Cell Cycle 10:2, 229-240; January 15,2011; © 2011 Landes Bioscience

REVIEW

Cellular IRES-mediated translation
The war of ITAFs in pathophysiological states

Anton A. Komar' and Maria Hatzoglou?

'Center for Gene Regulation in Health and Disease; Department of Biological, Geological and Environmental Sciences; Cleveland State University;
2Department of Nutrition; School of Medicine; Case Western Reserve University; Cleveland, OH USA

Key words: translation initiation, IRES, canonical initiation factors, ITAFs, stress response, elF2, angiogenesis, mitosis,

nutrient-signaling, hyperosmolar stress

Translation of cellular mRNAs via initiation at internal ribosome
entry sites (IRESs) has received increased attention during
recent years due to its emerging significance for many
physiological and pathological stress conditions in eukaryotic
cells. Expression of genes bearing IRES elements in their
mMRNAs is controlled by multiple molecular mechanisms, with
IRES-mediated translation favored under conditions when
cap-dependent translation is compromised. In this review,
we discuss recent advances in the field and future directions
that may bring us closer to understanding the complex
mechanisms that guide cellular IRES-mediated expression.
We present examples in which the competitive action of IRES-
transacting factors (ITAFs) plays a pivotal role in IRES-mediated
translation and thereby controls cell-fate decisions leading to
either pro-survival stress adaptation or cell death.

Introduction

Protein biosynthesis is a complex process consisting of three
major phases: initiation, elongation and termination."? In pro-
karyotes, the initiation step leading to assembly of elongation-
competent ribosomes at the start codon of the mRNA involves
interaction between the 3'-end of a 16S rRNA and a Shine-
Dalgarno sequence upstream of the start codon.>” In contrast, in
eukaryotes, initiation is the most complex phase of the transla-
tion process and may proceed via multiple routes.>*” As discussed
in detail below, these routes include the cap-dependent and/or
scanning mode of initiation as well as cap-independent initia-
tion directed by Internal Ribosome Entry Sites (IRES). The later
mode of initiation represents the major focus of this review.

Canonical Cap-Dependent Translation Initiation

For most eukaryotic mRNAs, translation initiation involves bind-
ing of the mRNA 5- m’G cap-structure to a protein complex
referred to as the cap-binding complex or elF4F.>*” This complex
consists of the cap-binding protein eIF4E, the scaffolding protein
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elF4G which recruits and links together many other initiation
factors, and the ATP-dependent RNA helicase elF4A, which is
thought to unwind the secondary structure in the 5-untrans-
lated region (5-UTR) of the mRNA.*¢7 Binding of eIF4F to the
mRNA is followed by recruitment of the 40S ribosomal subunit
with its associated initiation factors, resulting in the 43S initiation
367 This complex is comprised of: (1) the 40S subunit,
(2) a ternary complex containing an initiator tRNA molecule
(eIF2¢GTPeMet-tRNAiM), (3) the multi-subunit initiation fac-
tor elF3, which has multiple functions,® but also serves as a bridge
between the 40S ribosome and mRNA-bound elF4G and (4) the
initiation factors elF1 and eIF1A, which facilitate recognition of
the start codon.*®7 It is widely believed that after its assembly at

the 5'-end, the 43S initiation complex moves along the 5-UTR in
3,6,

complex.

search of the initiation codon.>®” When the complex encounters
and recognizes the initiation AUG codon (usually this is the first
AUG encountered), the 40S subunit is joined by a 60S subunit
to form an elongation-competent 80S ribosome.*®’ It has also
been demonstrated that 5'- and 3'-ends of the mRNA cooper-
ate during cap-dependent initiation in eukaryotes (reviewed in
refs. 3, 6 and 7). This, in particular, involves interaction between
poly(A)-binding protein (PABP) bound at the 3' end of the mes-
sage and elF4G bound at the 5' end, resulting in circularization of
the mRNA (Fig. 1A). The latter, has been suggested to facilitate
recycling of ribosomes by allowing 40S subunits to enter the next
initiation phase almost immediately after termination of protein
synthesis, thus enhancing the overall rate of initiation.*”® In addi-
tion, the elF4G-PABP interaction was suggested to stabilize the
interaction of elF4F with the mRNA (reviewed in ref. 7).

The scheme of cap-dependent translation presented here
(Fig. 1A) is a simplified representation that omits many mecha-
nistic aspects of the process, including the roles of additional ini-
tiation factors (reviewed in refs. 3, 6 and 7).

Alternative Internal Route of Translation Initiation

For a long time the “cap-dependent” or “scanning” mode of initia-
tion was considered the only possible route through which transla-
tion of eukaryotic mRNAs could be initiated. However, studies
of viral gene expression in the late 1980s led to the discovery of
an alternative mode of translation initiation in eukaryotic cells
that bypasses the requirement for cap-dependent scanning and
allows the 40S ribosome to be directly recruited to the vicinity of
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elF2/5B/Ligatin/
MCT-1/DENR/?

Figure 1. Cap-dependent and IRES-mediated mechanisms of transla-
tion initiation in eukaryotic cells. (A) Cap-dependent initiation is
believed to require all canonical initiation factors and involve circu-
larization of the mRNA via interaction of PABP with elF4G. (B) Cellular
IRES-mediated translation generally does not require the cap-binding
protein elF4E and/or intact elF4G, but may involve circularization of the
mRNA. The requirement for canonical initiation factors and ITAFs can
vary between different IRES-containing mRNAs. Potential mechanisms
of cellular IRES-mediated translation: (i) most, if not all, canonical initia-
tion factors and many ITAFs are required (top part); (i) a limited number
of canonical factors and ITAFs are required (middle); and (iii) canonical
factors are dispensable, but some ITAFs may be required (bottom). De-
livery of Met-tRNAiM¢ to the 40S ribosomal subunit may be performed
by elF5B/Ligatin/MCT-1/DENR®**¢°%5° and perhaps some other, yet
unidentified proteins, acting in place of elF2.
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the initiation codon (reviewed in refs. 7 and 10-12). The mRNA
regions required for this direct recruitment of the 40S ribosomal
subunit were termed Internal Ribosome Entry Sites (IRESs) to
emphasize that the process isindependent of 5'-end recognition.”%!?

