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More than 40 different neurological diseases are caused by microsatellite repeat expansions
that locate within translated or untranslated gene regions, including 50 and 30 untranslated
regions (UTRs), introns, and protein-coding regions. Expansion mutations are transcribed
bidirectionally and have been shown to give rise to proteins, which are synthesized from
three reading frames in the absence of an AUG initiation codon through a novel process
called repeat-associated non-ATG (RAN) translation. RAN proteins, which were first de-
scribed in spinocerebellar ataxia type 8 (SCA8) and myotonic dystrophy type 1 (DM1),
have now been reported in a growing list of microsatellite expansion diseases. This article
reviewswhat is currently known about RANproteins inmicrosatellite expansion diseases and
experiments that provide clues on how RAN translation is regulated.

Microsatellite repeats, or short repetitive
stretches of DNA containing 2–10 nucleo-

tides are common in the human genome. A sub-
set of these sequences has been shown to be un-
stable, and when expanded too many times, can
cause disease. Microsatellite expansions are
known to cause >40 different neurodegenerative
diseases, including Huntington disease (HD),
fragile X tremor ataxia syndrome (FXTAS),
C9ORF72 amyotrophic lateral sclerosis (ALS)/
frontotemporal dementia (FTD), and spinocer-
ebellar ataxia types 1, 2, 3, 6, 7, 8, 10, 12, and 17
(RanumandCooper 2006;OrrandZoghbi 2007;
Lopez Castel et al. 2010).

A framework for understanding the patho-
genic mechanisms of these diseases has been

built on inferring the mechanisms of these dis-
eases based on the position of the mutations
within their corresponding genes. For example,
for diseases such asHD, inwhich themutation is
translated as a glutamine stretch that is part of a
long open reading frame (ORF), most research
has been focused on how the mutant protein,
which contains a long polyGln repeat tract, dis-
turbs various cellular functions that result in cel-
lular toxicity and disease. In contrast, the dele-
terious effects of mutant expansion RNAs or
RNA gain-of-function effects have been the
primary mechanistic focus for diseases charac-
terized by expansion RNAs located outside ca-
nonical ORFs. Mutant RNAs produced from
these noncoding expansion mutations have
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been shown to accumulate as nuclear RNA foci
that sequester RNA-binding proteins (RBPs)
and lead to a loss of their normal function (Ra-
num and Cooper 2006; Scotti and Swanson
2016). The myotonic dystrophies are the classic
example of this type of disorder. For example,
the myotonic dystrophy type 1 (DM1) and type
2 (DM2) mutations, which express CUG or
CCUG expansion RNAs, respectively, sequester
the muscleblind-like (MBNL) family of RNA-
binding proteins within the nucleus as RNA
foci. This sequestration preventsMBNLproteins
from binding to their normal RNA-processing
targets, and the resulting MBNL loss-of-func-
tion leads to RNA-processing abnormalities in-
cluding dysregulation of alternative splicing and
changes in polyadenylation (RanumandCooper
2006; Scotti and Swanson 2016).

The discovery of repeat-associated non-
ATG (RAN) translation challenged these mod-
els because it showed that repeat expansion
mutations can express unexpected repetitive
proteins in all three reading frames without an
AUG initiation codon (Zu et al. 2011). RAN

translation, which was initially discovered in
spinocerebellar ataxia type 8 (SCA8) and
DM1, has now been reported in seven different
repeat expansion diseases, including C9orf72
ALS/FTD, FXTAS, HD, SCA31, and DM2 (Zu
et al. 2011, 2013, 2017; Ash et al. 2013;Mori et al.
2013b; Todd et al. 2013; Banez-Coronel et al.
2015; Ishiguro et al. 2017). In addition to RAN
translation, the bidirectional transcription of
microsatellite expansion mutations (Cho et al.
2005; Moseley et al. 2006; Ladd et al. 2007; Rud-
nicki et al. 2007; Batra et al. 2010; Ranum et al.
2010) adds further mechanistic complexity to
these disorders, and raises the possibility that
one or both expansion transcripts and up to
six RAN proteins contribute to many of these
diseases (Fig. 1). For the translation field, the
discovery that expansion mutations express
proteins without a canonical AUG-initiation
codon in multiple reading frames raises mecha-
nistic questions about how RAN proteins are
initiated and whether these mutant proteins
can be therapeutically targeted (Cleary and
Ranum 2017).
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Figure 1. Bidirectional transcription and repeat-associated non-ATG (RAN) translation in repeat expansion
disorders. Antisense transcripts and RAN proteins have been observed in a growing number of microsatellite
expansions, including spinocerebellar ataxia type 8 (SCA8), myotonic dystrophy type 1 (DM1), myotonic dys-
trophy type 2 (DM2), fragile X tremor ataxia syndrome (FXTAS), C9ORF72 amyotrophic lateral sclerosis (ALS)/
frontotemporal dementia (FTD), Huntington disease (HD), and spinocerebellar ataxia type 31 (SCA31). RAN
proteins that have been identified in various expansion diseases and confirmed in patient tissues are shown in red.

