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Internal ribosome entry sites/segments (IRESs) were first discovered over 20 years ago in
picornaviruses, followed by the discovery of two other types of IRES in hepatitis C virus
(HCV), and the dicistroviruses, which infect invertebrates. In the meantime, reports of
IRESs in eukaryotic cellular mRNAs started to appear, and the list of such putative IRESs
continues to grow to the point in which it now stands at ~100, 80% of them in vertebrate
mRNAs. Despite initial skepticism from some quarters, there now seems universal agreement
that there is genuine internal ribosome entry on the viral IRESs. However, the same cannot
be said for cellular mRNA IRESs, which continue to be shrouded in controversy. The aim of
thisarticle isto explain why vertebrate mRNA IRESs remain controversial, and to discuss ways

in which these controversies might be resolved.

he first part of this article reviews the current
Tunderstanding of viral IRESs, mainly picor-
navirus IRESs, because they have strongly influ-
enced thinking on putative cellular IRESs, and
because picornavirus IRESs, especially the en-
cephalomyocarditis virus (EMCV) IRES, and
to a lesser extent the human rhinovirus (HRV)
and poliovirus (PV) IRESs, are frequently used
as positive controls in tests for putative cellular
mRNA IRESs. All viral IRESs are readily classi-
fiable into distinct families on the basis of se-
quence and secondary structure: (1) the inter-
genic IRES of invertebrate dicistroviruses, (2)
the hepatitis C virus (HCV) and related animal
virus IRESs, and (3) the picornavirus IRESs that
can be further classified into several distinct
subgroups, including one class (exemplified by
porcine teschovirus 1 and simian virus 9) that is
remarkably similar to the HCV-like IRESs in

structure and initiation factor requirements
(Hellen and de Breyne 2007; de Breyne et al.
2008). The predicted secondary structures of
these RNA virus 5'-UTRs are particularly ro-
bust, because they are founded not only on di-
rect structure probing but also on extensive
phylogenetic comparisons. The very high error
frequency of RNA replication results in enor-
mous genetic drift, both within species and be-
tween species, and so there are numerous co-
variances validating the proposed base-pairing.

In contrast, the putative IRESs identified in
cellular mRNAs defy classification because they
are all different from one another in sequence
and predicted secondary structures (Baird et al.
2006), which have necessarily been elucidated
entirely from structure probing, as there is in-
sufficient genetic drift, even between different
animal species, to provide useful phylogenetic
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data. It may well be that the usual mammalian
species for such comparisons (mainly primates,
rodents, and ruminants) are too close in evolu-
tion, and it might be more informative to widen
the comparison to include more distant verte-
brates, such as birds, frogs, and marsupials,
which has proved helpful in the discovery of
other regulatory elements in mRNAs (Koeller
et al. 1989; Sherrill and Lloyd 2008).

Putative cellular IRESs have been generally
considered closest to the true picornavirus
IRESs (mainly on the grounds of similar initia-
tion factor requirements), although it will be-
come apparent that any similarity is very re-
mote. The dicistrovirus intergenic IRESs and
the HCV-like IRESs differ from picornavirus
IRESs in that they bind 40S ribosomal subunits
directly in the absence of any canonical transla-
tion initiation factors. Initiation on the dicistro-
virus intergenic IRESs does not even require
Met-tRNA; and does not occur at an AUG co-
don (Sasaki and Nakashima 2000; Wilson et al.
2000). Although initiation on the HCV-like
IRESs does require Met-tRNA; (usually as a ter-
nary complex with eIF2 and GTP), the addi-
tional canonical initiation factor requirements
are limited to eIF3, eIF5, and eIF5B, with no
requirement for elF4A, 4B, 4E, or 4G (Pestova
et al.1998, 2008).

STRUCTURE AND FUNCTION OF
PICORNAVIRUS IRESs (AND SOME
COMPARISONS WITH PUTATIVE
CELLULAR IRESs)

Classification of Picornavirus IRESs on the
Basis of Sequence and Structure

Apart from one outlier, hepatitis Avirus (HAV),
every picornavirus IRES can be placed unam-
biguously into one of four distinct groups:
the long-standing Type I IRESs, which include
HRYV, PV, and other enteroviruses, and Type II
IRESs, which include foot-and-mouth disease
virus (FMDV) and EMCV (Alexander et al.
1994; Jackson and Kaminski 1995); the more
recently discovered Aichivirus (AV) group (Yu
et al. 2011); and the HCV-like group already
mentioned. Within each of the two major pi-

cornavirus IRES classes (Types I and II), there is
quite strong conservation of primary sequence,
particularly in unpaired loops or bulges, and
even stronger conservation of predicted second-
ary structure (Jackson and Kaminski 1995).
However, there is very little similarity between
the different classes (including HAV and AV)
apart from a ~25 nt tract at the 3’-end (as de-
fined by deletion analysis), which is G-poor
throughout, pyrimidine-rich at its 5'-end, fol-
lowed by a middle section that is hypervariable
even between different strains and isolates of the
same virus species (Poyry et al. 1992), and ends
in an AUG triplet (Fig. 1). The deletion map-
ping shows that the 5'-boundary of these IRESs
is slightly “fuzzy” in that progressive deletion
of the first ~100 nt of the PV-2 5-UTR, or
the first ~120 nt downstream from the polyC
tract of EMCV, reduces internal initiation by up
to ~30% (Jang and Wimmer 1990; Nicholson
et al. 1991). However, further deletion from the
5’-end results in a precipitous fall in activity,
and the position in which this dramatic decrease
occurs is usually taken as the 5'-boundary of the
core IRES, which is typically ~450 nt in length.
The 3’-boundary is very sharp and coincides
with the AUG immediately downstream from
the oligopyrimidine tract. Any attempt to short-
en the pyrimidine-rich tract and thereby move
the AUG further upstream by more than a very
few residues abrogates activity (lizuka et al.
1989; Kaminski et al. 1994). Subdomains of
the core IRES show no IRES activity. In contrast,
for many putative cellular mRNA IRESs, several
quite short segments have been reported to pro-
mote fairly efficient internal initiation, leading
to the suggestion that such IRESs are composed
of multiple short modules, which promote
internal initiation by acting in combination
(Stoneley and Willis 2004).

Picornavirus 5'-UTRs have numerous AUG
triplets at about the frequency expected for ran-
dom occurrence (one per 64 nt), whereas a sur-
vey of the mammalian mRNA 5'-UTR database
showed that AUG triplets occurred only slightly
more frequently in the 66 mRNAs with putative
IRESs (median frequency of one per 300 nt)
than in the mRNA population at large (Baird
et al. 2006). The AUG triplets in picornavirus
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Figure 1. Secondary structure models of the three main classes of picornavirus IRESs, with the e[F4G and PTB
(polypyrimidine tract binding protein) binding sites also shown. (A) Secondary structures of the designated
core IRESs, with individual structural domains labeled according to standard nomenclature. The dotted lines
represent 5'-UTR sequences outside the core IRES boundaries, and the dashed line at 3'-end of the Aichivirus
structure shows 5'-proximal viral coding sequences. The dark gray rectangle represents the ~25 nt pyrimidine-
rich tract at the 3’-end of the IRESs, the small red rectangle shows the authentic initiation site AUG, and the blue
rectangle represents the putative ribosome recruitment AUG of Type I IRESs (at nt 586 in poliovirus type 1). The
binding site of the central domain of eIF4G (p50 fragment—see Fig. 2A) on each IRES, as determined by
footprinting and tethered hydroxyl radical probing, is shown in light gray, with the amino and carboxyl termini
indicated (in red) to show the orientation of binding (Kolupaeva et al. 2003; de Breyne et al. 2009; Yu et al. 2011).
(B) Sites and orientation of PTB binding, as determined by tethered hydroxyl radical probing. The interaction
sites of each RBD (RNA-binding domain) of PTB-1 are shown on the three IRES secondary structure maps,
using the same color coding as in Figure 2B, namely: RBD-1 in green, RBD-2 in pink, RBD-3 in blue and RBD-4
in yellow (Kafasla et al. 2009, 2010). The Aichivirus results showed that RBD-1 interacts strongly with the apical
regions of both domains I and J, suggesting that these regions are closer to each other than can be shown on a
two-dimensional diagram (Yu et al. 2011), which explains the elongated depiction of RBD-1. No contacts
between RBD-4 and the Aichivirus IRES were detected.

