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Abstract

Inhibiting expression of eukaryotic translation initiation factor 4G (elF4G) arrests normal
development but extends lifespan when suppressed during adulthood. In addition to reducing
overall translation, inhibition alters the stoichiometry of mRNA translation in favor of genes
important for responding to stress and against those associated with growth and reproduction in C.
elegans. In humans, aberrant expression of elF4G is associated with certain forms of cancer and
neurodegeneration. Here we review what is known about the roles of elF4G in molecular, cellular,
and organismal contexts. Also discussed are the gaps in understanding of this factor, particularly
with regard to the roles of specific forms of expression in individual tissues and the importance of
understanding elF4G for development of potential therapeutic applications.
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1. Introduction

While the functional importance of many translation factors is known in a general sense,
more appreciation is being given to their role in determining which mRNAs are given
preference for translation, both spatially and temporally, under different conditions.
Regulating gene expression at the level of translation acts as an important point of control
for diverse processes including growth, cellular differentiation, programmed cell death, and
for responding to environmental changes. Most of this control is exerted during the steps
immediately preceding peptide synthesis, called translation initiation, which is usually the
rate-limiting step of MRNA translation (Hershey et al., 2012).

Some of the interest in the specificity of mMRNAs selected for translation has undoubtedly
been generated by studies carried out in animal models showing that altering expression of
translation factors and machinery can increase lifespan (Chen et al., 2007; Chiocchetti et al.,
2007; Curran and Ruvkun, 2007; Hansen et al., 2007; Henderson et al., 2006; Pan et al.,
2007; Steffen et al., 2008; Syntichaki et al., 2007). Reducing eukaryotic translation initiation
factor 4G (elF4G) in yeast (Smith et al., 2008) and during adulthood in nematodes (Curran
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and Ruvkun, 2007; Hansen et al., 2007; Henderson et al., 2006; Pan et al., 2007) leads to a
robust increase in lifespan. In mammals, elevated expression of elFAG is associated with
cancer. However, regular elF4G expression is essential early in life for a normal rate of
growth. In addition, diminished levels under certain conditions may lead to
neurodegeneration. Here, we briefly review the general role of elF4G in translation initiation
and then discuss what is known about the functional importance of the timing, tissue-
specificity, and form (homolog, splice variant, or cleavage product) of this factor, especially
with regard to lifespan determination and age-related disease.

1.1. elF4G and Translation Initiation

Regulation of protein synthesis is essential during organismal development and for
responding to environmental input. Translation involves an intricate three stage process of
initiation, elongation, and termination. Although translation is subject to regulation at each
stage, the rate-limiting step is usually initiation, which centers on recruitment of ribosomal
subunits to mature mRNA (Hershey et al., 2012). Translation initiation involves protein-
RNA and protein-protein interactions synchronized by multiple translation initiation factors.
elF4G acts as a major hub in initiation and mediates recruitment of additional initiation
factors, providing a scaffold for ribosome/mRNA-bridging (Sonenberg et al., 1978).

MRNA is co-transcriptionally modified by the addition of a methyl-guanosine (m7GpppX)
on the 5’ end, which protects the mMRNA from exonuclease activity (Izaurralde et al., 1992)
and serves to recruit factors important for initiating translation (Muthukrishnan et al., 1975).
The methyl-guanosine addition to the transcript is called the “5’ cap” and translation
predominately occurs as a cap-dependent process. Although capped-mRNA is favored for
protein synthesis, translation can occur in a cap-independent process that relies on alternate
mMRNA features (Svitkin et al., 2005). elFAG plays a crucial role in both processes.

In cap-dependent translation, the cap-binding protein elFAE binds to elF4G, which further
enhances the affinity of elF4E for the cap (Haghighat and Sonenberg, 1997). elF4G also
helps recruit the mMRNA helicase elF4A. Together, these three factors make up elF4F, also
known as the cap-binding complex. Through this complex, elFAG bridges the 5’
untranslated region (UTR) with the polyadenylated 3’ UTR via polyA binding protein
(PABP). Association of PABP with elF4G induces mRNA circularization so that elF4AE at
the 5° cap links with the PABP and the 3’ tail (Tarun Jr and Sachs, 1996). Circularization of
mRNA enhances initiation and mRNA stability (Gallie, 1991).

Once the cap-binding complex has bound and circularized the mRNA, elF4G then helps
mediate recruitment of the 40S ribosomal subunit to the mRNA through its association with
ribosomal binding protein elF3 (Lamphear et al., 1995). Prior to this recruitment, the 40S
ribosomal subunit associates with elF3, mRNA scanning proteins elF1A and elF1, and the
ternary complex, composed of elF2, GTP, and the methionyl-tRNA initiator (met-tRNAI),
together forming the 43S pre-initiation complex (Marchione et al., 2013). elF3 affixes the
43S pre-initiation complex onto the mRNA, assisted through elF4G and elF4E interactions
(Etchison et al., 1982; Magnuson et al., 2012). The joined mRNA, pre-initiation complex,
and elF4F complex comprise the 48S pre-initiation complex. The 48S pre-initiation complex
scans the 5° UTR and migrates in a 5’-3” fashion assisted by the selectivity of elF1A and
elF1 for the start codon. Upon identification of the start codon, elF5 triggers initiation by
stimulating elF2 hydrolysis of the ternary complex GTP and then detachment of all 40S-
bound initiation factors (Unbehaun et al., 2004). Hydrolysis of GTP from the ternary
complex triggers dissociation of initiation factors in the 48S pre-initiation complex and
positions met-tRNA. into the P-site on the 40S ribosomal subunit associated with the start
codon (Unbehaun et al., 2004). Ribosomal protein S6 within the 40S subunit is
phosphorylated by S6 kinase, promoting the joining of both the 40S and 60S subunits, and
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formation of the 80S ribosome (Jefferies et al., 1994; Magnuson et al., 2012). Successful
assembly of the ribosome completes initiation and protein synthesis begins, leaving elFAG
and other initiation factors available to begin a new round of translation initiation.