T. Zu et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2018;10:a033019



RAN TRANSLATION

The Discovery of RAN Translation in SCA8
and DM1

SCA8 is an autosomal dominant, neurodegener-
ative disease caused by a CTG•CAG repeat ex-
pansion. In2006, itwas recognized that theSCA8
expansion mutation is bidirectionally tran-
scribed and produces both CUG (ATXN8OS)
and CAG (ATXN8) expansion RNAs, which are
expressed in opposite directions across the ex-
pansion mutation (Moseley et al. 2006). The
CUG expansion transcripts form RNA foci,
whichhavebeen shown to sequestermuscleblind
proteins and are thought to cause RNA gain-of-
function problems (Daughters et al. 2009). In
addition, the expanded CAG ATXN8 transcript
expressed in the opposite direction produces a
nearly pure polyGln protein from an unusual
short ORF that contains an AUG-initiation co-
don directly upstream of the CAG repeat (Mose-
ley et al. 2006).

To understand the relative contributions of
the effects of the ATXN8 encoded polyGln pro-
tein (Moseley et al. 2006), Ranum and col-
leagues attempted to block its expression bymu-
tating the upstream ATG initiation codon.
Unexpectedly, this mutation did not block ex-
pression of the polyGln protein in transfected
cells (Zu et al. 2011). This finding raised the
question of whether proteins could be made in
other reading frames. To answer this question,
CAG expansion expression vectors with two
stop codons in each reading frame upstream of
the CAG tract were generated to ensure AUG
initiation could not occur in any of the reading
frames. Additionally, epitope tags in each of the
three reading frames downstream from the re-
peat were used to tag proteins expressed from
anyof the three frames. Surprisingly, homopoly-
meric polyGln, polyAla, and polySer proteins
were expressed in all three reading frames even
when the transcripts lacked AUG or near-
cognate AUG codons in any reading frame
(Zu et al. 2011). Subsequent analyses of CAG
expansion transcripts isolated from polyribo-
somes showed no evidence that editing of the
repeat RNAs had introduced an AUG start co-
don (Zu et al. 2011).

Additional cell-culture experiments showed
that hairpin-forming CAG and CUG expan-
sions express RAN proteins without an AUG
initiation codon (Zu et al. 2011). Steady-state
levels of RAN proteins were differentially affect-
ed by repeat length in transfected cells with no
RAN protein accumulation detectable with 20
CAG repeats or less, polyGln accumulation ev-
ident at≥42 repeats, polySer at≥58, and polyAla
at ≥73 repeats (Zu et al. 2011). Because repeat
length is often correlated with anticipation or
worsening of disease, it is possible that the accu-
mulation of RAN proteins in multiple reading
frames with longer repeats exacerbates disease.
Finally, Zu et al. developed antibodies to detect
the carboxy-terminal regions of these proteins
in vivo and showed that RAN proteins are ex-
pressed in vivo in both mouse and human dis-
ease tissue (Zu et al. 2011). In SCA8, a novel
polyAla RAN protein was shown to accumulate
in Purkinje cells and in DM1 a novel polyGln
RAN protein expressed from the antisense CAG
expansion transcript was detected in heart, skel-
etal muscle, and blood.

In summary, CAG and CUG microsatellite
expansion RNAs undergo a novel form of trans-
lation that leads to the production of homo-
polymeric expansion proteins from all three
reading frames without an AUG-initiation co-
don. The RANproteins predicted by cell-culture
experiments accumulate in vivo in both SCA8
and DM1 disease tissue.

