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ABSTRACT 

Spinocerebellar ataxia type 8 (SCA8) is one of a number of dominantly inherited 

disorders caused by triplet CTG•CAG repeat expansions (2).  While investigating the 

mechanisms of SCA8, Dr. Ranum‟s lab made the surprising discovery that CAG•CTG 

expansion constructs express homopolymeric polyglutamine, polyalanine and polyserine 

expansion proteins without an ATG start codon (3).  This repeat associated non-ATG 

(RAN) translation occurs in transfected cells and lenti-viral transduced cells and brains. 

Additionally, in vivo mouse and human data demonstrate that RAN-translation across 

human SCA8 and myotonic dystrophy type 1 (DM1) CAG expansion transcripts results 

in the accumulation of SCA8 polyalanine and DM1 polyglutamine expansion proteins 

(3).  RAN-translation can occur across CAG expansions in a number of different 

sequence contexts, but the mechanism of this newly discovered phenomenon, which does 

not follow the previously described rules of translational regulation, is completely 

unknown.   To gain a better understanding of the mechanisms of RAN-translation and 

their potential role in microsatellite disorders, I chose to test the hypothesis that RNA 

sequence variations within and outside of the repeat affect the efficiency of RAN-

translation.  Data described in my thesis support the following conclusions:  1) the 

efficiency of RAN-translation in different frames can be positively and negatively 

affected by the nucleotide sequence within and around the repeat tract; 2) non-ATG 

translation in rabbit reticulocyte lysates (RRLs) is much less permissive than in 

HEK293T and N2a cells, initiates with methionine,  and requires close cognate start 

codons (e.g. ATT and ATC); 3) RAN-translation in multiple frames can occur in the 
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presence or absence of an ATG-initiated open reading frame; 4) cellular factors found in 

HEK293T and N2a cells substantially enhance RAN-translation compared to cell free 

RRLs; 5) RAN-translation is enhanced across repeat motifs which form hairpin 

structures.  These data have led me to propose two models for RAN-translation: the 

“stalling model” and the “IRES-like model”.  The stalling model proposes that scanning 

ribosomes are stalled by repeat-containing hairpins until translation is initiated and that 

permissive initiation is increased when hairpins or RNA binding proteins interact with the 

ribosome and its associated translation initiation factors.  The IRES-like model proposes 

that repeat containing hairpins facilitate RAN-translation by mimicking an internal 

ribosome entry site (IRES) to recruit the ribosome and initiation factors and initiate 

translation at non-ATG sites.  
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CHAPTER 1: INTRODUCTION TO RAN-TRANSLATION 

 

REPEAT EXPANSION DISORDERS 

 

Repeat expansion diseases include over 40 different disorders caused by 

microsatellite repeat expansions (Table 1) (3). The majority of these diseases are caused 

by repeated 3 bp sequences (e.g. CAG, CUG, GAA, CGG, GCC), but 4 and 5 bp repeats 

cause myotonic dystrophy type 2 (CCUG) and spinocerebellar ataxia type 10 (ATTCT).  

To put the findings of my thesis in perspective, I have summarized current major views 

of the molecular mechanisms of these disorders.       

In most cases, the normal function of these repeats is unknown (3).  At the RNA 

level, CUG repeats can interact with splicing factors and alter RNA splicing (4, 5).  

Glutamine tracts such as those in CBP/p300, Sp1 and the TATA-box binding protein 

(TBP) can serve as protein-protein interaction domains (6-8), while polyalanine tracts 

within transcription factors have been reported to be involved in maintaining nuclear 

localization (9).  Furthermore, trinucleotide repeat tracts have been suggested to play 

important roles in evolution (10-12).   

While short repeats are a normal part of many genes, expansion of these repeat 

tracts can cause disease.  Expansion is believed to result from intra-molecular DNA 

secondary structures formed by repetitive sequences during DNA replication, 

recombination, transcription or repair (13).  Repeat instability has been observed in both 

germline and somatic cells in a number of diseases including Huntington‟s disease (14), 
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fragile X mental retardation (15), myotonic dystrophy (16, 17) and spinobulbar muscular 

atrophy (SBMA) (18).  Although the repeat-length threshold is different for different 

diseases, longer repeat tracts typically cause earlier disease onset and more severe 

phenotypes in subsequent generations, a phenomenon known as anticipation (19, 20).  In 

many cases, repeat-length is correlated with an earlier age-of-onset and increased disease 

severity (21). 

Among the most prevalent and intensively studied of the triplet repeat expansion 

diseases are fragile X syndrome (FRAXA), Huntington‟s disease, and myotonic 

dystrophy.  In FRAXA, the repeat expansion mutation at the 5ʹ end of the FMR1 gene is 

methylated and silences the FMR1 gene.  FRAXA is thought to be caused by a protein 

loss-of-function mechanism.  Huntington‟s disease (HD), a progressive 

neurodegenerative disorder that affects ~1 in 25,000, is caused by an extended CAG tract 

within the coding region of the Htt gene (20).  This mutation leads to an expanded 

polyglutamine tract in the huntingtin protein that forms aggregates and is thought to 

cause disease via a protein gain-of-function mechanism.  Myotonic dystrophy type 1 

(DM1) is the most common form of adult-onset muscular dystrophy and affects ~1 in 

8,000 (22).  In contrast to HD, DM1 is caused by a CTG expansion in the 3ʹ region of the 

DMPK gene located beyond the DMPK open reading frame (ORF).  The resulting CUG 

expansion transcripts have been shown to sequester key splicing factors, preventing 

proper splicing of numerous transcripts (23, 24).   
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Polyglutamine Diseases and Protein Gain-of-Function Mechanisms 

 

The microsatellite diseases have been historically divided into coding and non-

coding diseases depending on the relative position of the expansion mutation within the 

corresponding disease gene (Fig. 1).  Coding diseases caused by microsatellite 

expansions within ATG-initiated ORFs are thought to cause disease through protein gain-

of-function effects.  A large number of these diseases have been described including 

Huntington disease, dentatorubralpallidoluysian atrophy (DRPLA), oculopharyngeal 

muscular dystrophy (OPMD), spinobulbar muscular atrophy (SBMA), as well as SCA1, 

2, 3, 6, 7, 8 and 17 (Table 1).  With the exception of SBMA, all of these are 

neurodegenerative diseases thought to be caused by protein gain-of-function effects 

attributable to the corresponding polyglutamine expansion proteins (25).  Although each 

of these diseases has a unique pathology, most are progressive with manifestations during 

the third to fifth decade of life.  While the genes involved in these diseases show no 

significant homology outside the repeat tract, they exhibit several shared features.  First, 

pathogenic proteins in these diseases are often widely expressed yet selectively toxic.  

