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The vast majority of eukaryotic messenger RNAs (mRNAs) initiate translation through a
canonical, cap-dependentmechanism requiring a free 50 end and 50 cap and several initiation
factors to form a translationally active ribosome. Stresses such as hypoxia, apoptosis, starva-
tion, and viral infection down-regulate cap-dependent translation during which alternative
mechanisms of translation initiation prevail to express proteins required to cope with the
stress, or to produce viral proteins. The diversity of noncanonical initiation mechanisms
encompasses a broad range of strategies and cellular cofactors. Herein, we provide an over-
view and, whenever possible, a mechanistic understanding of the various noncanonical
mechanisms of initiation used by cells and viruses. Despite many unanswered questions,
recent advances have propelled our understanding of the scope, diversity, and mechanisms
of alternative initiation.

Cap-dependent translation relies on recogni-
tion of the 50 cap by the eukaryotic initia-

tion factor (eIF)4F complex (eIF4E, eIF4G, and
eIF4A), which recruits the 43S preinitiation
complex ([PIC], 40S, eIF3, eIF1, eIF1A, eIF5,
and ternary complex [eIF2•Met-tRNAi•GTP])
to the 50 end of the messenger RNA (mRNA).
Following recruitment, the 43S ribosomal sub-
unit scans themRNA in a 50-to-30 direction until
the AUG start codon is recognized and 60S ri-
bosomal subunit joining occurs to make an 80S
elongation-competent ribosome (see Merrick
and Pavitt 2018). Cap-dependent initiation is
down-regulated under conditions of cellular
stress (seeWek 2018) or during some viral infec-
tions (see Stern-Ginossar et al. 2018). Therefore,
viral proteins and cellular proteins that are re-
quired to survive or adapt to the cellular stress
are synthesized using alternative mechanisms of
translation initiation (Fig. 1).

Noncanonicalmechanisms of initiation vary
with respect to which eIFs are required, whether
ribosome scanning and cap recognition areused,
and the conditions in which they are favored.
For example, ribosomal shunting requires a
50 cap and all of the canonical initiation factors
to load the 40S subunit onto the mRNA before
translocating the 40S subunit to a downstream
location to initiate translation (MorleyandCold-
well 2008). In contrast, the initiation factor re-
quirements for internal ribosome entry sites
(IRESs), which require neither a 50 cap nor a
free 50 end to recruit a ribosome internally to
the mRNA, have a range of initiation factor re-
quirements dependent on the type of IRES. For
instance, the Dicistroviridae intergenic region
(IGR) IRES is the simplest studied IRES, requir-
ing no initiation factors (Jan et al. 2003), whereas
the hepatitis A viral IRES uses all of the fac-
tors needed for canonical translation initiation
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including eIF4E (Avanzino et al. 2017). The
mechanisms of noncanonical translation initia-
tion that are known are very diverse and differ
significantly with respect to how the ribosome
is recruited and the mechanism of initiation.
Our understanding of these noncanonical
mechanisms of initiation has lagged behind
our knowledge of cap-dependent translation,
largely because of the lack of good genetic and
biochemical systems, asmostof thesenoncanon-
ical mechanisms function only in mammalian
cells, but not in yeast.

Although many of the mechanisms for non-
canonical translation initiation are not well un-
derstood, recent advances in the IRES field have
shed light on these mechanisms. For example,
the first structure of an IRES bound to a ribo-

some was revealed using cryoelectron micros-
copy (cryo-EM) (Spahn et al. 2004). Soon after-
ward, the ribosome-binding domain of an IRES
was crystalized, revealing the three-dimensional
fold of an IRES (Pfingsten et al. 2006). Previous-
ly, the identification of mRNAs that harbor
IRESs was cumbersome because of the fact that
IRESs must be identified using functional assays
to show that translation is cap-independent
(Spriggs et al. 2010; Thompson 2012). However,
this limitation was largely overcome by using
microarrays and next-generation sequencing
to identify mRNAs that remained polysome-
associated when cap-dependent translation
was down-regulated (Johannes et al. 1999; Cold-
well et al. 2001; Bushell et al. 2006; Thomas
and Johannes 2007). Although these large-scale
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Figure 1. A model conveying the different mechanisms of noncanonical translation initiation. The locations
of the cis-acting elements (red dashed lines), the open reading frames ([ORFs], blue rectangles), and 50 and
30 untranslated regions ([UTRs], black lines) are indicated. (A) Viral protein linked to the genome (VPg) rather
than a 50 cap. (B) Translation initiator of short 50UTR (TISU) element with the start codon underlined. (C) m6A
modification. (D) Internal ribosomal entry site (IRES): the intergenic region (IGR) IRES is shown. (E) 30 Cap-
independent translation element (CITE): barley yellow dwarf virus-like translation element (BTE) CITE in the
30UTR is shown forming a kissing-loop (dotted line) interaction with a stem loop in the 50UTR. (F) Ribosomal
shunting: cauliflower mosaic virus (CaMV) ribosomal shunt is shown; the highly structured region promotes
shunting of the 40S from the “donor” site to a downstream “acceptor” site for initiation.
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analyses are not sufficient to attribute IRES
activity to any of the mRNAs, a recent high-
throughput approach validated most of these
candidate mRNAs as having bona fide IRES
activity in the 50 untranslated region (50UTR)
(Weingarten-Gabbay et al. 2016). IRESs were
first discovered in viruses in 1988 (Jang et al.
1988; Pelletier and Sonenberg 1988), and mini-
mal factors that were required for the activity of
the encephalomyocarditis virus (EMCV) IRES
were identified in vitro about 8 years later (Pes-
tova et al. 1996a). However, reconstitution of
the poliovirus (PV) IRES was more enigmatic
because it required additional RNA-binding
proteins that were not initiation factors (Sweeney
et al. 2014). mRNAmodifications have also been
implicated in directing noncanonical initiation
(see Meyer et al. 2015; Zhou et al. 2015; Peer
et al. 2018). Furthermore, the ribosome, which
was once considered to be a large protein syn-
thesis machine that merely translated mRNAs
into proteins, is becoming better appreciated for
its roles in regulation of initiation and selection
of mRNAs based on ribosomal RNA modifica-
tions and nonessential ribosomal proteins, such
as eS25, eL38, and eL40 (Jack et al. 2011; Hertz
et al. 2013; Lee et al. 2013; Ban et al. 2014; Meyer
et al. 2015; Xue et al. 2015; Yang et al. 2017). This
review focuses on how these discoveries have
contributed to our understanding of noncanon-
ical mechanisms of translation initiation.