RAN Proteins in C9ORF72 ALS/FTD

In 2011, a GGGGCC (G4C2) hexanucleotide re-
peat expansion located in intron 1 of the chro-
mosome 9 open reading frame 72 (C9ORF72)
gene was reported by two research groups as
the most frequent known genetic cause of both
familial ALS and FTD (C9ORF72 ALS/FTD)
(DeJesus-Hernandez et al. 2011; Renton et al.
2011). This discovery was the first to link ALS
and FTD to a larger group of microsatellite ex-
pansion mutation disorders. Although, initially,
haploinsufficiency of the C9ORF72 protein and
gain-of-function mechanisms of the GGGGCC
expansion RNA were proposed in 2013, several
investigators reported that, similar to SCA8 and
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DM1, the C9ORF72 expansion mutation also
undergoes RAN translation (Ash et al. 2013;
Mori et al. 2013b; Zu et al. 2013). In this case,
the hexanucleotide G4C2 expansion mutations
form RNA foci and also produce dipeptide re-
peat proteins (DPRs) with repetitive glycine-
proline (GP), glycine-alanine (GA), and gly-
cine-arginine (GR) repeat motifs in the sense
direction. Also, similar to SCA8, DM1 and a
number of other expansion diseases, this muta-
tion was found to be expressed in the antisense
direction and these antisense transcripts also
produce three additional RAN proteins: pro-
line-alanine (PA), proline-arginine (PR), and
GP (Gendron et al. 2013; Mori et al. 2013a; Zu
et al. 2013). Immunological evidence using an-
tibodies directed at the predicted carboxy-termi-
nal regions shows that proteins made in five of
the six reading frames include unique carboxy-
terminal ends that extend beyond the repeat
tract (Zu et al. 2013). Although the contribution
of the C9-RANproteins in disease is not yet fully
understood, there is substantial evidence that all
six C9-RAN proteins are toxic and accumulate
in C9ORF72 ALS/FTD autopsy tissue as cyto-
plasmic aggregates in multiple regions of the
brain that are affected by the disease. These re-
gions include the frontal cortex, hippocampus,
and spinal cord (Ash et al. 2013; Gendron et al.
2013; Mackenzie et al. 2013; Mori et al. 2013a,b;
Zu et al. 2013; Mackenzie 2016).

RAN Translation across CGG•CCG Expansion
in FXTAS

Expansion of a CGG repeat tract in the 50 un-
translated region (UTR) of the FMR1 gene
causes two distinct diseases, depending on the
length of the repeat. Larger expansions (>200 re-
peats) cause transcriptional silencing of the
FMR1 gene resulting in fragile X syndrome. In
contrast, shorter alleles within the premutation
range (55–200 repeats) cause FXTAS, a late-
onset neurodegenerative disorder (Nelson et al.
2013).

Todd et al. (2013) reported RAN proteins
are expressed in FXTAS. This work was initiated
because these authors noticed puzzling green
fluorescence protein (GFP)-positive aggregates

in aflymodel expressing 90CGG repeats but not
GFP alone. The CGG repeats are located in what
was assumed to be a noncoding 50UTR up-
stream of the GFP reporter. The formation of
these aggregates was later explained after a series
of experiments showed that FXTAS CGG ex-
pansionmutations containing 90 repeats under-
go RAN translation and that the resulting poly
(Gly)90-GFP fusion protein forms GFP-positive
aggregates. Usingmammalian cell culture, Todd
et al. went on to show that CGG expansions lead
to the production of polyGly-GFP and polyAla-
GFP fusion proteins in the absence of an ATG
initiation codon. RAN translation in the polyAla
reading frame is length-dependent, occurring
with constructs containing 88 but not 30 CGG
repeats. In contrast, expression of the polyGly
protein occurred with 88, 50, and 30 CGGs. Ad-
ditional experiments showed initiation of trans-
lation begins upstream of the CGG repeat in the
polyGly reading frame and, in contrast to SCA8,
DM1 and C9ORF72 ALS/FTD repeat expan-
sions, requires near-cognate initiation codons
(Kearse et al. 2016). The requirement for near-
cognate codons upstream of the repeat in the
polyGly frame may explain the expression of
polyGly protein, even at relatively short expan-
sion sizes. Finally, the authors showed that poly-
Gly aggregates accumulate in both model sys-
tems and human FXTAS brains using several
custom carboxy-terminal antibodies (Todd
et al. 2013). More recently, Krans et al. (2016)
showed that homopolymeric proteins are also
expressed in the antisense direction, generating
polyPro, polyArg, and polyAla in cell culture,
and provided evidence that at least two of the
antisense proteins (polyPro and polyAla) accu-
mulate in human brains.