The selective toxicity of expanded proteins is not well understood but is influenced by 

interacting partners within affected cell types (26).  Second, repeats in all of these 

diseases must surpass a certain length threshold (usually 35-45 repeats) before they can 

cause disease.  Third, this length threshold has been shown to correspond to a gain-of-

structure effect: proteins with at least 35 polyglutamine residues are more prone to 

forming coiled-coil structures which can increase protein aggregation (27).  Fourth, in 
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several polyglutamine disorders including HD, SBMA, and SCA3, aberrant protein 

structure induced by polyglutamine tracts results in misfolding, proteolytic cleavage, and 

the generation of smaller toxic fragments (28-31).  Finally, most polyglutamine disorders 

are late onset diseases which display an inverse correlation between repeat-tract length 

and age-of-onset (32).   

 Protein aggregation in select cell types is a common biomarker present in most 

polyglutamine diseases.  The intranuclear inclusion of polyglutamine protein aggregates 

has been detected in HD, SCA1, SCA3, SCA7, SCA17, DRPLA, and SBMA patients 

(20).  Intranuclear accumulation of polyglutamine proteins may result from the inhibition 

of nuclear export of proteins that normally undergo nucleocytoplasmic trafficking (33).  

Studies using fluorescence recovery after photo-bleaching have shown that proteins 

present in nuclear inclusions can interconvert between soluble and insoluble forms in 

some cases (34, 35).  Protein aggregates have been suggested to be pathogenic (36-38) or 

protective (39-42), but the role of these biomarkers in disease remains controversial.   

Two studies which provide clear demonstrations that polyGln expansion proteins 

can be toxic are described below.  First, a study by Klement et al. which used an SCA1 

over-expression mouse model, demonstrated that polyGln protein is toxic to Purkinje 

cells if it contains a nuclear localization signal (40).  Second, studies by Katsuno et al. 

show that the mutant androgen receptor protein needs to enter the nucleus to cause 

SBMA (43).  In affected males, testosterone permits nuclear localization of the androgen 

receptor leading to the disease phenotype.  Females which harbor similar expansions are 

unaffected because the androgen receptor does not receive enough testosterone to enter 



 

 

5 

 

the nucleus.  Together these studies provide strong evidence that these polyGln proteins 

are toxic to specific cell types because in-frame amino acids are required for nuclear 

entry and disease pathogenesis.  Potentially toxic repeat-containing RNA or unexpected 

proteins made in other frames would not contain sequences required for nuclear entry and 

would be present regardless of whether polyGln proteins enter the nucleus.  Although 

nuclear entry appears to play an important role in SCA1 and SBMA, the mechanism 

through which polyGln contributes disease is not well understood.     

Five protein gain-of-function mechanisms have been proposed to suggest how 

expanded polyGln tracts cause disease.  First, expanded polyGln proteins may sequester 

cellular factors preventing their function (44, 45).  Indeed, inhibitory binding of CREB 

binding protein (CBP) (46-48), TATA binding protein (TBP) (49-51), and heat shock 

proteins (HSPs) (52) has been shown to lead to adverse effects in several disease models.  

Second, polyGln proteins may inhibit the proteasome by sequestering proteasomal 

components or by blocking the proteasome to prevent other substrates from entering.  

PolyGln proteins have been shown to colocalize with the proteasome (53-57) and cause 

impairment of the ubiquitin proteasome system (UPS) (58-63).  Third, polyGln 

expression could globally alter cellular transcript levels by affecting the activity of RNA 

polymerase II or by disrupting intracellular signaling which modulates transcription (33).  

HD mouse models have been shown to exhibit pronounced transcriptional dysregulation 

(64-66) and many expanded polyGln proteins are involved in transcription (47, 67-71).  

Fourth, polyGln expansion proteins have been reported to cause apoptosis by activating 

caspases 1, 3, 8, and 12 (72-76).  PolyGln proteins can also indirectly activate caspase 
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cascades by causing ER-stress (72, 73) or by inducing abnormal calcium signaling (77, 

78).  Fifth, polyGln expansion proteins have also been shown to alter mitochondrial 

functions resulting in impaired respiration, mitochondrial depolarization, increased free 

radical production, and an abnormal energy metabolism (79-82).  Additionally, mutant 

huntington (Htt) was shown to impair axonal trafficking of mitochondria, resulting in 

fewer mitochondria and a reduced level of ATP in neuronal processes (83-85).   

In summary, numerous potential protein gain-of-function mechanisms have been 

proposed to explain the toxicity of polyGln proteins in the “polyglutamine” diseases, but 

the precise pathogenic mechanisms remain elusive.  Additionally, because these 

mechanisms are not mutually exclusive, any or all could contribute to disease pathology.   

Myotonic Dystrophy and the RNA Gain-of-Function Mechanism 

 

DM1 is caused by a CTG•CAG expansion in the 5ʹ untranslated region (UTR) of 

the Dystrophica Myotonia Protein Kinase (DMPK) gene.  The disease causes a 

multisystemic array of features including progressive skeletal muscle wasting, impaired 

muscle relaxation (myotonia), cardiac conduction defects, iridescent cataracts, insulin 

resistance, testicular failure, frontal balding, cognitive impairment, somnolence, and 

behavioral disturbances (23).  DMPK normally harbors 5-38 CTGs and the repeat 

expands from 50 to more than 1500 CTGs in affected individuals.  Although repeats in 

DM1 are much longer than those seen in polyglutamine expansion diseases such as 

Huntington‟s disease, they are similar in the sense that longer repeats correspond to an 

earlier age-of-onset and increased disease severity (23).  In contrast to the polyglutamine 
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diseases which are thought to be caused by protein gain-of-function effects, an RNA 

gain-of-function mechanism is thought to contribute to DM1.   

