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Although it was long thought that eukaryotic translation
almost always initiates at an AUG start codon, recent ad-
vancements in ribosome footprint mapping have revealed
that non-AUG start codons are used at an astonishing fre-
quency. These non-AUG initiation events are not simply
errors but instead are used to generate or regulate proteins
with key cellular functions; for example, during develop-
ment or stress. Misregulation of non-AUG initiation
events contributes to multiple human diseases, including
cancer and neurodegeneration, and modulation of non-
AUG usage may represent a novel therapeutic strategy.
It is thus becoming increasingly clear that start codon se-
lection is regulated by many trans-acting initiation fac-
tors as well as sequence/structural elements within
messenger RNAs and that non-AUG translation has a pro-
found impact on cellular states.

Eukaryotic genomes encode thousands of proteins with
important structural and regulatory roles, and a signifi-
cant amount of cellular energy is dedicated to transcrip-
tion of messenger RNAs (mRNAs) and their subsequent
translation into protein. Errors in translation can result
in wasteful production of inactive or deleterious proteins
that misfold, aggregate, lack regulation, or otherwise dis-
rupt cellular fitness (Drummond and Wilke 2009). It is
thus critical that ribosomes initiate at the appropriate co-
don, incorporate the appropriate amino acids into the
growing polypeptide chain, and terminate only at the ap-
propriate stop codon (Zaher and Green 2009; Rozov
et al. 2016). Protein-coding sequences have traditionally
been defined as uninterrupted ORFs that begin with the
universal AUG start codon and end with one of three
stop codons (UAA, UGA, and UAG). However, it has
been known since the 1980s that translation can initiate
at codons other than AUG, albeit at a much lower efficien-
cy (Zitomer et al. 1984; Peabody 1987, 1989; Clements et
al. 1988; Hann et al. 1988). In most of these cases, near-
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cognate codons that differ from AUG by only one nucleo-
tide (e.g., CUG, GUG, and UUG) are used.

Given the strong evolutionary pressure that is observed
across all organisms to use AUG start codons, it may ap-
pear at first glance that initiation events from non-AUG
codons represent intrinsic errors of the translation ma-
chinery. This idea is directly challenged by the fact that
anumber of endogenous and viral proteins with important
functions are derived solely from non-AUG start codons
(Curran and Kolakofsky 1988; Dorn et al. 1990; Xiao
et al. 1991; Chang and Wang 2004; Tang et al. 2004; Beer-
man and Jongens 2011; Ivanov et al. 2011). For example,
DAP5 (also called eukaryotic initiation factor 4G2
[eIF4G2] or NAT1) plays a critical role in internal ribo-
some entry site (IRES)-mediated translation and is initiat-
ed solely from a GUG start codon in mouse and human
cells (Imataka et al. 1997; Takahashi et al. 2005; Lewis
et al. 2008; Marash et al. 2008; Liberman et al. 2015). Like-
wise, in yeast, UUG and ACG start codons are used to ini-
tiate translation of the GRS1 and ALA1 transfer RNA
(tRNA) synthetases, respectively (Chang and Wang
2004; Tang et al. 2004). These non-AUG translation
events represent only the tip of the iceberg, as ribosome
profiling has recently revealed thousands of novel initia-
tion events at non-AUG codons (Ingolia et al. 2009,
2011). Interestingly, not all near-cognate start codons are
used with equal efficiency, with CUG generally being
most efficient, followed by GUG, ACG, and AUU (Table
1). It should be noted that there is significant variation
in these efficiency measurements across assays. This is
likely because in vitro translation assays are strongly in-
fluenced by how the lysates are prepared (e.g., those pre-
pared by gel filtration may lack low-molecular-weight
translation factors) and the ionic concentrations used
(Kozak 1989, 1990b).

While endogenous functional non-AUG start codons
may be more prevalent than previously appreciated, it
should not be dismissed that such codons typically per-
form at a markedly reduced efficiency compared with
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Table 1. Efficiency of non-AUG start codons in various assays

Rabbit Rabbit Saccharomyces
reticulocyte reticulocyte Wheat germ cerevisiae HEK293T cells
Biological lysate (Peabody lysate (Wei extract (Peabody (Clements et al. Neurospora crassa (Ivanov et al.
source 1989) et al. 2013) 1989) 1988) (Wei et al. 2013) 2010)
Reporter Dihydrofolate Firefly Dihydrofolate B-Galactosidase Firefly luciferase Firefly luciferase
used reductase luciferase reductase
AUG 100 100 100 100 100 100
CUG 82 18 36 0.22 10 19
GUG 36 11 8 0.5 6 9
uuG 39 8 10 0.37 2.5 2
ACG 84 5 45 0.39 3.5 7
AUC 47 3 17 0.05 <0.5 2
AUU 67 6 14 0.38 1 3
AAG 14 0.01 3 0.02 <0.5 <0.5
AUA 59 5 30 0.29 3 3
AGG 17 0.02 3 0.04 <0.5 <0.5

AUG codons (Table 1). Thus, the purpose of this review is
not to suggest that most proteins within cells are derived
from non-AUG start codons but to highlight how alterna-
tive initiation codons can be used to increase protein iso-
form diversity and impact cellular processes (Touriol et al.
2003). Besides highlighting the widespread nature of non-
AUG translation events in eukaryotic cells, we discuss
the trans-acting proteins and the features within mRNAs
that dictate start codon recognition. In some cases, a ca-
nonical scanning mechanism of translation initiation ap-
pears to be used, but there are also a number of alternative
factors (which can be induced by various stresses) that al-
ter start codon preferences. As aberrant non-AUG transla-
tion events are associated with, and likely drive, multiple
human diseases, including cancer and neurodegeneration
(Zu et al. 2011; Sendoel et al. 2017), there exists the in-
triguing possibility that modulating non-AUG translation
events (e.g., using small molecule inhibitors) may have
profound therapeutic effects.

Thousands of non-AUG codons can be used for translation
initiation

For many years, the identification of non-AUG start co-
dons was often fortuitous and resulted from efforts aimed
at cloning genes of interest. For example, Xiao et al. (1991)
observed that endogenous TEADI (also called TEF-1) in
HelLa cells did not comigrate in SDS-PAGE with in vitro
translated TEADI1 that was initiated from the predicted
AUG start codon. By pursuing this observation and using
mutational analysis, it was revealed that endogenous
TEADI1 uses solely an upstream AUU start codon. Ap-
proaches like these are largely limited to single genes.
However, a genome-wide view of translation can now be
provided by ribosome profiling, in which short mRNA
fragments that are protected by 80S ribosomes are purified
and subjected to high-throughput sequencing (Ingolia
et al. 2009, 2011; Ingolia 2010). Ribosome profiling, some-
times referred to as Ribo-seq, has revolutionized our un-
derstanding of where translating ribosomes are present
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across the transcriptome as well as revealed key features
that influence translation patterns (for review, see Ingolia
2014; Brar and Weissman 2015; Andreev et al. 2017). For
example, specific combinations of codons (often involving
proline) can slow translation in both mammalian cells and
yeast (Ingolia et al. 2011; Gamble et al. 2016).