Cap-independent translation may take place if an internal ribosomal entry site (IRES) is
present within the 5° UTR of the mRNA (Pelletier and Sonenberg, 1988). However, capped
mRNAs compete for translation against IRES-containing mRNAs (Svitkin et al., 2005). In
the presence of an IRES, elF4G is capable of initiating translation in the absence of a
functional 5’ cap-binding complex (Ali et al., 2001), as is the case when elF4E is
sequestered by elFAE Binding Protein 1 (4EBP1). When available elFAE becomes limited,
the sub-complex elFAG/4A is able to bind to IRES-containing mMRNAS to mediate
translation (Svitkin et al., 2005). If elF4G is unable to bind elF4A, then IRES directed
translation is abrogated (Lomakin et al., 2000). Therefore elFAG plays an important role in
both cap-dependent and cap-independent mediated translation.

2. Biological Effects of elF4G at the Level of Tissues and the Whole

Organism

elF4G was first characterized through a mammalian in vitro lysate experiment testing 5’
cap-binding during mMRNA translation (Sonenberg et al., 1978). Further testing determined
that removing elF4G from this in vitro translation system effectively hinders initiation
complex formation, thereby preventing protein synthesis (Ali et al., 2001). In vivo, elF4G is
essential, as studies in yeast and nematodes demonstrate that absence of expression results in
developmental arrest and lethality (Contreras et al., 2008; Goyer et al., 1993). However,
reducing its expression after development can increase lifespan, while overexpression is
associated with malignant transformation of cells. In addition to modulation by transcription,
there are homologs, isoforms, and cleavage products of elF4G that alter the rate of
translation and type of mRNA species that are translated. The following subsections address
the timing, form, and tissue-specific effects of elF4G expression in the context of
development, longevity, response to stress, and age-associated pathology.

2.1. Importance of elF4G during and after development and in response to stress

Expression of elF4G is crucial during organismal development. Complete knockout of
elF4G in the yeast Saccharomyces cerevisiae is lethal (Goyer et al., 1993). A strain bearing
a null mutation in the C. elegans elFAG gene, ifg-1(ok1211), must be maintained as a
heterozygote, as animals homozygous for the knockout mutation cannot develop past the
second larval stage of development (Contreras et al., 2008). Subsequently, knock-down of
elF4G via RNAI feeding in C. elegans late in larval development diminishes fecundity and
arrests growth in the subsequent generation (Long et al., 2002; Pan et al., 2007). RNAI
knock-down is also associated with enlarged vesicle formation in the intestinal cells of
offspring which is accompanied with severe intestinal atrophy (Long et al., 2002). Loss of
function mutants exhibit increased apoptosis in germ cells concomitant with a shift in
mRNA translation that reinforces the apoptotic cascade (Contreras et al., 2011). Thus,
elF4G removal or suppression is associated with negative development and growth of
offspring.

In contrast to the deleterious effects of inhibiting elFAG during development in C. elegans,
multiple studies have concluded that reduced expression during adulthood leads to a
significant lifespan extension (Curran and Ruvkun, 2007; Hansen et al., 2007; Henderson et
al., 2006; Pan et al., 2007). Congruently, in yeast a deletion to the elF4G gene, TIF4631,
also produced a long lived mutant (Smith et al., 2008). At the organismal level, reducing
overall elF4G expression in adult nematodes, in addition to globally reducing translation,
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results in a modest shift in translation efficiency from transcripts associated with growth to
those associated with homeostasis and increased longevity (Rogers et al., 2011). This broad
level change in translation efficiency is correlated with mRNA length, connecting gene
function with transcript size. In yeast, two elF4G closed-loop structures during translation
initiation have been identified that are biased to mMRNA length in a manner dependent on the
level of elFAG present (Amrani et al., 2008). Depletion of elF4G in yeast, while greatly
diminishing overall protein synthesis, results in a small but widespread effect on
translational efficiency (Park et al., 2011). Thus, elF4G appears to control differential
mRNA translation, and differentially regulated mRNAs are functionally connected at the
level of the biological processes they modulate.

The ontological connection between elFAG level and differentially translated mMRNA may
help explain the observation that nematodes have increased survival in the absence of food
when elF4G is inhibited (Pan et al., 2007; Rogers et al., 2011). Taken together with the fact
that wild-type animals exhibit diminished elF4G protein levels when removed from food
(Rogers et al., 2011), these results suggests that controlling expression of this highly
conserved translation factor may be important for survival during periods of nutrient
deprivation. Additional support for this idea comes from the observation that the same genes
essential for longevity and increased survival in the absence of food when elF4G is inhibited
are also important for lifespan extension in a genetic model of dietary restriction (Rogers et
al., 2011). elF4G protein levels are diminished during glucose starvation in yeast (Berset et
al., 1998) and upon inhibition of the nutrient-responsive Target of Rapamycin (TOR)
pathway in mammalian cells (Ramirez-Valle et al., 2008). TOR controls a number of
cellular processes, including mRNA translation (Kapahi et al., 2010). TOR has also been
shown to regulate differential translation in yeast in a manner that is dependent on elF4G
(Thoreen et al., 2012). The connection between elF4G and the nutrient sensing TOR
pathway, together with results showing that expression of elF4G is related to nutrient
availability, suggest that changing the amount of elF4G may be a conserved adaptive
response to conditions of limited food resources.