The RNA gain-of-function model proposes that expanded CUG repeats in DMPK 

transcripts accumulate as nuclear foci and disrupt normal cellular functions (5, 86-89).   

This hypothesis was supported by the discovery that nuclear repeat containing RNA foci 

are also present in DM2, a disease which shares a spectrum of clinical features with DM1 

(90).  DM2 is caused by an expanded CCTG repeat in an intron in the Zinc Finger 

Protein 9 (ZNF9) gene (90).  The fact that ZNF9 is functionally unrelated to DMPK 

suggests that the repeat expansion itself is pathogenic.  To test the hypothesis that repeat 

expansions could cause disease independently of DMPK and ZNF9, a mouse model was 

created in which 250 CUG repeats were placed into the 3ʹ UTR of the human skeletal 

alpha actin (HSA) gene (91).  These HSA
LR

 mice expressed large amounts of RNA in 

skeletal muscle and developed several characteristics seen in DM including nuclear foci, 

centrally located nuclei, splicing abnormalities, and myotonia, while control mice with 

only five CUG repeats did not (91, 92).  Another mouse model which contains a CUG 

repeat placed within the human DMPK context exhibited skeletal muscle histological 

abnormalities as well as altered expression of Tau isoforms in the brain, both of which 

are characteristic of DM (93).  Both models have been used to support the hypothesis that 

RNA is toxic independent of sequence context. 

One common feature of DM1 and DM2 mouse models and patients is the 

presence of abnormally spliced isoforms of several transcripts.  The transcripts exhibiting 

an altered splicing pattern include those made by the chloride channel (CLCN-1), insulin 
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receptor (IR), and cardiac troponin T (TNNT2) genes.  Mis-splicing of these genes is 

thought to contribute to myotonia, insulin resistance, and cardiac defects in the DM1 and 

DM2 patients (23, 87, 89, 94, 95).   

Since aberrant splicing was observed in DM1 and DM2, it was proposed that 

expanded foci forming transcripts cause toxicity by interfering with the function of RNA 

binding proteins particularly splicing factors.  Indeed, two splicing factors, MBNL1 and 

CUGBP1, have been shown to bind CUG repeat RNA and exhibit altered activity in 

DM1 (96, 97).  Members of the MBNL family of proteins have been shown to regulate 

alternative splicing (98).  MBNL1 proteins bind CUG repeats in a length dependent 

manner and colocalize with nuclear CUG and CCUG repeat-containing foci (5, 97, 99).  

Additionally, transgenic mice lacking the most predominant isoforms of Mbnl1 (Mbnl
ΔE3/ 

ΔE3
) recapitulate the iridescent cataracts, and some of the specific histopathological 

changes, and splicing changes seen in DM (100).  Members of the CELF family of 

proteins including CUGBP1 are thought to have diverse roles in alternative splicing, 

RNA editing, translation initiation, and mRNA stability (101-105).  In contrast to 

MBNL1, CUGBP1 has been shown to bind single stranded CUG repeats in a length 

independent fashion (106), and is upregulated in DM1 through an unknown mechanism 

(4, 95, 107). 

MBNL1 and CUGBP1 are known to compete to allow proper exon inclusion or 

exclusion in a variety of mRNAs including cTNT, ClC-1, and IR which are misregulated 

in DM (87, 108, 109).  Because of this antagonistic relationship, both MBNL1 and 

CUGBP1 expression is developmentally regulated to ensure the proper fetal or adult 
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splicing patterns of their targets. Altered localization or regulation of MBNL1 and 

CUGBP1 is thought to underlie the aberrant splicing abnormalities seen in DM1 and 

DM2.    

In summary, there is strong evidence that RNA gain-of-function effects contribute 

to DM1 and DM2 through a mechanism in which expanded repeat-containing RNAs 

interact with splicing factors, preventing the proper splicing of a variety of transcripts.  

Altered splicing patterns in several transcripts are currently thought to lead to a number 

of the multisystemic phenotypes seen in DM1 and DM2.  Additionally, RNA gain-of-

function mechanisms have been suggested to contribute to other diseases characterized 

by repeats located outside of an ATG-initiated ORF including SCA8, and SCA10 (Table 

1).  Indeed, the SCA8 ATXN8OS transcript, which contains a CUG repeat expansion, 

colocalizes with MBNL1 in the CNS, and causes splicing abnormalities (110).  In 

addition to CUG and CCUG repeats in DM1 and DM2, CAG (111) and CGG (112, 113) 

expansions have been reported to exert RNA gain-of-function effects.  Phenotypic 

differences between repeat diseases in which the expansions are not located in open 

reading frames could be caused by distinct temporal and spatial expression patterns of the 

genes in which the repeats reside.  While evidence strongly supports a role for RNA gain-

of-function effects in these diseases, it does not rule out the possibility that other 

mechanisms also contribute to these complex and poorly understood disorders.   

Spinocerebellar Ataxia Type 8 (SCA8) 

Spinocerebellar ataxia type 8 (SCA8) was identified in the Ranum lab from 

patients with a dominant genetically undefined ataxia using the repeat analysis, pooled 
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isolation and detection (RAPID) cloning method (2, 114).  Subsequent cloning and 

sequencing of this genomic expansion showed it was located on chromosome 13p21.  

The expansion was present in a number of different ataxia families and was found to 

cosegregate with disease (115).  SCA8 predominantly affects the central nervous system 

and is characterized by generalized incoordination of speech, gait, and limb movements 

primarily due to effects on the cerebellum (116).  The typical age-of-onset is between 18-

65 years of age with the mean age being 39+/-16 years.  Initial symptoms include 

dysarthria (both ataxic and spastic), mild aspiration, and gait instability.  Patients 

routinely have nystagmus (oculomotor incoordination), limb spasticity, hyperreflexia, 

and diminished vibration perception, and they occasionally also present Babinski signs 

(117).  The progression of SCA8 is slow: individuals typically display gait abnormalities 

between 13-60 years old (117).  Magnetic resonance imaging shows that patients exhibit 

severe cerebellar atrophy, while the cerebrum and brainstem appear grossly spared (116-

118).  Histological findings include Purkinje cell degeneration, loss of granule cells and 

inferior olivary neurons, and thinning of the molecular layer of the cerebellum (119).  

