complex at the
5′ terminus, and thereby the mRNA forms a closed loop
(Vicens et al. 2018; Biziaev et al. 2022). Cleavage of
eIF4G1 by viral proteases leads to a loss of its scaffolding
function. For instance, 2A and Lproteases of somepicorna-
viruses cleave off the binding sites of eIF4E and PABP from
the eIF4G1 core (the remaining p100 fragment) (Fig. 2A;
Lamphear et al. 1995), thereby disrupting cap-dependent
translation initiation. The p100 fragment, which contains
the binding sites for eIF4A and eIF3, is then used for cap-in-
dependent translation of viral mRNAs. In this way, the viral
protease simultaneously suppresses translation of cellular
mRNAs and stimulates that of the viral ones.

Several structural homologs of eIF4G1, which are present
in mammalian genomes, have been implicated in transla-
tion: eIF4G2, eIF4G3, PAIP1, PDCD4, CBP80, CTIF, and
SLIP1. For a long time, eIF4G3 was thought to be function-
ally identical to eIF4G1, but a recent report suggests that it
can specificallyoperate in a complexwith eIF4E2under hyp-
oxic conditions (Hoetal. 2016). Theotherclosest eIF4G1ho-
molog, eIF4G2, is the focus of this review.

Regulation of canonical translation initiation
in animal cells

Regulation of translation often occurs at the stage of initia-
tion. RNA-binding proteins or elements of RNA secondary

structure inherent in many 5′ UTR sequences can interfere
with scanning. Upstream open reading frames (uORFs)
within the 5′ UTRs are another barrier to a scanning
ribosome. To get to the main start codon, the scanning
complexmust either skip the uORF start codon (leaky scan-
ning) or reinitiate scanning after its translation. Therefore,
mRNA translation efficiency depends on the probability
of these events (Hinnebusch et al. 2016). Clearly, influence
of impediments on translation level differs for various
mRNAs and depends on the length of their 5′ UTRs and
their nucleotide sequences.

The regulation of general level of translation is carried
out by changing the activities of two initiation factors:
eIF2 and eIF4E. Inactivation of eIF2 due to phosphoryla-
tion by one of the four specific kinases reduces the efficien-
cy of translation initiation (Kimball et al. 1998). However, in
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FIGURE 2. The comparison of mammalian eIF4G1 and eIF4G2. (A)
The schematic structures of mammalian eIF4G1 and eIF4G2. Both
eIF4G homologs possess three HEAT domains: MIF4G, MA3, and
W2. The resolved structural domains are designated inside the boxes,
and binding sites for the initiation factors and MNK1/2 are shown un-
der the diagrams. The arrows denote cleavage sites for the picornavi-
ral proteases and for caspase-3 (casp-3). The M-FAG (eIF4G1493–1136)
and p86 fragment (eIF4G21–792) are produced by caspase-3. The
picornaviral 2A protease (2A pro) separates a p100 fragment from
eIF4G1, while eIF4G2 is cleaved by the picornaviral 3C protease (3C
pro). (B) The comparison of eIF4G1 and eIF4G2 domains. The amino
acid sequences of corresponding domains were pairwise aligned us-
ing the EMBL-EBI needle (EMBOSS) service with standard
Needleman–Wunsch algorithm preset settings. The calculated per-
centages of identical and similar amino acids are indicated. The linker
domain refers to the amino acid sequence between the MIF4G and
MA3 domains.
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combination with the inhibitory effect of uORFs, phosphor-
ylation of eIF2α can have the opposite effect: a decrease in
the probability of initiation at the start codons of uORFs in-
creases the number of scanning complexes that reach the
main AUG. This mechanism, which has been called delayed
reinitiation (Vattem and Wek 2004), was first described for
the GCN4 mRNA in S. cerevisiae (Abastado et al. 1991)
and, later, for the mRNAs of transcription factors ATF4 (Lu
et al. 2004; Vattem and Wek 2004) and ATF5 (Zhou et al.
2008) in higher eukaryotes. There are also non-reinitiation-
based cases of translational resistance to eIF2 inactivation
associated with uORFs: UCP2, IFRD1 (Andreev et al.
2015), and GADD34 (Lee et al. 2009), but the mechanism
of this resistance is not fully understood.
The other regulatable factor is the cap-binding pro-

tein eIF4E, whose activity is controlled bymTORC1 through
phosphorylation of eIF4E-binding proteins (4E-BPs).
The inactive kinase cannot phosphorylate 4E-BPs.
Unphosphorylated 4E-BPs have a high affinity for eIF4E
and thereby outcompete eIF4G1 in forming eIF4F and, con-
sequently, hamper ribosome recruitment via the m7G-cap
(Haghighat et al. 1995). However, althoughmTOR inhibitors
have a significant negative effect on translation of cellular
mRNAs, they do not block it completely (Gingras et al.
2001). This is associated with incomplete inhibition of
eIF4E via 4E-BP or use of alternative translation initiation
mechanisms inherent in some cellular mRNAs.

Noncanonical mechanisms to initiate translation
in eukaryotic cells

Apart from the canonical cap-dependent mode of transla-
tion initiation, there is a mechanism that uses a specific ribo-
some landing on internal sections of mRNA, known as IRES
(internal ribosome entry site) elements (Fig. 1B). In this case,
the ribosome is recruited directly to a start codon or close to
it instead of the 5′ end of mRNA. This mechanism was first
discovered for genomic RNAs from poliomyelitis (PV)
(Pelletier and Sonenberg 1988) and encephalomyocarditis
(EMCV) viruses (Jang et al. 1988). The presence of IRES ele-
ments in viral genomic RNAs has been confirmed for many
families of RNA viruses. IRES elements have highly specific
secondary and tertiary structures that directly bind to initia-
tion factors, for example, eIF4G1, eIF3, or even the ribo-
some itself (Yamamoto et al. 2017; Mailliot and Martin
2018; Sorokin et al. 2021). IRES elements from diverse fam-
ilies of RNA viruses have markedly different structures and
modes of functioning, but all share the following specific
features:

1. These are compact highly specific structures consisting
of 200 to 400 nt residues.

2. Their function does not depend on a position within
5′ UTRs of mRNAs. They can be located at any distance

from the 5′ end of mRNA, and their activity is not affect-
ed by upstream or downstream nucleotide sequences.

3. Depending on the type of IRES element, some (or even
all) canonical initiation factors are not required for transla-
tion initiation, or, conversely, some additional specific
proteins (IRES-transacting factors, ITAFs) may be
involved.

4. The 40S ribosome can scan the 5′ UTR for a while or it
can be placed directly at the start site. In the latter
case, the start AUG codon is an integral part of the
IRES element.