5'-UTRs are also subject to genetic drift, as
shown by the fact that in 33 clinical isolates of
poliovirus type 3 the number ranged from 5 to
15 (Poyry et al. 1992); only three of them were
absolutely conserved and the downstream short
ORFs were not conserved in length. The only

conserved AUG important for IRES activity is
the one located at the 3'-end of the IRES. In the
case of the EMCV IRES this AUG (AUG-11) is
the authentic initiation codon, and there is very
good evidence that 43S preinitiation complexes
bind initially at, or extremely near, this AUG.
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Figure 2. Domain structures of e[F4GI and polypyrimidine tract binding protein (PTB). (A) Domain structure
of the longest isoform (1599 amino acids) of eIF4GI (blue) with associated eIF4E (magenta), showing the
interaction sites of poly(A) binding protein (PABP) in green, and eIF3 (gold). The two sites of potential
interaction with eIF4A are shown, although there is usually only a single bound eIF4A. The sites at which e[F4GI
is cleaved by poliovirus 2A protease and FMDV L-protease are shown; the 2A cleavage site defines the amino
termini of the carboxy-terminal two-thirds fragment (p100) of eIF4GI, and the central one-third domain
(p50). The sequence-independent RNA-binding motif at the amino terminus of p100 (and p50) is highlighted
in orange; this motif is necessary for scanning, but is not required for internal initiation on the EMCV IRES (Ali
and Jackson 2001; Prévot et al. 2003). (B) Domain structure of PTB-1. The amino-terminal ~55 amino acid
residues have nuclear import and export signals, but play no part in RNA-binding. The positions of the 4 RBDs
(RNA-binding domains) are shown. RBDs-2 and -3 are longer than the other two RBDs because their RNA-
binding surface has an additional B-strand. The linkers between the RBDs are flexible except for that between
RBDs-3 and -4, which interact with each other in a back-to-back configuration, and act as a coordinated pair
(Oberstrass et al. 2005). PTB-2 and PTB-4 differ from the canonical PTB-1 in having inserts (arising from
alternative splicing) of 19 or 26 amino acids, respectively, at residue 298 of PTB-1.

Almost all translation initiation is at this AUG,
with a little at AUG-12, situated four codons
further downstream, but there is hardly any ini-
tiation at a nonconserved AUG present in some
EMCYV strains 8 nt upstream of AUG-11 (Ka-
minski et al. 1990, 1994).

In contrast, very little, if any, initiation oc-
curs at the equivalent AUG located just down-
stream from the oligopyrimidine tract in Type I
IRESs (Pestova et al. 1994; Kaminski et al. 2010),
and the authentic initiation codon is the next
AUG further downstream, at a distance of ~35
nt in rhinoviruses and ~160 nt in polioviruses
and other enteroviruses. Despite its negligible

activity as an initiation site, this AUG at the
end of the pyrimidine-rich tract is nevertheless
very important for efficient initiation at the cor-
rect downstream start site. Mutation of the
near-silent AUG in HRV-2 and PV-2 reduced
initiation at the authentic start site by ~70%
(Meerovitch et al. 1991; Kaminski et al. 2010),
and conferred a small plaque phenotype in the
PV-2 background (Pelletier et al. 1988). This has
led to the suggestion that 43S preinitiation com-
plexes are first recruited at this AUG, but instead
of initiating there, they are transferred to the
next AUG further downstream, most probably
by a linear scanning process, or by a minor
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variant of linear scanning in which a few resi-
dues are by-passed (Kaminski et al. 2010).

Canonical Initiation Factor Requirements
for Picornavirus IRESs

Initiation on Type I, Type II, and AV IRESs
requires all the canonical initiation factors ex-
cept that (1) eIF4E is completely redundant,
and (2) the carboxy-terminal two-thirds frag-
ment (p100) of eIF4G, or the central one-third
fragment (p50), can substitute for full-length
eIF4G and is usually somewhat better than the
full-length protein. Both p50 and p100 retain
the eIF3 interaction site and at least one of the
two elF4A interaction sites present in intact
elF4G (Fig. 2A). These elF4G derivatives bind
directly to the basal half of Domain V of Type 1
IRESs (de Breyne et al. 2009), the three-way
junction between Domains J and K of the
Type II IRESs (Kolupaeva et al. 1998; Lomakin
et al. 2000), and Domain K of the AV IRESs
(Yu et al. 2011), and in all cases binding is
strongly enhanced by inclusion of eIF4A (Fig.
1). Although the amino terminus of p100 (or
p50) has general RNA binding activity with lit-
tle nucleotide sequence specificity (Prévot et al.
2003), the high affinity binding to the viral
IRESs appears to involve a more carboxy-termi-
nal domain of elF4G p100, because deletion of
the amino terminus of p100 (or p50) has little
effect on its activity in driving initiation on the
EMCV IRES, but abrogates its ability to support
scanning-dependent initiation (Ali and Jackson
2001; Prévot et al. 2003).

Curiously, although there is some similarity
between the p100 binding sites on Type II and
AV IRESs, the binding site on Type I IRESs is
completely different in sequence and secondary
structure. Nevertheless, the positions of these
binding sites suggest a common mechanism in
which a 43S preinitiation complex (a 40S ribo-
somal subunit with associated elF2/GTP/Met-
tRNA; ternary complex, and other initiation
factors including eIF3) could be initially re-
cruited via the interaction of the eIF3 with the
IRES-associated p100 (or p50), and then deliv-
ered to the AUG located immediately down-
stream from the oligopyrimidine tract (Fig. 1).

Current Status of Vertebrate Cellular mRNA IRESs

Although the binding of eIF4G (or p100) to this
internal site is a prerequisite for picornavirus
IRES activity, it is clearly not sufficient, because
the EMCV JK domain on its own (without the
upstream H and 1 domains, and the down-
stream sequences extending to AUG-11) shows
no significant activity in the standard bicis-
tronic mRNA test for IRESs (described below).

The HAV IRES is exceptional in that it
appears to require all the canonical initiation
factors including the complete eIF4F complex
(consisting of eIF4G, the RNA helicase eIF4A,
and the cap-binding factor eIF4E), because it is
inhibited by cap analogs, or 4E-BP, or cleavage
of elF4G by the poliovirus 2A protease or the
FMDYV L-protease (Ali et al. 2001; Borman et al.
2001). Although these publications proposed
two alternative reasons for this unusual require-
ment of the HAV IRES, the true explanation
remains unknown.