Functional deficits in the cerebellar cortex have also been shown in both low and high 

copy number SCA8 BAC mice (119).   

 The SCA8 locus is bidirectionally transcribed producing two potentially 

pathogenic transcripts: the ATXN8OS transcript expressed in the CUG direction and the 

ATXN8 transcript expressed in the CAG direction (Fig. 2) (119).  Both of these 

transcripts are of unknown function because they do not have any significant homology 

to known genes; however, ATXN8OS has been shown to overlap with KELCH-like 
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1(KLHL1), suggesting that SCA8 may function as an antisense regulator of this gene 

(120).  Random amplification of the cDNA ends (RACE) showed that the ATXN8OS 

CUG-containing transcript, in which the CUG repeat is present in the final exon,  has six 

alternatively spliced exons (Fig. 2) (121).  The 5‟ end of ATXN8 has not yet been 

mapped, but a putative polyA site has been shown to reside ~ 1.5 kb downstream from 

the CAG repeat tract within intron A of the overlapping gene (Fig. 2) (119).  RT-PCR 

detects ATXN8OS transcripts in the brain with little expression observed in other tissues 

such as heart, placenta, liver, skeletal muscle, kidney, and pancreas (2, 116).  CAG-

containing ATXN8 transcripts are expressed throughout the CNS including cerebellum, 

basal ganglia, frontal lobe, parietal lobe and some non-CNS tissues including heart, 

kidney, liver, lung and testis (119).  The ATXN8OS and ATXN8 transcripts may 

contribute to disease through RNA and protein gain-of-function mechanisms.   

Several pieces of evidence support the idea that the ATXN8OS transcripts 

contribute to disease via an RNA gain-of-function mechanism.  First, the CUG repeat 

containing transcripts form nuclear foci in human molecular layer interneurons, 

Bergmann glia, and the Purkinje cells (110).  These foci were also shown to co-localize 

with MBNL1 in molecular layer interneurons in humans and SCA8-BAC-EXP mice 

(110).  Second, reduced MBNL1 levels enhance the motor deficits in heterozygous 

SCA8-BAC expansion mice, resulting in significantly reduced rotarod performance 

(110).  This finding provides strong genetic evidence that MBNL1 plays a role in SCA8 

pathogenesis.  Loss of muscleblind, the fly orthologue of MBNL1, can exacerbate the 

late-onset neurodegenerative phenotype seen in a fly model of SCA8 (122).  Finally, 
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sequestration of MBNL1 and/or upregulation of CUGBP1 by the SCA8 CUG transcript 

lead to splicing changes similar to those seen in DM1.  Specifically, splicing of GABA-A 

transporter 4 (GAT4/Gabt4), which is normally regulated by MBNL1 and CUGBP1, is 

altered, leading to increased steady state levels of the protein (110).  Gabt4 upregulation 

could indeed be responsible for the GABAergic inhibition observed in SCA8-BAC-EXP 

mice (110, 119). 

Unlike the CUG repeat in the ATXN8OS transcript, the CAG repeat in the 

ATXN8 transcript resides within an ATG-initiated ORF which is translated into a nearly 

pure polyglutamine protein.  This situation is in marked contrast to most other 

polyglutamine diseases in which the polyglutamine tract forms a part of a much larger 

protein.  The ATXN8 polyGln protein is expressed in Purkinje cells and pontine neurons 

in a SCA8-BAC mouse model, and in Purkinje cells, medullary neurons, and dentate 

neurons in human autopsy tissue (119).  The intranuclear polyglutamine aggregates 

closely resemble those found in other coding disorders, suggesting that ATXN8 protein 

could be contributing to SCA8 pathogenesis via a protein gain-of-function mechanism. 

In summary, SCA8 is a dominant slowly progressive neurodegenerative disease, 

caused by a repeat expansion in a bidirectionally transcribed locus.  The SCA8 locus 

produces ATXN8OS and ATXN8 transcripts which could lead to disease via RNA and/or 

protein gain-of-function mechanisms respectively; however, the relative contributions of 

these two transcripts to SCA8 pathogenesis remain unknown. 
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RAN-TRANSLATION 

 

While trying to understand the role of the ATXN8 polyGln protein in SCA8, our 

lab made the unexpected discovery that microsatellite expansions can express 

homopolymeric proteins in all three frames in the absence of an ATG initiation codon.  In 

an initial experiment, Dr. Tao Zu found that mutating the only ATG initiation codon 

upstream of the CAG repeat tract in an ATXN8 construct did not prevent translation of 

the ATXN8 polyglutamine protein (Fig. 3A) (3).  The +/- ATG versions of this construct 

made approximately equal amounts of polyglutamine protein.  This discovery began our 

work on what we now refer to as repeat associated non-ATG translation or RAN-

translation.   

To make it easier to study RAN-translation, most of the constructs presented here 

and in later chapters contain two important features.  First, each construct contains a 6X-

STOP cassette placed 5ʹ to the repeat expansion and any disease specific sequence.  The 

6X-STOP cassette contains two stop codons in each frame to ensure that any observed 

non-ATG translation was initiated downstream of this cassette.  Second, all constructs 

except A8(*KMQEXP)-endo, A8(*KKQEXP)-endo and CAGEXP-DM1-3‟ contain tags 

located downstream from the repeat in each of the three possible frames (Fig. 3B).  These 

tags allow for the detection of proteins in each frame. 

As shown in figure 3B, RAN-translation occurs in all three frames to produce 

polyglutamine (polyGln), polyserine (polySer), and polyalanine (polyAla) proteins.  