The study of viral IRES elements was especially prolific in
the 1990s and early 2000s, using both gene engineering
andchemicalmethods todetermine thestructuresof various
IRESs as well as the expression of model mRNAs in cell cul-
tures or cell-free systems. In addition, the IRESs’ complexes
with 40S ribosomes were isolated, and their protein compo-
sitions were determined. Finally, the assembly of functional
initiating complexes from completely purified components
was achieved for some IRESs. Since then, the fundamental
conclusions drawn from these experiments have not under-
gone significant modifications (Pestova et al. 2001).
As expected, translation of viral mRNAs containing

IRESs is cap-independent and therefore insensitive to inhi-
bition of cap-dependent translation. Over the last three
decades, many articles have reported a weak dependence
of certain cytoplasmic mRNAs on m7G-cap or a persistent
translation under stress conditions. This was observed in
general for mRNAs that encode regulatory proteins for
the cell cycle, embryogenesis, apoptosis, various stresses,
and so on. In the absence of other explanations, such cap-
independent translation was considered to be driven by in-
ternal initiation. In addition, artifact-prone approaches
were used to prove the presence of cellular IRESs, which
led to false positive results. Only recently has a reliable
methodology for testing potential IRESs been developed
(see Jackson 2013 and Terenin et al. 2017 for a recent
overview of challenges in cellular IRES research).
Later, alternative mechanisms for cap-independent

translation initiation emerged to explain the “atypical”
behavior of certain cellular mRNAs. They are based on
cap-independent translational enhancers (CITEs) (Fig.
1C). CITEs specifically bind to some initiation factors
(eIF3, eIF4G1, eIF4E) or ribosomal subunits, just like
IRESs. However, they direct initiation complexes to the
very 5′ end of mRNA to scan the corresponding 5′ UTR.
As such, CITEs promote translation initiation in a cap-inde-
pendent but strictly 5′ end-dependent fashion (Terenin
et al. 2013; Miras et al. 2017; Sorokin et al. 2021). For in-
stance, eIF3 has been shown to drive an authentic CITE
when it binds to methylated adenosines (m6A) and pro-
vides cap-independent but 5′ end-dependent translation
of Hsp70 mRNA (Meyer et al. 2015; Zhou et al. 2015).

eIF4G2 role in translation initiation
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Since the discovery of the eIF4F complex, the initiation
mechanism involving eIF4G1 has been regarded as the
principal one. Although eIF4G1 is indeed vital for the de-
velopment of organisms (Goyer et al. 1993; Contreras et al.
2008), its partial depletion in yeast or mammalian cells,
contrary to expectations, does not have a critical effect
on cell growth and viability under normal conditions
(Ramírez-Valle et al. 2008; Park et al. 2011; Badura et al.
2012; Bryant et al. 2018). This indicates the ability of the
cell tomaintain the required level of protein synthesis at re-
duced concentrations of eIF4G1. Therefore, the role of
eIF4G1 homologs in translation initiation should be
determined.

STRUCTURE OF eIF4G2 AND ITS EXPRESSION

The eIF4G2 protein, also known as DAP5, Nat1, and p97,
was discovered at the same time in 1997 by four research
groups (Imataka et al. 1997; Levy-Strumpf et al. 1997;
Shaughnessy et al. 1997; Yamanaka et al. 1997). In two cas-
es, the protein was encounteredduring a search for apopto-
sis-associated factors (thus named death associated protein
5,DAP5) (Levy-Strumpfet al. 1997) or targets of theRNA-ed-
iting protein APOBEC1 (hence its name, novel APOBEC1
target 1, Nat1) (Yamanaka et al. 1997). Two other studies
aimed to characterize an eIF4G1 homolog found by bioin-
formatic analysis of human cDNA (Imataka et al. 1997;
Shaughnessy et al. 1997). These investigations showed
that the gene encodes an ∼100 kDa protein homologous
to the carboxy-terminal two-thirds of eIF4G1. Like eIF4G1,
eIF4G2 binds to eIF4A and eIF3, but, unlike eIF4G1, it
does not interact with the cap-binding factor eIF4E
(Fig. 2A; Imataka et al. 1997; Yamanaka et al. 1997).
Nevertheless, eIF4G2 is associated with polysomes (Lee
and McCormick 2006; Nousch et al. 2007). The protein is
ubiquitously expressed at a level comparable to that of
eIF4G1, yet the exact eIF4G1:eIF4G2 ratio can vary from
2.4:1 (Schwanhäusser et al. 2011) to 1.4:1 (Itzhak et al.
2016) in NIH/3T3 or 1:4.5 (Nagaraj et al. 2011) in HeLa.
These resultshave longsuggested that eIF4G2 isanauxiliary
protein that promotes elusivemechanisms of translation un-
der rare conditions, and its specific role under normal condi-
tions remained murky until very recently.

In retrospect, eIF4G1 was the first known eIF4G and was
called just eIF4G or eIF4γ back then. Later, what is now
called eIF4G3 was discovered and named eIF4GII, while
eIF4G became eIF4GI, which mirrored the yeast eIF4G1
and eIF4G2 or plant eIF4G and eIF(iso)4G name pairs. In
the same years, eIF4G2was discovered and initially named
DAP5, Nat1, and p97, and has retained these names until
now. Collectively, all the data indicated that this protein is
involved in translation initiation, so around 2005, reports
started to emerge that referred to DAP5/Nat1/p97 and
eIF4GII as eIF4G2 and eIF4G3, respectively. The problem
is that eIF4G2 of higher eukaryotes is not an orthologue of

yeast eIF4G2, and it is not obvious why eIF4GII is not the
same as eIF4G2. Despite this apparent confusion, we
tend to support the names eIF4G1-3 for the mammalian
eIF4G orthologues.

Structure of the eIF4G2 protein

There is a recent detailed review of eIF4G1 and eIF4G2
structures (Friedrich et al. 2022), therefore we will just
briefly outline some important points. Structural analysis
of full-length eIF4G1 (the longest isoform consists of
1599 amino acids in humans) and eIF4G2 (907 amino acids
in humans) has not yet been performed. However, crystal
structures of individual domains have been obtained.
Both homologs have three HEAT domains: MIF4G, MA3,
and W2 (Fig. 2A). The X-ray diffraction data have been ob-
tained for all three HEAT domains and the eIF4E-binding
site of eIF4G1 (Friedrich et al. 2022), and for MIF4G (resi-
dues 61–323) (Virgili et al. 2013), MA3, and W2 domains
(540–897) of eIF4G2 (Fig. 2A; Liberman et al. 2008; Fan
et al. 2010). Maximum structural similarity is observed be-
tween theMIF4G domains of eIF4G1 and eIF4G2 (39% se-
quence identity, 59% similarity; see Fig. 2B; Virgili et al.
2013), which are both responsible for the interaction with
eIF4A. The amino acid residues involved in eIF4A binding
are especially conserved. However, the eIF4A binding to
the MIF4G domain of eIF4G2 is characterized by a signifi-
cantly higher dissociation constant compared to that of
eIF4G1 (Virgili et al. 2013). The MA3 domain is the second
eIF4A-binding site of eIF4G1. Despite the high overall sim-
ilarity of the MA3 domains (Fig. 2B; Fan et al. 2010), that of
eIF4G2 does not bind to eIF4A (Imataka and Sonenberg
1997). It is not known what this site is responsible for but,
coincidentally, eIF4G2 stimulates eIF4A helicase activity
two times less efficiently than eIF4G1 does (Virgili et al.
2013). The W2 domain of eIF4G2 resembles that of eIF5
and eIF2Bε and is involved in interaction with eIF2β.
Although the eIF4G1 and eIF4G2W2 domains share struc-
tural homology, eIF4G1 cannot bind eIF2β directly. A con-
served negatively charged glutamate residue E862 of the
eIF4G2W2 domain is strictly required for binding to eIF2β,
while the corresponding residue of the eIF4G1 W2
domain is a positively charged lysine (Liberman et al.
2008). Additionally, there is an eIF4G2-specific positively
charged region in the MIF4G domain that was suggested
to participate in RNA-binding (Virgili et al. 2013). The
DETD792 caspase-3 cleavage site (marked with an arrow
in Fig. 2A) is located in an unstructured loop of eIF4G2
and is absent in the W2 domains of other proteins
(Liberman et al. 2008).