IRES Trans-Acting Factor (ITAF) Requirements

In addition to the canonical initiation factors,
the activity of picornaviral IRESs is also de-
pendent on other RNA-binding proteins, or
ITAFs, but the requirements differ quite mark-
edly for different IRESs, even between closely
related IRESs. For example, although the HRV
and FMDV IRESs have a very strong require-
ment for polypyrimidine tract binding protein
(PTB) (Hunt and Jackson 1999; Pilipenko et al.
2000), the EMCV IRES generally shows high
activity in the absence of any ITAFs and is only
slightly stimulated by PTB (Pestova et al. 1996;
Kaminski and Jackson 1998), whereas the PV
and AV IRESs occupy an intermediate position
between the two extremes of FMDVand EMCV
(Hunt and Jackson 1999; Yu et al. 2011). The
FMDV IRES also requires another RNA-bind-
ing protein of 45 kDa known as ITAF 45 (Pili-
penko et al. 2000). All Type I IRESs tested so far
require polyC binding protein-2 (Walter et al.
1999), which seems to act in conjunction with
SRp20 (Bedard etal. 2007). In addition, the type
I HRV IRES has a very strong requirement for
Unr (upstream of N-ras), whereas this ITAF has
little effect on the PV IRES in vitro (Hunt et al.
1999), although a strong dependency was seen
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in transfection assays (Boussadia et al. 2003).
The PV IRES is also reported to be strongly
stimulated by the autoantigen La (Svitkin et
al. 1994; Costa-Mattioli et al. 2004).

The list of ITAFs reported to affect the ac-
tivity of various putative cellular mRNA IRESs
is even longer (reviewed in King et al. 2010); in
addition to PTB (also known as hnRNP I),
PCBP-2, Unr and La, it includes several other
hnRNP proteins and other RNA-binding pro-
teins that are predominantly located in the nu-
cleus. As with the viral IRESs, PTB is the most
“promiscuous” in the sense that it stimulates
more putative cellular IRESs than any other
ITAF (King et al. 2010).

As for the underlying mechanism, there is
no evidence that any of the ITAFs play a direct
role in recruiting 43S preinitiation complexes to
the IRES. The idea of a more indirect effect is
also consistent with the rather puzzling finding
that closely related viral IRESs (e.g., EMCV and
FMDV) differ quite markedly in their depend-
ency on ITAFs. A frequent suggestion is that
ITAF binding might remodel the secondary
and tertiary structure of the IRES into a form
that is more optimal for internal initiation, and
this receives some support from the observation
that ITAF binding not only protects some IRES
residues against enzymatic and chemical attack
(as would be expected), but also makes some
residues more susceptible to these reagents (Pi-
lipenko et al. 2000). Further clues have emerged
from recent studies using tethered hydroxyl rad-
ical probing to determine which of the four
RNA-binding domains (RBDs) of PTB (Fig.
2B) binds to which site on the IRES. This has
shown that the core EMCV IRES binds a single
PTB at widely dispersed sites (Fig. 1), such that
PTB binding could constrain the three-dimen-
sional flexibility of the IRES (Kafasla et al.
2009). In contrast, however, PTB binding to
the PV-1 IRES was highly localized to the basal
half of Domain Vand the single-stranded flank-
ing linkers (Fig. 1). The PTB binding site over-
lapped the eIF4G-binding site on the PV-1
IRES, and it was shown that PTB binding subtly
repositions elF4G (Kafasla et al. 2010), which
might provide an explanation for how PTB ac-
tivates Type I IRESs.

ALTERNATIVES TO THE CAP-DEPENDENT
SCANNING MECHANISM OF INITIATION
OF CELLULAR mRNA TRANSLATION

Because cellular mRNAs are the products of
transcription by RNA Pol II, they all have
m’G-caps and so they are all potentially trans-
latable by the cap-dependent scanning mecha-
nism; and although AUG triplets in 5'-UTRs
can attenuate scanning or even act as barriers
(depending on their position, context and the
length of the following ORF), such AUGs occur
only slightly more frequently in 5'-UTRs with
putative IRESs than in the mRNA population at
large (Baird et al. 2006). The question, there-
fore, is whether some cellular mRNAs can be
translated by alternative mechanisms, which
might operate in parallel with the scanning
mechanism under normal conditions, but could
predominate under conditions when cap-de-
pendent (scanning) initiation is compromised.

Although the focus of this review is IRES-
dependent initiation, it is worth briefly noting
that there are two other “nonstandard” initia-
tion mechanisms (excluding special mecha-
nisms for leaderless mRNAs or mRNAs with
extremely short 5-UTRs, which are irrelevant
to this article). One is ribosome shunting,
which is considered a form of discontinuous
scanning that has been seen with the adenovirus
tripartite leader 5-UTR and the Hsp 70 5'-
UTR, and appears to be favored over scanning
when eIF4F availability or activity is reduced
(Yueh and Schneider 1996, 2000).

The other is the mechanism of “cap-in-
dependent” initiation of translation of several
different types of plant viral RNAs (listed in Mil-
ler et al. 2007; Mokrejs et al. 2010), which all
have uncapped positive strand RNA genomes.
Initiation is strictly dependent on a 3’-UTR mo-
tif known as a cap-independent translation en-
hancer (CITE, or simply TE), which binds eIF4F
through its e[F4G and/or elF4E subunits, and
promotes initiation by a mechanism of scan-
ning from the uncapped 5'-end. This mecha-
nism shows that a 5'-cap (and therefore, by im-
plication, also eIF4E) is not necessary for
efficient initiation by scanning from the 5'-end,
provided there is an effective means of elF4G
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recruitment to compensate for absence of the
elF4E-cap interaction. Like the EMCV JK do-
main, these TEs do not show significant IRES
activity in the standard bicistronic mRNA test
(described below). Although the natural posi-
tion is always in the 3’-UTR, many such TEs
function equally well when repositioned to re-
place the endogenous 5'-UTR. In view of the
similarity between plant and vertebrate transla-
tion mechanisms, it seems quite possible that
this initiation mechanism could also operate in
vertebrates (reviewed in Shatsky et al. 2010).

CELLULAR mRNA IRESs

Indicators of a Possible IRES
in a Cellular mRNA

Because there is presently no high throughput
screening method for revealing cellular mRNA
IRESs, they have to be identified by testing each
candidate on a case-by-case basis. Two features
are often taken as preliminary indicators of
candidates that would be worth testing: (1) an
unusually long and GC-rich 5'-UTR that is pre-
dicted to be highly structured; and (2) persis-
tence of translation in stress conditions, or in
mitosis (Qin and Sarnow 2004), when eIF4F
activity or availability is compromised. Howev-
er, there are caveats associated with both these
indicators. All too often, a high negative AG
value for the predicted 5'-UTR secondary struc-
ture is taken as strong evidence that initiation
via cap-dependent scanning will be inevitably
inefficient. However, this overlooks the fact
that the AG value is related to the equilibrium
constant for the transition from the folded
to the completely unfolded forms, and is in-
versely related to the probability of spontane-
ous and unassisted complete unwinding of the
whole 5'-UTR, yet scanning requires only local-
ized step-wise unwinding of the 5'-UTR rather
than a complete unwinding of the whole se-
quence. Thus, it is the stability of local elements
of secondary structure that determines whether
they are significant barriers to scanning (Ozes
et al. 2011), rather than the AG value of the
complete 5'-UTR. Indeed it has been shown
that in a Krebs-2 in vitro system, or in an RNA
transfection assay, an mRNA with the ~900 nt

Current Status of Vertebrate Cellular mRNA IRESs

(60% GC) LINE-1 5'-UTR, is translated by the
cap-dependent scanning mechanism at 50%
relative efficiency compared to the (-globin
5/-UTR (Dmitriev et al. 2007). It should also
be noted that some long 5'-UTRs with apparent
IRES activity have subsequently been shown to
be incompletely spliced variants with retained
introns (Baranick et al. 2008), for example the
original elF4GI 5'-UTR studied by Gan and
Rhoads (1996), in contrast to the eIlF4GI 5’'-
UTRs described by Johannes and Sarnow (1998)
and Byrd et al. (2005).