INTERNAL RIBOSOME ENTRY SITES (IRESs)

IRESs are RNA elements that can recruit a ribo-
some internally to the mRNA rather than at the
50 end. IRESs are diverse, ranging in size from 9
to >1000 nucleotides and can be unstructured or
contain stable secondary and tertiary structures.
IRESs were first discovered in PV and EMCV,
members of the Picornaviridae family (Jang
et al. 1988; Pelletier and Sonenberg 1988). Later,
IRESs were identified in cellular mRNAs that
encode proteins related to cellular stress, sur-
vival, angiogenesis, and mitosis (Yang and Sar-
now 1997; Walters and Thompson 2016). In
1995, Chen and Sarnow presented compelling
evidence that the ribosome is recruited internal-
ly to the mRNA by showing that a circular RNA

(no 50 end or 50 cap) containing the EMCV IRES
but no stop codons could initiate translation and
translate around the circular RNA multiple
times. Inclusion of a thrombin cleavage site en-
coded by the circular RNA showed that on ad-
dition of thrombin the polypeptide product that
was over 106 kDa was reduced to a 40 kDa pro-
tein, demonstrating that the circular RNA was
intact and that the large protein generated was
due to the ribosome transiting around the cir-
cular RNAmultiple times and was not a protein
aggregate (Chen and Sarnow 1995). This also
was one of the first studies to challenge the
idea that the 50 end of the mRNA had to be
threaded through the 40S subunit. Together,
these results showed that ribosomes can be re-
cruited onto mRNAs internally and do not re-
quire a free 50 end or 50 cap. Since then, the field
has continued to amass a large body of evidence
to show that both viral and cellular mRNAs can
contain IRESs and they are now widely recog-
nized as a cap-independent mechanism of initi-
ation (Carter et al. 2000; Schneider et al. 2001;
Ruggero 2013). The significance of IRESs and
other noncanonical mechanisms of eukaryotic
translation initiation during viral infections, cel-
lular stress, and survival has suggested a major
role for translational control during tumorigen-
esis and viral infection (Walters and Thompson
2016; Lacerda et al. 2017).

Classification of Viral IRESs

Viral IRESs are classified based on their struc-
ture, initiation factor requirements, and mecha-
nism of initiation (Table 1). Picornaviral IRESs
comprise five of the eight classes of viral IRESs.
Type I IRESs were the first to be discovered and
are present in enteroviruses (e.g., PV, enterovi-
rus 71) and rhinoviruses (human rhinovirus
type 2). Type I IRESs are approximately 490
nucleotides long (Pelletier and Sonenberg
1988) and require eIFs, eIF2, eIF3, eIF4A, and
the central domain of eIF4G, as well as the IRES
trans-acting factor (ITAF) poly(C)-binding pro-
tein 2 (PCBP2) (Sweeney et al. 2014). eIF1A and
eIF4B are not required, but strongly stimulate
type I IRES activity (Sweeney et al. 2014). For
type I IRESs, the 40S ribosomal subunit is re-
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Table 1. Classification of viral internal ribosome entry sites (IRESs)

Requirements

eIFs ITAFs Examples Notable features

Picornaviral
IRES
subtypes

Type I (entero-/rhinovirus)

AUG

Scanning

5′ 3′

eIF2
eIF3
eIF4A
eIF4Gm

PTB
PCBP1
PCBP2

Poliovirus
EV71
BEV
Coxsackievirus
B3

HRV2

Ribosomal scanning
downstream of
ribosome binding
to the AUG

Type II (cardio-/apthovirus)

AUG 3′5′

eIF2
eIF3
eIF4A
eIF4B
eIF4Gm

PTB
ITAF45

EMCV
FMDV
TMEV

Initiates translation
at the site of 40S
recruitment, 40S
does not scan

Type IV (HAV-like)

AUG AUG
5′ 3′

eIF2
eIF3
eIF4A
eIF4B
eIF4E
eIF4G

PTB
PCBP2
La

HAV Requires eIF4E but
not binding to the
50 cap

Type V (Aichivirus)

A
U

G

5′ 3′

eIF2
eIF3
eIF4A
eIF4B
eIF4Gm

PTB
DHX29

Aichivirus Does not require
eIF1 and eIF1A

Type III (HCV-like)

HCV-like

AU
G

5′
3′

eIF2
eIF3

None AEV
PTV-1
SPV-9

eIF2
eIF3

None HCV
CSFV

Direct binding to 40S
ribosomal subunit;
translates under
conditions with
low ternary
complex

Dicistrovirus

CAA

5′

3′

None None CrPV
DCV
IAV

PSIV

Initiates translation
in the absence of
any eIFs in the
A-site at a non-
AUG codon

Can translate in a +1
reading frame
(ORFx)

Continued
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cruited to an upstream AUG before scanning
the RNA in a 50-to-30 direction to initiate trans-
lation at a downstream start codon. eIF1 facili-
tates correct start codon recognition for type I
IRESs, consistent with its role in cap-dependent
initiation (Kaminski et al. 2010; Sweeney et al.
2014; see Merrick and Pavitt 2018).