PolyGln protein runs as one or two distinct bands, suggesting that translation is initiated 
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from specific sites.  PolyAla runs as a broad smear, possibly because it does not bind 

SDS.  PolySer protein exhibits a third migration pattern near the top of the gel.  When the 

relative levels of these proteins were compared, it was shown that polyAla was the most 

abundant followed by polyGln and polySer (Fig. 3C).  Immunofluorescence showed that 

although protein levels varied dramatically between cells, all three proteins can be 

expressed within a single cell (Fig 3D).  RAN-translation was also shown to depend on 

repeat length (Fig. 4).  Repeat lengths at which robust levels of polyglutamine, 

polyalanine and polyserine were detectable by protein blot in HEK293T cells were about 

42, 73, and 53 respectively.  Longer repeats allow for robust RAN-translation in all three 

frames.   

To confirm this previously unknown phenomenon of non-ATG initiated 

translation in three frames, our lab validated the results using a number of control 

experiments.  First, treatment of cell lysates with proteinase K, but not DNase I or RNase 

I, eliminated the observed banding patterns, confirming that these bands represent 

proteins (Fig. 3B, left).  Second, no homopolymeric proteins were detected in cells 

treated with cycloheximide (CHX), a translation elongation inhibitor, again verifying that 

protein was being detected by immunoblot (Fig 3B, right).  Third, expression of polyGln 

and polySer was confirmed using more than one C-terminal epitope tag.  Fourth, 

expression of polyGln, polyAla and polySer was confirmed by 
3
H-labeling experiments.  

Fifth, mass spectrometry (MS) was performed to verify the polyAla protein.  Peptides 

containing 9-17 N-terminal alanines were detected, suggesting that translation initiation 

begins with alanine from several different initiation sites.  Alternatively, it is also 
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possible that translation begins with a methionine, which is rapidly removed by 

aminopeptidase or endopeptidase activity (123).  Together, the above results 

demonstrated that unexpected homopolymeric proteins were indeed being produced in 

three frames.   

RAN-translation can also occur in other sequence contexts. When constructs 

containing 20 bp of 5ʹ flanking sequence upstream of the CAG repeat from the 

Huntingtin (HD), Huntingtin-like 2 (HDL2), spinocerebellar ataxia type 3 (SCA3), or 

myotonic dystrophy type 1 (DM1) loci were transfected into HEK293T cells, robust 

RAN-translation of polyGln, polyAla, and polySer was observed (Fig. 5A&B).  When the 

same constructs were translated in a cell-free rabbit reticulocyte lysate (RRL) system, 

only three proteins were made without an ATG start codon: polyGln from the HDL2 

construct and polySer from the HD and SCA3 constructs (Fig. 5C).  Therefore, RAN-

translation appears to be more permissive in cultured cells than in an in vitro system. 

Additional experiments were performed to begin characterizing RAN-

translation‟s potential role in disease.  First, annexin-V staining which demonstrated that 

constructs expressing polyGln, polyAla, and polySer in N2a cells are toxic to cells and 

increase levels of apoptosis.  Second, predicted RAN-translation products were detected 

in vivo across human and mouse SCA8 and DM1 CAG expansion transcripts.  Antibodies 

to the putative SCA8-polyAla protein detected prominent polyAla staining in Purkinje 

cells and in dendrites throughout the cerebellum in an established SCA8 mouse model 

(Fig. 6C) (119).   Furthermore, polyAla protein was detected in the remaining Purkinje 



 

 

16 

 

cells in human autopsy tissue (Fig. 6D).  Using the specific antibody developed against 

the putative DM1-polyGln protein, we found that the DM1-polyGln protein was 

expressed in cardiac myocytes (Fig. 6G) and leukocytes (data not shown) in the DM1 

mouse models (3).  Additionally, DM1-polyGln protein colocalized with caspase-8, an 

early indication of polyGln induced apoptosis (data not shown) (3, 124).   In human 

samples, the DM1-polyGln protein was observed at low levels in skeletal muscle 

myoblasts (Fig. 6H).  Taken together, these findings indicate that RAN-translation can 

occur in vivo and that RAN-translation may contribute to disease by triggering apoptosis. 

In summary, our lab recently made the surprising discovery that CAG•CTG 

expansions, which cause several neurological diseases, can be translated without an ATG 

start codon.  This RAN-translation consistently occurs in HEK293T and N2a cells.  

RAN-translation often takes place in multiple reading frames, in many different sequence 

contexts, and it appears more likely to occur with longer repeats.  Additionally, we have 

in vivo evidence for RAN-translation of the predicted DM1 polyGln and SCA8 polyAla 

expansion proteins in both mouse models and human tissues.  The fact that RAN-

translation in cells is so permissive combined with the detection of predicted RAN-

translated proteins is two diseases suggests the possibility that RAN-translation occurs in 

a wide number of repeat expansion disorders and perhaps also across normal repeat 

sequences throughout the genome.   
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SUMMARY 

 

Repeat expansion diseases are caused by short repeated 3-5 bp sequences.  

Dominant repeat expansion disorders have been historically classified into coding and 

non-coding diseases, depending on whether the repeat resides within an ATG-initiated 

ORF.  Coding and non-coding diseases are thought to be caused by protein gain-of-

function mechanisms and RNA gain-of-function mechanisms respectively.  The 

discovery of RAN-translation has effectively blurred the boundaries between coding and 

non-coding diseases.  The fact that RAN-translation has been shown to occur across 

coding and non-coding transcripts in SCA8 and DM1 strongly suggests unexpected 

repeat associated proteins are generated in other diseases as well.  „Non-coding‟ diseases 

could have an unexplored protein component, and coding disease are likely producing 

unexpected proteins in other frames.  RAN-translation can initiate in multiple frames 

without an ATG start codon and appears permissive to a wide range of disease relevant 

flanking sequences.  Determining the requirements for and mechanism of RAN-

translation will be instrumental in understanding its role in microsatellite diseases.  

Although different sequences were shown to alter the efficiency of RAN-translation, the 

importance of RNA sequence and secondary structure to RAN-translation remains 

unknown.    
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HYPOTHESIS 

 

 In my thesis, I address the hypothesis that RNA sequence and secondary structure, 

both within and outside the repeat tract, are important determinants for RAN-translation.  