As for the second indicator, the “persis-
tence” of translation of some mRNAs under
conditions of reduced elF4F activity is often
relative rather than absolute. For example, nu-
cleophosmin mRNA translation does decrease
in mitosis, but by only half as much as global
mRNA translation is reduced (Qin and Sarnow
2004). Similarly, there is actually a decrease in
c-myc synthesis during apoptosis, but the de-
crease is delayed by ~2 h with respect to global
protein synthesis (Bushell et al. 2006). Admit-
tedly there are some intriguing cases of real in-
creases in translation efficiency, for example vi-
mentin mRNA translation during mitosis (Qin
and Sarnow 2004). On the other hand, the in-
creased VEGF expression in hypoxia (0.1% O,
for 6 h) was found to be largely ascribable
to increased mRNA abundance (Young et al.
2008), although different hypoxia regimes in
other cell types have been reported to activate
IRES-dependent translation of VEGF mRNA
(Braunstein et al. 2007).

It would be naive to assume that the affinity
of eIF4F for the 5'-end of all nRNAs is the same.
It is much more likely that there is differential
affinity for different mRNAs, in which case
those mRNAs with high affinity will continue
to be translated moderately efficiently via the
scanning mechanism even when eIF4F activity
has been significantly reduced. A likely reflec-
tion of this can be found in the observation that
addition of cap analog (m’GTP) or especially
4E-BP1 to a Krebs-2 in vitro system resulted in
less inhibition of a reporter with the Apaf-1
(especially), c-myc or Hsp70 5-UTRs than
with the actin 5-UTR (Andreev et al. 2009).
In addition, it should be appreciated that the
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relief of competition consequent on inhibition
of bulk mRNA translation following partial
elF4F inactivation will increase the availability
of other initiation factors and ribosomal sub-
units for those mRNAs with high functional
affinity for the residual e[F4E

It is also worth noting some other observa-
tions that are somewhat at variance (but maybe
not directly contradictory) with the idea that
low eIF4F activity might favor IRES-dependent
translation. First, it has been found that a 90%
knock-down of eIF4GI, which reduced global
translation by only ~20%, preferentially de-
creased translation of low abundance mRNAs
that have short upstream ORFs (Ramirez-Valle
et al. 2008). In contrast, the translation of sev-
eral mRNAs with putative IRESs, including
p120 catenin, seemed to be promoted by the
overexpression of e]F4GI that commonly occurs
in inflammatory breast cancer (Silvera et al.
2009). Finally, the example of the picornaviral
HAV IRES shows that some bona fide IRESs may
actually require an intact eIF4F complex; and
the existence of CITE elements shows that “cap-
independent initiation” does not necessarily
equate with IRES-dependent initiation.

The Standard Bicistronic Plasmid
Test for Cellular mRNA IRESs

Because all cellular mRNAs have at least the
potential to be translated by a cap-dependent
scanning mechanism, this potential needs to
be suppressed to test for possible IRES activity.
The usual test follows the same approach as
originally used to show the poliovirus IRES
(Pelletier and Sonenberg 1988), namely to in-
sert the candidate 5'-UTR as the intercistronic
spacer of a bicistronic DNA plasmid construct,
although monocistronic constructs with a very
stable 5'-proximal hairpin provide a valid alter-
native. Although many different bicistronic ex-
pression constructs have been used (most of
them listed in Kozak 2003, 2005), the majority
of tests have employed a dual luciferase con-
struct, with Renilla luciferase (RLuc) as the up-
stream cistron, and firefly (Photinus) luciferase
(FLuc) in the downstream position (Fig. 3A).
IRES activity is indicated by a significant in-

crease in the FLuc/RLuc expression ratio as
compared with a control bicistronic construct
lacking the putative IRES, though the raw data
for RLuc and FLuc expression should also be
presented so that we can see whether
a decrease in RLuc expression, which is by
no means unknown (van Eden et al. 2004),
has contributed significantly to the IRES-
dependent increase in FLuc/RLuc expression
ratio. (If insertion of the test 5'-UTR does sig-
nificantly decrease RLuc expression, this could
be a strong warning that splicing may have re-
moved part or all of the RLuc cistron from some
transcripts.) The intercistronic spacer in the
control construct is usually a short multiple
cloning site, and it could be argued that a better
control would have an intercistronic spacer
more similar in length to the putative IRES,
such as the reverse complement of the test 5'-
UTR sequence, as has been used in some pub-
lications.

Many 5'-UTR sequences tested in this way
promote a huge increase in the FLuc/RLuc ra-
tio, often a few hundred-fold and significantly
greater than the typical ~20-fold increase ob-
served with the bona fide EMCV IRES. The cur-
rent record appears to be the triose phosphate
isomerase (TPI) 5'-UTR, which elicits almost
a 1000-fold increase in the FLuc/RLuc ratio
(Young et al. 2008). Impressive though these
stimulations may appear at first sight, it should
be remembered that FLuc expression from the
control (no IRES) construct should, in princi-
ple, be zero, and so a 100-fold increase in what is
probably close to zero could still be quite small
in absolute terms. This highlights a major weak-
ness in this method of determining IRES activ-
ity, because it does not give any indication of
the efficiency of the apparent IRES-dependent
translation in comparison with the efficiency of
translation of (1) a monocistronic FLuc mRNA
with the same 5'-UTR, and (2) the upstream
RLuc cistron (i.e., the molar ratio of FLuc/
RLuc synthesis rates). The first issue could be
addressed by simply deleting the RLuc 5'-UTR
and ORF sequences from the bicistronic con-
struct depicted in Figure 3A, yet this control
seems to be never included in DNA transfection
assays, although it is common practice in RNA
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Figure 3. Mechanisms by which monocistronic mRNAs can arise from the dual luciferase plasmid construct
commonly used to test for IRESs. In all three subpanels the Renilla luciferase (RLuc) ORF is shown in blue, the
Photinus luciferase (FLuc) ORF in yellow, and the cellular mRNA 5’-UTR under test for IRES activity is in red.
Panel (B) is on a reduced scale. (A) Configuration of the dual luciferase construct and its essential elements
(promoter, chimeric intron, polyA addition signal, and enhancer). The downstream SV40 enhancer strongly
activates transcription from the SV40 promoter, but can also activate transcription from any cryptic promoter
element present in the putative IRES (as shown by the dashed line), thereby generating a monocistronic FLuc
mRNA. (B) Transcription from a promoter in the vector backbone, near the pMBI1 origin, also gives rise to
monocistronic FLuc mRNA if the putative IRES has 3'-splice sites. The diagram shows two of the most abundant
spliced RNA products found (Lemp et al. 2012), with the retained (exon) sequences shown in green, and the
spliced out introns in red. About half of such monocistronic FLuc mRNAs are devoid of upstream AUG triplets,
and so could give rise to high FLuc expression via cap-dependent scanning. These unanticipated mRNAs are
equally abundant irrespective of whether the SV40 promoter is absent (as depicted) or present (Lemp et al.
2012). (C) Generation of a monocistronic FLuc mRNA by splicing from the 5'-splice donor site of the chimeric
intron to 3-splice site(s) fortuitously present in the putative IRES.
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transfections (discussed below). For the second ~ Some IRESs Are Only Active if Expressed

issue, there seems to be no instance where the
actual molar ratio of FLuc/Ruc expression has
been calculated from the luciferase activity data,
yet the luciferase activities per mole of each pro-
tein under the particular assay conditions that
were used must surely be known, or could be
quite easily determined experimentally.

via Transcription by RNA Polymerase Il

One reason for the widespread use of DNA
transfection assays is that many putative cellular
mRNA IRESs do not function efficiently, if at
all, in cell-free translation systems (not even in
extracts from HeLa or other tissue culture cells),
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nor in direct RNA transfections, nor in DNA
transfections in which mRNA synthesis occurs
in the cytoplasm because it is driven by T7 RNA
polymerase generated via infection of the cells
with a recombinant vaccinia virus that expresses
T7 polymerase (Stoneley et al. 2000; Shiroki
et al. 2002; Holcik et al. 2003). Thus, in these
cases IRES activity is manifest only if the mRNA
is generated in the nucleus via Pol II. This has
led to the suggestion that a “nuclear experience”
is required for these IRESs to be active.