Type II IRESs, found in cardio- and aphtho-
viruses (e.g., EMCV and foot andmouth disease
virus [FMDV]), are structurally different from
type I IRESs, yet both classes have similar eIF
requirements (Pestova et al. 1996a,b; Lomakin
et al. 2000). A defining difference between type I
and type II IRESs is that no scanning occurs
downstream from the type II IRES despite re-
cruitment of the ribosome to a similar AUG
motif (Sweeney et al. 2014). Instead, this AUG
serves as the authentic start codon for type II
IRESs and neither scanning nor eIF1 is required
(Pestova et al. 1996a). However, the FMDV
IRES is an exception in that protein synthesis can
also occur at a downstream start codon, AUG2,
which is dependent on eIF1 and likely involves
scanning, meaning that this IRES has character-
istics of both type I and type II IRESs (Andreev
et al. 2007). This is an example of the complexity
of IRES-mediated translation and how the pres-
ence or absence of an initiation factor can mod-
ulate initiation codon selection for an IRES.

The type III class of IRESs consists of the
flavivirus IRESs, the hepatitis C virus (HCV)

IRES, and picornaviral IRESs such as porcine
teschovirus 1 (PTV-1) and avian encephalomy-
elitis virus (AEV) (Pisarev et al. 2004; Bakhshesh
et al. 2008). The HCV IRES is the prototype for
this class of IRESs and initiates translation by
binding to the solvent side of the 40S ribosomal
subunit. This binding is stabilized by initiation
factor eIF3 and base-pairing between the do-
main IIId region of the HCV IRES and the loop
region of helix 26 of the 18S rRNA (Fraser and
Doudna 2007; Matsuda and Mauro 2014). Al-
though methionyl-transfer RNA (Met-tRNAi),
is required for HCV start codon recognition
(Pestova et al. 1998; Fraser and Doudna 2007)
in vitro, the HCV IRES has been shown to func-
tionunderconditionswhere the ternary complex
is limiting, such as when eIF2 is inactivated via
phosphorylation (Gonzalez-Almela et al. 2018).
In addition, it has been shown that eIF2 is dis-
placed from the initiating complex on HCV,
suggesting that HCV does not use it even if it is
available (Jaafar et al. 2016). The initiating Met-
tRNAi can be brought in independently of eIF2,
but how this occurs has been very controversial
(Terenin et al. 2008; Jaafar et al. 2016; Gonzalez-
Almela et al. 2018). This illustrates the impor-
tance of confirming in vitro findings in vivo, be-
cause in vitro experiments allow a great deal of
control over the components present but may
not reflect what is occurring under physiological
conditions. It now appears that eIF2D or eIF2A

Table 1. Continued

Requirements

eIFs ITAFs Examples Notable features

Retrovirus

AUG5′ 3′

eIF4A
eIF4G
eI5A

hnRNPA1
hRIP
DDX3

HIV-1
HTLV-1
SIV
FIV

Herpesvirus

AUG5′ 3′

eIF4F PTB
PCBP1
KSHV-
ORF57

KSHV-vFLIP
MDV

vFLIP IRES located
in ORF of vCyclin

eIF, Eukaryotic initiation factor; ITAF, IRES trans-acting factor; BEV, bovine enterovirus; HRV2, human rhinovirus serotype
2; TMEV, Theiler’smurine encephalymyelitis virus; HAV, hepatitis Avirus; SPV-9, simian picornavirus 9; CSFV, classical swine
fever virus; DCV, drosophilaC virus; IAV, influenza Avirus; PSIV, Plautia stali intestine virus; HIV, human immunodeficiency
virus; HTLV-1, human T-cell leukemia virus type 1; SIV, simian immunodeficiency virus; FIV, feline immunodeficiency virus;
KSHV, Kaposi sarcoma herpesvirus; MDV, Marek’s disease virus; CrPV, cricket paralysis virus.
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are not required for HCV initiation in vivo as
previous findings had suggested, but rather
that eIF1A and possibly eIF5B are important for
selecting (by codon–anticodon base pairing)
and stabilizing Met-tRNAi binding to the HCV
48S complex in Huh-7 cells under conditions
where eIF2α is phosphorylated (Jaafar et al.
2016; Gonzalez-Almela et al. 2018). It has been
proposed that under stress conditions when
eIF2α is phosphorylated, excess levels of Met-
tRNAi would be sufficient for recruitment to
the HCV 48S complexes in the absence of a ded-
icated delivery factor (Jaafar et al. 2016). Consis-
tent with this model, the 40S subunit has been
reported to bind to the HCV IRES with a dis-
sociation rate that is insignificant on the time
scale of initiation (Fuchs et al. 2015).

The most elegant viral IRESs are the IGR
IRESs found in the Dicistroviridae family (Sa-
saki et al. 1998; Sasaki and Nakashima 1999;
Wilson et al. 2000; Nakashima and Uchiumi
2009). These IRESs are <200 nucleotides in
length and consist of a three-domain, multiple
stem-loop structure containing three pseudo-
knots. The defining mechanistic feature of the
IGR-IRES in dicistroviruses is that they can ini-
tiate translation in the absence of other initiation
factors and also do not make use of a canonical
AUG start codon (Sasaki and Nakashima 2000;
Wilson et al. 2000; Jan and Sarnow 2002; Deniz
et al. 2009). This shows that an RNA structure
can independently recruit and manipulate ribo-
somes to initiate translation, as described next.

Mechanism of Internal Initiation
of the Dicistroviridae IGR IRESs

The molecular mechanisms for how a cis-acting
RNA element recruits a 40S subunit internally
to the mRNA, loads the mRNA into the mRNA
channel, recognizes the start codon, and pro-
motes 60S subunit joining is not understood
for most IRESs. After all, 10 to 13 initiation fac-
tors are required for cap-dependent initiation,
yet the IGR IRES is able to bind directly to 40S
subunits in the absence of any initiation factors
and form translationally competent 80S com-
plexes on addition of 60S subunits (Jan et al.
2003; Pestova and Hellen 2003).