Translation of eIF4G2 mRNA

The eIF4G2 mRNA is characterized by an evolutionarily
conserved non-AUG start codon: the GUG triplet is the

Shestakova et al.
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start codon of human, mouse, zebrafish, and Xenopus
eIF4G2 mRNA. Conservation among these species is
60%–80% for the mRNA nucleotide sequence and
75%–90% for the encoded amino acid sequence
(Takahashi et al. 2005). The environment of the GUG co-
don is particularly conserved, with the codon located in a
very favorable nucleotide context. The eIF4G2 homolog
in Drosophila (dNAT1) is also translated from a non-AUG
codon, but the translation start has not been precisely de-
termined (Takahashi et al. 2005). Like other mRNAs with
non-AUG start codons, the translation of eIF4G2 mRNA
is regulated by eIF5 and 5MP (BZW): eIF5 overexpression
enhances, and 5MP inhibits translation of the reporter con-
taining eIF4G2 5′ UTR and a GUG codon as a start (in
HEK293T cells) (Tang et al. 2017). Notably, eIF5, 5MP,
and eIF1 have a significantly stronger effect on initiation
on an AUG in a bad context or on a non-AUG codon com-
pared to an AUG in a good context, allowing for more ef-
ficient regulation (Ivanov et al. 2010; Loughran et al. 2012).
Translation of eIF4G2 and other mRNAs with non-AUG
start codons was shown to be more resistant to a severe
elongation-inhibiting stress. It is assumed that the scan-
ning ribosomes are trapped just near the start codon due
to the accumulation of elongating ribosomes, which in-
creases the probability of initiation (Kearse et al. 2019).
Whether such a phenomenon exists under physiological
conditions is not yet known. In addition, the 5′ UTR of
eIF4G2 mRNA contains an uORF that does not inhibit
translation of the main ORF under normal conditions but
may be involved in regulation (Tang et al. 2017). Thus,
the synthesis of eIF4G2 protein can be regulated in the
cell separately from proteins whose translation begins
with the standard AUG codon. At the same time, eIF4G2
mRNA translation can be resistant to certain stresses that
reduce the efficiency of protein synthesis on the vast ma-
jority of mRNAs. These properties of eIF4G2 mRNA sug-
gest that the protein’s function is associated with certain
important events in the cell.
The 5′ UTR of eIF4G2 mRNA in all mammals and appar-

ently in some other taxa bears an extended polypyrimidine
sequence. Poly(rC)-binding protein 2 (PCBP2) binds to this
part of 5′ UTR and thereby inhibits eIF4G2 translation
(Smirnova et al. 2019). The estrogen receptor α (ERα) binds
the 3′ UTR of eIF4G2mRNA and promotes its translation via
a yet undissected mechanism (Xu et al. 2021). Multiple
miRNAs have also been reported to affect eIF4G2 abun-
dance (Sanson et al. 2020; Tong et al. 2022); specifically,
miR-16 modulates the expression of eIF4G2 in axons (Kar
et al. 2013). Processing of the eIF4G2mRNA can be accom-
panied by exon skipping that was observed in mouse lens
development (Srivastava et al. 2017). RNA editing of
eIF4G2mRNAby the cytidine deaminaseAPOBEC1 that in-
troduces multiple stop codons was observed in liver cells
(Yamanaka et al. 1997), but its physiological consequences
are still unknown.

eIF4G2 interaction with translation factors
and other proteins

To determine the eIF4G2-mediated translationmechanism,
it is important to understandwhich proteins it interacts with.
Like eIF4G1, eIF4G2binds both eIF4A isoforms (eIF4A1and
eIF4A2) (Imataka et al. 1997;Henis-Korenblit et al. 2000; Lee
and McCormick 2006; Virgili et al. 2013; de la Parra et al.
2018), eIF3 (Imataka et al. 1997; Henis-Korenblit et al.
2000; Liberman et al. 2015; Sugiyama et al. 2017; de la
Parra et al. 2018), well-known RNA-binding proteins FXR1/
2 (Bukhari et al. 2016; Sugiyama et al. 2017; de la Parra
et al. 2018), and FMR1 (Sugiyama et al. 2017; de la Parra
et al. 2018), but unlike eIF4G1 (or significantly stronger
than eIF4G1), it binds initiation factors eIF2β (Lee and
McCormick 2006; Liberman et al. 2015; Bryant et al. 2018;
de la Parra et al. 2018), and potential m6A readers
PRRC2A-C and IGF2BP1 (Sugiyama et al. 2017; de la Parra
et al. 2018; Wu et al. 2019). Whether eIF4G2 binds to the
MAP kinase-interacting kinases MNK1 and MNK2 remains
unclear: the eIF4G2–MNK1 complex could be detected in
(Pyronnet et al. 1999), but not in (Brown et al. 2014; Bryant
et al. 2018). The possible roles of some of these unique
eIF4G2 partners are discussed below.
Binding to eIF2 is important for the mechanics of

eIF4G2. Swapping the W2 domains with eIF4G1 results
in eIF4G2 malfunction (Weber et al. 2022) and a point mu-
tation (E862K) that prevents eIF2 binding inactivates
eIF4G2 (Bryant et al. 2018). The eIF4G2–eIF2β interaction
is correlated with MEK1/2 or CDK1 activation and eIF4G2
phosphorylation (T508), and treatment with MEK1/2 inhib-
itors completely abolishes both binding and phosphoryla-
tion. Yet, eIF4G2 mutants (T508A or T508E) form a
complex with eIF2β in a MEK1/2-dependent fashion
(Bryant et al. 2018). In the light of the recent structure of
the 48S ribosomal complex (Querido et al. 2020), it might
seem that the eIF4G2–eIF2β interaction does not fit the
structural constraints of both proteins when bound to the
small subunit. The resolved part of eIF4G1 (its MIF4G
domain) is located rather far from the intersubunit sur-
face-bound eIF2. Should eIF4G2 bind in a similar position,
the amino-terminal part of eIF2β that interacts with eIF4G2
(Lee and McCormick 2006) and the linker between the
MIF4G and MA3 domains of eIF4G2 are both predicted
to be intrinsically disordered and therefore potentially
span a considerable distance around the 40S subunit.
The obtained 48S structure does not contradict the feasi-
bility of an interaction between eIF4G2 and eIF2β.
The structural similarity of eIF4G1 and eIF4G2 implies