It has been shown that viral IRES-driven translation initia-
tion is typically utilized when cap-dependent initiation is com-
promised.”!*'? As might be thus expected, viral IRES-driven
translation has a generally reduced requirement for canonical
translation initiation factors, particularly members of the eIF4F
complex (initiation factors eIF4E and eIF4G). Several other initi-
ation factors also appeared to be dispensable for the internal initia-
tion pathway (reviewed in refs. 7 and 10-13). The involvement of
canonical initiation factors in IRES-driven translation initiation
appears to vary for IRESs in different mRNAs. Analysis of the
structures of viral IRES elements has shown that they possess com-
plex secondary and tertiary structures that are believed to direct
non-canonical interactions between the IRESs and components
of the canonical translational apparatus, thus allowing for 5'-end-

1213 Tn some cases, these non-canonical

independent initiation.
interactions reduce the requirements for canonical initiation fac-
tors almost completely.'*'* Moreover, in certain “extreme” cases,
initiation can proceed without involvement of any of the canoni-
cal initiation factors," relying exclusively on direct interactions
between the IRES and the 40S ribosome.” In addition, a number
of proteins have been identified that are capable of modulating
(typically enhancing) internal initiation. These so-called IRES
trans-acting factors (ITAFs) (reviewed in refs. 11 and 16) are cel-
lular RNA-binding proteins that have a variety of cellular func-
tions in addition to promoting internal initiation; however, they
do not appear to be involved in cap-dependent translation initia-
tion. The role of ITAFs in IRES-driven initiation is discussed in
detail below.

Cellular IRES-Mediated Translation

IRES-mediated translation of cellular transcripts was not widely
recognized or extensively studied until recently (reviewed in
ref. 16). This delay in attention is due to a number of reasons.
First, cellular IRES-mediated translation is typically less effi-
cient than the best studied cases of viral IRES-mediated transla-
tion.'® Second, substantial concerns about the validity of cellular
1718 prompting
investigators to perform thorough analyses of the integrity of the
mRNA in order to support their claims of internal initiation.”
Third, cellular IRES-mediated translation appears to be regu-
lated by multiple sophisticated control mechanisms (see below),
guided by their physiological significance. The IRESite database®
presents evidence of many eukaryotic cellular internal ribosome

internal initiation have been raised in some cases,

entry site elements and the list is growing.?” An increasing body
of evidence indicate that these cellular IRESs have two major
physiological functions: (1) they support low levels of transla-
tion initiation for cellular IRES-containing mRNAs with highly
structured 5-UTRs (incompatible with efficient scanning) under
normal physiological conditions when cap-dependent translation
is fully active and (2) they support robust translation of cellu-
lar mRNAs under a variety of physiological conditions such as
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mitosis, when cap-dependent translation is compromised. All cel-
lular mRNAs are presumed to be capped and should be capable
of binding the eIF4F complex. However, it is generally believed
that conventional scanning from the 5-end is not efficient for
most IRES-containing cellular mRNAs because their 5UTRs
are typically long, GC-rich, highly structured and may contain
several upstream translation initiation codons.?! Nevertheless,
cases when both mechanisms operate on the same message do
exist. The mRNA for neurogranin, a neuronal calmodulin-bind-
ing protein, is an example of a message that is translated by both
5'-cap-dependent and internal initiation mechanisms.?

It is now apparent that under conditions of decreased cap-
dependent initiation, cellular (like viral) IRES-mediated initiation
takes over.?** It has been demonstrated that many physiological,
pathophysiological and stress conditions that lead to inhibition of
cap-dependent translation cause a substantial increase in cellular
IRES-mediated translation (reviewed in refs. 16 and 25). Such
conditions include, but are not limited to, endoplasmic reticulum
(ER) stress, hypoxia, nutrient limitation, mitosis and cell differen-
tiation. Since cap-dependent translation is suppressed under these
conditions, it is believed that IRES-containing mRNAs become
more competitive for the available pool of ribosomes and trans-
lation initiation factors, including both canonical initiation fac-
tors and ITAFs (Fig. 1B). It is striking that many of the cellular
mRNAs that contain IRES elements®
involved in protection of cells from stress or, alternatively, induc-

encode proteins that are

tion of programmed cell death (apoptosis). Therefore, it is cur-
rently believed that cellular IRES-mediated translation plays an
important role in cell-fate decisions under a variety of conditions.

It should be noted, however, that in contrast to viral IRES
elements whose mechanism of action is becoming better under-
Stood’12,13,26

underlying cellular IRES function. In this review article, we will

very little is currently known about the mechanism

focus on the emerging mechanisms of the cellular IRES structure
and function, as well as the many questions that remain to be
answered.

Structure of Cellular IRES Elements

No common sequence and/or structural motifs have been identi-
fied to allow prediction of cellular IRES elements from an mRNA
sequence. Therefore, the existence of an IRES in a particular
mRNA must be experimentally determined in each and every
case following a set of defined tests (reviewed in refs. 16 and 27).
The vast majority of cellular IRES elements are located within
the 5-UTRs immediately upstream of the initiation codon.
Nevertheless, there are cases in which the IRES is downstream
of the initiation codon or located in the coding regions of the
message, thereby triggering synthesis of a truncated protein.?®%
Chemical and enzymatic probing of the structure of a variety
of cellular IRESs revealed (as found for viral IRES elements)
complex structures that often include stem loops and pseu-
doknots.'®
detected among cellular IRES elements.*"# In general, as com-

30 However, no common structural motifs have been

pared to their viral counterparts, cellular IRES elements appear
to be much more diverse in their structures and surprisingly
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less stable in terms of the Gibbs free energy of the folded
mRNA.*