One obvious and plausible explanation for
this requirement is that the apparent IRES ac-
tivity might actually be attributable to the pro-
duction of a monocistronic FLuc mRNA, either
from a cryptic Pol II promoter sequence or
through a minor splicing event. When the
“nuclear experience” requirement was first ob-
served, it was claimed that such artefacts had
been ruled out, and the proposed explanation
was that IRES activity is absolutely dependent
on certain ITAFs being deposited on the nascent
bicistronic mRNA in the nucleus, and coex-
ported to the cytoplasm. The presumption
was that such ITAFs are either (normally) re-
stricted to the nuclear compartment, or that
they can only be deposited appropriately during
transcription or subsequent pre-mRNA pro-
cessing. However, no direct evidence support-
ing this hypothesis has been forthcoming in the
many years since it was first proposed. Mean-
while, in the past ~8 years there have been so
many reports of monocistronic mRNA artefacts
arising from cryptic promoters or from splicing
that this must now surely be taken as the default
explanation for the “nuclear experience,” unless
or until convincing evidence to the contrary is
produced.

Essential Controls to Screen for Monocistronic
mRNAs Arising from Cryptic Promoters
and/or Splicing

It has long been common practice to screen for
possible monocistronic FLuc mRNA produc-
tion by using Northern blots, or, more recently,
qPCR measurement of the relative quantity of
RLuc and FLuc ORF sequences. However, it is
very doubtful whether these methods would

detect monocistronic FLuc mRNA present at
a level of less than 2%, which is the likely re-
quired threshold suggested by the relative FLuc
expression from monocistronic and bicistronic
mRNAs with the same test 5-UTR in RNA
transfection assays (discussed in a subsequent
section). In any case, this approach is rather
unsatisfactory because it is indirect and involves
two controversial issues: (1) what is the required
sensitivity, and (2) whether the assay achieves
this level of stringency (Kozak 2003, 2005). As
discussed below, better methods are now avail-
able for revealing more directly whether mono-
cistronic mRNAs are giving rise to significant
FLuc expression. Many investigators mistakenly
consider the test of inserting a very stable hair-
pin upstream of the RLuc cistron to be a decisive
control. As expected, this drastically reduces
RLuc synthesis, usually with little or no effect
on FLuc expression, but this outcome does not
constitute proof of an IRES, because precisely
the same result could be obtained if virtually
all FLuc expression was from an unanticipated
monocistronic mRNA.

Although some investigators screen for
cryptic promoters by testing for FLuc expres-
sion when the bicistronic construct with the
putative IRES sequence is transferred into a
completely different plasmid background lack-
ing known promoters (and in some such tests
also lacking an enhancer), a more rigorous ap-
proach is to delete the SV40 promoter but retain
the SV40 enhancer of the expression plasmid
construct (Fig. 3A) actually used to assay IRES
activity. This invariably results in an 80%—-90%
reduction in RLuc expression, and a similar per-
centage reduction in FLuc yield is seen in the
case of the EMCV IRES and the no IRES con-
trol. However, for a great many 5-UTRs with
putative IRES activity (HIF-1a, HIF-2a, XIAP,
c-myc, VEGE VEGEF receptorl, EGR-1, Glut-1,
PIM-1, TPI, p27Kip1, and p57Kip2) there was,
at best, only a slight reduction in downstream
cistron translation, and in many cases a signifi-
cant increase in FLuc expression was seen (Liu
et al. 2005; Wang et al. 2005; Bert et al. 2006;
Young et al. 2008). These results provide strong
evidence that a cryptic promoter is producing
FLuc mRNAs that certainly lack a complete
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RLuc ORF and may well be monocistronic. Al-
though there is a report (Vopalensky et al. 2008)
of weak cryptic promoter activity in the 3'-
proximal part of the FLuc ORF (that would be
troublesome only when FLuc is used as the up-
stream cistron), no such activity has been found
in the RLuc ORE and so the usual presumption
is that the cryptic promoter lies in the putative
IRES sequence itself. However, it has recently
been shown that there is a cryptic promoter
within the backbone (near the origin of replica-
tion) of virtually all expression vectors in cur-
rent use (Lemp et al. 2012), and although the
primary transcripts from this promoter are
polycistronic, they can give rise to monocis-
tronic FLuc mRNAs lacking upstream AUG
triplets (and therefore translatable by cap-de-
pendent scanning) if the tested 5'-UTR has po-
tential 3’-splice sites (Fig. 3B). A detailed RNA
analysis (e.g., 5'- RACE) is needed to determine
whether the ultimate origin of the monocis-
tronic FLuc mRNA is this vector backbone pro-
moter or a cryptic promoter in the putative
IRES (Lemp et al. 2012).

Even if (almost) all transcription were from
the intended (SV40) promoter, splicing can still
cause artefacts, as almost all expression vectors
in current use have an intron in the 5'-UTR (Fig.
3), because introns have been shown to stimu-
late the synthesis, processing and nucleo-cyto-

Current Status of Vertebrate Cellular mRNA IRESs

plasmic transport of mRNA (Le Hir et al. 2003),
but an intron in the 3'-UTR located more than
~50 nt downstream from the stop codon will
trigger nonsense mediated decay (Nagy and
Maquat 1998). However, the propensity for al-
ternative splicing in vertebrates is so extremely
high that the system will likely attempt all pos-
sible permutations, not just the intended splic-
ing pattern. So this ubiquitous presence of a 5'-
proximal splice donor site poses a strong risk of
mis-splicing to any cryptic 3'-splice site present
in the putative IRES under test (Fig. 3C), as
shown by the finding that when all potential
5’-splice sites in the 5'-UTR and the upstream
cistron (in this case coding for Gaussia lucifer-
ase) were inactivated by mutations, the BiP,
NRE VEGE and XIAP 5-UTRs, as well as the
elF4GI 5'-UTR reported by Gan and Rhoads
(1996), failed to show significant IRES activity
above the “no IRES” control, or the B-globin 5'-
UTR, although the EMCV IRES positive control
yielded high activity (Baranick et al. 2008). In
the same publication a sensitive assay involving
incorporating the IRES and a GFP reporter into
a murine leukaemia virus proviral DNA (Fig. 4)
revealed that the same e[F4GI 5’-UTR, as well as
the NRF and XIAP 5'-UTRs all had 3'-splice
sites, which accounted for the apparent IRES
activity, although here again the EMCV IRES
scored as a bona fide IRES. Moreover, a database

gag-pol

3

5’ splice site

Figure 4. Highly sensitive murine leukaemia virus test for the presence of 3'-splice sites in putative IRESs
(Baranick et al. 2008). The putative IRES and GFP reporter are inserted into the proviral DNA (driven by a
CMYV promoter) downstream from the env gene. The normal MLV splicing pattern (in the absence of the IRES-
GFP insert) is shown in black, above the gene map. The presence of a 3'-splice site in the putative IRES promotes
the alternative splicing pattern shown in red below the gene map. Consequently, there is very high GFP
expression (i.e., apparent IRES activity) from the resulting capped monocistronic mRNA, but viral replication
is severely impaired because of the decrease in full-length unspliced RNA for packaging, coupled with the
reduction in gag, pol, and env protein synthesis. In contrast, with the EMCV IRES, GFP production is signifi-
cantly lower (though nevertheless 10- to 20-fold greater than background), but there is no inhibitory effect on
viral replication. The sensitivity of this assay is because of the double readout of (1) GFP expression (i.e.,
apparent IRES activity), and (2) viral replication.