their mutually exclusive interaction with eIF3. The
decrease in number of eIF4G1–eIF3 complexes under
mTOR inhibition (Harris et al. 2006; Thoreen et al. 2012)
and the concomitant increase in eIF4G2 binding to eIF3
(Thoreen et al. 2012) indirectly support this notion.
Besides, eIF4G1 binds the c, e, and d subunits of eIF3
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(LeFebvre et al. 2006; Villa et al. 2013), and eIF4G2 also
cross-links to eIF3d (if other eIF3 subunits cross-link to
eIF4G2 has not been tested) (de la Parra et al. 2018).
The position of the resolved part of eIF4G1 in the human
48S complex confirms previous biochemical findings
(Querido et al. 2020). In particular, the amino-terminal
domain of eIF3d is found near the MIF4G domain of
eIF4G1, while the major part of eIF3d is located at a con-
siderable distance from this position, that is, close to the
mRNA exit site of the 40S subunit (Querido et al. 2020;
Kratzat et al. 2021). In fact, all suggested mechanisms of
eIF4G2 action imply mutually exclusive eIF4G1 and
eIF4G2 interactions with ribosomal complexes, but this
has never been shown directly and should not be taken
for granted. For example, the unstructured linker between
MIF4G and MA3 domains that interacts with eIF3e in the
case of eIF4G1 (LeFebvre et al. 2006) is rather poorly con-
served between eIF4G1 and eIF4G2 (Fig. 2B), and there-
fore eIF4G2 can interact with eIF3 in another manner. In
addition, another MIF4G protein, PAIP1, binds to eIF3g in-
stead (Martineau et al. 2008). Like eIF3d, eIF3g is stretched
over the small ribosome subunit, and its parts are bound to
it near the mRNA entry site (Simonetti et al. 2016; Querido
et al. 2020) and to eIF3l near the eIF4G1 MIF4G position
(Simonetti et al. 2016). PAIP1 can form ternary PAIP1–
eIF3–eIF4G1 complexes (Martineau et al. 2008), and
therefore, it is unclear how different MIF4G proteins coor-
dinate their interactions with eIF3.

PROPOSED MECHANISMS OF eIF4G2 OPERATION
IN TRANSLATION INITIATION

Four options for eIF4G2’s function in translation initiation
can be envisaged. The first two models suggest participa-
tion of eIF4G2 in cap-independent translation when
eIF4G2 binds to its target cellular mRNAs and serves IRESs
or CITEs, respectively. Two other models presume that
eIF4G2 is involved in cap-dependent translation when
eIF4G2 either uses another cap-binding protein instead of
eIF4E or helps eIF4G1 in conventional cap-dependent
initiation.

eIF4G2 and cap-independent translation initiation

The striking similarity between eIF4G2 and the carboxy-ter-
minal fragment of eIF4G1 formed by picornaviral 2A prote-
ases (p100) (Fig. 2A), as well as the inability to pull-down
eIF4G2 using m7G-sepharose (Tcherkezian et al. 2014;
Liberman et al. 2015), immediately implicated eIF4G2 in
IRES-mediated translation translation of cellular mRNAs: c-
MYC (Henis-Korenblit et al. 2002), XIAP (Henis-Korenblit
et al. 2002; Hundsdoerfer et al. 2005), APAF1 (Henis-
Korenblit et al. 2002; Nevins et al. 2003; Liberman et al.
2015), eIF4G2 itself (Nevins et al. 2003; Hundsdoerfer
et al. 2005; Lewis et al. 2008; Liberman et al. 2015), c-IAP1

(Hundsdoerfer et al. 2005), HIAP2 (Lewis et al. 2008), BCL-
2 (Marash et al. 2008; Liberman et al. 2015), CDK1 (Marash
et al. 2008), p53 (Weingarten-Gabbay et al. 2014; Haizel et
al. 2020), FGF-9 (Haizel et al. 2020), HMGN3 (Yoffe et al.
2016), C9ORF72 (uORF) (Spijker et al. 2021), DSCR1.4
(Seo et al. 2019). Most of these studies used a DNA bicis-
tronic approach,which leads toartifacts and falsepositive re-
sults, and thus the conclusionsdrawn fromsuchexperiments
are not persuasive (Kozak 2001; Andreev et al. 2009;
Jackson 2013; Terenin et al. 2017). Indeed, the monocis-
tronic reporters with CDK1 or eIF4G2 5′ UTRs failed to
show any dependence on eIF4G2 (Smirnova et al. 2022).
However, this does not necessarily mean that translation of
all mentioned mRNAs does not require eIF4G2. For exam-
ple, eIF4G2 is involved in translation of APAF1 and BCL2
mRNAs (Smirnova et al. 2022).

Some researchers used A-capped reporter mRNAs to
show eIF4G2-dependence of translation, assuming these
mRNAs could not be translated in a 5′ end-dependent
fashion (Hundsdoerfer et al. 2005; Liberman et al. 2015).
Whether this assumption was correct or not, A-capped re-
porters are not a palatable substitute because they require
eIF4G2 for translation, even if their corresponding
m7G-capped counterparts do not (Smirnova et al. 2022).

A possible eIF4G2 role in IRES-mediated translation of
viral mRNAs is not well established. An isolated domain
V of the poliovirus IRES binds to eIF4G1 with Kd= 75 nM
(Avanzino et al. 2018), while the entire closely related cox-
sackie B3 virus (CBV3) IRES binds to eIF4G1 with Kd = 2 nM
and eIF4G2 with Kd = 10 nM (Dave et al. 2019). In line with
this, eIF4G2 depletion decreases the activity of CBV3 IRES
and hampers virus propagation. Whether this reflects a dif-
ference in the operation of otherwise similar type 1 IRESs
or in experimental setups is not known yet. Moreover,
CBV3 2A protease cleaves not only eIF4G1 (Chau et al.
2007), but also eIF4G2 at G434 between the MIF4G and
MA3 domains (Hanson et al. 2016) with yet unexplored
consequences.

Interestingly, eIF4G2 and m6A mRNA modification are
required for translation of at least some circular RNAs
that apparently can only be translated through an internal
initiation mechanism (Yang et al. 2017; Timoteo et al.
2020). Indeed, tethering either eIF4G1 (Gregorio et al.
1999; Terenin et al. 2013; Chen et al. 2022) or eIF4G2
(Nousch et al. 2007) to anmRNA internal position can drive
low levels of internal initiation, and several eIF4G2-inter-
acting proteins, such as FMR1, IGF2BP1, and PRRC2A,
were all recently shown to be m6A-readers (Huang et al.
2018; Wu et al. 2019).