Mechanism of Cellular IRES-Directed Translation
Initiation: Involvement of Canonical Initiation Factors

Similar to viral IRESs, cellular IRES elements likely partici-
pate in multiple interactions with components of the transla-
tional machinery (canonical initiation factors, ITAFs and 40S
ribosomal subunits). Together, these interactions are believed to
provide (in most of the cases) a means for proper positioning of
the initiation codon at the ribosomal P-site without ribosomal
scanning from the 5" end of the message (reviewed in ref. 16).
However, this remains largely hypothetical, since there have not
been extensive systematic studies of the ability of cellular IRES
elements to bind the 40S ribosomal subunit or of the require-
ments for canonical translation initiation factors in cellular
internal initiation. It also remains possible that certain cellular
IRESs may utilize the so-called “land” (in the vicinity of initia-
tion codon) “and scan” mechanism typical for picornavirus IRES
elements.® IRESs found in c¢-myc, L-myc and N-myc mRNAs
were suggested to utilize this mechanism of internal initiation.*
In addition, it has been postulated that some cellular IRESs,
e.g., a short nine nt IRES from the mRNA of the human home-
odomain protein Gtx* and a 90 nucleotide IRES found in the
human proto-oncogene IGFIR mRNA may operate through a
Shine-Dalgarno-like interaction between the IRES and the 185
rRNA.*¢ Yet, it is unclear, how many other cellular IRESs may
utilize a prokaryotic-like mechanism of initiation. Clarification
of these issues is an important goal since several lines of evidence
suggest that IRES-driven initiation appears to account for a sig-
nificant proportion of cellular translation initiation: (1) a large
number of cellular IRESs have been experimentally verified,*® (2)
under stress conditions, 3—5% of the mRNAs are translated effi-
ciently as determined by their association with polyribosomes,”
(3) 10-15% of cellular mRNAs were suggested to rely on cap-
independent mechanisms of translation initiation, independently
of stress® and (4) several recent reports highlight the in vivo sig-
nificance of IRES-mediated translation of specific mRNAs.*-!
Given the prevalence of IRES-mediated initiation under stress
conditions, it is notable that in most cases of cellular internal
initiation, the cap-binding protein elF4E and the scaffolding
protein elF4G (which undergoes caspase-mediated cleavage dur-
ing stress, reviewed in ref. 16) seem not to be required.”” Studies
using siRNAs and specific chemical inhibitors (such as, for
example, hippuristanol, a potent inhibitor of eIF4A* revealed
that the c-myc and N-myc IRESs do not require eIF4E or intact
elF4G for their activity, but do require eIF4A and eIF3).* In
this regard, these IRESs are similar to many viral IRES elements,
e.g., EMCV.* A strong requirement for the RNA helicase e]F4A
suggests that the c- and N-myc IRESs likely need to be remodeled
in order to be competent for initiation. Interestingly, the same
study showed that the L-myc IRES requires both eIF4E and full-
length eIF4G for its activity,*® which is reminiscent of the factor
requirements of the hepatitis A virus (HAV) IRES.#¢ Recently,
the first case of a cellular IRES element that seem to be capable
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of direct binding to 40S ribosomal subunits was reported for the
c-Src kinase mRNA.¥ This feature of the c-Src kinase IRES ele-
ment makes it similar to hepatitis C virus-like IRESs.” However,
it is currently unclear how many other cellular elements utilize
the same pathway.

The role of elF2, the major eukaryotic initiation factor that
delivers an initiator methionine-charged tRNA (Met-tRNAiM*)
to the ribosome during canonical cap-dependent translation,
has also been investigated for cellular internal initiation. Many
cellular IRES-containing mRNAs (e.g., cat-1, N-myc, s-Src,
etc.,) were shown to be insensitive, or much less sensitive than
mRNAs without IRESs, to the inhibition of protein synthesis
caused by eIF2 phosphorylation.'®*-* Phosphorylation of the
alpha subunit of eIF2 (elF2a) is a common consequence of
many stress conditions (e.g., ER stress, nutrient limitation and
many others).” This reduces the activity of the eIF2¢GTPeMet-
tRNAM® ternary complex and thereby suppresses the overall
rate of cap-dependent protein synthesis (reviewed in ref. 5).
Some viral IRESs (SCFV, HCV),>%5¢ as well as some cellular
IRESs'®#*-2 are insensitive to this mode of translation inhibi-
tion. These observations suggest that different mRNAs and, in
particular, different IRES-containing mRNAs might differ in
their requirements for the active ternary complex and/or might
utilize different pathway(s) to deliver Met-tRNAiM* to the ribo-
some.”’ The latter pathway(s) might involve initiation factor
elF5B and/or Ligatin or perhaps some other proteins.’>>¢%%
Eukaryotic translation initiation factor 5B is an ortholog of pro-
karyotic IF2, which delivers the initiator tRNAI to the ribosome
in prokaryotes and also participates in subunit joining (reviewed
in ref. 5). Two recent reports clearly showed that two structur-
ally similar viral IRES elements from mRNAs of the Flaviviridae
family of viruses (classical swine fever virus (CSFV) and HCV)
utilize the “eIF5B pathway” to promote Met-tRNAiM* bind-
ing to ribosomes.”>® Therefore, it is possible that some cellular
IRESs might utilize the same pathway, although this has yet
to be determined. Another explanation for elF2-independent
internal initiation might be utilization of Ligatin®®” and/or
the oncogene MCT-1 and density-regulated protein (DENR)
(together),” in the place of elF2. It was recently shown that
Ligatin (alone) and MCT-1/DENR (in combination) can pro-
mote attachment of Met-tRNAM* to ribosomal complexes
assembled on mRNAs that place their initiation codon directly
in the P site; e.g., HCV-like IRESs.”” The exact mechanism of
action of Ligatin and MCT-1/DENR in promoting recruitment
of tRNA to the 40S ribosomal subunit is not known, yet.”’ It
can not be excluded that some other/additional proteins can pro-
mote Met-tRNAM* binding to ribosomes in eukaryotes.