The ∼190 nucleotide cricket paralysis virus
(CrPV) IGR IRES forms an RNA structure with
three pseudoknots (PKI, PKII, and PKIII) that
span all three tRNA-binding sites of the ribo-
some (Fernandez et al. 2014). PKI mimics an
anticodon stem loop bound to a codon and oc-
cupies the A site, which is recognized by the
universally conserved nucleotides in the decod-
ing center that monitor accurate tRNA selection
(G530, A1492, andA1493 in Escherichia coli 16S
rRNA) (Schuler et al. 2006; Fernandez et al.
2014). PKII and PKIII extend out toward the
E site and are required for affinity of the IRES
to the 40S ribosomal subunit (Jan and Sarnow
2002; Pestova and Hellen 2003; Murray et al.
2016). The IGR IRES binds to the intersubunit
surface of the 40S subunit with high affinity (5
to 20 nM), resembling a pretranslocation confor-
mation of the ribosome (Spahn et al. 2004; Schu-
ler et al. 2006; Jang et al. 2009; Landry et al. 2009;
Jang and Jan 2010; Jack et al. 2011; Fernandez
et al. 2014).

For the first amino acid to be decoded, PKI
must be translocated to the P site by eukaryotic
elongation factor 2 (eEF2), resulting in the first
codon that is decoded being positioned in the A
site (Fernandez et al. 2014; Koh et al. 2014).
After aminoacyl-tRNA (aa-tRNA) binding to
the A-site codon, a second translocation event
must occur (without peptidyl transfer) to move
PKI to the E site and the A site aa-tRNA to the
P site (Fernandez et al. 2014; Muhs et al. 2015).
The resulting complex resembles the normal 80S
initiation complex that contains Met-tRNAi in
the P site and an empty A site. Thus, it appears
that the CrPV IGR IRES manipulates the ribo-
some to forego classical initiation and beginwith
elongation.

Although the CrPV IGR IRES has many
properties that make it unique, it provides in-
sights into mechanisms that are applicable to
other IRESs. For example, the HCV IRES can
also bind to 40S subunits in the absence of any
initiation factors. Both HCV and the IGR IRES
induce a similar conformational change in the
40S subunit on binding that resembles an “open”
conformation for mRNA loading (Spahn et al.
2001, 2004). This conformational change resem-
bles the eIF1- and eIF1A-induced open confor-
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mation of the 43S PIC, whereby the mRNA
channel is open to allow for mRNA loading
(Passmore et al. 2007). Another common re-
quirement for structurally and functionally di-
verse IRESs is ribosomal protein S25 (eS25/
RPS25). Although the role of eS25 is not known,
its requirement by both viral and cellular IRESs
suggests that they may share a common eS25-
dependentmechanism (Hertz et al. 2013). Given
the structural differences and eIF requirements,
there will likely be some differences in how di-
verse IRESs initiate translation; however, what is
interesting is how these seemingly diverse IRESs
appear to have some common mechanisms for
initiating translation.

Cellular IRESs

An estimated 10% of mammalian mRNAs have
IRESs (Martinez-Salas et al. 2012; Walters and
Thompson 2016; Weingarten-Gabbay et al.
2016).ThesemRNAsencodeproteins important

during early development, mitosis, and cellular
stresses such as hypoxia, apoptosis, starvation,
heat shock, tumorigenesis, and viral infection
(Table 2) (Johannes and Sarnow 1998; Johannes
et al. 1999; Coldwell et al. 2001; Holcik 2004;
Bushell et al. 2006; Dresios et al. 2006; Xue
et al. 2015; Vaklavas et al. 2016; Walters and
Thompson 2016). Our understanding of cellular
IRESs lags behind that of viral IRESs because of
the fact that many of these IRES-containing
mRNAs can be translated cap-dependently but
switch to IRES-mediated initiation under cellu-
lar stress. To accommodate the switch from
cap-dependent to cap-independent initiation,
cellular IRESs are generally less structured than
viral IRESs and can even be modular, meaning
that the IRES activity is distributed throughout
the 50UTR. In fact, some cellular IRESs, such as
the Gtx IRES, base pair with a region on the 18S
ribosomal RNA reminiscent of Shine–Dalgarno
sequences (Dresios et al. 2006).Thecomplemen-
tary ribosomal sequence is located in the prox-

Table 2. Mammalian cellular internal ribosomal entry site (IRES)

Cellular pathway Name References

Amino acid starvation Cationic amino acid transporter 1 (CAT-1) Fernandez et al. 2001
Sodium-coupled amino acid transporter (SNAT2) Gaccioli et al. 2006

Nutrient signaling Human insulin receptor (HIR) Spriggs et al. 2009
hypoxia Hypoxia inducible factor 1α (HIF-1α) Schepens et al. 2005

Vascular endothelial growth factor (VEGF) Morris et al. 2010
Fibroblast growth factor 2 (FGF2) Bonnal et al. 2003

Apoptosis survival Apoptotic protease activating factor 1 (Apaf-1) Sella et al. 1999
B-cell lymphoma 2 (Bcl-2) Marash et al. 2008
BAG family molecular chaperone regulator 1 (Bag1) Pickering et al. 2004
Cellular inhibitor of apoptosis 1 (cIAP1) Graber et al. 2010
X-linked inhibitor of apoptosis (XIAP) Riley et al. 2010

Oncogene c-myc Le Quesne et al. 2001
c-Jun Blau et al. 2012

Mitosis p58 PITSLRE Cornelis et al. 2000
Cyclin-dependent kinase 1 (CDK1) Marash et al. 2008
p120 catenin (p120) Silvera et al. 2009

DNA damage response p53 Yang et al. 2006
Serine hydroxymethyltransferase 1 (SHMT1) Fox et al. 2009
Replication protein A2 (RPA2) Yin et al. 2013