In a context of monocistronic mRNAs, the direct binding
of eIF4G2 should probably drive CITE-mediated initiation.
This may be the case for DSCR1.4 mRNA, which only mar-
ginally depends on m7G-cap and requires eIF4G2 for its
expression (Seo et al. 2019). In fact, many mRNAs have
been shown to interact with eIF4G2 (Marash et al. 2008;
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Weingarten-Gabbay et al. 2014; Yoffe et al. 2016; Seo
et al. 2019; Haizel et al. 2020; Weber et al. 2022; David
et al. 2022). In most cases, the binding was linked to
eIF4G2-driven internal initiation, but it is not possible to
unambiguously interpret the data as a result of the use of
error-prone methodology. Moreover, not all eIF4G2-bind-
ing mRNA require the protein for their translation, and not
every eIF4G2 mRNA target binds eIF4G2 directly (David
et al. 2022).

Unconventional cap-dependent initiation modes
that involve eIF4G2

Two alternative mechanisms of cap-dependent translation
initiation that involve eIF4G2 have been proposed. The first
onewasdiscovered in thecourseof researchon theunortho-
dox stimulation of translation by miRNA (Vasudevan et al.
2007; Mortensen et al. 2011). It only occurs in the G0-phase
of the cell cycle (or inG0-like oocytes in stage IV), when cap-
dependent translation initiation is inhibiteddue tomTOR in-
activation, and themiRNA inducesmRNAdeadenylation by
PARN. Later, itwas found that eIF4G2 isapart of thismiRNA-
protein complex, together with FXR1 andAGO2 (a key RNA
interference protein) (Bukhari et al. 2016). The m7G-cap
binding in this mechanism is executed by the deadenylase
PARN (Fig. 3A). In the RNAi pathway, however, miRNAs tar-
get AGO2 to inhibit mRNA translation and then PARN to in-
duce mRNA decay via deadenylation and subsequent
decapping in P-bodies. If a similar complex can stimulate
translation, the decapping activity should likely be switched
off. Whether this is the case and which protein determines
the fateof theAGO2-PARN-mRNAcomplex isnot yetestab-
lished. A poly(A)-tail is also reversibly shortened during the
circadian cycle concomitantly with the mTOR inactivation,
and eIF4G2 depletion causes a lengthening of the circadian
rhythm in Drosophila (Bradley et al. 2012), suggesting that
eIF4G2 operates there in a similar fashion.
Another eIF4G2 partner in the discussed mechanism is

FXR1. Notably, FXR1 was found in a complex with
eIF4G2 in many reports aimed to identify eIF4G2 protein
partners, but the same applies to eIF4G1 (Sugiyama
et al. 2017; de la Parra et al. 2018). Moreover, FXR1 is
one of the major constituents of stress granules (Ivanov
et al. 2018) and, like eIF4G1, eIF4G2 is also found in stress
granules (Jain et al. 2016; Anders et al. 2018).
The other proposed mechanism is an eIF3d-dependent

recruitment of the 40S ribosomal subunit to the m7G-cap.
eIF3 specifically binds some 5′ UTRs (e.g., from JUN
mRNA), and its eIF3d subunit possibly binds to the m7G-
cap at the 5′ end of these transcripts (Lee et al. 2016).
This case is fundamentally different from canonical cap-de-
pendent translation, in which the primary act is the interac-
tion of eIF4E with the m7G-cap, followed by the
subsequent assembly of the preinitiation complex at the
5′ end of an mRNA. Here, the primary recognition is

most likely not the interaction of eIF3d with the m7G-cap
but rather the interaction of whole eIF3 with the 5′ UTR
of JUN mRNA. As a result of this interaction, the
m7G-cap finds itself on the eIF3d subunit. Therefore, trans-
lation initiation of JUN mRNA turns out to be cap-depen-
dent (Lee et al. 2015), and hence the corresponding
mechanism does not fit the CITE definition.
When the group led by Robert Schneider discovered

that eIF3d cross-links to eIF4G2, a model of eIF3d-mediat-
ed cap-dependent translation initiation emerged (Fig. 3B).
According to this model, eIF3d recognizes the m7G-cap
and brings eIF4G2 rather than eIF4G1 (de la Parra et al.
2018). Unlike the canonical mechanism, where eIF3 first
binds to the 40S subunit, eIF4G2 and eIF3 may form an
RNP that specifically attracts the small subunit to this
particular mRNA. The model implies that eIF3d/eIF4G2-
dependent translation occurs when eIF4E-dependent
translation is inhibited. For instance, eIF4G2/eIF3d double
knockdown and simultaneous overexpression of 4E-BP1
specifically reduce the synthesis of some cellular proteins
(JUN, CDK12, and MMP1) in MDA-MB-231 cells.
More recently, the same group studied eIF4G2’s role in

differentiation of regulatory T cells under conditions of
suppressed eIF4E-dependent translation, which is the
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FIGURE 3. Unconventional cap-dependent initiation modes that in-
volve eIF4G2. (A) PARN-dependent initiation. The miRNA induces
mRNA deadenylation by PARN, which also binds to the m7G-cap
and is found in the complex with AGO2, FXR1, and eIF4G2.
Presumably, eIF4G2 facilitates further scanning. (B) eIF3d-dependent
initiation. eIF3 interacts with the special structure in the 5′ UTR of
mRNA; the eIF3d subunit specifically binds the m7G-cap and
eIF4G2, which participates in subsequent scanning.
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natural state of these cells prior to their activation (Volta
et al. 2021). The researchers again suggested participation
of the eIF3d/eIF4G2 complex in translation initiation under
such conditions. While the eIF4G2 input in translation in-
deed increases under conditions of limiting eIF4G1 or
mTOR inactivation (Ramírez-Valle et al. 2008; Smirnova
et al. 2022), the exact role of eIF3d in this process remains
ambiguous. Nonetheless, this work proved the necessity
of eIF4G2 for differentiation of regulatory T cells and trans-
lation of respective specific mRNAs under conditions of
suppressed protein synthesis.

eIF4G2 in conventional cap-dependent translation

The majority of validated eIF4G2-dependent reporter
mRNAs show rather high cap-dependencies (Smirnova
et al. 2019, 2022) and are sensitive to eIF4E inactivation
caused by PP242-mediated inhibition of mTOR kinase or
overexpression of 4E-BP1 (Weber et al. 2022). Similarly,
eIF4G2 knockdown does not affect the response of
eIF4G2 targets to mTOR inactivation. Therefore, under
normal conditions, eIF4G2 is involved in canonical cap-
dependent translation, presumably downstream from
m7G-cap recognition. Moreover, the degree of eIF4G2-
dependence of target mRNAs does not correlate in any
way with their sensitivity to the mTOR inhibitor PP242.
The majority of eIF4G2 targets were found to be as sensi-
tive to PP242 as control β-globin reporter mRNA, while
others (PPFIA4 and Maf1) were weakly inhibited by this
drug. In the latter case, the small ribosomal subunit can
be recruited to mRNAs through a CITE mechanism.
Presumably, the putative CITEs of PPFIA4 and Maf1 inter-
act with eIF4G1, rather than with eIF4G2. Otherwise, these
two targets would show a particularly strong drop in trans-
lation upon eIF4G2 depletion in the presence of PP242,
but this was not observed (Smirnova et al. 2022).