Altering these characteristics will help identify critical requirements for RAN-translation 

and will help elucidate its role in disease.  The primary findings from my thesis research 

include the following: 1) the efficiency of RAN-translation in different frames can be 

positively and negatively affected by the nucleotide sequence within and around the 

repeat tract; 2) non-ATG translation in RRLs is much less permissive than in HEK293T 

and N2a cells, initiates with methionine,  and requires close cognate start codons (e.g. 

ATT and ATC); 3) RAN-translation in multiple frames can occur in the presence or 

absence of an ATG-initiated open reading frame; 4) RAN-translation is enhanced across 

repeat motifs which form hairpin structures; 5) cellular factors found in HEK293T and 

N2a cells, capable of working with several different repeat motifs, substantially enhance 

RAN-translation compared to cell free RRLs;  6) cellular factors in HEK293T but not 

N2a cells allow RAN-translation across non-hairpin forming CAA repeats in one frame; 

7) mixed CAA/CAG repeats, which form complex hairpins, can undergo low levels of 

RAN-translation; and 8) a clamp structure at the base of the hairpin does not prevent 

RAN-translation and can affect the relative levels of protein produced in the various 

reading frames. 
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Figure 1. Type and distribution of repeats in repeat expansion diseases. 

This schematic diagram shows the gene regions where repeats reside in different repeat 

disorders.  The repeat motif present in each disease is listed below the disease name.  The 

HDL2 repeat can reside in different locations depending on the results of alternative 

splicing. 
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Figure 2. Transcripts from the SCA8 locus. 

This schematic diagram illustrates bidirectional expression of the SCA8 CUG 

(ATXN8OS), and CAG (ATXN8) expansion transcripts.  The SCA8 genomic locus (black 

lines) and exons (grey boxes) are shown.  The RNA is illustrated in red and the 

methionine-initiated polyQ protein is shown in purple.  D5, D4, D, D”, D‟, C3, C2, C1, 

B, and exon A represent the alternatively spliced exons of the ATXN8OS transcript.  The 

dashed red line indicates that the 5ʹ end of the ATXN8 construct is not yet known.   
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Figure 3. Non-ATG translation of SCA8 constructs in HEK293T cells. 

(A) Constructs on the left contain the exon A region of the SCA8 locus including the 

CTG•CAG repeat expansion in the ATXN8 orientation.  The protein blot (right) 

demonstrates that polyGln protein was produced from +/-ATG constructs.  The 40 kDa 

TATA-binding protein (TBP), which contains a tract of 40 glutamines, cross-reacts with 

the 1C2 antibody and can be seen in the pcDNA3.1 lane.  (B)  Modified ATXN8 

constructs containing an upstream 6X-STOP cassette and 3ʹ epitope tags in each frame 

(upper panel) produce polyGln, polyAla, and polySer as detected 1C2, α-His, α-myc, α-

HA or α-Flag antibodies.  Protein is seen in lysates treated with DNase I and RNase I but 

not with Proteinase K (lower left).  Homopolymer production was also prevented by 

growing cells in the presence of cycloheximide (CHX) (lower right).  The presence of the 

ATG start codon can sometimes result in a higher molecular weight polyGln band and 

variably affects the relative levels of polyAla and polySer.  (C)  Immunoblot showing the 

relative levels of polyGln, polyAla, and polySer produced by A8(*KKQEXP)-3Tf1,  

A8(*KKQEXP)-3Tf2 and A8(*KKQEXP)-3Tf3 constructs.  The lower band seen in the 

polyGln lane is caused by size heterogeneity of the repeat which occurred when the E. 

coli were expanded.  (D)  Immunofluorescence (IF) image showing localization of tagged 

polyGln (α-His/cy3), polyAla (α-HA/cy5) and polySer (α-FLAG/FITC) proteins in 

transfected HEK293T cells.  CMV, cytomegalovirus promoter; 6xStops, 6X stop codon 

cassette; 3T, downstream tags in each of the three frames (HA, FLAG, His/Myc); polyA, 

polyadenylation site; EXP, repeat expansion; endo, endogenous 3ʹ region; f1, f2, f3, three 

different reading frames; *, stop codon; A8, construct with sequence from spinocerebellar 

ataxia type 8; KKQ and KMQ, amino acids coded for just upstream of the repeat in the 

A8(*KKQEXP) and A8(*KMQEXP) constructs; kDa, kilodaltons; M, ATG encoded 

methionine residue.  Experiments in this figure were performed by Dr. Tao Zu.  Figure 

used with permission from PNAS (3).       
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Figure 3. Non-ATG translation of SCA8 constructs in HEK293T cells. 
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Figure 4. RAN-translation is length dependent. 

(A) Immunoblot showing homopolymeric proteins expressed from HEK293T cells 

transfected with repeat constructs of varying lengths.  The length threshold at which 

substantive levels of polyGln, polySer, and polyAla proteins accumulate is approximately 

42, 58, and 73 repeats respectively. (B) Immunoblot showing polyGln protein is made 

from the ATT(CAG52)-3T construct but not the ATT(CAG15)-3T.  Refer to figure 3 for 

definitions of abbreviations.  Experiments in this figure were performed by Dr. Tao Zu.  

Figure used with permission from PNAS (3).      
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Figure 5. RAN-translation in disease relevant constructs is more promiscuous in 

mammalian cells than in RRL. 

(A)  Constructs containing 20 bp of 5ʹ flanking sequence upstream of the repeat for 

transcripts expressed in the CAG direction at the HD, HDL2, DM1, and SCA3 loci and 3ʹ 

epitope tags.  The A8(*KMQ)-3Tf1 and A8(*KKQ)-3Tf1 constructs contain 103 bp and 

121 bp respectively of upstream sequence from the SCA8 locus.  Red color demarcates 

initiation codons and residues.  (B)  Immunoblot showing RAN-translation in HEK293T 

cells transfected with the constructs shown in A.  (C)  Immunoblot showing protein 

produced in an in vitro RRL system is less robust than that seen B.  Immunoblots were 

probed with 1C2, α-myc, α-HA, or α-FLAG antibodies.  Gln-f, polyglutamine frame; Ser-

f, polyserine frame.  Refer to figure 3 for other definitions of abbreviations.  