Differentiation Homeobox transcription factor (Hox) Xue et al. 2015
Platelet-derived growth factor 2 (PDGF2) Sella et al. 1999
Runt-related transcription factor 1 (Runx1) Pozner et al. 1999
Lymphoid enhancer-binding factor 1 (LEF-1) Jimenez et al. 2005

Cold shock Cold inducible RNA-binding protein (CIRP) Al Fageeh and Smales 2009
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imity of the classical Shine–Dalgarno sequence.
However, unlike the anti-Shine–Dalgarno se-
quence, which is single-stranded, this sequence
is in a region of helix 26 that is predicted to be
base-paired (Deforges et al. 2015). More studies
are required to understand the mechanism
(Chappell et al. 2000; Dresios et al. 2006; Pano-
poulos and Mauro 2008). Conversely, some cel-
lular IRESs (such as Bag-1 and c-myc) are struc-
turally complex like viral IRESs (Le Quesne et al.
2001; Pickering et al. 2004; Baird et al. 2007;
Spriggs et al. 2008).

An example of an extensively studied cellular
protein that is translated by an IRES-dependent
mechanismof initiation is the apoptotic protease
activating factor 1 (Apaf-1) protein. Upon bind-
ing cytochrome c and dATP, Apaf-1 forms an
oligomeric apoptosome that cleaves the procas-
pase 9 protein to stimulate the caspase cascade
that commits the cell to apoptosis. Apaf-1 is im-
portant for programmed cell death during early
development andknockoutmice die early in em-
bryogenesis because of a malformation of the
brain caused by reduced apoptosis (Cecconi
et al. 1998; Yoshida et al. 1998). As expected,
the Apaf-1 IRES is most active in neuronal cells
(25-fold over reporter activity with no IRES ac-
tivity). This is a result, in part, of the higher af-
finity of the nPTB (neuronal polypyrimidine
tract-binding protein 1) ITAF compared with
the nonneuronal PTB found in other cell types
(i.e., HEK293T cells, which show only sixfold
more activity than no-IRES controls) (Coldwell
et al. 2000; Mitchell et al. 2003; Andreev et al.
2009). Studies that questioned whether Apaf-1
has an IRES were all performed in a cell line
known not to support robust Apaf-1 IRES activ-
ity (Andreev et al. 2009). The Apaf-1 mRNA is
expressed inall tissues except skeletalmuscle, but
it is poorly translated through a cap-dependent
mechanism of initiation, suggesting that most of
the Apaf-1 initiation occurs through the IRES
(Burgess et al. 1999; Coldwell et al. 2000). In a
bicistronic reporter assay (described below) the
Apaf-1 IRES was more active than the human
rhinovirus IRES but less active than the c-myc
IRES (Coldwell et al. 2000). Preventing expres-
sion of the first cistron by inserting a hairpin
upstream of it did not diminish IRES activity,

demonstrating that expression of the second cis-
tronwasnot causedby readthrough fromthefirst
cistron (Coldwell et al. 2000). In fact, insertion of
a stable hairpin upstream of the 50UTR in a
monocistronic reporter reduced Apaf-1 mRNA
translation only 1.5-fold compared with cap-de-
pendent translation, which was inhibited 200-
fold (Coldwell et al. 2000). We note that studies
disputing the existence of the Apaf-1 IRES are
not inconsistent with data from other groups
demonstrating its IRES activity; rather, it is the
interpretation of the data that differs. Thus, it is
important for researchers to publish their raw
data, not just normalized data, and to assay
IRES activity in correct cell types and under con-
ditions inwhich theendogenousprotein ismade.

IRES Trans-Acting Factors

ITAFs bind to IRESs and function as RNA chap-
erones to remodel the RNA to enhance or re-
press IRES activity. Both viral and cellular IRESs
require ITAFs, excluding the Dicistroviridae
IGR IRESs (Jan et al. 2003; Pestova and Hellen
2003; Deniz et al. 2009). Interestingly, although
translation occurs in the cytoplasm, most ITAFs
are either nuclear proteins or proteins that cycle
between the nucleus and cytoplasm. The first
identified ITAF was La autoantigen (La), which
prevents initiation at aberrant start codons and
enhances translation of the PV IRES (Meero-
vitch et al. 1993).

La enhances the activity of the HCV, cox-
sackievirus, and several cellular IRESs, such as
binding immunoglobulin protein (BiP) and X-
linked inhibitor of apoptosis (XIAP) (Holcik
and Korneluk 2000; Kim et al. 2001; Ray and
Das 2002; Costa-Mattioli et al. 2004). Some
ITAF mRNAs, such as those encoding La and
upstream of N-ras (Unr), use IRESs for their
translation (Carter and Sarnow 2000; Cornelis
et al. 2005). Other notable ITAFs reported to
interact with multiple IRESs include poly-C-
binding protein 2 (PCBP2), and the heteroge-
neous nuclear ribonucleoprotein (hnRNP)
family of RNA-binding proteins (Hunt et al.
1999; Fujimura et al. 2008). Whereas the major-
ity of ITAFs are reported to stimulate IRES-me-
diated translation, the RNA-binding proteins
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AU-rich-binding factor (AUF1), KH-type splic-
ing regulatory protein (KHSRP), and double-
stranded RNA-binding nuclear protein 76
(DRBP76) negatively modulate IRES activity
(Merrill and Gromeier 2006; Lin et al. 2009,
2014; Cathcart et al. 2013; Kung et al. 2017).
Taken together, ITAFs play an important role
in tissue and host tropism for viruses as well as
a regulatory role for cellular IRESs, which may
only be active in certain cell types or under cer-
tain conditions, such as hypoxia or apoptosis
(Coldwell et al. 2000; Mitchell et al. 2003; Jahan
et al. 2013).