By treating cells with early elongation inhibitors that
block 80S ribosomes after initiation but before the first
translocation cycle, ribosome profiling can be used to
define translation start sites (Fig. 1). Lactimidomycin
(which binds the exit site [E site] of the 60S subunit)
(Schneider-Poetsch et al. 2010) or harringtonine (which
binds the aminoacyl site [A site| of the 60S subunit) (Fres-
no et al. 1977) are used for exactly this purpose, as they
have little, if any, effect on 80S ribosomes beyond the first

Cycloheximide Harringtonine

. . . .
— L —_r
. . .
—_— —_—
. - ~ 0
AR o S o, S -—_ s
. S ~ . .
—r L — —_—
g
%)
] E
S
as
i2Rs]
o
0w
o
© —@lED— — D

Figure 1. Ribosome profiling can be used to reveal translation
initiation sites across the transcriptome. (Left) Treatment with
cycloheximide (blue), which binds to the E site of the 60S subunit,
pauses all elongating 80S ribosomes. The mapped ribosome foot-
prints thus typically cover the entire ORF. (Right) In contrast, har-
ringtonine (red) binds to the A site of the 60S subunit and only
inhibits 80S ribosomes just after subunit joining at the start co-
don. Mapped ribosome footprints from harringtonine treatment
are thus enriched for the start codon.



translocation step. Thousands of previously unannotated
initiation events have now been identified in mouse em-
bryonic stem cells, ~60% of which initiate at a non-
AUG start codon (Ingolia et al. 2011). This includes
>75% of upstream ORFs (uORFs) that are present in tran-
script leader regions (Ingolia et al. 2011). This number
should not be misinterpreted to mean that most proteins
in cells are derived from non-AUG translation events or
that translation initiation at a non-AUG start codon is
more efficient than at a canonical AUG. Instead, these
data simply indicate that if one tallies up initiation sites
across the transcriptome, ignoring the relative efficiency
of each event, translation initiation at non-AUG start co-
dons outweighs initiation at AUG codons.

As these data challenge the prevailing model of eukary-
otic initiation, there has naturally been debate about
whether all the footprints obtained from ribosome profil-
ing experiments represent true translation signals (Gutt-
man et al. 2013). For example, it is now clear that the
inclusion of translation inhibitors (such as cyclohexi-
mide, which helps trap 80S ribosomes on mRNAs) during
the preparation and lysis of the cells can sometimes ad-
versely influence the data (Gerashchenko and Gladyshev
2014; Lareau et al. 2014; Hussmann et al. 2015; Andreev
et al. 2017). Furthermore, the addition of early elongation
inhibitors such as lactimidomycin or harringtonine caus-
es large increases in free ribosomal subunits, which likely
influence initiation to some degree. Indeed, some putative
initiation events identified using ribosome profiling have
not been able to be experimentally confirmed and thus
likely represent false positives (Zhang and Hinnebusch
2011). Nevertheless, a growing number of functional
peptides generated from non-AUG start codons have
been documented (Starck et al. 2008, 2012; Slavoff et al.
2013), and continuing improvements to the methods pro-
vide increasingly high-confidence data sets. For example,
computational approaches now take into account both
fragment size and 3-nucleotide (nt) periodicity (indicative
of decoding the genetic code) (Ingolia 2014; Brar and
Weissman 2015; Fields et al. 2015), and orthogonal ap-
proaches, such as mass spectrometry and the insertion
of small epitope tags into endogenous genes (Menschaert
et al. 2013; Slavoff et al. 2013; Ingolia et al. 2014), are in-
creasingly being used for validation.

Start codon recognition is tightly controlled by multiple
initiation factors

The mechanism of canonical eukaryotic translation initi-
ation and the role of individual eIFs have been reviewed
extensively (Sonenberg and Hinnebusch 2009; Jackson
et al. 2010; Lorsch and Dever 2010; Hinnebusch 2017).
Briefly, for the ribosome to identify a suitable start codon,
most eukaryotic translation is thought to follow the scan-
ning model of initiation (Fig. 2). The ternary complex (TC)
is first formed when GTP-bound elF2 (a heterotrimer of a,
B, and y subunits) binds the initiator methionyl-tRNA
(Met-tRNA;M¢). The TC then interacts with the 408 ribo-
somal subunit and a number of elFs, including elF1,

Regulated use of non-AUG start codons

43S
Pre-Initiation
Complex (PIC)

Figure 2. Canonical eukaryotic translation uses a scanning
model of initiation. The 43S PIC consists of the 40S small ribo-
somal subunit, the TC (eIF2¢GTPeMet-tRNA;M®), eIF1, eIF1A,
elF3, and elF5. The PIC is recruited to the 5" ends of mRNAs by
the elF4F complex, which consists of the cap-binding protein
eIF4E, the DEAD-box helicase eIF4A, and the scaffolding protein
elF4G that binds PABP at the mRNA 3’ end. The PIC then scans
in an ATP-dependent manner in a 5'-to-3’ direction in search of a
start codon. Base pairing between the anti-codon of the Met-
tRNA;M* and the start codon causes GTP hydrolysis by eIF2
and translation initiation. (1) eIF1; (1A) eIF1A; (4A) elF4A; (4E)
eIF4E; (4G) elF4G.

elF1A, eIF5, and the elF3 complex (13 subunits [a-m] in
humans), to form the 43S preinitiation complex (PIC).
Once assembled, the 43S PIC is recruited to the 7-methyl-
guanosine (m’G) cap at the 5’ ends of mRNAs by the eIF4F
complex, which consists of the cap-binding protein eIF4E,
the DEAD-box helicase eIF4A, and the scaffolding protein
elF4G that binds PABP at the mRNA 3’ end, thereby gen-
erating a 48S-activated mRNA. In an ATP-dependent
manner, the PIC then scans 5’ to 3’ in search of a start co-
don, which is most often the first AUG. Once the anti-co-
don of Met-tRNA;M* (bound by eIF2) base-pairs with the
start codon in the peptidyl site (P site) of the scanning PIC,
GTP is hydrolyzed by eIF2, and P; is released. This step is
promoted by eIF5, the GTPase-activating protein for eIF2.
Subsequent displacement of eIF1, eIF1A, eIF2¢GDP, eIF3,
and elF5 along with an additional GTP hydrolysis event by
elF5B allows for joining of the large 60S ribosomal sub-
unit, thereby forming the complete 80S ribosome and al-
lowing the second codon to be decoded in the A site.
The elFs that are responsible for start codon recognition
were first identified in Saccharomyces cerevisiae using a
strain that harbored a start codon mutation (AUG to
ACG) in the HIS4 gene (Donahue and Cigan 1988; Casti-
lho-Valavicius et al. 1990). When cultured in medium
lacking the essential amino acid histidine, these cells sur-
vived only if they used an in-frame near-cognate UUG co-
don that is present at the third codon of the mutant ORF.
This is because initiation from the UUG codon generates