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a011569 1


http://cshperspectives.cshlp.org/

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

Downloaded from http://cshperspectives.cshlp.org/ on March 2, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

R.J. Jackson

search revealed ESTs in which these 3'-splice
sites in all three putative IRES sequences had
been used in their endogenous cellular mRNA
context. A survey of 81 cellular 5'-UTR sequenc-
es with claimed IRESs, revealed EST evidence
for functional 3'-splice sites in a small minority,
including BCL2, DAPS5, HIAP2, MTG8a, ODC,
UNR, and utrophin A (Baranick et al. 2008).
Another salutary warning of how splicing-de-
pendent artefacts can give highly misleading re-
sults is the fact that a 42 nt sequence corre-
sponding to a 3'-splice site in the B-globin
gene masquerades as an exceptionally potent
IRES when tested in the dual luciferase plasmid
system (Lemp et al. 2012). In view of these po-
tential problems arising from splicing, perhaps
it would be worth investing time in constructing
an alternative expression vector in which the
customary 5'-proximal intron (Fig. 3A) is re-
placed either by an intron in the FLuc ORF itself
or just downstream from its stop codon, or by
an intron that is spliced by the alternative U11/
U12snRNA-dependent pathway.

siRNA Screen for FLuc Expression from
Unanticipated mRNA Species

Although the retroviral test is undoubtedly very
sensitive, a more generally accessible screen, de-
veloped by Rick Lloyd’s group, has the advan-
tage of detecting FLuc expression from unantic-
ipated mRNA species irrespective of whether
they arise from cryptic promoters or from splic-
ing. It involves cotransfection or coexpression of
an siRNA targeted against RLuc coding se-
quences (van Eden et al. 2004), which usually
results in a 70%—80% decrease in RLuc expres-
sion, a level of reduction that is necessary if the
results are to be readily interpretable. On the
plausible assumption that the 3'-fragment of
siRNA-mediated endonucleolytic cleavage is
rapidly degraded to completion, the percentage
reductions in FLuc and RLuc expression should
be nearly equal if all the FLuc expression is from
the anticipated bicistronic mRNA (i.e., depen-
dent on an IRES), and this outcome is observed
in tests of the EMCV and HRV picornavirus
IRESs (Bert et al. 2006; Andreev et al. 2009). If
there are stable degradation intermediates, the

reduction in FLuc expression could be less than
that of RLuc, but decay intermediates of suffi-
cient stability to seriously prejudice the inter-
pretation should be detectable by Northern
blotting (even though 5'-RACE would be need-
ed to map the 5'-ends). In the one case where
this Northern blotting was performed, no decay
intermediates were detected (Saffran and Smiley
2009).

If the reduction in FLuc expression is signif-
icantly less than that of RLuc, and yet no stable
decay intermediates can be detected, the ines-
capable conclusion is that some FLuc must be
expressed from unanticipated mRNAs, which
lack the siRNA target site. The numerous pos-
sible configurations for such aberrant mRNAs
can be broadly categorized according to wheth-
er the RLuc ORF is completely missing or pres-
ent only in a truncated form, and whether the
whole or only part of the test 5'-UTR is retained.
If the whole RLuc ORF is missing, FLuc expres-
sion is probably from a monocistronic mRNA,
which would be potentially translatable by scan-
ning. If part of the RLuc ORF is retained but
most of the test 5’-UTR is eliminated in a way
that places this RLuc mini-ORF in-frame with
the FLuc ORE the result would be a monocis-
tronic mRNA encoding a fusion protein that
would likely have at least some FLuc activity
(van Eden et al. 2004). On the other hand,
if the whole of the test 5-UTR is retained to-
gether with the RLuc mini-ORE the outcome
would be a bicistronic mRNA which, in princi-
ple, could only express FLuc via an IRES-de-
pendent mechanism that would be immune
from siRNA-mediated knock-down. However,
if IRES activity is manifest when the upstream
cistron is a RLuc mini-ORE a similar efficiency
of IRES-dependent FLuc expression should also
be showed by the anticipated full-length bicis-
tronic mRNA (with a complete RLuc ORF), but
in this case it would be subject to siRNA-medi-
ated knock-down. This full-length bicistronic
mRNA will certainly be present, and in most
cases it will be the majority RNA species, ac-
cording to typical Northern blot results.

With these various scenarios in mind, it is
clear that if the siRNA causes no reduction
whatsoever in FLuc expression, the most likely
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explanation is that it is all coming from a mono-
cistronic mRNA rather than the intended bicis-
tronic species. This outcome, and even siRNA-
dependent stimulation of FLuc expression, has
been observed with HIF-1o,, VEGE XIAP, c-
myc, and EGR-1 5-UTRs (van Eden et al.
2004; Bert et al. 2006). If the siRNA causes a
reduction in FLuc expression that is statistically
significant but distinctly less than the reduction
in RLuc expression (or in FLuc expression when
the EMCV IRES is tested), as has been reported
for the Apaf-1 5-UTR (Andreev et al. 2009),
there are two alternative conclusions. One is
that some FLuc expression is from the siRNA-
sensitive bicistronic transcript and some from a
monocistronic artefact. The alternative is that
all FLuc expression is from bicistronic mRNAs,
and therefore probably IRES-dependent, but
some of these bicistronic mRNAs have a trun-
cated RLuc ORF lacking the siRNA target site.

These various possibilities can only be dis-
tinguished by a thorough RNA analysis. At least
in the first instance, this analysis would best be
made on mRNA recovered from the siRNA-
treated cells, because the reduced background
of anticipated full-length transcripts should
make it easier to detect the aberrant siRNA-re-
sistant mRNA species, which could be present
only at quite low abundance. One approach is to
carry out RT-PCR with primers matching the
very 5'-end of the anticipated transcript (up-
stream of the chimeric intron) and the 5'-end
of the FLuc ORF (van Eden et al. 2004). How-
ever, this strategy presupposes that all aberrant
transcripts originate from the intended (SV40)
promoter, and so 5'-RACE would be a more
open-ended and better method for RNA analy-
sis (Lemp et al. 2012). In either case, the cDNA
products should be cloned, and sufficient clones
sequenced.