Strikingly, deletion of uAUG from eIF4G2 mRNA targets
largely relieves the need for this initiation factor, while the
insertion of an uORF into the 5′ UTR of an eIF4G2-inde-
pendent messenger results in the requirement for this pro-
tein (Smirnova et al. 2022). Moreover, the uORFs found in
the eIF4G2 target mRNAs remain translated when eIF4G2
is lacking (Weber et al. 2022; Smirnova et al. 2022), and a
bioinformatic analysis indeed shows an increase in the ra-
tio of uORF/mORF translation in the eIF4G2-depleted
cells (David et al. 2022). Since there are only two mecha-
nisms that provide translation of the downstream ORFs,
that is, leaky scanning and reinitiation, eIF4G2 should pro-
mote at least one of these processes. In our hands, eIF4G2
affected leaky scanning (Smirnova et al. 2022). To defini-
tively distinguish between leaky scanning and reinitiation,
we mutated stop codons of uORFs in several eIF4G2-de-
pendent 5′ UTRs so that these extended uORFs substan-
tially overlapped out-of-frame with the luciferase ORF
(Smirnova et al. 2022), and translation of these mRNAs re-

mained dependent on eIF4G2. Thus, in the case of these
mRNAs, eIF4G2 promotes ribosomal scanning inside
and/or downstream from the uORFs rather than reinitia-
tion. Moreover, an uAUG context enhancement inhibited
translation initiation at the main AUG and did not alter
the need for eIF4G2. Taken together, all of our data sug-
gest that eIF4G2 bolsters translation by stimulating leaky
scanning of a subset of mRNAs.

A recent preprint showed that the eIF4G2-interacting
proteins PRRC2A, PRRC2B, and PRRC2C also promote
leaky scanning on certain, but not all, mRNAs (Bohlen
et al. 2022). Strikingly, subsets of mRNAs that require
eIF4G2 or PRRC2A-C for their translation at least partially
overlap (Bohlen et al. 2022; Smirnova et al. 2022). Future
research will show how these proteins cooperate in facili-
tating leaky scanning.

In another study, eIF4G2 was suggested to promote
reinitiation (Weber et al. 2022). This apparent discrepancy
could have a variety of mutually nonexclusive causes. First,
it is quite possible that eIF4G2 indeed promotes reinitia-
tion on certain mRNAs and leaky scanning on others.
Second, Weber and colleagues studied mRNAs with mul-
tiple uORFs, and found that extending upstream uORFs
may interfere with translation of downstream uORFs and
thereby with leaky scanning through them.

To explain how scanning through a translated uORF re-
sults in the need for eIF4G2, we proposed a model, which
we tentatively named “a swap of horses.” It postulates that
eIF4G2 substitutes for eIF4G1 once the latter dissociates
from the scanning complex as a result of collisions of initiat-
ing, and/or elongating, and/or terminating 80S ribosomes
with scanning complexes that have leaked through the
uAUG (Fig. 4). Indeed, in certain cases, uORFs encoding
as little as three amino acids are sufficient to promote
eIF4G2-dependence, but in other cases, eIF4G2-depen-
dence positively correlates with the uORF length
(Smirnovaet al. 2022). Thesedata show that elongating ribo-
somes can definitely cause interference, but initiating or
even terminating ribosomes can cause it as well.

Apparently, this interference can occur when a faster ri-
bosome complex bumps into a slower downstream ribo-
some or another obstacle. The most likely impediments
for the scanning complex are the slower post-scanning ini-
tiating (Wang et al. 2022) or terminating ribosomes.
Collisions between scanning and elongating ribosomes
can also occur. Scanning complexes have been shown to
move faster than elongating ribosomes (Vassilenko et al.
2011). All translation elongation rate estimates fall in the
ballpark of around 5 codons per second (Gerashchenko
et al. 2021), while attempts to estimate a scanning rate
are less coherent. A recent observation of extremely fast
scanning (over 100 nt/sec) (Wang et al. 2022) suggests
that a scanning complex can potentially catch up ribo-
somes that translate the uORF. From a structural point of
view, eIF4G1 resides on the periphery of the 48S complex,
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equidistant from either the entry and the exit of the mRNA
channel (Querido et al. 2020), and any frontal or rearal
bumping can arguably make eIF4G1 dissociate.
The exchange mechanism should respond to changes

in eIF4G1 concentration, and the data on double
eIF4G1/eIF4G2 knockdown also support the idea that
eIF4G2 can replace eIF4G1 during scanning. The limited
availability of eIF4G1makes translation of eIF4G2nontarget
mRNAs at least partially dependent on eIF4G2 and vice ver-
sa (Smirnova et al. 2022), and a synergy in eIF4G1/eIF4G2
depletion was previously reported (Ramírez-Valle et al.

2008). This mechanism rescues, at least partially, leaky scan-
ning throughuORFs, thereby increasing thenumberof scan-
ning complexes that reach themain start codon. This can be
crucial for higher eukaryotes, whose mRNAs are rich in
uAUGs. So, it is eIF4G1 that loads the preinitiation complex
to the 5′ end of an mRNA, and then eIF4G2 participates
in scanning downstream from m7G-cap recognition.
However, uORFs are certainly not the only obstacle to the
scanning ribosomes, causing eIF4G1 to be replaced by
eIF4G2. For example, the PCBP2 mRNA does not contain
any uORF, but its translation nevertheless strongly depends

Cap-dependent eIF4G1-mediated ribosome recruitment to the 5’ end

eIF4G1 dissociates due to collisions between the scanning complex and 80S ribosome

Ribosomal leaky scanning through the translated uORF requires eIF4G2
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on eIF4G2 (Smirnova et al. 2019). Secondary structures and
mRNA-binding proteins could be proposed as such imped-
iments to scanning complexes. These obstaclesmay also be
the reason for an augmentation in eIF4G2 dependence as
the 5′ UTR length increases.

eIF4G2 SIGNIFICANCE IN CELL FATE

eIF4G2 depletion often reduces the viability, protein syn-
thesis level, and growth rate of cells in culture but does
not have a critical effect under normal conditions (Lee
and McCormick 2006; Lewis et al. 2008; Marash et al.
2008; Ramírez-Valle et al. 2008; Thoreen et al. 2012). In
this regard, many research groups have suggested that
eIF4G2’s role in translation may be more pronounced un-
der specific conditions, such as apoptosis, differentiation,
arrest at certain phases of the cell cycle, etc.

Apoptosis

The research group of Adi Kimchi was one of the groups
that discovered eIF4G2 as a novel translation factor
(Levy-Strumpf et al. 1997). They also showed that eIF4G2
is cleaved at the DETD792 site to form an 86 kDa fragment
(p86; eIF4G21–792) in SKW 6.4 cells (human B cells) during
apoptosis, and caspase inhibitors prevent this (Henis-
Korenblit et al. 2000). Upon induction of apoptosis, p86
is also formed in NB4 cells, and the eIF4G2 knockdown re-
duces the level of apoptosis (Ozpolat et al. 2008).
According to some reports, p86 specifically stimulates
the expression of proapoptotic proteins (c-Myc, XIAP,
Apaf-1, and eIF4G2) (Henis-Korenblit et al. 2000, 2002;
Nevins et al. 2003), but the authors attribute these effects
to a specific p86 involvement in IRES-mediated translation.
The problems with the methodology for identifying cellu-
lar IRES have been discussed above.