Immunoblotting was performed by Dr. Tao Zu.  Figure used with permission from PNAS 

(3).       
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Figure 6. In vivo evidence for RAN-translated SCA8-polyAla and DM1-polyGln.   

(A) ATXN8 ATG-polyGln ORF and putative non-ATG SCA8GCA-Ala protein. Underlined 

peptides were used for antibody generation.  (B) Antibody validation: α-SCA8GCA-Ala 

detects recombinant protein in A8(*KMQEXP)-endo transfected cells but not control by 

protein blot (Left) and IF (Right). (C) Immunohistochemical (IHC) staining of SCA8 and 

control mouse cerebellum using α-SCA8GCA-Ala. (D) In SCA8 human samples, α-

SCA8GCA-Ala antibody shows consistent and specific staining (red-cy3) of surviving 

human SCA8 but not control Purkinje cells.  Co-labeling with α-PKCγ antibody (yellow-

cy5) independently stains Purkinje cell bodies and confirms their presence in both 

samples. (E) (Upper) DM1 CAG antisense transcript. (Lower) Predicted non-ATG 

initiated polyGln protein. Underlined peptide used for antibody generation. (F) Antibody 

validation: α-DM1CAG-Gln detects recombinant fusion-protein with endogenous DM1 

polyGln C-terminus (CAGEXP-DM1-3ʹ)by protein blot (Left) and IF (Right). (G) IF of 

cardiomyocytes using α-DM1CAG-Gln (cy3-red) detects DM1CAG-Gln protein in DM1 mice 

containing 55 (DM55), and >1000 (DMSXL) CTGs but not in cardiomyocytes of control 

(WT) mice. (H) Staining with α-DM1CAG-Gln (cy3-red) in DM1 but not control (WT) 

myoblasts. Immunostaining was performed by Noelle Moncada.  Figure used with 

permission from PNAS (3).     
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Figure 6. In vivo evidence for RAN-translated SCA8-polyAla and DM1-polyGln. 
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CHAPTER 2: SEQUENCE AND INITIATION 

REQUIREMENTS OF RAN-TRANSLATION 

INTRODUCTION 

  

Translation is typically an extremely accurate and highly regulated process 

through which mRNAs are decoded to produce polypeptides.  This process is thought to 

involve less than one error per 10,000 peptides synthesized (125). The accuracy and 

efficiency of translation is often attributed to a highly conserved mechanism, which uses 

at least 19 canonical translation and auxiliary factors, each with their own important and 

distinct roles. Translation is more conserved than DNA-replication and transcription, 

because it is so complex that even small changes could result in severe disruption (126). 

Scanning Mechanism of Translation Initiation 

To understand the novelty of RAN-translation, it is important to understand the 

canonical process of translation initiation.  Most eukaryotic mRNAs are believed to be 

initiated via the scanning mechanism (127).  The scanning mechanism of translation 

initiation begins when GTP bound eIF2 binds Met-tRNAi
Met 

to form the ternary complex. 

The Met-tRNAi
Met 

within this complex is one of the primary factors involved in start 

codon selection.  Several factors including eIF1, eIF1A, and eIF3 bind the 40S ribosomal 

subunit and facilitate its binding to the ternary complex to form the 43S preinitiation 

complex (127).  Scanning begins when the 43S preinitiation complex binds the 7-

methylguanosine cap at the 5ʹ end of the mRNA and then proceeds in a 5ʹ to 3ʹ direction 

until an acceptable start codon is found.  Because the cap is required for this step, the 

„scanning mechanism‟ is often called the „cap-dependent mechanism‟ of translation 
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initiation.  It has been shown that scanning requires ATP and is achieved with the help of 

several factors including eIF3, eIF4F, DHX29, eIF1 and eIF1A (127).  In addition to their 

role in scanning, eIF1 and eIF1A help ensure the fidelity of initiation codon selection and 

prevent premature hydrolysis of eIF2 bound GTP (127).   

The scanning ribosome is believed to select the first AUG codon in a good Kozak 

consensus sequence ((A/G)CCAUGG) (128).  Initiation is favored at AUGs which have a 

purine in the -3 position and a guanine in the +4 position.   Once an acceptable AUG start 

codon is recognized through base pairing interactions with Met-tRNAi
Met

, eIF2 undergoes 

a conformational shift.  When this occurs, eIF2 is released after eIF2-bound GTP is 

hydrolyzed to GDP and Pi.  After GTP hydrolysis, the newly formed 48S initiation 

complex joins with the 60S ribosome, initiation factors are released, and the elongation 

stage of translation begins in a single frame determined by the AUG start codon.  The 

fact that RAN-translation can initiate in multiple frames without an AUG codon suggests 

that it operates by a different mechanism.  For a more detailed review of the scanning 

model of translation initiation and for other non-canonical translation mechanisms, please 

see Appendix A. 

IRES Mechanism of Translation Initiation 

 Although most eukaryotic mRNAs are thought to be initiated with the ribosomal 

scanning mechanism, some mRNAs are initiated via an internal ribosome entry site 

(IRES) mechanism.  Under this mechanism, a region of the transcript called the internal 

ribosome entry site forms complex secondary structures which recruit ribosomes and 
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translation initiation machinery to internal sites within the mRNA.  Hairpins within these 

secondary structures are formed and stabilized with the help of IRES translation 

associated factors (ITAFs).  Because this mechanism does not require the 5ʹ cap, IRES 

translation is often referred to as „cap-independent translation‟.  IRES translation is most 

efficient during  mitosis, virus infection, amino-acid starvation, hypoxia, and other times 

when global cap-dependent translation is downregulated  (129).  As with the scanning 

mechanism, most IRES containing transcripts are believed to be initiated in a single 

frame using an AUG start codon, so this translation mechanism also fails to explain 

RAN-translation which can occur in multiple frames without an AUG start codon. 