Identification of Putative IRESs

As has been described above, viral and cellular
IRESs are tremendously diverse in their se-
quence, size, structure and mechanism of initia-
tion, and the trans-acting factors used. This
requires validation on an individual basis rather
than identification bioinformatically (Baird et al.
2006). Potential IRESs have been identified by
determining which mRNAs remain or become
associated with polysomes under conditions in
which cap-dependent translation is down-regu-
lated (Johannes et al. 1999;QinandSarnow2004;
Bushell et al. 2006). A recent study took a high-
throughput approach by synthesizing 55,000,
210-nucleotide long oligos from cellular and vi-
ralmRNAs that have been previously reported to
either have IRES activity or be polysome-associ-
ated in one of the stress conditions known to
down-regulate cap-dependent initiation. The re-
sults confirmed that many of the mRNAs that
remain polysome-associated under stress have
IRESs (Weingarten-Gabbay et al. 2016).

The most important consideration for iden-
tifying and validating putative IRESs is that there
is no perfect assay. Rather, establishing a new
IRES requires a preponderance of evidence to
rule out the possibility that translation could be
occurring in any other fashion. The assays and
controls havebeendiscussed at lengthpreviously
(Thompson 2012) and only a short summary
will be provided here. The bicistronic reporter
assay is commonly used as the first assay toward
evaluating a putative IRES. Briefly, a DNA plas-
mid encoding a bicistronic reporter in which the

putative IRES sequence has been inserted be-
tween two reporter genes (most commonly Re-
nilla and firefly luciferase) is transfected into
cells followed by monitoring of the encoded re-
porter activity. Expressionof thefirst cistronuses
a cap-dependent mechanism of initiating trans-
lation, whereas expression of the second cistron
is driven by IRES-mediated translation. IRES ac-
tivity is indicated by expression of the second
cistron relative to positive and negative controls
and corrected for transfection differences by co-
transfection of a separate cap-dependent report-
er plasmid. Assays to establish IRES activity
should be performed in vivo in cells because
translation extracts such as the rabbit reticulo-
cyte lysate can translate promiscuously.Whereas
the bicistronic assay itself is simple, the major
challenge in the field is that a series of stringent
controls are required to show that expression of
the second cistron is not dependent on a cryptic
promoter, cryptic splicing, or readthrough from
the upstream cistron (Bert et al. 2006; Baranick
et al. 2008; Thompson2012). In addition, if stud-
ies are performed in vitro there need to be con-
trols for RNA cleavage events that would lead to
cap-independent initiation because some in
vitro translation extracts can translate indiscrim-
inately.As important as the controls are for iden-
tifying an IRES, the same stringency needs to be
applied to studies that have claimed that previ-
ously identified IRESs have cryptic promoter ac-
tivity. Specifically, controls need to be in place to
show that the promoter activity is coming from
the IRES and not the vector backbone (Cobbold
et al. 2008). It is also important to note that the
bicistronic assay is an artificial setting and that in
this context IRESsmay have cryptic promoter or
splicing activity, but this does not show that they
are not IRESs, only that the bicistronic IRES
assay cannot be used to establish IRES activity.
After all, if an endogenous mRNA has this RNA
element in the 50UTR, then the question still re-
mains as to whether it can function as an IRES
even if it cannot be shown in a bicistronic context.

Transfection of a bicistronic reporter as an
mRNA to bypass transcription in the nucleus
avoids issues such as cryptic promoters and
splice sites that might produce false positives.
However, transfection of an RNA reporter
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only works for a subset of cellular IRESs, sug-
gesting that a nuclear experience may be re-
quired for assembling ITAFs or adding RNA
modifications (Stoneley et al. 2000; Semler and
Waterman 2008). The greater dependence of
cellular IRESs on ITAFs compared with viral
IRESs may be caused by their functional differ-
ences, because most viral IRESs are highly struc-
tured and are solely translated by an IRES-de-
pendent mechanism, rather than switching back
and forth between cap-dependent and IRES-
mediated initiation. In contrast, many cellular
mRNAs that have an IRES need to be translated
both cap-dependently and cap-independently,
depending on the cellular conditions (Walters
and Thompson 2016).

Better assays are needed to identify and val-
idate IRESs. One possiblemechanism that needs
to be explored further stems from the observa-
tion that viral and cellular IRESs depend on
eS25, whereas cap-dependent translation does
not (Hertz et al. 2013). Thus, if expression of a
downstream open reading frame (ORF) from a
bicistronic reporter were caused by a cryptic
promoter, splicing, or readthrough, then its ex-
pression would not be affected by the loss of
eS25 from the cells. Moreover, this also provides
us with another way to examine whether endog-
enous messages are using IRES-mediated trans-
lation under a given cellular condition by deter-
mining whether polysome association of an
mRNA depends on eS25, as shown for p53
(Hertz et al. 2013).

CAP-INDEPENDENT TRANSLATION
ELEMENTS (CITEs)

The majority of plant viral RNAs lack a 50-cap
and poly(A) tail but are nevertheless translated
efficiently by the host cell translational machin-
ery. A major mechanism behind this phenome-
non is the CITE, which was first discovered in
satellite tobacco necrosis virus (STNV). CITEs
are located in the 30UTR and recruit the 40S
subunit by binding some component of the
eIF4F complex while using RNA–RNA interac-
tions between the 50UTR and 30UTR that circu-
larize the viral RNA. Ribosomes assemble at
or near the 50 end and scan to the start codon

(Simon and Miller 2013; Miras et al. 2017). Al-
though CITEs have only been found in the
30UTR, they can still promote initiation when
they are moved to the 50UTR or into the coding
region (Meulewaeter et al. 1998).