Direct RNA Transfections and
In Vitro Translation Assays

In view of the problems arising from splicing
and cryptic Pol II promoters, many investiga-
tors have turned to transfections of capped and
polyadenylated bicistronic mRNAs, synthesized
in vitro by a bacteriophage RNA polymerase

Current Status of Vertebrate Cellular mRNA IRESs

and usually with the same RLuc and FLuc con-
figuration. This avoids the potential artefacts
associated with DNA transfections, although it
is not without its own problems, because at least
some transfection protocols result in much of
the input RNA remaining sequestered in intra-
cellular vesicles, unavailable for translation and
also largely immune from mRNA degradation
enzymes (Barreau et al. 2006). It has been sug-
gested that introducing the RNA by electropo-
ration, or even microinjection, might avoid this
problem, but in the meantime the existence of
two intracellular pools invalidates any attempt
to relate protein expression to mRNA stability
or abundance, because these measurements in-
volve recovering total RNA, and not just the
pool of translated mRNAs.

Nevertheless, these considerations do not
invalidate assays of expression measured during
the linear phase of translation, which has been
shown to persist for at least ~6 h posttransfec-
tion. Two striking results have emerged from
such assays of bicistronic mRNAs. First, al-
though the EMCV IRES elicits a 100- to 250-
fold stimulation of the FLuc/RLuc expression
ratio, the stimulation seen with putative cellular
mRNA IRESs is seldom greater than 10-fold,
even in the case of 5-UTRs that stimulate
>50-fold in DNA transfection assays. For exam-
ple, in one such assay the greatest stimulation
was 6.2-fold (Apaf-1 5-UTR), almost fourfold
for the B-globin 5'-UTR and only 1.9-fold for
the c-myc5’-UTR (Andreevetal. 2009). In other
reports the increases seen with the HIF-1a, HIF-
2o, VEGE XIAP, PIM-1, and p275"' 5/-UTRs
were all less than ~6-fold (Liu et al. 2005; Wang
et al. 2005; Bert et al. 2006; Young et al. 2008).
These results raise the semantic question of
whether such small stimulations, barely above
that seen with the B-globin 5-UTR and only a
pale shadow of the EMCV IRES result, really
warrant description as “IRES activity.”

The other, even more striking outcome con-
cerns comparison of the bicistronic mRNAwith
a monocistronic FLuc mRNA bearing the same
test 5'-UTR, the comparison that regrettably is
never performed with plasmid DNA transfec-
tions. In two independent reports, FLuc expres-
sion from the bicistronic mRNAwith the Apaf-1,

Cite this article as Cold Spring Harb Perspect Biol 2013;5:a011569 13


http://cshperspectives.cshlp.org/

fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo™

Downloaded from http://cshperspectives.cshlp.org/ on March 2, 2022 - Published by Cold Spring Harbor Laboratory Press

www.cshperspectives.org

R.J. Jackson

HIF-1a, c-myc, VEGE and XIAP 5/-UTRs was
<2% (range 0.125%—1.66%) of the expression
from the corresponding monocistronic mRNA,
although the EMCV IRES was 50%—125% as
active in the bicistronic background compared
with the monocistronic mRNA (Bert et al. 2006;
Andreev et al. 2009).

These data imply that a switch from exclu-
sive scanning-dependent initiation to exclusive
IRES-dependent initiation would result in a
>50-fold decrease in the translation efficiency
of these mRNAs. This seriously undermines the
idea that the persistence of translation and poly-
some association of a given mRNA under stress
conditions is caused by such a switch, unless
one invokes a massive stress-induced activation
of such IRESs. The few cases in which the ap-
parent IRES activity under stress conditions has
been examined by RNA transfection have given
contrary results: no increase in apparent VEGE
HIF-1a, and HIF-2a IRES activity was seen in
hypoxia (Young et al. 2008), but a ~5-fold in-
crease in BCL-2 IRES activity was observed fol-
lowing treatment of cells with etoposide for 8 h
(Sherrill et al. 2004). Proponents of the “nuclear
experience” hypothesis will argue that the RNA
transfection results are artefactually low because
of the absence of this “experience,” but until we
have more evidence as to what the “nuclear
experience” entails (including evidence that it
cannot be entirely or even partly explained by
splicing or cryptic promoters), there is no log-
ical justification for not accepting the RNA
transfection results at face value.

In vitro translation of bicistronic mRNAs
with putative IRESs in a Krebs-2 cell-free system
(untreated with micrococcal nuclease) gave a
hierarchy of apparent IRES activity similar to
that seen in RNA transfections of HEK 293 cells,
but (except for the EMCV IRES) the stimula-
tions of the FLuc/RLuc expression ratio were
even smaller than the low level observed in the
RNA transfection assays (Andreev et al. 2009).
It was suggested that the untreated Krebs-2
extract is a more appropriate system than the
usual nuclease-treated rabbit reticulocyte lysate
(RRL), because it shows both a greater stimula-
tion by poly(A) tails and also synergy between
5'-caps and poly(A) tails, which may be partly

ascribable to the presence of competing endog-
enous mRNAs. Nevertheless, several 5-UTRs
with putative IRES activity stimulated reporter
expression when tested in a nuclease-treated
HeLa cell-free extract as monocistronic polya-
denylated Appp-capped mRNAs in which the
test 5'-UTR was inserted between a 5’-proximal
stable hairpin and the FLuc reporter (Thoma
et al. 2004). The c-myc 5'-UTR gave the maxi-
mum stimulation of 12-fold (Hunsdorfer et al.
2005), which is much higher than was observed
in the Krebs-2 system with a bicistronic mRNA
(Andreev et al. 2009), but this higher activity
may conceivably be attributable to the absence
of any competing translation of other mRNAs.
It would be better if assays in nuclease-treated
extracts included at least an equimolar quantity
of a heterologous m’Gppp-capped and poly-
adenylated mRNA (e.g., coding for RLuc if the
reporter is FLuc), so as to reflect the competi-
tion between scanning-dependent and IRES-
dependent mRNAs that will occur in intact
cells.

The nuclease-treated RRL can translate
EMCV RNA extremely efficiently but only if
KCl is used rather than the customary KOAc
(Jackson 1991), which is generally found to
support higher translation of other mRNAs,
including those translated by cap-dependent
scanning. The RRL system is clearly deficient
in ITAFs required for the Type I HRV IRES
(Hunt and Jackson 1999; Hunt et al. 1999),
and is also inefficient in the translation of
capped polyadenylated monocistronic mRNAs
with long 5'-UTRs, such as LINE-1, Apaf-1, and
c-myc (Andreev et al. 2009), which is suggestive
of poor processivity of scanning. Both of these
defects are corrected by supplementing the sys-
tem with a relatively small amount of HeLa
cytoplasmic extract (Hunt and Jackson 1999;
Dmitriev et al. 2007).

Further Investigations into the Properties
of Cellular mRNA IRESs

It is not possible to comment sensibly on the
outcome of further studies of cellular mRNA
IRESs, such as deletion mapping the IRES
boundaries, mapping the putative ribosome
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entry site, and examining the influence of po-
tential ITAFs on IRES activity, because most of
these have been based on plasmid DNA transfec-
tion assays. Consequently, until it is definitively
proven that there are no monocistronic FLuc
mRNAs generated from the bicistronic DNA
construct with a given IRES, we cannot be sure
whether the mapping experiments, for example,
are showing the boundaries of a genuine IRES,
or the positions of the cryptic promoter(s) or
the splice sites that are the origin of the mono-
cistronic mRNA. An example that illustrates that
this a real problem and not just hypothetical
conjecture, is a mapping of the c-myc IRES to
a 50 nt segment in the 5'-UTR, which was fur-
ther narrowed down to two 14 nt motifs, one at
each end of the 50 nt segment (Cencig et al.
2004). Recent work employing 5'-RACE has
shown that one of the 14 nt motifs corresponds
to a functional transcription start site (of a
monocistronic FLuc mRNA) and the other to
an associated promoter element (Lemp et al.
2012). This finding suggests that the explanation
for the modular nature reported for many pu-
tative cellular IRESs (Stoneley and Willis 2004)
may well be that the short modules are actually
splice sites, cryptic promoters or transcription
start sites.