Huntington Disease

HD is a progressive neurodegenerative disorder
characterized by severe movement, cognitive,
and behavioral changes. The disease is caused
by a CAG•CTG expansion located within a long
ORF of the huntingtin (HTT) gene. Although
previous work on HD showed both sense CAG
and antisense CUG expansion RNAs are ex-
pressed in HD (Rudnicki et al. 2007; Ross and
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Tabrizi 2011), most research has focused on un-
derstanding the deleterious effects of themutant
huntingtin protein, which contains a long poly-
Gln expansion repeat tract.

Recently, Banez-Coronel et al. (2015)
showed that both sense and antisense expansion
transcripts undergo RAN translation and that
additional homopolymeric RAN proteins (poly-
Ala, polySer, polyLeu, and polyCys) accumulate
in HD patient brains. These HD-RAN proteins
accumulate in brain regions most affected in
HD, including the striatum, and the severely
affected cerebellar tissue from juvenile-onset
cases. Brain regions with robust RAN protein
accumulation show pathologic features of HD,
including apoptosis, neuroinflammation, and
white matter abnormalities. Cell-culture studies
show that HD-RAN proteins decrease viability
and increase death of neural cells. Additionally,
these authors showed that repeat length differ-
entially affects RAN protein aggregation and ac-
cumulation with increased polyAla levels and
aggregation of polySer occurring in cells ex-
pressing >52 repeats, which are typically associ-
ated with severe juvenile HD. Additionally, it is
interesting to note that polySer accumulation is
first detectable in cells expressing ≥35 repeats,
which is close to the repeat length at which HD
can manifest (Ross and Tabrizi 2011).

In summary, four novel RAN proteins accu-
mulate in HD and they can be expressed across
repeats in multiple reading frames even when
the repeat is located within a canonical ORF.

RAN Translation in Tetra- and
Pentanucleotide Expansion Disorders

More recently, RAN proteins have been report-
ed in tetra- and pentanucleotide repeat diseases.
Ishiguro et al. (2017) reported the accumulation
of a UGGAA expansion-encoded Trp-Asn-Gly-
Met-Glu pentapeptide repeat protein (PPR) in a
Drosophila SCA31 model and SCA31 human
autopsy brains. Additionally, overexpression of
several RNA-binding proteins (TDP-43, FUS,
and hnRNPA2B1) reduce PPR protein levels
in Drosophila, suggesting that these RBPs may
play a role in RNA quality control and regula-
tion of repeat-associated translation.

In DM2, Zu et al. (2017) showed that the
intronic CCTG•CAGG expansion mutation lo-
cated in the cellular nucleic acid binding protein
(CNBP) gene produces tetrapeptide expansion
proteins in both the sense (leucine-proline-ala-
nine-cysteine [LPAC]) and antisense (gluta-
mine-alanine-glycine-arginine [QAGR]) direc-
tions. Codon-replacement studies show that
these proteins are toxic to neural cells indepen-
dent of RNA gain-of-function effects. Addition-
ally, the authors provide evidence that RNA
gain-of-function and RAN mechanisms are
linked by showing that nuclear sequestration of
CCUG expansion transcripts into RNA foci de-
creases steady-state levels of LPAC RAN protein
by preventing export of CCUG expansion RNAs
to the cytoplasm.

RAN Protein Toxicity

RAN proteins with homopolymeric, dipeptide,
tetrapeptide, and pentapeptide repeat motifs
have now been reported in seven different mi-
crosatellite expansion diseases. Although the
role of individual RAN proteins in each of these
disorders is not yet clear, there is a growing body
of evidence that RANproteins expressed inmul-
tiple contexts are toxic to cells independent of
RNA gain-of-function effects and, when over-
expressed, can induce neurodegeneration in
model systems. For example, codon-replace-
ment strategies have shown that RAN proteins
are toxic independent of RNA gain-of-function
effects in mammalian cell systems for SCA8 (Zu
et al. 2011), HD (Banez-Coronel et al. 2015), and
DM2 (Zu et al. 2017) repeat expansions. Using
mouse models with or without a near-cognate
ACG codon in the 50UTR, Sellier et al. (2017)
showed that mice expressing both the polyGly
RAN protein and CGG expansion RNAs de-
velop behavioral deficits not found in FXTAS
animals expressing CGG expansion RNAs
alone. The mice that express both the CGG
RNA and the polyGly protein contain a near-
cognate ACG codon, which allows polyGly ex-
pression; in contrast, mice in which theACGhas
been deleted express only the CGG RNA.