We should also mention that in contrast to the wealth of posi-
tive views, as presented here, negative considerations regarding
the existence and function of cellular IRES elements have also

17,18,27,60 are

been published.””!®#”¢° These negative considerations
mostly influenced by findings showing that in certain cases not
all the necessary tests have been performed for careful validation
of IRES activity.” In almost all such controversial cases, bicis-
tronic vectors were initially used to test IRES activities in normal

non-stress conditions, when cap-dependent translation prevails.
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It has recently become clear that these vector systems may not
be the most appropriate”” for evaluating the physiological signifi-
cance of a given IRES, which functions at its best during con-
ditions of inhibition of cap-dependent translation. An example
of such controversial cellular IRES element is the XIAP IRES,®
which has been studied by several groups and in particular has
been suggested to be an invalid one due to the presence of splicing
and/or cryptic promoter activity within the 5’UTR mRNA frag-
ment comprising the IRES.®*¢! However, it has recently become
clear that alternative splicing within the 5-UTR generates two
alternative XIAP mRNA transcripts, one which is translated in
a cap-dependent manner and another which is translated via an
IRES.® The IRES-containing XIAP mRNA was associated with
polyribosomes (efficient translation) under conditions of nutri-
tional stress (serum starvation).®’ This was in contrast to the non-
IRES-containing XIAP mRNA transcript which was translated
inefficiently during stress.®!

Complexity of the control mechanisms regulating gene expres-
sion in eukaryotes makes the study of the cellular IRES-mediated
translation challenging. We believe, however, that evaluation of
the efficiency of translation (i.e., association with polyribosomes)
of mRNAs under stress conditions in which the encoded proteins
have biological significance can represent an appropriate valida-
tion test for the presence of an IRES in the mRNA of interest.
This type of evaluation can then be followed by the delinea-
tion/identification of the 5-UTRs of such efficiently translated
mRNAs and further testing of these UTRs under stress condi-
tions using monocistronic reporter expression vector systems. We
propose that the physiological significance of an IRES should
drive its discovery and validation of its existence, followed by
studies on the mechanism of ribosome recruitment.

Examples of IRES-mediated translation operating in physi-
ological and pathological states (discussed below) may open the
path for more important findings on the existence and function
of additional cellular IRES elements.

The Role of ITAFs
in Cellular IRES-Mediated Translation

The complex nature of regulation of cellular mRNA transla-
tion under different pathophysiological conditions suggests that
there may be multiple diverse pathways leading to cellular IRES-
mediated initiation (Fig. 1B). In addition, it has been shown that
different cellular IRESs reveal different responses to various stress
conditions that inhibit cap-dependent translation. For example,
during mitosis, the Unr, c-myc and PITSLREp58 kinase IRESs
become more active, while others do not.? Furthermore, dur-
ing apoptosis, the Apaf-1 IRES is active (reviewed in ref. 63).
However the XIAP IRES is inhibited.®* Studies aimed at explain-
ing these types of differential responses indicated that ITAFs are
responsible for sensing changes in cellular metabolism and influ-
ence IRES activity.!®43

A striking feature of many ITAFs is that they belong to the
group of heterogeneous nuclear ribonucleoproteins (HnRNP
Al, C1/C2, 1, E1/E2, K and L) known to shuttle between
the nucleus and the cytoplasm.'®?*3% In addition to their
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participation in a variety of cellular activities (e.g., RNA splic-
ing and/or export), ITAFs are generally believed to be able to
increase (or, in certain cases, decrease) the affinity of binding
between IRESs and components of the translational appara-
tus (canonical initiation factors and ribosomes). Although the
exact mechanism(s) underlying ITAF function is unknown,
hypotheses include: (1) they remodel IRES spatial structures to
produce conformations with higher or lower affinity for com-
ponents of the translation apparatus, (2) they build or abolish
bridges between the mRNA and the ribosome in addition to
those provided by canonical initiation factors and (3) they take
the place of canonical factors in building bridges between the
mRNA and the ribosome.!¢243

Overexpression and/or depletion of specific ITAFs in normal
cells can affect the activity of the cellular IRESs that normally
utilize those ITAFs without altering cap-dependent translation
(reviewed in ref. 24). Thus, it is clear that the intracellular con-
centration of ITAFs plays an important role in modulating the
activity of IRESs, but the mechanism(s) responsible for regu-
lating ITAF concentration have not been fully defined. Several
studies have suggested that the subcellular (nuclear/cytoplas-
mic) distribution of ITAFs is an important determinant of IRES
activity.”** Two alternative mechanisms have been proposed to
explain the effects of ITAF compartmentalization. In one model,
nuclear localized ITAFs were suggested to associate with their tar-
get IRES-containing mRNAs and sequester them in the nucleus
away from the translational machinery.® Alternatively, ITAFs
in the nucleus were suggested to be primarily in an mRNA-
unbound form, separated from their target IRES-containing
messages residing in the cytoplasm. Following the appropriate
signals (caused by stress or other physiological conditions), either
the ITAF-bound mRNAs (in the first model) or the unbound
ITAFs themselves (in the second model) were proposed to trans-
locate from the nucleus to the cytoplasm, allowing translation of
the mRNAs to proceed.?

Although these two models are sufficient to explain some cases
of IRES activation via corresponding ITAFs, they do not explain
others. It has recently been shown that the ITAFs PTB and
HnRNP L associate with the cat-1 mRNA in both the nucleus
and the cytoplasm during amino acid starvation following the
kinetics of cat-1 mRNA accumulation and cat-1 IRES activa-

tion.%°

This observation suggests that additional mechanism(s)
may govern increased association of these ITAFs with the cat-1
mRNA both in the nucleus and in the cytoplasm. In some cases,
posttranslational modifications of ITAFs, triggered by stress, have
been shown to affect both their subcellular localization and bind-
ing affinity for IRESs. For example, phosphorylation of HnRNT
A1 was shown to affect both its subcellular distribution and its
ability to modulate the activity of target IRESs, such as cyclin
D1, c-myc, FEGF2, VEGF, XIAP, Apaf-1 and unr, respectively.*”!