GENES & DEVELOPMENT 1719



Kearse and Wilusz

a slightly truncated but functional His4 protein that sup-
ports histidine biosynthesis. By characterizing spontane-
ous revertants that grew despite the absence of histidine
in the medium, five suppressor of initiation (SUI) codon
mutation genes were identified: eIF1 (SUIL), all three (q,
B, and y) subunits of eIF2 (SUI2, SUI3, and SUI4, respec-
tively), and eIF5 (SUI5) (Donahue and Cigan 1988;
Castilho-Valavicius et al. 1990; Huang et al. 1997). Subse-
quent experiments identified further mutations (termed
suppressor of Sui phenotype [Ssu]) in these same elFs
that caused decreased initiation from a UUG start codon,
showcasing how tightly start codon recognition is regulat-
ed (Martin-Marcos et al. 2011, 2014; Singh et al. 2012;
Saini et al. 2014). In fact, all of the eIFs found in the PIC
(Fig. 2), including eIF1A and eIF3, have important roles
in start codon recognition (Valasek et al. 2004; Fekete
et al. 2005; Saini et al. 2010; Hinnebusch 2017).

Consistent with GTP hydrolysis by eIF2 and subse-
quent P; release serving as key steps in start codon recog-
nition, mutations in eIF2 and eIF5 that stimulate
premature GTPase activity and P; release result in in-
creased initiation at non-AUG codons, such as UUG
(Huang et al. 1997). It was thus proposed early on that mu-
tations in eIF1, eIF1A, and elF3 likely influence start co-
don recognition by forcing conformational changes in
elF2 and/or eIF5 that drive premature GTP hydrolysis
and/or P; release. This is certainly still plausible; however,
recent high-resolution structural data have now made it
clear that many of these factors also contact the context
nucleotides (e.g., “Kozak sequence”) (discussed below)
immediately upstream of and downstream from the start
codon. These initiation factors thus influence the overall
conformation of the PIC, causing the stringency of start
codon recognition to be strengthened or weakened de-
pending on the sequence/structure of the mRNA (Hussain
et al. 2014; Llacer et al. 2015; Hinnebusch 2017). It should
also be highlighted that elFs, including eIF1 and elF5, can
be post-translationally modified, and, at least for elF1,
these modifications affect start codon fidelity (Majumdar
et al. 2002; Homma et al. 2005). Additional trans-acting
factors, such as ABC50 (also known as ABCF1), can also
bind eIF2 to regulate start codon recognition (Stewart
et al. 2015).

Alterations in elF stoichiometry are further known to
influence start codon recognition patterns. For example,
addition of extra elIFs caused shifts in the relative amounts
of AUG versus non-AUG initiation in rabbit reticulocyte
lysates (Barth-Baus et al. 2013). Using a reporter mRNA
that could initiate at either an AUG or an upstream
CUG start codon, these in vitro experiments showed
that the addition of extra eIF1 and eIF1A proteins
strengthened start codon fidelity, thereby resulting in
less initiation at the CUG codon and more at the AUG.
In contrast, when additional eIF5 and eIF5B was added,
start codon fidelity was loosened, resulting in more initi-
ation at the CUG codon and less at the AUG (Barth-Baus
et al. 2013). Overexpression of elF5 similarly increases
non-AUG translation in human HEK293T cells (Nanda
et al. 2009; Loughran et al. 2012). In yeast, haploinsuffi-
ciency of eIF1, but not eIF1A or elF5, is known to increase
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non-AUG initiation (Takacs et al. 2011). Consistent with
these data, overexpression of eIF1 in mammalian cells in-
hibited initiation from non-AUG codons (Ivanov et al.
2010), highlighting the importance of proper eIF1 expres-
sion for start codon recognition.

RNA sequences and structures affect start codon
utilization

Landmark experiments by Kozak’s laboratory (Kozak
1984, 1986a,b) in the 1980s provided some of the earliest
clues about how sequences and secondary structures sur-
rounding the start codon can influence initiation. Focus-
ing first on the preproinsulin gene, Kozak identified a
functional role for the nucleotide at position —3 (relative
to the A of the AUG start codon) (Kozak 1984) and then
further defined additional nucleotides upstream of and
downstream from the start codon that influence initiation
across a variety of vertebrate mRNAs (Kozak 1986b, 1987,
1989). These critical nucleotides are now commonly re-
ferred to as the “Kozak sequence.” In mammals, the con-
sensus Kozak sequence is C(A/G)CCAUGG, where the
AUG start codon is underlined (Kozak 1989), and the
flanking nucleotides have a larger influence on recogni-
tion of non-AUG start codons than on AUG start codons.
In particular, the purine at position —3 and the guanosine
at position +4 provide stabilizing interactions with the
PIC (Pisarev et al. 2006; Hussain et al. 2014; Hinnebusch
2017). The yeast consensus Kozak sequence (AAAAAUG)
(Hamilton et al. 1987; Shabalina et al. 2004) likewise pri-
marily only affects initiation at non-AUG start codons,
not at AUG start codons (Zitomer et al. 1984; Donahue
and Cigan 1988; Chen et al. 2008).

Consistent with the scanning model (Fig. 2), mRNA
structures either upstream of or immediately downstream
from start codons can influence initiation efficiency by af-
fecting the movement of the PIC. For example, initiation
from a non-AUG start codon or an AUG in a poor context
can become more efficient when a strong thermostable
hairpin is placed downstream from the start codon (Kozak
1990a). Importantly, this stimulatory effect is sensitive to
the placement of the hairpin: When a hairpin was placed
14 nt downstream from a reporter mRNA start codon,
thereby stalling the start codon in the P site of the PIC,
translation initiation from this codon increased in vitro
(Kozak 1990a). This structure-dependent influence on ini-
tiation has now been confirmed to affect non-AUG start
codons on endogenous mRNAs (Kearse et al. 2016; Liang
et al. 2017) as well as AUG start codons on viral mRNAs
(Ventoso et al. 2006; Toribio et al. 2016). For example, the
PTEN gene, a tumor suppressor gene that is frequently
mutated in many cancers, generates an alternative protein
isoform, PTEN, by using an upstream AUU start codon
(Liang et al. 2017). In addition to requiring a favorable
Kozak sequence, efficient PTENp translation requires an
evolutionarily conserved hairpin that begins 18 nt down-
stream from the AUU. Removal of this hairpin from re-
porter mRNAs eliminated initiation from the PTENP
start codon but had no effect on the downstream




canonical AUG start codon (Liang et al. 2017). Non-AUG
translation at ACG, GUG, and GCG start codons in the
FMR1 5' leader likewise strongly increases when the
downstream CGG repeat forms highly stable hairpins
and G-quadruplexes (Kearse et al. 2016). A recent ge-
nome-wide analysis shows that mRNA secondary struc-
tures are commonly present downstream from non-AUG
start codons and AUG codons in poor contexts, suggesting
that structure may commonly be used to bolster transla-
tion initiation from weak initiation sites (Lee et al. 2012).