elF4G overexpression prevents autophagy, apoptosis and senescence induced by ionizing
radiation in breast cancer epithelial cells, while reducing elF4G decreases viability (Badura
et al., 2012). Under heat stress, elF4G in mammalian cells dissociates from elF4E,
indicating a halt to cap-dependent translation (Vries, 1997). Other studies have documented
sequestration of elFAG into cytoplasmic stress granules of cultured cells during heat or
oxidative stress (Brown et al., 2011; Cuesta et al., 2000), suggesting a cellular need to halt
protein synthesis under stress conditions. Resistance to heat and oxidative stress in C.
elegans was not significantly increased beyond control levels when elF4G was knocked
down via RNA. for 48 hours in young adult worms (Pan et al., 2007; Rogers et al., 2011).
However, another study showed that four days of RNAI feeding was able to increase
thermotolerance (Hansen et al., 2007), possibly indicating that several days of inhibition are
required to sufficiently reduce elF4G protein to a level that increases resistance to stress. A
looming question is whether effects on lifespan and stress tolerance depend on the specific
form of elF4G and/or its expression in specific tissues.

2.2. Form dependent function of elF4G

Two distinct elFAG proteins were first identified in wheat, referred to as elF4G and
elFiso4G (Browning et al., 1992, 1987). The two forms differ in size with elF4G being
considerably larger (165 kDa) than elFiso4G (86 kDa) (Browning et al., 1987; Gallie and
Browning, 2001) (Figure 1). Although both proteins are capable of initiating cap-dependent
and cap-independent translation in vitro, evidence suggests differences for their roles in
translation. The complex formed by inclusion of the 165 kDa elF4G homolog more
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efficiently initiates translation when the 5° UTR contains a high degree of secondary
structure or even when the 5” cap is missing compared with that formed by the 86 kDa
elFiso4G homolog, which exhibits preferential binding to mRNA containing a less
structured 5 UTR (Gallie and Browning, 2001). The importance of understanding such
differences is made particularly interesting by the fact that the complexes formed between
the standard m7GpppX cap and elFiso4F more closely resemble the complexes formed
between the cap analogue and mammalian elF4F (Carberry et al., 1991). Total knockout of
elFiso4G forms in Arabidopsis thaliana leads to reduced germination rates, slower growth,
diminished fertility and reduced long term seed viability, indicating elFiso4G has a role in
translation of proteins involved in plant growth and development (Lellis et al., 2010). These
findings are in agreement with elF4G deletions in other organismal models, namely yeast
and C. elegans.

Mammals also encode two separate homologs of elFAG called elFAG-I and elFAG-II, both
of which contain binding sites for PABP, elF3, elF4A, and elFAE (Figure 1, Supplemental
Table 1; Gradi et al., 1998) The concentration of elF4G homologs varies between cell types,
but elF4G-1 is consistently expressed at a higher concentration than elF4G-11 (Coldwell et
al., 2012). Both elF4G-I and -1l initiate cap-dependent translation and are susceptible to
cleavage by virally encoded proteases, albeit at different locations (Marissen et al., 2000).
However, as with wheat, evidence suggests that each form displays differences in the
efficiency with which translation is carried out that is dependent on the mRNA. elF4G-l is
important for proliferation, bioenergetics, and mitochondrial activity and is important for
translating mMRNAs related to these processes (Ramirez-Valle et al., 2008). This form, which
is associated with cancer in mammals (covered in greater depth in section 2.3), was found to
promote the translation of transcripts with low abundance and those containing upstream
open reading frames in the aforementioned study. Translation of mMRNA subsets specifically
regulated by the TOR pathway are greatly diminished only when elFAG-I is depleted, but
not after removal of elF4G-I1 (Thoreen et al., 2012). However, elF4G-1 depletion does not
significantly alter global translation rate (Ramirez-Valle et al., 2008), indicative of a role for
other homologs, including elF4G-11 and DAPS, in contributing to a significant portion of
translation.

One report distinguishing the function of mammalian elFAG-I and -11, found that elFAG-I1 is
selectively recruited to capped mRNA at the initiation of differentiation in cells (Caron et
al., 2004). The researchers also provided evidence that cytokines can differentially regulate
the activity of both homologs. One year earlier, a phosphorylation screen aimed at
identifying targets of Ca2*/calmodulin-dependent protein kinase | found that eIF4G-11 was a
target (Qin, 2003). These studies suggest a role for elFAG-I11 in development and translation.
Further evidence for such a role came from a more recent study showing that this homolog
is required for male fertility in mice, specifically for meiotic exit during spermatogenesis
(Sun et al., 2010; referred to by Ensembl designation elFAG3 in that study). More studies
elucidating the distinct roles of the two homologs are needed to identify an impact on
growth, development, and ageing.

In yeast, two elFAG paralogs exist called TIF4631 and TIF4632 (Figure 1, Table 1).
Individual manipulations lead to varied effects on growth and development (Goyer et al.,
1993; Winstall et al., 2000). Yeast containing gene disruptions to TIF4631 display slow
growth and cold sensitivity which is not exhibited for disruptions in TIF4632 (Goyer et al.,
1993). However, altering the highly conserved leucine region to alanine residues within
either Tif4631 or Tif4632 results in a temperature sensitive growth phenotype (Tarun and
Sachs, 1997). Another study removed both elF4G paralogs and replaced them with either a
single Tif4631 or Tif4632 bearing the leucine to alanine change as the sole source of elF4G
and found temperature sensitivity or lethality depending on the location of the mutation
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(Winstall et al., 2000). Additionally, TIF4631 has been identified as an ageing regulator via
the deletion mutant tif46315, representing a long lived yeast model (Smith et al., 2008). All
together, these findings implicate elF4G as a yeast factor influencing growth and ageing in a
paralog dependent manner.