The most extensive data on the biophysical
properties and toxicity of RAN proteins come
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from a large number of studies of C9ORF72
ALS/FTD. In several different in vitro and in
vivo overexpression experiments, GA, GR, and
PRDPRs have been reported to be toxic by mul-
tiple investigators. GA has the biophysical prop-
erties to aggregate and form amyloid-like fibrils
that stain positive with Congo red and thiofla-
vin-T (May et al. 2014; Chang et al. 2016). Ad-
ditionally, mass spectrometry has shown that
p62, Unc119, ubiquilin-1,2, and some proteo-
somal subunits are found in GA complexes (May
et al. 2014; Schludi et al. 2017). Neuronal cell
culture studies show GA overexpression causes
impaired dendritic branching, endoplasmic re-
ticulum (ER) stress, and apoptosis (May et al.
2014; Zhang et al. 2016). AAV-mediated over-
expression of GADPR causes cognitive andmo-
tor deficits inmice (Chewet al. 2015; Zhang et al.
2016). In contrast, several other studies have
reported minimal toxicity of GA in primary
neuronal cell culture and Drosophila models
(Mizielinska et al. 2014; Wen et al. 2014). In
fact, several independent studies performed us-
ing a non-hairpin-forming alternative codon
strategy to distinguish RNA gain-of-function ef-
fects fromRAN protein toxicity, showed that PR
and GR are the most toxic in the Drosophila eye
(Mizielinska et al. 2014; Wen et al. 2014; Frei-
baum et al. 2015; Lee et al. 2016). Toxicity of GR
and PR has been attributed to (1) nucleolar lo-
calization in overexpression systems (Kwon et al.
2014; Tao et al. 2015); (2) association with low-
complexity domain (LCD) proteins that cause
phase separation into membraneless organelles
(Lee et al. 2016; Lin et al. 2016); and (3) plugging
the nuclear pore and impairing nucleocytoplas-
mic transport (Freibaum et al. 2015; Jovicic et al.
2015; Zhang et al. 2015; Shi et al. 2017).

Although a number of independent investi-
gators provide strong support that specific DPRs
can be toxic when overexpressed, additional
studies that recapitulate the temporal and spatial
expression of these proteins in mammalian
systems will be needed to understand their im-
pact on the disease. Recently, four research
groups developed bacterial artificial chromo-
some (BAC)mousemodels to better understand
C9ORF72 ALS/FTD (O’Rourke et al. 2015; Pe-
ters et al. 2015; Jiang et al. 2016; Liu et al. 2016).

Further studies in which RAN translation can be
blocked or modulated without affecting the lev-
els of the RNAs in thesemodels will be useful for
sorting out the role of RAN proteins in disease.

MECHANISM OF RAN TRANSLATION

RAN translation is now known to occur across a
variety of different repeatmotifs includingCAG,
CUG, CGG, CCG GGGGCC, CCCCGG, and,
most recently, CCUG and CAGG for DM2 and
UGGAA for SCA31 (Fig. 1) (Cleary and Ranum
2017; Ishiguro et al. 2017; Zu et al. 2017). Mi-
crosatellite expansion mutations in these dis-
eases are present in ORFs, 30UTRs, 50UTRs,
and intronic regions. Although the mechanisms
whereby RAN proteins are produced are still
poorly understood, several common themes
are emerging, including the importance of re-
peat length, RNA structure, RNA-binding pro-
teins, and translation initiation by canonical and
noncanonical mechanisms.

Repeat Length and Repeat Sequence

It has been shown by several investigators that
RAN translation is repeat length-dependent
with the accumulation of RAN proteins more
likely to occur for expansions with longer repeat
tracts. This length dependence applies across
multiple diseases including SCA8, HD, DM1,
DM2, and C9ORF72 ALS/FTD and for FXTAS
in the polyAla reading frame (Zu et al. 2011,
2013, 2017; Todd et al. 2013; Banez-Coronel
et al. 2015; Cleary and Ranum 2017). In general,
longer repeats in these diseases are more likely
to result in the accumulation of a cocktail of
RAN proteins expressed from multiple reading
frames and alsomore likely to result in increased
disease severity.

A curious observation from studies of RAN
translation across CAG•CTG expansions in HD
and CCTG•CAGG expansion mutations in
DM2 is that RAN translation and subsequent
RAN protein accumulation are cell-type-depen-
dent in some, but not all, reading frames, sug-
gesting the possibility that RAN translation in
these cells is modulated by sequence-specific
effects such as secondary structures and near-
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cognate initiation codons. Additionally, cell-
specific expression of specialized initiation
factors that favor RAN translation could cause
cell-type-specific expression of specific RAN
proteins (Banez-Coronel et al. 2015; Zu et al.
2017).