Met-tRNA;M* is generally, but not always, used
for initiation

If a non-AUG start codon is used for initiation, what ami-
noacyl-tRNA (aa-tRNA) is used? This appears to depend
on both the start codon and the type of initiation mecha-
nism used. The canonical initiation pathway used by
most genes uses elF2 to deliver Met-tRNAM* to the P
site of the ribosome (Fig. 2). Given that eIF2 has high
specificity for Met-tRNA;™** and does not significantly
bind other tRNAs (Kolitz and Lorsch 2010), initiation us-
ing eIF2 should use Met-tRNA;M* exclusively. Indeed,
early in vitro work using [3°S]-labeled Met-tRNA Mt dem-
onstrated that reporter mRNAs harboring a CUG, GUG,
ACG, UUG, AGG, AAG, AUA, AUC, or AUU start codon
all gave rise to full-length proteins containing [*°S]-labeled
methionine, strongly suggesting that non-AUG transla-
tion can use Met-tRNA;M** for initiation (Peabody 1989).
Recent mass spectrometry data further support Met-
tRNA;M¢* usage for initiation at ACG and AUU codons
(Liang et al. 2017; Sellier et al. 2017).

Although translation initiation generally requires eIF2
to deliver Met-tRNA;M* it is now recognized that at least
two other elFs, eIF2A and eIF2D, can also be used for ini-
tiation at non-AUG codons (Fig. 3). Interestingly, eIF2A
(not to be confused with elF2a) can initiate translation
in a GTP-independent manner and has a relaxed strin-
gency for binding tRNAs, as it can directly bind the
charged and uncharged forms of tRNA;M** with equal af-
finity in vitro (Merrick and Anderson 1975; Zoll et al.
2002; Komar et al. 2005; Kim et al. 2011; Starck et al.
2012). eIF2A also may be able to bind and deliver Leu-
tRNA for initiation at CUG and UUG codons, although
the exact affinity of eIF2A for charged tRNAM" has not
yet been measured (Starck et al. 2012, 2016; Liang et al.
2014; Sendoel et al. 2017). It thus remains possible that
el[F2A may simply promote the recruitment of Leu-
tRNA to the 40S ribosomal subunit rather than directly
bind it for delivery. Using an ELISA (enzyme-linked im-
munosorbent assay)-based assay to detect small reporter
peptides encoded by either an AUG or CUG start codon,
Starck et al. (2012) surprisingly showed that a CUG start
codon can be initiated, most likely by eIF2A, as much as
~40% more efficiently with Leu-tRNACYS than with
Met-tRNA;M¢. Indeed, depletion of eIF2A reduced initia-
tion at the CUG start codon but had no effect on initiation
at AUG codons (Starck et al. 2012). Nevertheless, e[F2A
appears to have only a highly specialized role in transla-
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Canonical tRNA;
Binding and Delivery

Alternative tRNA;
Binding and Delivery

elF2A elF2D
Met/Leu Met
elF2A elF2D

Start Codon
Utlized: AUG AUG AUG
CUG CUG Uuu
GUG uuG CUG
. GUG

Figure 3. Canonical and alternative initiator tRNA;-binding
elFs are differentially regulated and have different tRNA;-binding
stringency. (Left) Canonical translation uses eIF2 in a GTP-depen-
dent manner to deliver the canonical Met-tRNA;M®* to the P site
of the 40S ribosomal subunit. This allows initiation at AUG start
codons as well as at non-AUG start codons, albeit at a reduced ef-
ficiency. (Right) eIF2A and eIF2D are somewhat similar to eIF2
but are GTP-independent and have the capability to bind both
charged and uncharged forms of tRNA;Mt. eIF2A can also use
Leu-tRNA®YS and initiate at CUG and UUG start codons in
some mRNAs in vitro and in vivo. eIlF2D, which regulates reini-
tiation, can initiate at AUG codons in vitro as well as use other aa-
tRNAs for initiation in a selective manner.

tion, as the e[F2A mouse knockout has no apparent phe-
notype (Golovko et al. 2016). Considering that eIF2A is
up-regulated upon stress and, in some cases, can function
in IRES-mediated initiation (Komar et al. 2005; Kim et al.
2011; Starck et al. 2016; Kwon et al. 2017), it is possible
that eIF2A may help enable non-AUG translation to be-
come favored when canonical translation (which normal-
ly outcompetes non-AUG translation) is down-regulated.

Like eIF2A, elF2D (sometimes referred to as ligatin
[LGTN]) can also deliver Met-tRNA;M** (as well as the un-
charged form) in a GTP-independent manner to the P site
of the 40S ribosomal subunit (Fig. 3; Dmitriev et al. 2010;
Skabkin et al. 2013; Zinoviev et al. 2015; Weisser et al.
2017). eIF2D has a large role in reinitiation and ribosome
recycling in vivo but can also function in initiation at non-
AUG start codons in vitro in a somewhat selective man-
ner. For example, it was shown that eIlF2D can initiate
at a GUG codon using Val-tRNASY on the Sindbis virus
26S mRNA but not on the hepatitis C virus (HCV) IRES
(Dmitriev et al. 2010; Skabkin et al. 2010). Interestingly,
elF2D was identified as an autoantigen in human hepato-
cellular carcinoma patients (Wang et al. 2002), suggesting
apossible functional role for this initiation factor in tumor
development. It should also be noted that the MCT-1/
DENR heterodimer (which is homologous to the N-termi-
nal and C-terminal domains of eIF2D, respectively) has
also been shown to regulate reinitiation and ribosome re-
cycling (Reinert et al. 2006; Schleich et al. 2014, 2017; Jan-
ich et al. 2015; Haas et al. 2016). While in vitro
experiments have shown that MCT-1/DENR can promote
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elF2-independent recruitment of Met-tRNA;M®* to the P
site of the 40S ribosomal subunit on viral mRNAs (Skab-
kin et al. 2010, 2013), it is not yet clear whether it can
bind/recruit other aa-tRNAs and/or initiate at non-AUG
start codons.