A single gene called ifg-1 in C. elegans encodes two characterized isoforms of elF4G,
referred to as p170 and p130 (Contreras et al., 2008; Long et al., 2002), although current
Ensembl projections include 6 splice variants (Ensembl Acc: NP_001022259). However, of
the two isoforms investigated, both are present and equally distributed throughout the
germline and somatic tissues (Contreras et al., 2008). p170 is similar to full length versions
of elFAG in other species, while p130 lacks the N-terminal domain containing the elF4E and
PABP-binding sites (Contreras et al., 2011, 2008), which is suggestive of a role in initiating
cap-independent translation. Although both isoforms are susceptible to cleavage during
apoptosis and viral infection, the p130 isoform contains only 65 more amino acids on the N-
terminal domain than the apoptotically cleaved forms of p130 and p170 (Figure 1; Contreras
et al., 2011). Whether the additional stretch of amino acids in p130 functionally separates it
from the cleaved form is unknown.

The short isoform and cleaved version of elFAG in C. elegans are similar to cleavage
products that exist in other species, which can appear during viral infection and apoptosis.
During picornaviral infection, cleaved elF4G initiates translation of viral RNA, which does
not contain a 5’ cap but relies on IRES-mediated translation (Pelletier and Sonenberg, 1988).
These viruses hijack much of the host’s translation machinery by cleaving elFAG and
separating elFAE and PABP binding domains from the domains that bind other initiation
factors important for ribosomal recruitment (Ali et al., 2001). The overall effect is that cap-
dependent translation decreases while IRES-mediated translation of non-capped mRNAs
increases (Ohlmann et al., 1995), allowing viral mMRNA an advantage over host mRNA for
translation (Ali et al., 2001). Interestingly, in an in vitro system, picornaviral RNA remains
untranslated in the presence of intact elF4G (Borman et al., 1997), suggesting that viral
infection relies on the cleaved form of elFAG for translation.

Hypoxia also induces a switch from cap-dependent to cap-independent translation. Such is
the case in breast cancer epithelial cells and HeLa cells in which cap-binding of elF4E is
inhibited by 4EBP (Braunstein et al., 2007; Koritzinsky et al., 2006). Although restricting its
access to the 5’ cap decreases overall protein synthesis, elF4G-I is able to stimulate cap-
independent IRES-mediated translation (Braunstein et al., 2007). During hypoxia, elF4G is
not noticeably cleaved in HelLa cells (Koritzinsky et al., 2006), indicating that IRES-
mediated translation of host mMRNA might not rely on truncated elF4G for initiation. Under
hypoxic conditions, elF4G-11 readily dissociates from the cap while elF4G-1 is slower to
disassociate, and small levels are still detected at the 5° cap after 16 hours of hypoxia
(Koritzinsky et al., 2006). IRES-containing mRNAs involved in promoting tumor
angiogenesis and survival such as vascular endothelial growth factor (VEGF), hypoxia
inducible factor 1a, and B-cell lymphoma 2 protein are preferentially translated by elF4G-I
in a cap-independent manner (Braunstein et al., 2007). Silencing elF4G-I expression in
tumor cells prevents hypoxia induced expression of VEGF (Braunstein et al., 2007).
Together, these results suggest that the elF4G-1 homolog preferentially mediates changes in
preferred mRNA translation in response to hypoxia.

During development and under certain environmental conditions, the protease caspase-3
cleaves elF4G-1 and elF4G-11 in mammalian cells, shutting down cap-dependent translation
and inducing apoptosis (Marissen and Lloyd, 1998; Marissen et al., 2000). Despite cleavage
kinetics being almost identical for both forms of elF4G in a human cell line, caspase-3
cleavage occurs at more sites in elFAG-11 than elF4G-1 (Bushell et al., 1999; Marissen et al.,
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2000). Similarly, the caspase CED-3 in C. elegans cleaves both IFG-1 p170 and p130 to
induce programmed removal of cells during development (Figure 1; Contreras et al., 2011).
In tetracycline-inducible cell lines expressing an elF4G-1 C-terminal fragment unable to
participate in cap-mediated binding, elF4G potently stimulated expression of the IRES-
containing angiogenesis factor VEGF and tumor promoting protein c-myc (Kaiser et al.,
2008). Under nutrient stress in yeast, several invasive yeast growth messengers are induced
by cap-independent translation utilizing potent IRES elements and elF4G binding (Gilbert et
al., 2007). Thus, the switch from cap-dependent to cap-independent translation has a
powerful influence on cellular fate.

The mammalian EIF4G-1 gene contains three active promoters which produce six elF4G-I
MRNA transcripts that give rise to five documented isoforms (Byrd, 2005) each with a
different role in regulating translation (Coldwell and Morley, 2006). Similarly, the
mammalian EIF4G-I1 gene produces multiple isoforms (Table 1). However, due to six
documented promoters, numerous splicing events and the use of an unusual CUG initiation
codon the exact number of elF4G-I11 isoforms is not yet known (Coldwell et al., 2012).
Multiple isoforms of elF4G expression from one gene is also apparent in non-mammalian
models such as C. elegans. Although only the p170 and p130 IFG-1 isoforms have been
documented in vivo (Contreras et al., 2008), Ensembl lists the existence of 6 transcript
variants (Flicek et al., 2012; Ensembl Acc: 3298).

Other intracellular proteins also share a similar domain with elF4G, and a small elF4G
family has come to be recognized, defined by the presence of the highly homologous middle
domain of elF4G (MIF4G in Figure 1, and Table 2). This family includes death associated
protein (DAP5; previously known as p97 and NAT1 and referred to as elF4G2 in Ensembl
Acc: 3297), PABP interacting protein-1 (PAIP-1), cap-binding protein 80 (CBP80)/20-
dependent translation initiation factor (CTIF), CWC22, nucleolar MIF4G domain-containing
protein (NOM1), up-frame shift suppressor 2 homolog (UPF2), and SLBP-interacting
protein 1 (SLIP1; Table 2).