CITEs vary widely in sequence and structure
and have been classified into seven categories:
translation enhancer domain (TED), barley yel-
low dwarf virus-like translation element (BTE),
Panicummosaic virus-like translation enhancer
(PTE), I-shaped structures (ISS), Y-shaped
structures (YSS), T-shaped structures (TSS),
and CABYV-Xinjiang-like translation element
(CXTE) (Table 3). These have been described
in detail previously (Simon andMiller 2013;Mi-
ras et al. 2017). Almost all classes of 30-CITEs
bind to some component of the eIF4F complex
and circularize with the 50UTR. For example,
BTE binds preferentially to eIF4G and recruits
the 40S subunit to the 30UTR before transferring
it to the 50UTR where translation initiates
(Treder et al. 2008; Sharma et al. 2015). Howev-
er, PTE binds preferentially to eIF4E and TED,
ISS and YSS CITEs require intact eIF4F for
translation (Gazo et al. 2004; Truniger et al.
2008; Nicholson et al. 2010; Wang et al. 2011).
An unusual case is the turnip crinkle virus that
has a TSS CITE in the 30UTR that interacts with
the 60S ribosomal subunit instead of forming
RNA–RNA interactions with the 50UTR. Circu-
larization of the RNA occurs through 60S bind-
ing with the 40S subunit that is bound to the
50UTR (Stupina et al. 2008). In the case of pea
enationmosaic virus 2 (PEMV2), there are three
CITE structures in the 30UTR: kissing loop (kl)-
TSS, PTE, and TSS. The kl-TSS is responsible for
the RNA–RNA interaction with the 50UTR,
whereas the PTE binds eIF4E to facilitate trans-
lation initiation (Du et al. 2017). More studies
are required to understand the mechanism of
initiation for CITEs andwhether they share sim-
ilarities or not. Also, it is unknown how CITEs
compete with cap-dependent initiation.

N6-METHYLADENOSINE

The most common posttranscriptional modifi-
cation, methylation of adenine residues to
generate N6-methyladenosine (m6A), affects
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Table 3. Classification of cap-independent translation elements (CITEs)

Type Examples Notable features

TED (STNV)

5′ 3′

STNV
PLPV
PCLPV

Binds eIF4F
Apical loop interacts with hairpin in 50UTR

BTE (BYDV)

5′ 3′

Alphanecrovirus
Betanecrovirus
Dianthovirus
Luteovirus
Umbravirus

Binds eIF4G, eIF4E-independent
Up to six stem loops can radiate from central hub

PTE (PMV)

5′ 3′

PMV
PEMV2
SCV

Binds eIF4E
Base-pairing interactions (dotted lines) form pseudoknot

ISS (MNSV)

5′ 3′

MNSV
MNeSV

Binds intact eIF4F
Apical loop interacts with hairpin in 50UTR

YSS (TBSV)

5′ 3′

TBSV
CIRV

Requires eIF4F/eIFis04F
50 hairpin interacts with hairpin in 50UTR

TSS (TCV)
5′ 3′

TCV
PEMV2

TCV TSS competes with tRNA for P-site binding in 60S

CXTE (MNSV)

5′
3′

MNSV eIF4E independent

PLPV, Pelargonium line pattern virus; PCLPV, pelargonium chlorotic ring pattern virus; BYDV, barley yellow dwarf virus;
PMV, panicum mosaic virus; SCV, strawberry crinkle virus; MNSV, melon necrotic spot virus; MNeSV, maize necrotic streak
virus; TBSV, tomato bushy stunt virus; CIRV, carnation Italian ringspot virus; TCV, turnip crinkle virus.
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mRNA turnover and translation efficiency (see
Peer et al. 2018). Although the majority of m6A
modifications are localized to the coding region
and 30UTR, it was recently discovered that mod-
ifications located in the 50UTR can mediate cap-
independent translation initiation, although a
free 50 end is still required (Meyer et al. 2015).
Importantly, 50UTR m6A modifications are up-
regulated in response to heat shock by relocali-
zation of the reader protein, YTHDF2, to the
nucleus upon heat shock, which prevents the
eraser protein, FTO, from removing m6A mod-
ifications (Meyer et al. 2015; Zhou et al. 2015).
m6A promotes selective cap-independent initi-
ation on certain mRNAs, such as HSP70, which
depends on eIF3 binding to m6A residues to
recruit the 40S subunit (Meyer et al. 2015). In
contrast, another study showed that m6A can
promote internal initiation of endogenous cir-
cular RNAs (circRNA) in cells and that the
RNAs are polysome-associated (Yang et al.
2017). m6A-mediated translation is still a rela-
tive newcomer to the field (see Chekulaeva
and Rajewsky 2018), and what is known has
only been characterized in single reports that
need to be reproduced. Additional studies are
required to show that m6A modifications are
required for noncanonical mechanisms of initi-
ation and to reveal the mechanism for m6A-
mediated initiation.

RIBOSOMAL SHUNTING

Ribosomal shunting occurs when ribosomes by-
pass or shunt over parts of the 50UTR before
reaching the start codon. Ribosomes are loaded
onto the mRNA in a cap-dependent manner
with recruitment of 40S subunits to the 50 end
of a cappedmRNA followed by limited scanning
to reach a “donor” site at which point the 40S
jumps or “shunts” overmajor parts of a complex
leader and lands at a downstream start codon
(acceptor site) to initiate translation. Ribosomal
shunting has been studied in cauliflower mosaic
virus (CaMV) and adenovirus and is also used
by a number of other plant and animal viruses
(Stern-Ginossar et al. 2018). Additionally, cellu-
lar mRNAs such as BACE1, cIAP2, and HSP70
use ribosomal shunting to initiate translation

under stress (Yueh and Schneider 2000; Rogers
et al. 2004; Sherrill and Lloyd 2008; Koh et al.
2013).