Despite advancements in our understanding of the require-
ments of ITAFs in cellular IRES-mediated initiation, the mecha-
nism of ITAF-mediated translation initiation remains unclear.
The recently discovered family of A-rich yeast IRESs’? provides
an interesting case in this regard since they rely on poly(A) bind-
ing protein (PABP) for their activity. PABP is known to interact
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with two scaffolding translation initiation factors, elF4G and
elF3.273 Therefore, the strong requirement for PABP in the case of
the A-rich yeast IRES elements may be explained by the necessity
to build a bridge that can bring the ribosome to the IRES. PABP,
elF4G and elF3 are all considered canonical initiation factors.
However, it is unclear whether additional non-canonical factors
(e.g., ITAFs) might be involved in this particular pathway. For
example, in mammalian cells, PABP is known to interact with
many other RNA binding proteins, including the ITAFs Unr
and NSAP1, which may contribute to building missing bridges
between the RNA and the ribosome.”*”> Interestingly, in appar-
ent contrast to the yeast situation, A-rich stretches upstream of
the initiation codon in mammalian IRESs were shown to have
a negative regulatory effect on the activities of some IRESs.
For the p27(kipl) mRNA (encoding a cyclin-dependent kinase
inhibitor that regulates cell cycle progression), binding of the
ITAF HuR to a A-rich region was shown to inhibit the activity
of the p27(kipl) IRES element, resulting in decreased p27(kipl)
expression and enhanced tumor cell proliferation.”*”” One pos-
sible explanation for the differential effect of the A-rich elements
found in IRES-containing mRNAs is that these A-rich elements
might act as competitive targets for both canonical initiation fac-
tors and ITAFs and thus be capable of either enhancing or sup-
pressing IRES-mediated translation of mRNAs.

Ultimately, a complete understanding of the requirements for
canonical initiation factors and ITAFs for every cellular IRES
could be obtained by using purified factors in a reconstituted in
vitro translation system(s) and toe-printing assays (reviewed in
ref. 78). This has been done for a number of “classic” viral IRES
elements, including HCV, FMDV, EMCYV, etc.®®” It is generally
believed that different cellular IRESs have very different require-
ments for canonical initiation factors, as well as ITAFs. However,
at present, the data are scarce and many more studies will be
required to generalize this conclusion with confidence. Further,
kinetic analysis of the factor(s) binding to the IRES and the bind-
ing of the factor(s)-IRES complexes to the 40S ribosomal subunit
may be extremely helpful in understanding the mechanisms of
intracellular competition between mRNAs possessing different
IRES elements. As can be seen from the discussion below, these
mechanisms play an important role in various cell fate decisions.

Physiological Significance
of IRES-Mediated Translation

There are a number of studies that highlight the significance of
IRES-mediated translation in physiological and pathological/
stress conditions. Below, we review representative examples of
IRES-mediated translation in the cellular response to growth,
nutritional, environmental and proliferation signals. A major
obstacle in addressing the significance of IRES-mediated transla-
tion in different cellular pathways arises from the complex nature
of many of the proteins translated via internal initiation and the
multiple mechanisms that control their expression. As mentioned
above, many of these proteins (e.g., c-myc, Apaf-1, FGF, XIAD,
p53, VEGF and others) are master regulators of cell survival,
proliferation or death. Expression of these proteins is usually
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controlled by multiple mechanisms operating at different levels,
including transcription, RNA splicing, translation and protein
localization and stability. Although it is common for many of
these mechanisms to be switched on simultaneously, studies have
been successful in discerning the importance of IRES-mediated
translation in several cases.

IRES-mediated Translation in Angiogenesis

Angiogenesis is the physiological process of new blood vessel
formation/growth from pre-existing vessels.®* In addition to its
role in “normal” situations (e.g., embryonic development, etc.)
angiogenesis also acts as an important stress-response mechanism
that promotes repair of damaged tissues requiring an intensive
supply of nutrients and oxygen.® Angiogenesis also plays a key
role in the transition of tumors from dormancy to malignancy.®!
The vascular endothelial growth factor (VEGF) family of fac-
tors plays a pivotal role in angiogenesis by stimulating the prolif-
eration, migration and proteolytic activity of endothelial cells.®
VEGF-A is the key member of the family and its expression is
regulated by multiple mechanisms.® The importance of tight
control of VEGF expression is illustrated by data showing that
either depletion (by 50%) or moderate overexpression (2—3-fold)
of VEGEF results in embryonic lethality due to improper vascu-
larization (reviewed in ref. 83). Alternative splicing gives rise to
at least nine different VEGF-A transcript variants, the functions
of which have not yet been fully defined.* Although five pro-
tein isoforms have been described, three isoforms are the most
abundant (VEGF 121, VEGF 165 and VEGF 189). VEGF 121
(as compared to VEGF 165 and VEGF 189) possesses higher
angiogenic activity since it is not able to bind to the extracel-
lular matrix. Interestingly, in many pathological conditions (e.g.,
prostate tumors), expression of VEGF 121 predominates over all
other VEGF-A isoforms.® The mechanisms responsible for the
high level of expression of VEGF 121 under these conditions are
not fully understood; however, as discussed below, recent experi-
ments indicate a role for IRES-mediated translational control.