Previous studies usingCAG repeats with dif-
ferent 50 flanking sequences cloned from the
SCA3, HD, DM1, or HDL2 loci, showed that
flanking sequences can affect RAN protein ex-
pression (Zu et al. 2011). Additionally, these
investigators showed that insertion of a TAG
stop immediately preceding the CAG repeat
tract in the glutamine frame prevented transla-
tion of polyGln but not of polyAla or polySer.
These data suggest translation initiation in the
polyGln reading frame occurs upstream of the
repeat in this construct. Similarly, Todd et al.
(2013) and Scoles et al. (2015) have shown that
50 and 30 flanking sequences affect RAN trans-
lation in FXTAS and SCA2, respectively. These
data suggested that RAN translation can be in-
fluenced by both the repeat expansionmotif and
flanking sequences.

Hairpin and G-Quadruplex RNA Structures

Single-stranded CAG, CUG, CGG, CCUG, and
G4C2 repeats have all been reported to form
stable secondary structures including hairpins
and G-quadruplexes (Tian et al. 2000; Sobczak
et al. 2003; Mirkin 2007; Fratta et al. 2012; Krzy-
zosiak et al. 2012; Reddy et al. 2013; Haeusler
et al. 2014). When RAN translation was first
discovered for hairpin-forming CAG repeats,
Zu et al. (2011) hypothesized that hairpin for-
mation is required for RAN translation. Consis-
tent with this prediction, these authors showed
hairpin-forming CAG, but not non-hairpin-
forming CAA repeat constructs, undergo RAN
translation.

In C9ORF72 ALS/FTD, it has also been
shown that codon replacement RNAs, which
encode variousDPRs but do not form secondary
RNA structures, do not undergo RAN transla-
tion but rather require an ATG initiation codon
for expression (Mizielinska et al. 2014). Because
G4C2 and CGG repeats can form both G-quad-
ruplex and hairpin structures (Fratta et al. 2012;

Reddy et al. 2013; Haeusler et al. 2014), it is
possible that the transition and/or equilibrium
between G-quadruplex and hairpin conforma-
tions may play a role in RAN translation across
these expansions.

Additionally, SCA31 is distinct from other
expansion diseases previously reported to un-
dergo RAN translation in two important ways:
(1) the repeat expansion mutation is not GC-
rich and not predicted to form hairpin struc-
tures; (2) repeated iterations of the UGGAA
repeat contain AUG initiation codons through-
out the repeat tract (e.g., UGGAAUGGAAUG
GAAUGGAA…) in all three reading frames
(Ishiguro et al. 2017). It will be interesting to
determine the frequency of RAN protein aggre-
gates in SCA31. It will also be interesting to
determinewhether AUG and RANmechanisms
are both at play in this repeat expansion disorder
and if one or multiple AUG initiation codons
embedded within the repeat tract are used.

Cap-Dependent Initiation across CGG
Repeats in FXTAS

Kearse et al. (2016) recently showed that trans-
lation of the FMRpolyGly initiates preferentially
at close-cognate start codons upstream of the
repeat, in a repeat-length-independent manner.
In contrast, translation in the polyAla reading
frame for FXTAS is length dependent and does
not have a similar close-cognate initiation co-
don. Additionally, using cell-free in vitro trans-
lation protocols, these authors show that the
polyGly and polyAla reading frames require an
m7G cap, the eIF4A helicase, and 40S ribosomal
scanning. These findings support a model in-
volving canonical preinitiation complex loading
and ribosome scanning and suggest ribosome
stalling caused by the CGG RNA secondary
structure facilitates translation in both the poly-
Ala and polyGly reading frames (Fig. 2). Addi-
tionally,mass spectrometry performed by Sellier
et al. (2017) on the FMRpolyGly protein showed
that initiation occurs at an upstreamACG close-
cognate start codon and that the amino-terminal
amino acid is a methionine in mammalian cells.
These data suggest that for FXTAS, a canonical
protein initiation mechanism is used in the
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polyGly reading frame but with the use of a
close-cognate initiation codon. Additional stud-
ies in FXTAS will be required to determine the
specific initiation site or sites within the polyAla
reading frame.