DAPS5 is homologous to the C-terminal two thirds of elFAG but does not contain elF4E and
PABP-binding sites (Figure 1, and Supplemental Table 1). Although originally shown to be
an inhibitor of cap-dependent and independent translation (Imataka and Sonenberg, 1997;
Yamanaka et al., 1997), subsequent studies have shown instances in which DAP5 promotes
cap-independent/IRES-mediated translation. In addition to being implicated in driving
IRES-mediated translation under various cellular stresses, it has been demonstrated to be
important for initiating synthesis of cell cycle factors (Lee and McCormick, 2006) and in
mediating non-stressed cell survival during mitosis (Liberman et al., 2009). DAP5 can be
proteolytically cleaved to form a P86 form and both the full length and cleaved forms are
able to initiate translation (Nousch et al., 2007). Furthermore, DAP5 can promote translation
of DAP5 mRNA via its own IRES under ER stress in a caspase independent manner while
its cleaved P86 form is responsible for selective translation of human inhibitor of apoptosis
protein-2 under the same condition (Lewis et al., 2007).

PAIP-1 is thought to be a translational co-activator due to the lack of an elF4E binding site,
but maintains the ability to bind elF4A and shows 39% similarity to human MIF4G (Craig et
al., 1998). More recently, evidence suggested that elF3-PAIP-1 stabilizes the interaction
between PABP and elF4G (Martineau et al., 2008). This study established the presence of
three isoforms of PAIP-1 named according to their size (P45, P51, and P65). Although P65
is the dominant form expressed in HeLa cells, the P45 form is able to induce translation in a
reporter system that is two times that of either the P51 or P65 isoforms (Martineau et al.,
2008). Little is known about whether these forms have preferred activity for mRNAs based
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on characteristics of transcripts such as size, UTR structure, or the presence of cis-regulatory
elements.

The other elFAG family members CTIF, NOM1, CWC22, UPF2 and SLIP1 have not been as
heavily studied as DAP5 and PAIP-1. The CTIF protein displays similar characteristics of
elF4G in addition to containing a MIFAG. CTIF is highly enriched in the perinuclear region,
interacts with the exon junction complex (EJC), and initiates cap-binding dependent
translation of MRNAs after nuclear export (Kim et al., 2009). Identified in humans, NOM1
is nuclear, integral to rRNA biogenesis, and is considered an elFAG-like nucleolar
translation partner (Alexandrov et al., 2011). The protein CWC22, responsible for EJC
formation, is involved in pre-mRNA splicing, and shares sequence similarity to NOM1
(Steckelberg et al., 2012). Unlike the protein synthesis favoring properties of elF4G, UPF2
possesses three MIF4G regions and is involved in mRNA degradation when translation
initiation is inhibited or premature nonsense codons are encountered (Cui et al., 1995). Mice
with UPF2 allele knockout exhibit early embryonic lethality (Weischenfeldt et al., 2008).
Mammalian SLIP1 activates translation of mMRNAs with a histone stem-loop in the nucleus,
and also interacts with both elF4G-1 and I, supporting the role of SLIP1 in translation
(Cakmakci et al., 2007).

2.3. Disease and aberrant expression of elF4G in specific tissues

Despite controlling growth, development, and lifespan regulation, elF4G is also linked to
several processes and development of disease. For a number of years, aberrant or
overexpression of elFAG has been associated with cancer in humans and in initiating
tumorigenesis in tissue culture and in studies with mice. Overexpressing human elF4G-I in
mouse fibroblasts is sufficient to induce cellular transformation (Fukuchi-Shimogori et al.,
1997). The resulting cells lack contact inhibition and continue to grow, exhibiting colony
formation akin to malignant phenotypes. Injection of the elFAG-I overexpressing cells into
mice is also sufficient to induce tumor formation (Fukuchi-Shimogori et al., 1997).

Aberrant increased expression of elF4G-I is found in hypopharyngeal and nasopharyngeal
carcinoma (Cromer et al., 2003) (Fang et al., 2008). A later study found that nasopharyngeal
carcinoma patients with the highest levels of elF4G-I have the lowest survival rates (Tu et
al., 2010). In fact, Tu and colleagues showed that elF4G-1 expression could be used as a
biomarker for the prognosis of patients with this type of cancer. The same study also showed
that knocking down elF4G-I expression reduces cell migration and matrigel invasion in
culture and dramatically decreases tumor size in xenografted mice. In the absence of elF4G-
I, cells exhibit an increase in levels of programmed cell death 4, a key tumor suppressing
protein (Tu et al., 2010).

elF4G is also overexpressed in squamous cell lung carcinoma (Bauer et al., 2002; Comtesse
et al., 2007). In particular, biochemical analysis indicates overexpression of elFAG-I in a
majority of surgically removed lung cancer tumors (Bauer et al., 2002). elF4G-1 mRNA
expression is elevated in human squamous cell lung carcinomas, consistent with the
previous findings of elF4G protein overexpression (Comtesse et al., 2007). Interestingly,
gene expression of EIF2B, EIF4AL and EIF4B were also elevated in squamous cell
carcinomas, large cell carcinomas, adenocarcinomas and small cell carcinomas, but no
increase in the elF4G binding partner elF4E was found (Comtesse et al., 2007).

Biopsies from breast cancer patients exhibit drastically increased elFAG expression in large
advanced carcinomas (Braunstein et al., 2007). Overexpression of elF4G-I increases IRES-
mediated translation of mMRNAs encoding the cell surface anchoring protein catenin and
promotes inflammatory breast cancer tumor formation (Silvera et al., 2009), a primary breast
cancer with the highest rate of lethality. Regression analysis suggests that elF4G-I is the
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only significant predictor of inflammatory breast cancer of those tested. Using ShRNA
targeted to elF4G-I reduced its expression by 90% in SUM149 cells, which are used as a
model of inflammatory breast cells. Knock-down of elF4G-I is sufficient to impair
inflammatory breast cancer tumor growth in a nude mouse xenograft model and to inhibit
characteristics important for invasiveness despite only a 15% reduction in overall protein
synthesis. Further analysis shows that selective translation inhibition of mMRNA-IRES
elements in the 5° UTR is responsible for the impaired tumor growth (Silvera et al., 2009).