The VEGF-A mRNA harbors two IRES-elements termed
IRES-A and IRES-B. IRES-A directs translation starting from
the AUG located 1,038 nt downstream of the 5-end of the
mRNA. IRES-B triggers translation starting at an upstream
CUG codon (located 499 nt downstream of the 5-end of the
mRNA).* Translation from the upstream CUG codon produces
a 180 amino acid longer VEGF isoform called L-VEGF. L-VEGF
is further proteolytically processed to an N-terminal fragment,
named N-VEGF and a C-terminal fragment of a size similar
to that of the AUG-initiated VEGF.® N-terminal N-VEGEF is
intracellular, while C-terminal VEGF fragment of L-VEGF is
a secreted VEGF isoform.®® Translation from the AUG codon
generates secreted VEGF isoforms only. It appeared that a 121
amino acids long VEGF 121 isoform is mainly produced from
the spliced mRNA via internal initiation events utilizing the
CUG start codon (IRES-B) followed by proteolytic cleavage of
the polypeptide precursor.®

Recent experiments have shown the expression from the
VEGF-A IRES-B is negatively regulated by microRNA-16
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(miR-16). Although the miR-16 target site is located in the 3'UTR
of the VEGF-A mRNA, this microRNA appeared to preferen-
tially suppress the activity of IRES-B, but not IRES-A. It should
be noted that miR-16 was shown to act specifically on VEGF
IRES-B-mediated translation and not on VEGF transcription or
VEGF mRNA stability.* Therefore, miR-16 can be viewed as the
prototype of a new class of negative-regulatory cellular ITAFs.
These findings suggest that the enhanced expression of VEGF 121
observed in prostate tumor cells might be due to loss of miR-16
translational control. Although the exact mechanism underlying
the effect of miR-16 on VEGF-A translation remains unknown,
it may involve the hnRNP L protein, which binds within the
VEGF-A 3-UTR at a site adjacent to the miR-16 target site® and
may thereby alter interaction of miR-16 with the mRNA. HnRNP
L is a known ITAF® and was recently shown to affect VEGF
mRNA translation during hypoxia.*® Thus, miR-16 may function
as an anti-angiogenic factor that represses IRES-mediated trans-
lation under hypoxic conditions. As has been mentioned the loss
of miR-16 control may well explain increased VEGEF-121 levels in
prostate tumors in agreement with the hypoxic environment that
will also favor internal initiation of VEGF mRNA translation at
a CUG initiation codon, due to increased elF2a phosphorylation
(which compromises AUG initiation codon recognition). Overall,
the example of IRES-regulated VEGF expression illustrates the
significance of controlled internal initiation as a key element in
the decision between two cellular fates—normal growth and
malignant transformation.

The significance of IRES-mediated translation in angiogen-
esis during cancer development and progression is also high-
lighted by findings demonstrating that increased levels of the
translation initiation factors elF4G1 and 4E-BP-1 in inflamma-
tory breast cancer (IBC) sensitizes the tumor cells to induce a
hypoxic-stress response at higher oxygen levels than normal.?’
Factor 4E-BP-1 is known to sequester elF4E and thereby inhibit
cap-dependent translation. Thus, increased levels of elF4G1 and
4E-BP-1 cause a switch from cap-dependent to IRES-mediated
translation, thus favoring expression of IRES-containing pro-
angeogenic mRNAs.® Among these mRNAs is the VEGF-A
mRNA.* Translation of VEGF-A under these conditions was
shown to be induced in an elF4Gl-dependent manner.?’ The
exact mechanism(s) leading to the enhanced VEGF mRNA
translation and/or particular VEGF isoform production regu-
lated by eIF4G1 has yet to be determined. Although eIF4Gl is a
canonical initiation factor, in this example it can be considered
as an ITAF, since it enhances IRES-mediated translation in a
manner independent of its function in the elF4F-mediated cap-
dependent translation pathway.

IRES-mediated Translation in Mitosis:
Positive- and Negative-Regulatory ITAFs
Control Cell Fate

Regulated IRES-mediated translation events have also been
shown to play important roles in controlling the progression
of cells through mitosis. Here, we discuss IRES-mediated syn-
thesis of the CDK11/PITSLREp58 kinase, which is involved in
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spindle formation, and of the anti-apoptotic proteins BCL2 and
CDK1.6>%

The central role of cyclin-dependent kinases (CDKs) in
the regulation of mitosis is well established. However the role
of IRES-mediated translation in this process is still emerging.
Specific modulations of IRES activities were found to be cen-
tral (Fig. 2A) for the progression of cells through the cell cycle,
specifically at the G,/M transition when cap-dependent ini-
tiation is severely compromised. IRES-mediated translation of
PITSLREp58, which is involved in spindle formation, was found
to be under the control of several IRES-mediated events. First,
cytoplasmic localization of the ITAF hnRNP C1/C2 stimu-
lates IRES-mediated translation of another ITAF, unr. Unr, in
turn, is required for enhanced IRES-mediated translation of
PITSLREp58.% Termination of this stimulatory cascade occurs
through inhibition of unr synthesis by a feedback loop involving
unr itself and cytoplasmic accumulation of a third ITAF, PTB.%
Therefore, progression through mitosis occurs via regulation
of IRES-mediated translation involving changes in the relative
cytoplasmic levels/activities of positive- and negative-regulatory
ITAFs (Fig. 2A). The exact mechanism leading to these changes
is unknown. However, it is likely to involve associated intracellu-
lar signaling events that may lead to post-translational modifica-
tions of ITAFs, thus altering their levels, subcellular localization,
activities and/or interactions. In this regard, it was reported
that AKT-mediated phosphorylation of hnRNP Al, an ITAF
for the cyclin D1 IRES, represses its activity.”” In contrast, the
unphosphorylated form of HnRNP A1 acts as a cyclin D1 IRES
activator.”” These findings support the possibility that cell cycle
progression signaling events influence ITAF activity and func-
tion. Future studies aimed at isolation of different ITAF cyto-
plasmic complexes and analysis of their modifications would
likely help elucidate the mechanism(s) of IRES-mediated trans-
lational control in mitosis. The molecular mechanism(s) leading
to repression of IRES-mediated translation might also involve
sequestration of the corresponding IRES-containing mRNAs in
stress granules (SGs), dynamic cytoplasmic structures comprised
of translationally-arrested mRNAs.”*! This possibility will be
discussed further below with respect to IRES-mediated transla-
tion under hyperosmolar conditions.