For CAG•CTG expansions, several experi-
ments showed that, although RAN translation
is highly permissive across repeats in mamma-
lian cell culture, RAN translation in a variety of
cell-free translation systems, including rabbit re-
ticulocyte lysates (RRLs), occurs less robustly
and only in reading frames with close-cognate
initiation codons (Zu et al. 2011). These data
indicate that RRLs do not necessarily recapitu-
late the more highly permissive RAN transla-
tion, which occurs in mammalian cells. Because
the sequence flanking the repeat tracts differs
dramatically between disease loci and for indi-
vidual reading frames, it will be important to
determine what mechanistic features are shared
between different repeat expansion diseases.

INTERNAL RIBOSOME ENTRY SITES (IRES)

Previous studies showed that translational
initiation is affected by secondary structures
downstream from start codons (Kozak 1989).
In addition, hairpin structures downstream
from start codons at suboptimal sites can en-
hance translational initiation efficiency, possibly
by slowing the 40S ribosomal subunit and en-
hancing the time for interaction between the
Met-tRNAi anticodon and the suboptimal
AUGs or close-cognate AUG-like start site (Ko-
chetov et al. 2007).

Some viral mRNAs containing highly struc-
tured RNA elements at the 50UTR have been
shown to recruit initiation factors and ribosomal
subunits to IRESs (Cullen 2009; Sonenberg and
Hinnebusch 2009). Additionally, type IV IRESs
in the cricket paralysis virus (CrPV) can facili-
tate translation initiation without eIFs or Met-
tRNAi

Met. In these cases, eukaryotic elongation

SCA8 and other CAGs

Gln

Ala

Ser

Ala

Initiation sites

Stop codons
Noncognate codons
Near-cognate codons

Gly
elFs?
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AAAAA AAAAA

AAAAAAAAAA
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5′ m7G cap
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FXTAS CGG repeats

Figure 2. Repeat-associated non-ATG (RAN) translation of CAG and CGG repeats. Model of RAN translation
showing repeat-length dependence and preference for hairpin or secondary RNA structures. RAN translation
can occur in multiple reading frames and, depending on the disease locus, at start sites upstream of the repeats or
at multiple sites within the repeat tract. Experiments on CAG repeats suggest that translation initiation in the
polyGln frame occurs upstream of the repeat tract, although initiation in the polyAla reading frame occurs
throughout the repeat. Translation of FXTAS polyGly and polyAla have been shown to be cap-dependent and
require eIF4E and eIF4A. RAN-TAFs, putative RAN-translation associated factors.
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factors 1 and 2 (eEF1 and eEF2) are involved in
translation initiation. The PKI hairpin of the
CrPV IRES functions as a tRNAiMet to initiate
translation at non-AUG or noncognate AUG
codons, including GCU or GCA that encode
an alanine (Hellen and Sarnow 2001; Hellen
2009; Fernandez et al. 2014). Because RAN
translation most often occurs across repeat ex-
pansions that form stable secondary structures,
an IRES-like mechanism has also been pro-
posed (Zu et al. 2011; Cleary and Ranum
2017). Mass spectrometry for CAG repeat ex-
pansions suggests RAN translation in the GCA/
alanine frame initiates at multiple GCA codons
in the repeats without incorporating an amino-
terminal methionine (Fig. 2) (Zu et al. 2011).
Interestingly, some repeat expansion-binding
proteins, such as CUGBP1 and hnRNPs (Tim-
chenko et al. 1996; Conlon et al. 2016), can
serve as IRES translation associated factors
(ITAFs) (Fox and Stover 2009). Taken together,
these data suggest that RAN translation of
specific repeats may involve IRES-like mecha-
nisms.

RNA-Binding Proteins and RAN Translation

RNA foci and RAN proteins are found in a
growing number of diseases including SCA8,
C9ORF72 ALS/FTD, and now DM2. This raises
the question of whether RNA gain-of-function
and RAN mechanisms are linked.

DM2 is caused by an intronic CCTG expan-
sion in the CNBP gene (Liquori et al. 2001). The
clinical similarities between DM1 and DM2, the
formation of CUG and CCUG repeat-contain-
ing nuclear RNA foci, and similar MBNL/CELF
protein-related RNA-processing changes pro-
vide strong support that RNA gain-of-function
and corresponding MBNL protein loss-of-func-
tion contribute to DM2 (Liquori et al. 2001;
Cleary and Ranum 2013). In a recent study, Zu
et al. (2017) showed that in DM2, antisense
CAGG transcripts are expressed and elevated
compared with antisense RNA levels found in
control DM2 autopsy tissue. Additionally, poly
(LPAC) and poly(QAGR) tetrapeptide RAN
proteins produced from sense and antisense
transcripts accumulate in human DM2 brains.