The relatively small decrease in overall protein synthesis when elFAG-I is inhibited is also
observed for other cell types, including an immortalized breast epithelial cell line, primary
human neonatal dermal fibroblasts, and BT-474 breast cancer cells (Ramirez-Valle et al.,
2008). Inhibiting elF4G-1 induces autophagy and diminishes mitochondrial function similar
to TOR pathway inhibition (Ramirez-Valle et al., 2008). It also reduces ATP levels,
activating AMPK. Silencing other translation factors, including elF4G family members,
does not show the same effect on energy status. Interestingly, although silencing elF4G-I
has also been shown to increase expression of elFAG-I1 in breast cancer epithelial cell lines
(Badura et al., 2012), simultaneous elFAG-I and elFAG-II silencing does not decrease
protein synthesis beyond the results of silencing elF4G-1 alone, while silencing both elF4G-I
and the elF4G family member DAPS5 together results in a 60% reduction in translation
(Ramirez-Valle et al., 2008). Silencing elFAG-I leads to a 50-fold decrease in epithelial cell
viability after ionizing radiation, while silencing elF4G-11 or elFAE resulted in only a partial
reduction in viability (Badura et al., 2012). The same study showed that apoptosis in the
absence of ionizing radiation is also significantly increased with elF4G-1 silencing.

After ischemic brain injury, protein synthesis decreases in neurons, correlated with
degradation of elF4G invivo (Neumar et al., 1998; Vosler et al., 2011). Overexpression of
elF4G-1 in cultured neurons results in increased protein synthesis, and provides protection
from ischemia induced neuronal death (Vosler et al., 2011). Silencing neuronal expression
of elF4G-I results in increased cell death after ischemia (Vosler et al., 2011). Ultimately,
preserving elFAG-I levels in vivo prevents tissue loss after brain injury (Neumar et al., 1998;
Vosler et al., 2011). Thus, effects of expression levels of elF4G, even in a post-
developmental context, are tissue- and condition-specific.

A mutation in the elF4G-1 gene is linked to familial Parkinson’s disease in a French family
(Chartier-Harlin et al., 2011). The mutant allele affects the primary structure in the regions
interacting with elF3 and elF4A, yet only elF3 binding appears diminished. elFAG-I
encoded by the mutant allele is unable to associate with elF4E, possibly due to
conformational changes (Chartier-Harlin et al., 2011). A separate study confirmed that the
EIF4AG-I variation R1205H found in this study seems to be a strong risk factor for
Parkinson’s disease (Nuytemans et al., 2013). However, a study of 425 Parkinson’s disease
cases in the Chinese Han population did not detect this mutation (Yuan et al., 2013), neither
is it found to be a genetic determinant of this disease in a larger screen of Parkinson’s
patients in another European population (Lesage et al., 2012). While the latter study did
document several other mutations in the elF4G-I allele, some of which are present in normal
controls and others only in Parkinson’s patients, the findings are insufficient to support a
direct link between elF4G-I mutations and pathogenesis (Lesage et al., 2012). Further
research is required to elucidate the role of specific elF4G alleles in neurodegenerative
disorders like, and including, Parkinson’s.

3. Conclusion

elF4G is an essential mediator of protein synthesis, required for growth and development
that also contributes to age-related decline and disease susceptibility. Reducing overall
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elF4G expression in adult nematodes, in addition to increasing lifespan and globally
reducing translation, differentially alters translation efficiency away from transcripts
associated with growth toward those associated with homeostasis and increased longevity
(Rogers et al., 2011). A deletion in yeast also results in increased lifespan (Smith et al.,
2008), with depletion leading to a widespread effect on translation efficiency (Park et al.,
2011). However, this factor comes in different forms, which evidence suggests function
differently. These differences alter translation efficiency, further testing of which will reveal
how altered expression via these homologs and isoforms of elF4G affect ageing and the
progression of age-related disease.

Mechanisms controlling translation have been shown to play an important role in age-related
disease, such as cancer. It has been demonstrated that the rate limiting factor for tumor
growth and development is angiogenesis triggered by hypoxia (Bergers and Benjamin,
2003). Interestingly, elF4G functions as a hypoxia-activated switch to facilitate cap-
independent mRNA translation in mammalian tumors (Braunstein et al., 2007) and mild
hypoxia is associated with an increase in lifespan in C. elegans (Lee et al., 2010). Indeed
effectors of the hypoxic response have also been shown to influence lifespan in nematodes
(Chen et al., 2009; Mehta et al., 2009). Whether an increase in cap-independent translation
in C. elegans, possibly mediated by the short isoform or proteolytically cleaved long isoform
of elF4G, might promote longevity in the absence of an overall reduction in elFAG levels is
unknown. At the very least, further testing on hypoxia and elF4G in C. elegans may yield
insight into whether the mechanisms controlling mammalian tumor growth are the same or
divergent from ageing models.

Evidence suggests that the form of elF4G appears to be detrimental or beneficial according
to the context in which it is regulated. In mammals, pathogenesis has come to be associated
with the elFAG-I homolog, with suppression of this form able to slow tumor growth. On the
other hand, expression of elF4G-I in damaged neural tissue promotes cell survival and
potentially ameliorates effects of certain neurodegenerative disorders. Exactly how (or
whether) these observations in mammals are connected to lifespan modulation in
invertebrate models is unclear. However, multiple models of longevity regulation exist that
are centered on translational control, which are now beginning to be established in mammals
(e.g., Selman et al., 2009). Whole animal model screens allowing analysis of the role of
specific forms of elF4G in certain tissues and developmental phases would allow
researchers to more fully characterize the contribution of elF4G to the regulation of lifespan
and may help elucidate its role in the initiation and progression of cancer, Parkinson’s
disease, and other age-related diseases.