Another example of IRES-mediated control of protein syn-
thesis with relevance to mitosis is the modulation of BCL-2 and
CDKI1 expression by the ITAF DAP5 (p96), a member of the
elF4G family of proteins. Synthesis of BCL-2 and CDK1 during
mitosis protects cells from undergoing apoptosis.®” Interestingly,
during apoptosis, DAPS is cleaved to a shorter protein (p86)
which is most likely a positive-acting ITAF for IRES-mediated
translation of death-promoting mRNAs. In fact, cleaved DAP5
has been suggested to increase IRES-mediated synthesis of DAP5
itself.?? This provides an example of regulation of ITAF levels via
proteolytic cleavage resulting in an impact on cell fate.

www.landesbioscience.com

Cell Cycle

Nutritional Control of IRES-mediated Translation:
Nutrient-Signaling is Amplified via Transcriptional
and Translational Mechanisms

Nutrient availability is crucial for the growth and function of
all organisms. Amino acid and insulin signaling are important
pathways for nutrient sensing.®® It is well established that an
excess supply of nutrients can cause obesity, insulin resistance
and development of diabetes.”® On the other hand, shortage or
imbalance of dietary amino acids can influence an organism’s
life span via specific nutrient-sensing mechanisms.”” At the
molecular level, regulation of the levels and activity of the insu-
lin receptor and amino acid transporters are important cellular
mechanisms that respond to nutrient availability® and studies
have shown that controlled IRES activity plays a role in this regu-
lation' (Fig. 2B). For example, in Drosophila under poor nutri-
tional conditions, FOXO-mediated transcriptional activation
of 4E-BP causes a decrease in cap-dependent translation, while
IRES-mediated translation is sustained.'” Interestingly, FOXO
also induces transcription of the insulin receptor (INR) gene,
resulting in accumulation of INR via IRES-mediated transla-
tion of the INR mRNA. These results suggest that transcrip-
tional mechanisms together with IRES-mediated translation of a
nutrient sensor (INR) may contribute to cell survival under poor
nutritional conditions (Fig. 2B).

A recent study demonstrated that the human INR mRNA
also contains an IRES in its 5' UTR and provided some insight
into the mechanisms that control the activity of this element.'”
The human INR IRES element was shown to be positively regu-
lated by insulin treatment of sub-confluent cultured cells.'” This
suggests that IRES-mediated translation of INR in vivo might
be regulated in a manner dependent on blood glucose levels. If
true, this would imply that the plasma glucose levels in diabetic
individuals could serve to sustain or increase IRES-mediated
INR synthesis as a mechanism to compensate for peripheral insu-
lin resistance. This mode of regulation could fit nicely at early
stages of type II diabetes, when insulin resistance of peripheral
tissues causes increased plasma glucose levels and the subsequent
increase of insulin levels. In addition, the INR IRES was shown
to be more active in the brain and cell lines of neuronal origin
than other tissues and cell lines.”®® This suggests that IRES-
directed translation is important for maintaining INR expression
and insulin sensitivity in tissues with low-efficiency cap-depen-
dent translation, such as the brain. The work of Spriggs et al.
also demonstrated that the ITAF PTB is required for function
of the human INR IRES both in vitro and in vivo. It remains
to be determined, however, if the expression or activity of PTB
is affected by physiological changes in blood glucose levels. It
was previously reported that PTB stabilizes the insulin mRNA
in response to glucose and at the same time is phosphorylated by
cAMP-dependent Protein Kinase A (PKA) and translocated from
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apoptotic mRNAs and promotes apoptosis.

Figure 2 (See opposite page). Adaptation to physiological or pathological stress involves regulation of IRES-mediated translation: model pathways
where the competitive action of ITAFs determines cell fate. (A) Coordinated changes in the subcellular localization of ITAFs controls IRES-mediated
translation of specific mRNAs during mitosis. (B) Adaptation to limited amino acid or nutrient availability involves transcriptional and translational
mechanisms that amplify insulin signaling and amino acid transporter levels. (C) Adaptive (pro-survival) and apoptotic cellular responses to hyper-
osmolar stress involve regulation of IRES-mediated translation. Increased expression of the System A amino acid transporter SNAT2,'* restores cell
volume and promotes survival. Cytoplasmic localization of the ITAF HnRNP A1 during hyperosmolar stress represses IRES-mediated translation of anti-

the nucleus to the cytoplasm of cells.'® It is therefore possible
that insulin signaling in response to glucose involves coordinated
regulation of both insulin and INR synthesis via mechanisms
with shared elements. For example, glucose-induced PKA-
mediated modification of PTB might contribute to INR synthe-
sis by increasing the level of PTB in the cytoplasm and thereby
stimulating IRES-dependent translation initiation. Additional
studies will be required to test this and other hypotheses in order
to fully decipher how hormone-nutrient interactions impact the
regulation of ITAFs and IRES-directed translation.

Another example of nutritional control of transcription/
translation via modulation of IRES activity is provided by the
cellular response to limited amino acid availability.”>'** Amino
acid depletion induces GCN2 kinase-mediated phosphorylation
of elF2a, leading to a global decrease in protein synthesis and
induction of an adaptive survival program.'”>!* This mechanism
involves ATF4-mediated (downstream of GCN2 activation)
induction of transcription of amino acid transporter genes'*>'%
and IRES-mediated translation of the resulting mRNAs,'07108
thus preparing cells to transport amino acids once they become
available (Fig. 2B). This, as well as the example of the insulin
system discussed above, highlights the importance of coordi-
nated transcriptional and translational mechanisms in cellular
responses to nutrient availability.