In some cases, such as the cricket paralysis virus (CrPV)
IRES (Jan and Sarnow 2002; Jan et al. 2003; Pestova and
Hellen 2003), Taura syndrome virus (TSV) IRES (Cevallos
and Sarnow 2005; Koh et al. 2014), and the Plautia stali in-
testine virus (PSIV) IRES (Sasaki and Nakashima 2000), an
aa-tRNA in the P site is not required for initiation. These
viral RNA sequences instead fold into structures that
directly bind the 40S ribosomal subunit independent of
any elFs or an aa-tRNA in the P site. Upon formation of
the 80SeIRES complex, a pseudoknot of the IRES is local-
ized in the P site on the small subunit in a manner
mimicking Met-tRNA;™** and the AUG codon. This con-
formation allows the cognate aa-tRNA to be delivered
into the A site, thus forming the first amino acid of the na-
scent polypeptide and initiating translation (Fernandez
et al. 2014; Koh et al. 2014). So far, this mode of initiation
has been reported only for this class of viral IRES ele-
ments, but these results clearly demonstrate that transla-
tion initiation can occur without the canonical Met-
tRNA;M,

Usage of non-AUG initiation codons changes during
development and upon stress

Ribosome profiling enables snapshots of translation to be
taken, thereby revealing insights into how endogenous
genes, including those containing non-AUG start codons,
are regulated in response to developmental or external
cues. Highlighting this approach, Brar et al. (2012) generat-
ed >25 ribosome profiling libraries to reveal temporal
changes in translation as S. cerevisiae sporulate and tran-
sition from exponential vegetative growth to meiotic
growth. As expected, there were broad changes in gene ex-
pression at both the mRNA and translation levels, with
some genes displaying stage-specific meiotic translation.
Furthermore, a number of previously unannotated trans-
lation events, including from antisense RNAs, intergenic
regions, and uORFs, were found to be specific to meiotic
cells. Only 5% of ribosome footprints mapped outside an-
notated ORFs in vegetative cells, but this number in-
creased to a staggering ~30% in meiotic cells (Brar et al.
2012). This suggests that there may be a profound shift
in meiotic cells away from canonical translation, al-
though functional roles (if any) for the majority of these
novel ORFs remain unknown.

Many (but certainly not all) of the translated uORFs in
meiotic cells use non-AUG start codons. uORFs have gen-
erally been thought to play an inhibitory role and act com-
petitively to prevent translation of the downstream AUG-
encoded ORF (Sachs and Geballe 2006; Chew et al. 2016;
Johnstone et al. 2016). Indeed, about half of the AUG-en-
coded uORFs were associated with translational repres-
sion of their downstream ORFs in meiosis (Brar et al.
2012). In stark contrast, translation of non-AUG-encoded
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uORFs was correlated primarily with increased transla-
tion of their downstream ORFs. The underlying mecha-
nism responsible for this positive correlation remains
unknown, but it is possible that these non-AUG uORFs
may directly prime translation of their downstream
OREF, or, alternatively, the uORF-encoded polypeptides
may have functional roles (Brar et al. 2012). Given that
nearly 50% of RNA polymerase II transcription is devoted
to production of ribosomal proteins when yeast are grown
under vegetative conditions (Warner 1999), it is tempting
to speculate that changes in ribosomal protein (or eIF)
stoichiometry and/or post-translational modifications
may be responsible for the drastic changes in translation
patterns observed in meiotic cells. Consistent with this
idea, it has been shown recently that ribosome composi-
tion and ribosome protein stoichiometry can influence
translation of particular classes of mRNAs (Xue et al.
2015; Shi et al. 2017; Simsek et al. 2017).

Upon experiencing stress, eukaryotic cells generally re-
spond by down-regulating translation initiation, thereby
saving their metabolic energy and limiting the production
of what could be deleterious or toxic proteins (Fulda et al.
2010; Pakos-Zebrucka et al. 2016). Multiple stress condi-
tions (e.g., ER or oxidative stress) converge on the inhibi-
tory phosphorylation of elF2a. Under these conditions,
elF2 cannot exchange GDP for GTP and thus cannot
bind Met-tRNA;M* for a subsequent round of initiation.
This causes nearly all translation initiation events to be-
come strongly inhibited, but there are some mRNAs
whose translation is increased—most notably genes
with regulatory uORFs such as GCN4 (which has multi-
ple AUG uORFs) (Hinnebusch 2005), ATF4 (which also
has multiple AUG uORFs) (Wek et al. 2006), and BiP
(Kaufman 1999; Starck et al. 2016). BiP is an ER chaperone
protein that senses misfolded proteins, and thus induction
of its expression is critical for helping restore ER homeo-
stasis. Starck et al. (2016) showed recently that BiP trans-
lation is regulated by two non-AUG uORFs (UUG and
CUQG) that are up-regulated during stress and dependent
on elF2A. Knocking down eIF2A prior to ER stress led to
decreased levels of BiP, which were further reduced
when the UUG-encoded uORF was deleted. These results
suggest that both eIF2A and the non-AUG uOREFs are re-
quired for the increased expression of BiP during ER stress
(Starck et al. 2016). As various stresses beyond ER stress
lead to increases in eIF2A protein levels (Kim et al.
2011; Starck et al. 2016; Sendoel et al. 2017), induction
of non-AUG translation appears to be a common stress re-
sponse mechanism.

In mammalian cells, heat shock causes translation of
MRPL18 (which encodes a mitochondrial large ribosomal
subunit protein) to no longer initiate at the annotated
AUG start codon but instead initiate at a downstream
CUG codon (Zhang et al. 2015) (Fig. 4). The truncated
MRPLI18 protein that is generated lacks the N-terminal
mitochondrial targeting signal and thus is not incorporat-
ed into mitochondrial ribosomes. Instead, the truncated
MRPLI18 protein is incorporated into cytoplasmic ribo-
somes. These newly defined “hybrid” ribosomes are func-
tional and are required for increased synthesis of the
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Figure 4. Heat shock causes the production of a CUG-initiated
MRPLI18 protein that becomes incorporated into cytoplasmic ri-
bosomes. (Top) Under normal growth conditions, the MRPL18
protein is synthesized from a canonical AUG start codon and in-
cludes the mitochondrial targeting signal (MTS; pink), which en-
ables transport into mitochondria and subsequent incorporation
into mitochondrial ribosomes. (Bottom) Heat shock causes a
switch in the preferred start codon, resulting in initiation at a
downstream CUG in the MRPL18 mRNA. The truncated
MRPLI18 (cyto) protein isoform lacks the MTS and is instead in-
corporated into cytoplasmic ribosomes, creating “hybrid ribo-
somes” that are required for increased Hsp70 mRNA translation
during heat shock.