As this initiation factor remains conserved across species, fully understanding the
mechanisms behind elFAG regulation, specifically with regards to tissue location, is
paramount. We speculate that elF4G has a similar if not identical role in mammalian ageing
and age-related disease susceptibility as exhibited in simpler models. Due to the
experimental tractability, brief lifespan, and analogy to mammalian models, invertebrate
models such including yeast, worms, and flies will likely pave the way for advanced
understanding of elFAG regulation in the health and vitality of the whole organism.
Additional research into the importance of specific forms of elF4AG, their tissue-specific
roles and the timing/circumstances of expression in organismal health hold the possibility of
identifying therapeutic applications of elFAG modulation to increase lifespan and slow age-
related decline in humans.
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Figure 1. Comparisons of el FAG acr oss species

Protein structures of elF4G for different species aligned using the most highly conserved
middle domain of eukaryatic initiation factor 4G (MIF4G; blue). Percent sequence
conservation across the forms is indicated at the bottom of the alignment. DAP5 was
included based on homology with both human elF4G-1 and —I1. Conserved binding domains
for elF4E (orange), elF3 and/or elF4A (pink; yellow for second elF4A binding site), and
PABP (green) are shown. Putative PABP (light green) and elF4E (light orange) binding sites
are also indicated in the C. elegans IFG-1 isoform A and D (p170 and p130 respectively).
The conservation of putative binding domains for elF4A and elF3, although presumably
present, were not definitively identified in C. elegansand yeast. Cleavage sites for protease
2A, caspase-3, and caspase CED-3 (C. elegans) are shown in grey. The MA-3 and elF4G
domain (MlI; purple) represents a homologous sequence between human and wheat elF4G
isoforms which has not been identified in C. elegans or yeast. See Supplemental Table 1 for
amino acid binding sites. CLC Workbench 6.8.2 alignment.
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elF4G homologs across species with MIF4G region identified by amino acid location.

Table 1

Sequence Name Binding Region Reference

(Amino Acid Length) Domain

el FAG-I/el F4G1 Human (1599) MIF4G 565-792 Uniprot: Q04637
Isoform 1 (1600) MIF4G 762-987 NCBI: NP_886553.3
Isoform 2 (1512) MIF4G 674-899 NCBI: NP_937887.1
Isoform 3 (1435) MIF4G 597-822 NCBI: NP_937885.1
Isoform 4 (1404) MIF4G 566-791 NCBI: NP_004944.3
Isoform 5 (1599) MIF4G 761-986 NCBI: NP_937884.1
Isoform 6 (1606) MIF4G 768-993 NCBI: NP_001181875.1
Predicted Isoform X3 (1600) MIF4G 762-987 NCBI: XP_005247244.1
Predicted Isoform X4 (1600) MIF4G 762-987 NCBI: XP_005247245.1
Predicted Isoform X12 (1404) MIF4G 566-791 NCBI: XP_005247253.1
Predicted Isoform X13 (1404) MIF4G 566-791 NCBI: XP_005247254.1
el FAG-I1/el FAG3 Human (1585) MIF4G 755-983 Uniprot: 043432
Isoform 1 (1621) MIF4G 791-1016  NCBI: NP_001185730.1
Isoform 2 (1591) MIF4G 761-986 NCBI: NP_001185731.1
Isoform 3 (1585) MIF4G 755-980  NCBI: NP_003751.2
Isoform 4 (515) NCBI: NP_001185732.1
el FAG-I/el F4G1 Mouse (1600) MIF4G 765-993 Uniprot: Q6NZJ6
Isoform A (1600) MIF4G 765-993 NCBI: NP_666053.2
Isoform B (1593) MIF4G 758-986 NCBI: NP_001005331.1
el FAG-I1/el FAG3 Mouse (1579) MIF4G 750-978 Uniprot: Q80XI13
Isoform 1 (1578) MIF4G 768-993 NCBI: NP_766291.2
Isoform 2 (1567) MIF4G 757-982 NCBI: NP_001243124.1
Isoform 3 (1464) MIF4G 757-982 NCBI: NP_001243127.1
el FAG-I/el FAG1 Rabbit (1402) MIF4G 567-793 NCBI: P41110.1

el FAG-I1/el FAG3 Rabbit (1579) Uncharacterized Uniprot: GISHL6
IFG-1p170 C. elegans (1156) MIF4G 518-748 Uniprot: Q21531
Isoform A (1156) MIF4G 518-748 NCBI: CAA90261.1
Isoform B (1155) MIF4G 517-747 NCBI: CAE47470.1
Isoform C (1042) MIF4G 404-634 NCBI: CAR31495.1
Isoform D (734) MIF4G 96-326 NCBI: NP_001129820
Isoform E (688) MIF4G 50-280 NCBI: CAR31497.1
IFG-1p130 C. elegans (765) MIF4G 127-357  (Contreras et al., 2011)
ol FAG-1 /el FAG1 Fruit Fly@ (1666) MIF4G 751-999  NCBI: AAC38985.1
Isoform A (1666) MIF4G 751-999 NCBI: AAF59403.3
Isoform B (1919) MIF4G 1004-1252 NCBI: ABV53593.1
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Sequence Name Binding Region Reference