Similar to RAN proteins for several other repeat
expansion mutations, steady-state levels of the
LPAC and QAGR proteins increased in a repeat
length-dependent manner in transfected cells.
RNA foci and LPAC RAN protein expression
are inversely correlated, and steady-state levels
of RAN proteins expressed from CCUG, CUG,
and CAG expansion RNAs are reduced by
Mbnl1 overexpression. These data suggest a nu-
clear sequestration model of disease. In this
model, initially, RNA-binding proteins seques-
ter expansion RNAs in the nucleus and play a
protective role by preventing cytoplasmic RAN
translation. During later stages of the disease,
nuclear sequestration fails and cytoplasmic ex-
pansion RNAs produce RAN proteins that ex-
acerbate disease (Zu et al. 2017). Because RNA
foci and RAN proteins are found in a growing
number of diseases (SCA8, DM1, DM2, FXTAS,
and C9ORF72 ALS/FTD), nuclear sequestration
of expansion RNAs by specific RNA-binding
proteins into nuclear foci may be a general pro-
tective mechanism.

An additional puzzle is how transcripts of
intronic expansion mutations like the DM2 and
C9ORF72 expansions make it out into the cy-
toplasm to be translated in the first place. A
recent study reported that increased binding
of GGGGCC-expanded C9ORF72 repeats to
the nuclear export adaptor SRSF1 may increase
nuclear export through the nuclear RNA export
factor 1 (NXF1) pathway (Hautbergue et al.
2017). Additionally, intron retention, which is
increasingly recognized in a wide range of
mammalian transcripts, and also in microsatel-
lite expansion diseases (Gipson et al. 2013; Sa-
thasivam et al. 2013; Braunschweig et al. 2014;
Niblock et al. 2016), may provide a plausible
alternative mechanism that would allow in-
tronic expansion mutations to be retained and
exported into the cytoplasm where they could
undergo RAN translation. Finally, disruptions
in the nuclear pore complex, which have been
reported in both C9ORF72 ALS/FTD and HD
(Freibaum et al. 2015; Jovicic et al. 2015; Zhang
et al. 2015; Grima et al. 2017), may provide
another route for the accumulation of expan-
sion RNAs in the cytoplasm and RAN protein
expression.
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CONCLUSIONS AND PERSPECTIVES

RAN proteins have now been reported in seven
out of more than 40 diseases known to be
caused by microsatellite expansion mutations.
Although there has been substantial progress
in this field, there remain an even larger number
of questions and future experiments. First, addi-
tional studies that rigorously define where these
proteins begin and end are needed. These studies
face twomajor challenges. Currently, mass spec-
trometry is challenging because of the repetitive
nature of these proteins, and it is not clear that
cell-free in vitro systems will accurately recapit-
ulate the highly permissive initiation of RAN
proteins in cells. Second, it is important to un-
derstand the molecular factors that are required
for RAN translation and also to understand
whether the mechanisms vary depending on
the availability or absence of close-cognate co-
dons and RNA secondary structures. The cell-
type differences in the accumulation patterns of
RAN proteins may reflect the requirements for
various cellular factors that may differ depend-
ing on the sequence of both the repeat expansion
and flanking sequence. Alternatively, the patchy
accumulation of RAN protein aggregates seen in
human autopsy tissue (Zu et al. 2013)may result
from prion-like seeding and spreading mecha-
nisms or localized differences in RAN protein
production or turnover. It is also possible that
stress pathways, known to play a critical role in
canonical translational regulation, may also play
a role in RAN protein diseases. Third, it is crit-
ical to understand the role that RAN proteins
have in disease. Although many studies show
that various RAN proteins are toxic when over-
expressed, it is less clear whether and how these
proteins contribute to diseasewhen expressed in
the spatial and temporal patterns and levels that
are found in disease. Finding ways to target RAN
proteins will be important for understanding
their role in disease.

Understanding the mechanisms and impact
of RAN proteins in neurological diseases is im-
portant and may lead to therapies that can turn
off a pathogenic pathway common to a large
number of neurodegenerative disorders. More-
over, because nearly half of the human genome

consists of repetitiveDNAelements, it is possible
that RAN translation of repeats in normal mam-
malian genomes may lead to the production of
an abundant category of novel proteins. Eluci-
dating the mechanisms underlying RAN trans-
lation has the potential to shift the paradigm and
our current views on the complexity of the pro-
teome and how perturbations at this novel level
impact fundamental aspects of biology.
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