Hsp70 chaperone protein during heat shock (Zhang et al.
2015). This is perhaps because the presence of MRPL18
permits directed ribosome recruitment to Hsp70
mRNA, similar to what has been reported previously for
RpL38 and the Hox genes (Xue et al. 2015). Regardless of
the exact underlying mechanism, the MRPLI8 locus
beautifully demonstrates how changes in the efficiency
of non-AUG start codon usage can have a profound impact
on cell survival and homeostasis.

Non-AUG translation events can drive cancer progression

Alternative protein isoforms derived from non-AUG start
codons have also been found to be generated from numer-
ous cancer-relevant genes and act to either promote (e.g.,
fibroblast growth factor 2 [FGF2]) or inhibit (e.g., c-myc)
cancer growth (Hann et al. 1988; Hann 1994; Touriol
etal. 2003; Ivanov et al. 2011). For example, FGF2 controls
cell proliferation, differentiation, and angiogenesis (Tur-
ner and Grose 2010), and multiple protein isoforms can
be generated from this gene via the use of alternative start
codons. Whereas the canonical AUG start codon gener-
ates an 18-kDa protein isoform that is mostly cytoplasmic
or secreted, at least four upstream in-frame CUG codons
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can also be used to generate longer isoforms that localize
to the nucleus (Renko et al. 1990; Bugler et al. 1991;
Arnaud et al. 1999). Intriguingly, the CUG-encoded pro-
tein isoforms are unique to transformed cells (Vagner
etal. 1996). Supporting their functional relevance, ectopic
expression of these CUG-encoded isoforms caused cell
immortalization in culture and increased the tumorigenic
properties of these cells when they were injected into
mice (Couderc et al. 1991; Quarto et al. 1991).

The c-myc proto-oncogene likewise regulates cell pro-
liferation and transformation. Two protein isoforms can
be generated from c-myc through the usage of different
start codons: c-myc 2 (p64) uses a canonical AUG start co-
don, whereas c-myc 1 (p67) uses an upstream in-frame
CUG codon (Hann et al. 1988). At low cell density, the
CUG-encoded c-myec 1 protein is only 10%-15% as abun-
dant as the AUG-encoded c-myc 2. However, as cell den-
sity increases, the availability of amino acids, specifically
methionine, becomes limiting, and the CUG-encoded c-
myc 1 isoform becomes preferentially translated (Hann
et al. 1992). The underlying mechanism is not fully clear,
but this reduction in methionine availability may cause
activation of the GCN2 kinase, reduction in TC levels,
and/or a reduction in charged Met-tRNA levels, leading
to a change in start codon usage. Once generated, the
unique N terminus of c-myc 1 causes this isoform to
have additional DNA-binding capabilities that allow it
to regulate genes that inhibit cell growth (Hann et al.
1994). Indeed, overexpression of this CUG-encoded iso-
form (but not the AUG-encoded isoform) inhibits growth
of cultured cells. Inactivation of c-myc 1 is observed in
some tumor cells (e.g., in human Burkitt’s lymphomas)
(Hann and Eisenman 1984; Hann et al. 1988), suggesting
that the inability to generate this CUG-encoded protein
may provide a selective growth advantage.

The mechanisms by which individual non-AUG trans-
lation events become activated are still poorly under-
stood, but there are likely global changes in start codon
fidelity in cancer cells. Many elFs, including the cap-bind-
ing protein eIF4E (Mamane et al. 2004), are often misregu-
lated in cancers (for review, see Spilka et al. 2013; Chu
etal. 2016), and imbalances of eIFs are known to influence
overall initiation fidelity and start codon choice in various
systems (as discussed above). Perhaps the strongest corre-
lation between non-AUG translation and cancer comes
from recent work in squamous cell carcinomas (SCCs)
(Sendoel et al. 2017). Sendoel et al. (2017) identified
elF2A as an essential factor in tumor initiation that pro-
motes the translation of many non-AUG uORFs that act
to positively regulate expression of their downstream can-
cer-related ORFs (Fig. 5). Remarkably, deleting eIF2A pro-
tected mice from tumors. In stark contrast, depletion of
the canonical eIF2 initiation factor largely had no effect
on oncogenic growth but did affect the growth of normal
cells (Sendoel et al. 2017). As discussed earlier (Fig. 3),
elF2A can initiate at CUG and UUG start codons (both en-
code Leu) and deliver/promote the recruitment of Leu-
tRNACYS for initiation (Starck et al. 2012, 2016; Liang
et al. 2014). Considering that the eIF2A locus is amplified
in 29% of patients with lung SCC, 15% of patients with
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Figure 5. eIF2A regulates translation of non-AUG uORFs in
SCCs. (Top) In normal cells, translation of non-AUG uOREFs is
limited, and downstream ORFs are translated at basal levels. (Bot-
tom) In some SCCs, cell stress and/or gene duplication events
cause elevated eIF2A levels. This results in increased expression
of non-AUG uORFs in oncogenic mRNAs (e.g., Ctnnb1) and sub-
sequent up-regulation of the downstream oncoprotein ORFs.
Upon depleting eIF2A in SCC models, premalignant and malig-
nant progression is greatly reduced.

head and neck SCC, and 15% of patients with oesophageal
carcinoma (Sendoel et al. 2017), it appears likely that mis-
regulation of eI[F2A and non-AUG uORFs may play a more
general role in cancer development.

Repeat-associated non-AUG (RAN) translation is
associated with many neurodegenerative diseases

A number of neurological diseases, so-called nucleotide
repeat disorders, are caused by the expansion of nucleo-
tide repeats (Orr and Zoghbi 2007; Almeida et al. 2013).
This includes Huntington’s disease, which is caused by
expansion of a CAG repeat sequence in the coding se-
quence of the Huntingtin (HTT) gene, and the fragile X dis-
orders, which are due to CGG repeat expansions in the 5’
leader (untranslated region) of the FMR1 gene. Expansion
of these repeats can cause RAN translation (Green et al.
2016; Cleary and Ranum 2017) as well as other effects,
such as protein loss of function, protein gain of function,
and/or RNA gain of function (Orr and Zoghbi 2007;
Todd and Paulson 2010; Almeida et al. 2013). In all known
cases of RAN translation, non-AUG start codons are used
to initiate translation of repeat proteins in multiple read-
ing frames from the expanded nucleotide repeat itself.
Once generated, these translation products appear to be
toxic to cells in multiple ways, as they impair the ubiqui-
tin-proteasome system, alter ribosomal RNA synthesis,
and block nuclear import (Kwon et al. 2014; Oh et al.
2015; Yamakawa et al. 2015; Zhang et al. 2016; Cleary
and Ranum 2017).