The cleavage of eIF4G2 occurs not only during apopto-
sis. Treatment of HEK293T cells with thapsigargin (a calci-
um pump inhibitor) or tunicamycin (an inhibitor of protein
glycosylation), which both cause endoplasmic reticulum
stress, also leads to a caspase-dependent limited proteol-
ysis of eIF4G2 (Warnakulasuriyarachchi et al. 2004), while
the overall eIF4G2 level is increased (Lewis et al. 2008).
Translation of the proapoptotic HIAP2 protein is induced
by ER stress in the eIF4G2-depleted cells to a lesser de-
gree than in control cells (Lewis et al. 2008); therefore,
eIF4G2 may be involved in the translational response to
ER stress.

If the above facts speak in favor of a proapoptotic function
of eIF4G2, some studies came to the opposite conclusion. It
was shown that in the eIF4G2-depleted HeLa cells, the ex-
pression of anti-apoptotic BCL2 and CDK1 proteins de-
creased, while the level of proapoptotic Bax (interacts with
BCL2), on the contrary, increased significantly. In the
absence of eIF4G2, an arrest in the M-phase (but not the

S-phase) increases the activity of caspase (Marash et al.
2008; Liberman et al. 2009), demonstrating eIF4G2’s partic-
ipation in counteracting apoptosis.Overexpression of either
p97 or p86 isoforms attenuates cisplatin-induced apoptosis
(Gao et al. 2012). It is known that eIF4G2 is less susceptible
to proteasomal degradation than eIF4G1, and eIF4G2
depletion reduces cell survival under oxidative stress, also
indicating the antiapoptotic function of eIF4G2 (Alard
et al. 2019). But there is no contradiction in these data.
First, it is known that at the initial stages of apoptosis, the
cell has not yet made a final decision about its fate, so ex-
pression of anti-apoptotic proteins can reverse the response
to stress, and second, there is nothing strange in the fact that
one protein can promote translation of different mRNAs en-
coding anti- and proapoptotic proteins.

Cellular differentiation

Yamanaka’s group obtained homozygous mouse embryon-
ic stem cells (mESC) with eIF4G2 knockout but failed to ob-
tain homozygous (eIF4G2–/–) mice, since such embryos
failed to form mesoderm (Yamanaka et al. 2000). At the
sametime,homozygous (eIF4G2–/–)mESCsdidnotdifferen-
tiate after retinoic acid (RA) treatment and did not form me-
sodermal tissues when injected into mice. Later, the same
research group demonstrated that eIF4G2–/– mESCs have
expression profiles similar to those of wild-type cells incapa-
ble of differentiation (after treatment with Erk and Gsk3b ki-
nase inhibitors) (Sugiyamaet al. 2017). They also studied the
fruit fly eIF4G2orthologue (dNAT1) and showed that theW2
domain deletion (i.e., similar to the apoptotic p86 fragment
described above) was lethal as the elongation of the germ
layer was impaired (Yoshikane et al. 2007). In addition, ap-
proximately one-quarter of Danio rerio embryos with
eIF4G2 knockdown also failed to develop mesoderm
(Nousch et al. 2007).

Retinoic acid-induced differentiation in NB4 cells (acute
promyelocytic leukemia) increased the level of eIF4G2 pro-
tein (Harris et al. 2004; Ozpolat et al. 2007), and its knock-
down inhibited the differentiation (Ozpolat et al. 2008).
The human embryonic stem cells (hESC) depleted of
eIF4G2 also did not differentiate properly upon retinoic
acid treatment: an increased expression of pluripotency
genes andadecreasedexpressionofdifferentiationmarkers
were observed. The same pattern was demonstrated for the
embryonic bodies that normally undergo spontaneous dif-
ferentiation, but they continued to express pluripotency
genes at day 21 under eIF4G2 depletion. In addition, they
did not show any histological signs of differentiation, such
as pseudoepithelial and cavity formation (Yoffe et al.
2016). eIF4G2 is also required for the artificial differentiation
of naïve T lymphocytes into regulatory T cells (Volta et al.
2021).

Expression of eIF4G2 is enhanced during myogenic dif-
ferentiation, and its knockdown inhibits the formation of
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myotubes from cultured myoblasts (Sanson et al. 2020).
This was attributed to reduced translation of Usmg5
mRNA. In neurons, BDNF stimulates eIF4G2 mRNA tran-
scription (Seo et al. 2019), whereas eIF4G2 knockdown
in axons leads to a decrease in β-actin, HIF1A and COX
IV protein levels (Kar et al. 2013).
It was also shown that during oocyte fertilization in sea

urchins, some mRNAs, including one coding for eIF4G2,
are directed to polysomes, while mRNAs that encode the
canonical translation factors eIF4E1, eIF4A, eIF4G1,
PABP, and 4E-BP are absent from there (Chassé et al.
2019). This indirectly confirms the need for eIF4G2 for em-
bryonic development processes, including differentiation.
Thus, it can be confidently stated that eIF4G2 is required

for cell differentiation and mesoderm formation during the
development of many organisms, but it remains unclear
whether this is the primary function of eIF4G2 (if such a
thing as a “primary function of eIF4G2” exists) and what
the corresponding molecular mechanism is.

Translation of specific mRNAs

In search of eIF4G2-dependent processes and the condi-
tions under which this factor is possibly activated, some re-
searchers have tried different approaches. In this regard,
immunoprecipitation, mRNA sequencing from polysomes
(sequencing of a heavy fraction of lysate in a sucrose gradi-
ent containingmRNAs coveredwith ribosomes, i.e., actively
translated mRNAs; polysome profiling) (Mašek et al. 2011),
and ribosome profiling (sequencing of mRNA fragments
protected by the ribosome) (Ingolia et al. 2009) were used
to identify mRNAs whose translation is specifically depen-
dent on eIF4G2, and what they have in common.
The researchers in Adi Kimchi’s group immunoprecipi-

tated overexpressed FLAG-p86 from HEK293T cells. The
coprecipitated mRNAs were turned into labeled cDNAs
and hybridized on a chip with 200 cDNAs of genes related
to the cell cycle and apoptosis. The 13 mRNAs for which
the signal was at least two times higher than the control be-
longed to the TNF, NF-κB pathway, or IGF cascade family
groups. One of the identified mRNAs was CDK1, whose
binding to eIF4G2 was also confirmed by other methods
(Marash et al. 2008).
It is clear that the most informative way to identify genes