Regulation of IRES-mediated Translation
by Hyperosmolar Conditions: elF2a Phosphorylation
at the Crossroads of Survival and Death

Acute hypertonic conditions cause cell shrinkage and induce
an adaptive response leading to volume recovery.'” In contrast,
severe and prolonged hypertonic stress induces apoptosis. This
cell fate decision in response to hyperosmolar stress involves a
translation “war” between IRES-containing pro-survival and
pro-apoptotic mRNAs¢#!* (Fig. 2C). We have recently shown
that phosphorylation of the translation initiation factor elF2a
leads to apoptosis prevailing over cell survival in this “war.””!
Phosphorylation of elF2a induces accumulation of hnRNP
Al, an inhibitory ITAF for the anti-apoptotic XIAP and Bcl-x,
IRESs, in cytoplasmic SGs.”' Interestingly, hyperosmolar stress
decreased protein synthesis and induced SG formation indepen-
dently of eIF2a phosphorylation.” Therefore, HnRNP Al may
associate with a specific group of translationally repressed IRES-
containing mRNAs during osmotic stress. We have proposed a
model in which hnRNP A1 binds to the IRESs of anti-apoptotic
mRNAs and sequesters them in SGs, thereby suppressing their
translation” (Fig. 2C). This would be expected to tip the bal-
ance towards activation of execution caspases and subsequent
cleavage of survival factors. However, HnRNP Al may also

www.landesbioscience.com

Cell Cycle

bind and inhibit translation of additional mRNAs that promote
cell survival. This possibility is currently under investigation.
Although the precise mechanisms of phospho-elF2a signaling
and HnRNP Al-mediated inhibition of IRES activity are not
known, they are likely to involve post-translational modifications
of HnRNP Al and/or its interacting proteins. In future studies
it will be interesting to identify ITAFs with positive or negative
effects on IRES-mediated translation during osmotic stress and
determine their contribution to cell fate decisions. By experimen-
tally modulating the balance of pro-survival and pro-apoptotic
ITAFs in the cytoplasm, it should be possible to study their target
mRNAs and their contribution to cell fate decisions.

There are many more interesting examples of regulated IRES-
mediated translation that we were not able to cover in this review.
These include, (1) the IGF1 receptor IRES which is positively
regulated by HnRNP C and negatively regulated by HuR;'! (2)
the GATA 4 IRES which is active during cardiac hypertrophy;'?
and (3) the PcG (Polycomb) IRES which is 91 bp long and
requires intact elF4Ffor its activity,'? suggesting that a structural
component of the IRES might mimic the 5'-cap structure. As
mentioned above, the cellular IRES found in the L-myc mRNA
has also been recently shown to require eIF4F.> It is therefore
possible that an experimental system could be established to
identify the elF4F-dependent element in these two IRESs and
determine potential structural/functional similarities within this
element. This type of study could be assisted by the use of guano-
sine analogues such as ribavirin that can compete with the 5'-cap
structure for the eIFAE binding site within the e[F4F complex."

Conclusions and Future Directions

It is clear that IRES-mediated translation, while still considered
an “alternative” pathway, is used relatively frequently under both
normal physiological and pathological conditions. In this review,
we have discussed the role of regulated IRES-mediated transla-
tion in angiogenesis, mitosis, nutritional and osmotic control.
Despite the recent increase in recognition and study of these
and other systems impacted by IRES-mediated translation, there
remain many questions to be addressed: (1) Is the mechanism of
cap-independent cellular mRNA translation different from viral
IRES-mediated cap-independent translation? (2) Is the term
internal ribosome entry site (IRES)-mediated cellular mRNA
translation synonymous to cellular cap-independent mRNA
translation? (3) Is there cellular cap-independent non-IRES-
mediated mRNA translation® which is regulated by factors simi-
lar to IRES Trans Acting Factors (ITAFs)? (4) Is the term bona
fide cellular or viral IRES correct?

The original term “ribosome landing pad” which was suggested

by Nahum Sonenberg and colleagues,' adequately described
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the nature of the novel mechanism of the cap-independent viral
IRES-mediated translation. Recent conflicting reports”®® urge
us to rethink on the cap-independent mechanisms of cellular
mRNA translation. We believe, however, that one should fol-
low the Ockham’s razor principle and among several hypotheses,
chose the one that is supported the most by experimental data,
without the necessity of multiplying entities. We thus believe that
the term cellular IRES-mediated translation may yet provide an
adequate description of the complex cap-independent transla-
tion events taking place under the conditions of reduced cap-
dependent translation.

In this review article, we suggest that the focus of the future
studies in the field should be on the physiological significance
of the cellular IRES-mediated translation. We believe that this
may help to clarify many issues related to the mechanism(s) of
the cellular cap-independent translation and may lead us to the
discovery of new candidate mRNAs, whose cap-independent
IRES-mediated translation may be facilitated/driven by group(s)
of common regulatory ITAFs. Identification of common posi-
tive- or negative-regulatory ITAFs can further lead to isolation
of groups of mRNAs that are regulated via IRES elements and
allow determination of the composition of IRES-protein com-
plexes. Identification of these proteins will facilitate studies of
reconstituted cell-free experimental systems for determining the
mechanism of ribosome recruitment (ITAF-mediated) to cellular
IRESs.

The requirement for canonical factors in IRES-mediated
translation is another key question that should be systematically

addressed. The availability of techniques for isolation of poly-
some-associated mRNAs"® and stable isotope labeling of cells'?
should enable identification of mRNAs that are translated under
conditions of prevailing IRES-mediated translation and relative
quantification of the encoded proteins. A similar approach could
be followed for IRES-containing mRNAs that are translation-
ally repressed. An appealing idea is that inhibitory ITAFs may
bind their corresponding IRESs, or IRES-containing mRNAs
and sequester them in SGs. Because SGs are dynamic structures,
increased cytoplasmic levels of positive-acting ITAFs might reverse
this inhibition by interacting with the IRES-containing mRNAs.

Overall, we envision that future studies of the mechanism of
IRES-mediated translation will focus on specific pathways in vivo
with parallel in vitro analysis of identified factors. Understanding
the role of the IRES pathway and upstream and downstream reg-
ulatory mechanisms under different cellular conditions has the
potential to identify new therapeutic targets.
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