Toxic polypeptides generated by RAN translation were
first identified from expanded CAG repeats in ATXN8 and
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DMPK as well as CUG repeats in ATXN8OS (Zu et al.
2011). Subsequent work from many laboratories has
now shown that RAN translation produces neurotoxic
proteins from expanded GGGGCC and CCCCGG repeats
from the C9orf72 locus (associated with amyotrophic lat-
eral sclerosis and frontotemporal dementia [ALS/FTD]),
CGG and CCG repeats from the FMR1 locus (associated
with fragile X-associated tremor/ataxia syndrome
[FXTAS]), CAG repeats from the HTT locus (associated
with Huntington’s disease), and UGGAA repeats from
the SCA31 locus (associated with spinocerebellar ataxia
type 31) (Ash et al. 2013; Mori et al. 2013; Todd et al.
2013; Zu et al. 2013; Banez-Coronel et al. 2015; Krans
et al. 2016; Ishiguro et al. 2017).

A Dbetter understanding of how RAN translation occurs
has come from recent work focused on the CGG repeats in
the 5’ leader of FMR]1 (Fig. 6). A series of reporters was gen-
erated with the luciferase ORF placed downstream from a
FMR1 5’ leader that contained either normal or disease-as-
sociated lengths of CGG repeats (Kearse et al. 2016). Upon
mutating the start codon of luciferase to eliminate canon-
ical translation of the luciferase ORF, only the reporters
with expanded repeats produced polypeptides through
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Figure 6. RAN translation at CGG repeats in FMR1 produces
neurotoxic proteins from multiple reading frames. The fragile X
disorders are caused by a CGG nucleotide repeat expansion in
the 5’ leader of the FMR1 gene, which encodes FMRP. Unaffected
patients have a mean repeat length of ~30 (top), whereas fragile X
disorder patients have expanded repeats of >55 (bottom), and
there is a correlation between repeat size and disease severity.
CGG repeat expansion stimulates a noncanonical form of protein
synthesis (called RAN translation) in multiple reading frames
that uses a 5’ cap-, eIF4E-, and elF4A-dependent scanning mode
of initiation. RAN translation of the CGG repeat produces two
toxic homopolymeric proteins from separate reading frames: (1)
a polyglycine protein (FMRpolyG) that initiates at ACG and
GUG codons upstream of the repeat in the +1 reading frame
and (2) a polyalanine protein (FMRpolyA) that most likely initi-
ates within the repeat at a GCG codon from the +2 reading frame.



RAN translation. These RAN-translated proteins were
generated from multiple reading frames in vitro, in HeLa
cells, and in cultured primary neurons, although at orders
of magnitude less efficiently compared with a canonical
luciferase reporter. In the case of FMR1 and CGG repeats,
RAN translation is 5’ cap-, eIF4E-, and eIlF4A-dependent
and therefore resembles the scanning mechanism used
in canonical translation except that either an ACG,
GUG, or GCG codon is used for initiation (Kearse et al.
2016). Subsequent mass spectrometry confirmed that
this ACG codon is used for initiation (incorporating me-
thionine) when the endogenous FMRI mRNA contains
an expanded repeat (Sellier et al. 2017). RAN translation
at expanded CAG repeats from the SCA3, SCAS8, DM1,
HD, and HDL?2 disease loci is likewise initiated at up-
stream AUU or AUC codons in vitro, and, at least for
AUU, [*°S]-labeled Met-tRNA;M®* was incorporated (Zu
et al. 2011).

It is still largely unclear why expansion of nucleotide re-
peats beyond a critical threshold is required for RAN
translation. It may be that the expanded repeat RNA
forms a specific structure that binds trans-acting factors.
Indeed, expanded repeats are known to be able to seques-
ter RNA-binding proteins (Todd and Paulson 2010). It is
also possible that the complex secondary structure of
the expanded repeat (Cammas and Millevoi 2017) is di-
recting initiation by altering ribosome scanning or recruit-
ment. It is noteworthy that IRES-mediated mechanisms
do not appear to account for RAN translation.

Targeting non-AUG translation may represent
a promising therapeutic strategy

Small molecule compounds that inhibit protein synthesis
not only have provided important insights into how the
translation machinery functions but have great potential
in the treatment of human diseases that are marked by
dysregulated translation, including cancer (Lindqvist and
Pelletier 2009; Blanchard et al. 2010; Garreau de Lou-
bresse et al. 2014; Bhat et al. 2015). A key issue, however,
is the need for sufficient specificity so that only deleteri-
ous translation events are targeted. Most common protein
synthesis inhibitors target either the ribosome itself (e.g.,
cycloheximide, emetine, or anisomycin) or the elFs (e.g.,
hippuristanol and Rocaglamide A [RocA]) (Bordeleau
et al. 2006; Lindqvist et al. 2008; Iwasaki et al. 2016).
Drugs that bind the ribosome itself should inhibit all
forms of cytoplasmic translation, whereas hippuristanol
and RocA should affect only elF4A- and scanning-depen-
dent initiation events (note that RocA further requires
GA motifs for activity). Nevertheless, most cellular trans-
lation is scanning-dependent, and thus these drugs have
rather limited specificity.

Considering that non-AUG translation events can be
regulated quite differently from canonical AUG start co-
dons and that decreasing non-AUG translation by knock-
ing out eIF2A reduced cancer progression (Sendoel et al.
2017), it has been proposed that pharmacologically modu-
lating noncanonical initiation codons may represent a
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novel therapeutic strategy. In an effort to identify such in-
hibitors, Takacs et al. (2011) screened >55,000 natural
compounds in yeast for effects on a dual-luciferase report-
er that expressed UUG-encoded firefly luciferase and
AUG-encoded renilla luciferase. This effort resulted in
the identification of two structurally similar quinolone-
containing compounds (NSC218351 and NSC92218),
which increased translation of the UUG-encoded reporter
and concomitantly decreased translation of the AUG-en-
coded reporter (Takacs et al. 2011). Using the same dual-
luciferase reporter but with other non-AUG start codons,
it was determined that both compounds also result in in-
creased initiation from CUG, GUG, AUA, AUC, and ACG
(but not AUU) start codons (Takacs et al. 2011).

The specific mechanisms of action of NSC218351 or
NSC92218 are not yet fully understood, but genetic and
biochemical experiments have provided important clues
(Takacs et al. 2011). Overexpression of eIF1 suppressed
the effects of NSC218351 and NSC92218, whereas hap-
loinsufficiency of eIF1, eIF1A, or eIF5 in diploid yeast
caused increased sensitivity. These results strongly sug-
gest that the compounds interact with the PIC. However,
there was no change in elF1 affinity for the 40S subunit or
in the rate of release of eIF1 upon start codon recognition
when either compound was present. Further work is
required to clarify the detailed mechanism as well as
determine whether these compounds are effective in
mammalian cells.