whose translation requires a particular protein is the quan-
titative sequencing of translated mRNAs in control cells
and those depleted of the target protein under normal
and/or stress conditions. This allows the identification of
genes whose translation efficiency significantly changes
upon the depletion. The mRNA sequencing method
from the polysomal fraction was then applied to the wild-
type and eIF4G2 permanently knocked-down hESC cells
by Adi Kimchi’s group (Yoffe et al. 2016). One hundred
and twenty two genes were found whose translation effi-
ciency decreased by 1.5 times or more. The ontological

analysis showed the enrichment of targets inmitochondrial
proteins, especially components of the oxidative respirato-
ry chain, proteins involved in translation, including many ri-
bosomal proteins and mRNA splicing factors; and proteins
that participate in embryogenesis and differentiation
(HMGN3, ANAPC5, ZDHHC4).
The polysome mRNA sequencing was used by the

group led by Robert Schneider. They demonstrated that
about 10% of genes were translated significantly worse
with the induced eIF4G2 knockdown inMDA-MB-231 cells
(de la Parra et al. 2018). These genes are mostly related to
cell death and survival, cell organization, cell motility, and
DNA repair.
Ribosome profiling is a more accurate and informative

modificationof themRNAsequencingmethod fromthepol-
ysomal fraction. In this approach, polysomes are treatedbya
ribonuclease, andonlymRNA fragmentsprotectedby the ri-
bosomes remain intact and are then sequenced. Thus, it is
possible not only todetermine theefficiencyofmRNA trans-
lation more accurately but also to detect the distribution of
ribosomes along the transcript. This is crucial for research
on uORF-mediated translational control because translation
of uORF andmain ORFmay follow distinct patterns of regu-
lation. For example, if an uORF translation does not depend
oneIF4G2 and is efficient, thismRNAwill be detected at the
polysome fractiondespite a decrease in themainORF trans-
lation. Yamanaka’s research group applied ribosomal profil-
ing to wild-type and eIF4G2 knockout mESCs (Sugiyama
et al. 2017). Upon the knockout, 14 eIF4G2 target mRNAs
with significantly decreased translation efficiency (including
Map3k3 andSos1) and4mRNAswith significantly increased
translation efficiency (including Sorbs2, Xaf1) were identi-
fied. Overexpression of one of eIF4G2’s translational tar-
gets, Map3k3, in knockout cells caused cell differentiation,
which is consistent with the above data on eIF4G2’s role in
this process.

Further prospects for research of eIF4G2’s role
in translation initiation

Despite recent advances in understanding the mechanics
of eIF4G2, many question marks over the protein remain.
First, we do not know why certain mRNAs containing
uORFs demand eIF4G2 while the others do not. This
may well be related to the question of how sequences
near the uORFs affect the requirement for eIF4G2.
Ultimately, analysis of those eIF4G2-dependent 5′ UTRs
that do not contain uORFs, for example, PCBP2
(Smirnova et al. 2019, 2022), KMT2D (David et al. 2022),
and Sos1 (Sugiyama et al. 2017) will be important. It is
quite possible that these 5′ UTRs contain yet unidentified
non-AUG initiation codons. If they do not, then we need
to look for other elements of the 5′ UTR structure that
can cause the substitution of eIF4G1 with eIF4G2.
Second, the eIF4G2 mRNA targets seem to have rather
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long 5′ UTRs. Although this may be a coincidence (there is
a higher probability of meeting an uAUG in a longer 5′

UTR), this also may reflect a higher probability of eIF4G1
dissociation from the scanning complexes that are moving
away from the m7G-cap. Other determinants of eIF4G2-
dependence should be identified, and their structures
should be established. Some nucleotide sequences may
act as barriers to scanning in the case of a few eIF4G2 tar-
gets, as some of them are impressive in their abundance of
G and C residues, putative G quadruplexes, and G, C, and
polypyrimidine tracts (see, for instance, the 5′ UTRs of
PCBP2, PHD2, FOXP3, HMGN3, and PRICKLE1 mRNAs).
In other cases, secondary and ternary structures may initi-
ate the assembly of scanning complexes in a CITE-mode
with eIF4G2 participation or increase a local eIF4G2 con-
centration so that dissociated eIF4G1 could be readily re-
placed. Indeed, high affinity sites for eIF4G1 and eIF4G2
have recently been demonstrated for the 5′ UTRs of
some animal mRNAs (Haizel et al. 2020). Understanding
the dynamics of the interaction between m7G-cap and
eIF4F during scanning could also be instrumental in reveal-
ing the mechanics of eIF4G2-mediated initiation.

The role of eIF2–eIF4G2 interaction remains unclear.
Interestingly, eIF4G1 binds eIF1 in yeast (He et al. 2003;
Singh et al. 2012) and in humans (Sinvani et al. 2015;
Sehrawat et al. 2022), and in both cases this interaction is
required for stringency in initiation site selection (He
et al. 2003; Sehrawat et al. 2022). eIF4G2 apparently lacks
the eIF1 binding site; thus, the eIF4G2-driven scanning
complexesmay have altered codon stringency recognition
properties. On the other hand, human eIF5, unlike its yeast
counterpart, cannot bind to both eIF1 and eIF2β simulta-
neously (Luna et al. 2012); thus, the eIF2β–eIF4G2 interac-
tion likely interferes with eIF2β–eIF5 binding and can
contribute to start-codon selection by eIF4G2-driven com-
plexes. Moreover, the apoptotic carboxy-terminally trun-
cated eIF4G2 fragment (p86) lacks the eIF2-binding site,
but we still do not know what the difference between the
activities of p86 and full-length forms of eIF4G2 is.

The eIF3–eIF4G2 interaction is also tricky. It is still not es-
tablished whether the binding of eIF4G1 and eIF4G2 to
eIF3 is mutually exclusive, and which part of eIF4G2 binds
eIF3 is unknown. When eIF4G2 is brought to an mRNA via
cap-bound eIF3d, there is no explanation why eIF3d
brings eIF4G2 and not eIF4G1. Finally, given the suggest-
ed role of eIF4G2 in scanning, it is not entirely clear why
eIF4G2 depletion enhances certain mRNAs’ translation.

It would be very helpful to assemble 48S initiation com-
plexes on eIF4G2-dependent 5′ UTRs using complete cell
extracts or proteins from the ribosomal salt wash fraction
and study their protein composition. In this way, it might
be possible to identify specific eIF4G2 partners. Cell lines
expressing eIF4G2 and eIF4G1 with affinity tags would be
helpful for immunoprecipitation of the corresponding scan-
ning complexes. Modern NGS and omics technologies are

valuable for identifying eIF4G2 translational targets and po-
tential partners, but the detailed molecular mechanism of
the protein function can best be established in subsequent
in vitro experiments involving the assembly of functioning
systems from completely purified components.

Clearly, canonical cap-dependent ribosomal scanning is
the major mechanism of translation initiation in higher eu-
karyotes. However, minor pathways or deviations from the
basic mechanism that only marginally manifest themselves
under normal conditions exist and are not easy to address.
Different poorly characterized eIF4G homologs and/or
yet-to-be discovered proteins may play a role in alternative
translation initiation, particularly under temporary or
chronic stress.
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