(Amino Acid Length) Domain

Isoform C (1666) MIF4G 751-999 NCBI: NP_001137857.1
Tif4631 Y eastP (952) MIF4G 607-850 Uniprot: P39935
Tif4632 Yeast? (914) MIF4G 567-810  Uniprot: P39936

el FAG1 WheatC (1488) MIF4G 883-1106  Uniprot: GSCEW6
el FisodG1 WheatC (788) MIF4G 211-436  Uniprot: Q03387

el Fiso4G2 Wheat€ (787) MIF4G 210-435  Uniprot: Q41583
elF4G Arabidopsisd (1727 MIF4G 1096-1319 NCBI: AEE80028.1
el Fisod4G1 Arabidops‘sd (780) MIF4G 216-440 NCBI: Q93ZT6.1

el Fiso4G2 Arabidopsisd (747) MIF4G 176-400 NCBI: 082233.1

aDrosophi la melanogaster,
b, L.
Saccharomyces cerevisiae,
C_ .. )
Triticum aestivum,

dArabidopsis thaliana
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Table 2

Blast search of the middle domain of eukaryotic initiation factor 4G region across species, with MIF4AG
identified by amino acid location.
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Sequence Name? Binding Region Reference

(Amino Acid Length) Domain

Human MIF4G Family

CWC22 (908) MIF4G 163-346 Uniprot: Q9HCG8

DAPS/elF4G2 (907) MIF4G 78-308  Uniprot: P78344

NCBP-1/CBP80 (790) MIF4G 28-240 NCBI: Q09161.1

NOM1 (860) MIFAG  362-559  Uniprot: Q5C9Z4

PAIP-1 (479) MIF4G 159-376 Uniprot: Q9HO074

SLIP1 (222) MIF4G 3-205 Uniprot: AAUHW6

UPF2 (1272) MIF4G1 168-431 Uniprot: Q9HAUS
MIF4G2 569-758 Uniprot: Q9HAUS
MIF4G3 773-986 Uniprot: Q9HAUS5

Mouse MIF4G Family

CWC22 (908) MIF4G 161-344 Uniprot: Q8C5N3

DAP5/elF4G2 (906) MIF4G 78-308 Uniprot: Q62448

NOM1 (854) MIFAG ~ 356-553  Uniprot: QQUFMS5

PAIP-1 (400) MIF4G 80-297 Uniprot: Q8VE62

SLIP1 (222) MIFAG 3-205 Uniprot: Q3UBZ5

UPF2 (1269) MIF4G1 167-362 NCBI: NP_001074601.1
MIF4G2 569-756 NCBI: NP_001074601.1
MIF4G3 771-984 NCBI: NP_001074601.1

Rabbit MIFAG Family

DAP5/elF4G2 MIF4G 78-308 NCBI: NP_001075848.1

Predicted UPF2 (1269) MIF4G1 160-355 NCBI: 291401994
MIF4G2 563-750 NCBI: 291401994
MIF4G3 765-978 NCBI: 291401994

C. elegans MIF4G Family

F44A2.5 Isoform B (390) MIF4G 173-372 NCBI: CCD71191.1

NCBP-1/CBP80 (798) MIF4G 28-241 NCBI: NP_491850.2

LET-858/CWC22 ortholog (897) MIF4G 195-382 NCBI: CAB04256.1

SMG-3/UPF2 ortholog (1142) MIF4G1 461-601 NCBI: ABQ96385.1
MIF4G2 650-827 NCBI: ABQ96385.1

Y52B11A.10/NOM1 (819) MIF4G 332-529 NCBI: CAB63391.1

Fruit FlyP MIF4G Family

CBP80 (800) MIF4G 31-243 NCBI: Q7K4N3.1

CG7907 Isoform B (753) MIF4G 63-243 NCBI: ABW08721.1

CG7907 Isoform C (753) MIF4G 63-243 NCBI: ABW08722.1

CWC22 (1330) MIF4G 421-602 NCBI: 74869383
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Sequence Name? Binding Region Reference
(Amino Acid Length) Domain
DAP5/elF4G2 (2072) MIF4AG  1274-1514 NCBI: AAF56194.2
NOM1 (854) MIF4G 352-553 NCBI: 74871964
Upf2 (1241) MIF4G1 104-300 NCBI: AAF46314.1
MIF4G2 518-701 NCBI: AAF46314.1
MIF4G3 716-934 NCBI: AAF46314.1
Yeast® MIF4G Family
Cwc22p (577) MIF4G 24-182 NCBI: NP_011794.3
Upf2p MIF4G1 34-240 NCBI: AAA66521.1
MIF4G2 374-561 NCBI: AAA66521.1
MIF4G3 578-780 NCBI: AAA66521.1
Sgd1p/NOM1 ortholog (899) MIFAG ~ 350-540  NCBI: NP_013440.1
Sto1l/NCBP-1 ortholog (861) MIFG4 36-264 Uniprot: P34160
Arabidopsisd M1F4G Family
At1g80930/F23A5_23 (900) MIFAG  363-546  NCBI: AEE36468.1
MIF4G Domain Protein (223) MIF4G 9-198 NCBI: AEE33963.1
MIF4G/MA3 Domain Protein (784)  MIF4G 304-499 NCBI: AED92488.1
NCBP-1/CBP80 (848) MIF4G 20-201 NCBI: AEC06238.1
UPF2 (1182) MIF4G1 57-208 NCBI: AEC09651.1
MIF4G2 468-656 NCBI: AEC09651.1
MIF4G3 671-872 NCBI: AEC09651.1
MIF4G Protein/PUB57 (371) MIF4G 4-166 NCBI: AEE33333.1
MIF4G Protein/PUB58 (485) MIF4G 25-200 NCBI: AEE33334.1

aWheat was excluded from the table due to uncharacterized MIF4G family members.

bDrosophi la melanogaster,
cSacchar omyces cerevisiae,

dArabidopsis thaliana
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