As translation initiation at CUG codons can use either
Met-tRNAM®® (bound by eIF2) or Leu-tRNA®YS (bound
by eIF2A), it is perhaps not surprising that CUG initiation
is selectively resistant against a few inhibitors (Starck
et al. 2008, 2012). For example, NSC119893, which inhib-
its Met-tRNA;M¢* association with eIF2, inhibited only
AUG, but not CUG, initiation in vivo (Starck et al.
2012). Likewise, bruceantin, which binds the P site of
the 60S subunit where Met-tRNA;M®t binds, was shown
in vitro to inhibit AUG, but not CUG, initiation from a
short reporter mRNA (Starck et al. 2008). Edeine, which
binds the E site of the eukaryotic 40S subunit to interfere
with start codon recognition and subunit joining, inhibit-
ed AUG initiation by ~90% but CUG initiation by only
~25% in vitro (Starck et al. 2008). This suggests that
CUG initiation, at least in vitro, may be partially indepen-
dent of the canonical scanning mechanism and that it
may be possible to specifically modulate these events
while not affecting AUG translation. The underlying
mechanism of edeine is not clear but could be due to
Leu-tRNACYS binding in a unique conformation within
the ribosome.

The nucleic acid intercalating agent acriflavine appears
to inhibit CUG initiation more efficiently than AUG initi-
ation in vitro and in vivo (Starck et al. 2008, 2012). Unfor-
tunately, the exact mechanism of action is not known.
Acriflavine has been reported to inhibit the aminoacyla-
tion of tRNAs in vitro (Birkmayer and Balda 1970; Novac
et al. 2004), but it is not immediately obvious how such
an activity could make the drug more specific toward
CUG initiation. Whether acriflavine inhibits initiation at
other non-AUG start codons has not been tested, but this
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molecule could be a valuable starting point for developing
a more potent CUG/non-AUG-specific inhibitor.

Inhibitors to RAN translation at GGGGCC (causes
ALS/FTD) and CGG (causes FXTAS) nucleotide repeats
are perhaps the most medically promising inhibitors of
non-AUG translation because of their noted selectivity.
Both of these expanded repeats form very stable hairpins
and G quadruplexes (Cammas and Millevoi 2017), and
small molecule compounds that bind the repeats caused
marked improvements in a number of molecular and cel-
lular phenotypes (Disney et al. 2012; Su et al. 2014). For
example, these compounds inhibited production of RAN
translation proteins, although the effects were not equal
across all reading frames of the GGGGCC repeat or anti-
sense CCCCGQG repeat (Su et al. 2014). Most importantly,
canonical translation of reporter mRNAs in cells appeared
unaffected by these compounds (Su et al. 2014). As these
compounds increase the melting temperature of the ex-
panded repeats in vitro, RAN translation may be inhibited
because the ribosome cannot elongate through the stabi-
lized G-rich repeat secondary structures. However, it re-
mains equally plausible that the effects may occur at the
initiation stage, as the stabilized secondary structure
could sterically prevent recognition of the non-AUG start
codons (e.g., by placing the P site of the PIC over a start co-
don in a poor context).

Perspectives and concluding remarks

It is now clear that multiple alternative initiation mecha-
nisms can be used in eukaryotic cells. These include IRES-
mediated initiation, eIF3-directed cap binding, reinitia-
tion, the use of alternative elFs to bind tRNA; (Fig. 3),
the recruitment of the ribosome via N6-methyladenosine
(m®A) mRNA modifications, and the usage of non-AUG
start codons (Hellen and Sarnow 2001; Touriol et al.
2003; Ivanov et al. 2011; Starck et al. 2012; Skabkin
et al. 2013; Wang et al. 2015; Zhou et al. 2015; Zinoviev
et al. 2015; Lee et al. 2016; Johnson et al. 2017). Especially
in certain cell states (e.g., during meiosis or cell stress), ri-
bosomes often initiate from near-cognate codons to give
rise to functional proteins that regulate key cellular pro-
cesses, thereby contributing to protein diversity (Fig. 4;
Ivanov et al. 2011; Crosby et al. 2015). Thus, it is not sur-
prising that misregulation of non-AUG translation can
stimulate cancer malignancy and neurodegeneration.
Nevertheless, one should keep in mind that only a handful
of non-AUG translation events have yet to be orthogonal-
ly validated or characterized in detail. It still remains very
possible that some initiation events that have been identi-
fied in genome-wide approaches, such as ribosome profil-
ing, may be very rare or inconsequential. Western blot
analysis and/or mass spectrometry experiments can pro-
vide strong confirmatory support for novel ORFs, but pro-
teins that are expressed at very low levels may not be
detected with current technologies. This is not to say
that such proteins are not potentially biologically rele-
vant, as some cellular factors (e.g., some microRNA and
transcription factors) can be found at only a few molecules
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per cell and still have important functional roles (Zenklu-
sen et al. 2008; Vaquerizas et al. 2009; Parasramka et al.
2012; Marinov et al. 2014; Denzler et al. 2016).

As non-AUG initiation events are influenced by both
the translation machinery and the mRNA sequence/
structure, an intriguing question is whether we can accu-
rately predict non-AUG translation events in any given
transcript. In silico tools using algorithms that are based
on ribosome profiling data sets are now available to help
predict true non-AUG start codons (Reuter et al. 2016),
and the inclusion of additional data, including secondary
structure predictions (Kochetov et al. 2007) and evolution-
ary conservation (Ivanov et al. 2011, 2017), likely can im-
prove accuracy. However, as noted in the multiple
examples that were highlighted throughout this review,
cellular conditions (e.g., stress) and disease mutations sig-
nificantly influence start codon usage. Unfortunately, it is
difficult to account for these features in prediction soft-
ware, but this may become more feasible as additional
new insights into the underlying molecular mechanisms
of non-AUG translation are revealed.

In summary, it is now clear that translation can initiate
at non-AUG codons across eukaryotes to impact both nor-
mal and disease biology. Recent work has revealed many
surprises, including the ability of Leu-tRNASYS to be
used for initiation and the critical role that RAN transla-
tion plays in neurodegenerative diseases. Going forward,
it will be of great interest to further define exactly how
the various alternative initiation pathways become specif-
ically induced or repressed, depending on cell state. This
will likely reveal novel insights into how non-AUG trans-
lation is used to expand the functional coding potential of
our genome. Furthermore, such studies may also suggest
novel therapeutic strategies that can be used to treat a va-
riety of diseases that are marked by dysregulated non-
AUG translation events.
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