Ribosome shunting allows viruses to expand
their coding capacity by translating downstream
ORFs, whereas both viral and cellular mRNAs
use shunting to selectively translate mRNAs
when cap-dependent translation is down-regu-
lated. It has been proposed that shunting pro-
ceeds when the helicase of eIF4F is inactive be-
cause little to no unwinding is required (Yueh
and Schneider 1996). The criteria for establish-
ing that anmRNA is using ribosomal shunting is
that its translation is cap-dependent, yet up-
stream AUGs and stem-loop structures have
minimal or no effect on translation and its
50UTR does not contain an IRES. Interestingly,
many but not all mRNAs that use ribosomal
shunting have a short ORF (sORF) that is trans-
lated; on termination, instead of the ribosome
disassociating from the mRNA, it remains asso-
ciated and proceeds to shunt or bypass other
sORFs and secondary structures to reinitiate at
a downstream ORF (Latorre et al. 1998; Yueh
and Schneider 2000; Racine and Duncan
2010). Ribosomal bypass or shunting over entire
regions of the 50UTR was shown by insertion of
a start codon in a good Kozak consensus in the
bypassed sequences. This did not result in trans-
lation from this start codon, suggesting that the
ribosome was not scanning through this region
(Futterer et al. 1993). Additionally, two different
RNAswere used to encode the donor site (where
the ribosome shunts from) and the pyrimidine-
rich acceptor site (where the ribosome lands);
when these RNAs were annealed together
through complementary sequences, translation
still occurred at the downstream ORF, suggest-
ing that the ribosome did not scan through the
bypassed region because scanning would have
separated the two RNAs (Futterer et al. 1993).

For those mRNAs that have an sORF that is
translated, the 40S subunit is retained following
termination through base-pairing of sequences
in the 50UTR (adenovirus and hsp70) with the
18S rRNA 30 hairpin or through binding to eIF3
(CaMV), which remains associated with the 40S
after initiation (Ryabova and Hohn 2000; Yueh
and Schneider 2000;Morley andColdwell 2008).
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Furthermore, the 40S ribosomal protein, eS25,
which is required for IRES-mediated initiation,
is also required for ribosomal shunting, al-
though its role in shunting is not understood
(Hertz et al. 2013). Many questions still remain
about how ribosomes land and reinitiate down-
stream of the donor sites and which initiation
factors or trans-acting factors are required for
reinitiation.

TRANSLATION INITIATOR OF SHORT
50UTR (TISU)

A cap-dependent, scanning-free mechanism of
translation initiation in mRNAs with extremely
short 50UTRs (<30 nucleotides) requires a TISU
element. TISUs are located within 5 to 30 nucle-
otides of the cap and have a median length of 12
nucleotides (Elfakess and Dikstein 2008). The
TISU consensus sequence, SAASAUGGCGGC
(S = C or G), differs from the Kozak consensus
sequence (RCCAUGG, R = A or G) for start co-
don recognition (Elfakess and Dikstein 2008).
Approximately 4% of mRNAs contain TISUs
and encode proteins with housekeeping func-
tions such as mitochondrial activities, energy
metabolism, and protein synthesis (Elfakess
and Dikstein 2008). TISU-containing mRNAs
are specifically resistant to inhibition of protein
synthesis caused by energy stress during glucose
deprivation (Sinvani et al. 2015).

TISUs require eIF4F, which seems problem-
atic given that recognition of anAUGclose to the
cap would clash with 43S PIC recruitment prox-
imal to the cap. However, a key step in TISU
initiation is release of eIF4F upon AUG recogni-
tion (Sinvani et al. 2015). During canonical cap-
dependent initiation, eIF1 discriminates against
AUGs proximal to the 50 end, favoring 48S com-
plex assembly on an AUG further downstream
(Pestova and Kolupaeva 2002). However, eIF1 is
not required for TISU start codon recognition as
it did not inhibit translation for a TISU AUG
located close to the 50 cap, nor did it induce leaky
scanning to bypass theTISUAUG(Elfakess et al.
2011; Dikstein 2012). Yet, eIF1 and eIF1A are
required for TISU initiation. Most likely they
are required to induce an open conformation
(disruption of h18 and h34 and formation of a

new interaction between h16 and uS3) of the 43S
PIC for mRNA loading (Haimov et al. 2015;
Sharifulin et al. 2016).

The ability of TISUs to prevent scanning of
the 48S subunit following cap-dependent re-
cruitment to the mRNA is caused by sequence-
specific interactions with ribosomal proteins
(uS3 and eS10) positioned in or near the entry
channel (Haimov et al. 2017). The interactions
between eIF1A and uS3 and eS10 have been sug-
gested to arrest or prevent scanning by displac-
ing helix 16 (h16), which induces the closed con-
formation and arrests scanning of the 40S. Taken
together, this suggests that a TISU element near
the 50 end of the mRNA can recruit a 43S PIC
in close proximity to the cap by displacing the
cap-binding complex (eIF4F) and immediately
arrest scanning on mRNA binding and AUG
recognition.

CONCLUSION

Noncanonical translation plays an important
role in gene expression during cellular stress.
Transcriptomic analysis of mRNA levels corre-
lates poorly with proteomic analysis of their ex-
pression, suggesting that there is a large amount
of regulation at the posttranscriptional level
(Gygi et al. 1999; Ideker et al. 2001; Griffin et al.
2002). Likely, the role of noncanonical transla-
tion has been underappreciated in cancer, early
development, and cellular stress conditions. A
better understanding of the contributions and
mechanisms of noncanonical translation is crit-
ical for understanding gene expression. Overall,
researchers in the translationfieldhavedescribed
the variousmechanisms of initiation as different
or unique. However, given some of the similari-
ties between ribosomal shunting and IRES-me-
diated translation, such as ribosome landing oc-
curring at a pyrimidine-rich site, base-pairing
with the 18S rRNA, and the requirement for
eS25, it is tempting to speculate that there could
be some common mechanisms shared between
IRESs and ribosomal shunts (Morley and Cold-
well 2008; Hertz et al. 2013). In addition, some
noncanonical mechanisms use a tRNA-like
structure to recruit or assemble ribosomes (Co-
lussi et al. 2014; Butcher and Jan 2016). The
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mechanisms for how CITES, ribosomal shunt-
ing, TISU, IRESs, and m6A manipulate ribo-
somes to load themRNA and initiate translation
are largely unknown. As themechanisms under-
lying noncanonical initiation are elucidated,
both differences as well as similarities will be
revealed.
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