In the case of potential ITAFs, which have
been mainly explored by studying the influence
of overexpression or siRNA-mediated knock-
down on apparent IRES activity in plasmid
DNA transfection assays, there are, admittedly,
additional cell-free translation data showing
weak stimulation (less than threefold) of appar-
ent IRES activity when some putative ITAFs
were added (Cobbold et al. 2008). However, it
should be appreciated that the basal level of
IRES activity in such in vitro systems is exceed-
ingly low, and thus the absolute increase in FLuc
expression will be very small indeed.

CONCLUSIONS AND PERSPECTIVES

To an outsider approaching this topic with as
few preconceived notions as possible, the cur-
rent state of the field seems extremely confus-
ing, because many pre-2004 claims for cellular
mRNA IRESs, which appeared to be well estab-

Current Status of Vertebrate Cellular mRNA IRESs

lished on the basis of plasmid transfection re-
sults, have been seriously challenged by the
more stringent controls developed in the past
8 years. Future historians of science are likely
to be very surprised by the way in which the
mRNA translation community embraced the
idea of cellular mRNA IRESs so unreservedly
that the warning signs of potential artefacts as-
sociated with plasmid DNA transfections (e.g.,
when insertion of the test 5'-UTR strongly re-
duces RLuc expression) were ignored for such a
long time, and sometimes continue to be ig-
nored. There still seems to be no general agree-
ment as to which controls are the most decisive,
and the importance of thorough RNA analysis
remains greatly underappreciated. The most
frequently used approaches are really best suited
to showing that the anticipated bicistronic tran-
script is the major abundant mRNA species,
whereas what is required is a strategy for detect-
ing and characterizing low abundance monocis-
tronic FLuc mRNAs, whatever their origin.

It is hard to avoid the conclusion that plas-
mid DNA transfection assays for IRES activity
cannot be trusted unless they meet the criterion
of near-equal percentage reductions in the FLuc
and RLuc activities on coexpressing an siRNA
against the upstream RLuc cistron. Thus far,
only the Types I and II picornavirus IRESs (ex-
emplified by EMCV and HRV) consistently
come close to meeting this criterion (Bert et al.
2006; Araud et al. 2007; Andreev et al. 2009).
There are also single reports in which the Unr
5'-UTR (albeit tested with FLuc as the upstream
cistron) and DAP5 5-UTR met this criterion
(Araud et al. 2007; Schepens et al. 2007), but
in view of the EST evidence for 3'-splice sites in
both cases (Baranick et al. 2008), independent
confirmation of these findings is desirable. At
the other extreme, the HIF-1la, VEGE XIAP,
and EGR-1 5-UTRs comprehensively failed
the siRNA test (Bert et al. 2006). In addition,
the putative IRESs in the eI[F4GI 5'-UTR of Gan
and Rhoads (1996), and in the c-myc, HIF-2a,
VEGF receptorl, Glut-1, TPI, NRE PIM-1,
p575P2 and p275P! 5'-UTRs all failed in at least
one of the other recently developed sensitive
controls for cryptic promoters and/or splicing
artefacts. Failure in these tests suggests that
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the massive stimulations of the FLuc/RLuc ex-
pression ratio elicited by some of these 5'-UTRs
in plasmid transfections are most unlikely to be
a measure of true IRES activity. However, be-
cause the siRNA test and these other controls are
essentially methods of screening for probable
artefacts, rather than strictly quantitative assays,
the possibility remains open that a 5'-UTR that
fails these tests could nevertheless have some
IRES activity, albeit an extremely weak activity
probably in the same range as generally ob-
served in RNA transfection or in vitro transla-
tion assays.

The literature has claims for ~100 cellular
mRNA IRESs (see Mokrejs et al. 2010 for the
most recent, but not quite complete list), the
great majority of them based primarily on plas-
mid DNA transfection assays, usually with only
Nothern blot or RT-qPCR controls. Although
anumber have been examined by in vitro trans-
lation, and many, but not all, show modest
IRES activity in these tests, it is difficult to eval-
uate these results because such a wide variety
of conditions and cell-free systems have been
used. Few of them (apart from those listed
above) have been subjected to the siRNA test
or any of the other stringent controls that have
been recently developed, and comparatively few
have been thoroughly tested in RNA transfec-
tions. The current status of a great many of these
~100 putative IRESs (apart from those listed in
the preceding paragraph) must therefore be re-
garded as “uncertain” or “not proven,” until
these gaps in the data are plugged.

Because the results of plasmid DNA trans-
fections without really stringent controls cannot
be trusted, increasing reliance may have to be
placed on the outcome of RNA transfections.
For a comprehensive test, the following poly-
adenylated mRNA species should be assayed:
m’Gppp-capped bicistronic mRNA (1) with the
test 5’-UTR, and (2) with no insert and/or the
reverse complement of the test 5'-UTR; Appp-
capped monocistronic mRNA with a 5'-proxi-
mal stable hairpin, and (3) the test 5-UTR,
or (4) either no test sequence or the reverse
complement of the test 5-UTR; (5) m’Gppp-
capped, and (6) ApppG-capped monocistronic
mRNAs with the test 5-UTR but no hairpin.

The comparisons of (1) with (2), and (3) with
(4) give two independent measures of IRES
activity, the latter avoiding the potential com-
plication of cross-interference between transla-
tion of two cistrons in close mutual proximity;
and the comparisons of (1) with (5), and (3)
with (5) give the exceedingly important ratio
of IRES-dependent versus scanning-dependent
initiation efficiency. The (5) versus (6) compar-
ison provides a measure of the “cap-depend-
ency” of initiation via the scanning mechanism,
although it should be appreciated that IRES-
dependent translation could also be occurring
in parallel with scanning on such mRNAs. It
would be worth considering transfecting the
mRNAs by electroporation rather than with
chemical reagents, and in due course it could
be instructive to also test the outcome of ap-
pending the natural 3’-UTR to the monocis-
tronic reporters, rather than the 3’-UTR sup-
plied by the expression vector. Putative IRESs
that are thought to play an essential role in the
persistence of translation under stress condi-
tions should also be tested under these condi-
tions, to reveal any stress-dependent activation.

Although it is early days, current indications
suggest that the cellular mRNA IRES activity
observed in such assays will usually turn out
to be rather weak. So far, cellular IRES-depen-
dent FLuc expression from a bicistronic mRNA
has never exceeded 2% of the expression from
a m’Gppp-capped monocistronic mRNA with
the same test 5'-UTR; and the stimulation of
the FLuc/RLuc expression ratio following in-
sertion of the test 5-UTR into the bicistro-
nic mRNA is usually in the range 5- + 2-fold
(maximum ~10-fold) over the no IRES con-
trol, which should in principle be zero, and in
practice is likely to be very small. Although
there may be situations in which even such
weak IRES activity is nevertheless biologically
relevant, there are other situations, such as the
persistence of translation of certain mRNAs un-
der stress conditions, in which it is difficult to
see how IRES activity as weak as this could pos-
sibly account for the observed outcome. Rather
than jump to the presumption that IRES-de-
pendent translation must be the explanation,
it would be preferable to keep an open mind
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as to the other possibilities, namely: persistence
of scanning-dependent translation (perhaps
because the particular mRNA has an unusually
high affinity for the residual eIF4F activity),
ribosome shunting, or a mechanism dependent
on a TE-like element in the 5'-UTR.
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