Alternative Start Codons 

 Many aspects of RAN-translation are novel, including the initiation in all three 

frames and its dependence on repeat length.  While the broad flexibility of sequence 

contexts permissive for RAN-translation has not been previously reported, there is a 

growing literature substantiating the use of alternative initiation codons in a variety of 

organisms (130-135).  In these cases, specific alternative initiation codons are used.  

Alternative initiation codons usually differ from AUG by one nucleotide.  Non-AUG 

codons are commonly used in bacteria such as E. coli, where GUG and UUG codons are 

used to initiate 17% of transcripts (136).  Mitochondria, a eukaryotic organelle with 

prokaryotic origins, are capable of non-AUG translation from AUA and AUU codons 

(137).  In higher organisms such as mammals, a variety of alternative start codons have 

been reported including CUG, GUG, UUG, AUA, ACG, and AUU (131, 138).  In 

mammals, ACG and CUG elicit the most robust translation (138), while CUG and GUG 
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are the most commonly used (131).  Several human proteins that are initiated from non-

AUG start sites, such as isoforms of FGF2, Myc, and VEGF, play biologically significant 

roles (131).  Non-AUG codons are often used in conjunction with an AUG as a means of 

generating protein isoform diversity (139).  Also, because initiation at non-AUG codons 

is typically less efficient than at AUG, non-AUG initiation may be preferred when only a 

low level of expression is required. 

 The mechanism of non-AUG translation is poorly understood but it may have 

some similarities with RAN-translation.  Most non-AUG start codons (Table 2) differ 

from the canonical AUG by only one nucleotide, suggesting that tRNAi
Met

 is used.  Non-

AUG initiation at alternative sites may require a consensus sequence that differs from the 

Kozak consensus sequence, as a C and a G frequently occur at the -7 and -6 positions of 

known mammalian alternative start codons (131). Translation at non-AUG codons can 

also be augmented by the presence of downstream RNA hairpins which stall the scanning 

ribosome over the alternative initiation codon until translation is initiated (140, 141).  

Because eukaryotes have only one type of initiator tRNA which is always bound by 

methionine (142), most initiation at non-AUG sites is thought to occur through a wobble 

mechanism which results in an N-terminal methionine residue (138, 143).  A second 

mechanism, which is distinct from the wobble mechanism, appears to allow CUG 

initiation codons to be decoded as leucine in Trypsinogen 4 (144) and MHC molecules 

(145).  The leucine residue has been identified by N-terminal sequencing (144) and 

HPLC (145, 146) but not by mass spectroscopy.  This novel initiation mechanism 

requires a strong Kozak sequence (144, 147),  5‟ cap, and GTP hydrolysis but it does not 
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require Met-tRNAi
Met

 (147).
 
 Dicistroviruses appear to use a third mechanism of non-

AUG translation to initiate at sites which differ from AUG by more than one nucleotide.  

Different viruses use an IRES hairpin to substitute for the tRNAi
Met

 to allow translation 

initiation at CAA, CCU, GCU, GCA, or ACG sites (148-151).  While non-AUG initiation 

mechanisms remain poorly understood, the requirement for hairpin sequences to stall the 

ribosome or mimic tRNAi
Met

 suggest that hairpin sequences present in repeat transcripts 

may play an analogous role in RAN-translation.   

Thesis Aims 

 Both the canonical scanning and IRES translation mechanisms fail to explain 

RAN-translation.  These mechanisms nearly always produce protein in a single frame and 

usually require an AUG start codon (127).  Although alternative start codons are known, 

they usually require properly positioned RNA hairpins (141, 152) or specific flanking 

sequences (131, 133, 153-155).  Alternative start codons are also inefficient and often 

only express 3-5% of the protein produced from an AUG start codon (140).  RAN-

translation differs from cap-dependent and IRES mechanisms in that RAN-translation 

leads to the robust expression of homopolymeric proteins in all three reading frames 

without any AUG codons. These data suggest that RAN-translation may be an important, 

previously unrecognized mechanism of protein expression.  As discussed in Chapter 1, 

we have strong evidence that RAN-translation across CAG•CTG expansion transcripts 

results in the expression of homopolymeric expansion proteins in all three frames.  

Furthermore, we have shown proteins predicted by the in vitro work accumulate in 

disease relevant tissues in both SCA8 and DM1 (Fig. 6).  For these reasons, 
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homopolymeric proteins expressed by RAN-translation could play an important role in 

microsatellite expansion disorders.  The focus of my thesis is to elucidate the sequence 

and initiation requirements for RAN-translation in order to understand the underlying 

mechanisms of its translation initiation. First, in conjunction with Drs. Tao Zu and 

Melinda Moseley I investigated whether any unexpected ATG codons were being 

introduced into our repeat containing transcripts through splicing or RNA editing.  

Second, I investigated whether previously reported alternative start codons are employed 

in RAN-translation in transfected cells and in rabbit reticulocyte lysates (RRLs).  Third, I 

addressed whether RAN-translation can occur within an existing open reading frame 

(ORF) containing a CAG expansion.  Finally, I performed experiments to determine 

whether RAN-translated proteins are initiated with a methionine residue in cells.  A better 

understanding of the mechanism of RAN-translation will provide insights into this novel 

form of translation and will help define both the normal biology of RAN-translation and 

its role in microsatellite expansion diseases.   

RESULTS 

 

Unspliced/unedited Transcripts are Capable of RAN-Translation 

Several control experiments were performed to show that RAN-translation does 

not result from unexpected ATG codons inserted by cryptic splicing or RNA editing.  

First, Dr. Tao Zu performed a cell fractionation experiment which demonstrated that 

repeat transcripts were associated with translating polysomes (Fig. 7B).  Lysates from 

cells transfected with ATG(CAGEXP)-3T or TAGAG(CAGEXP)-3T were run out on a 
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sucrose density gradient and fractionated.  Repeat RNA (Fig. 7B, lower panel) was 

detected in polysome containing fractions 6-9 (Fig. 7B, upper panel) indicating that 

repeat transcripts are associated with translating polysomes regardless of whether an 

ATG is present.  Second, in conjunction with Dr. Tao Zu, I employed 5ʹ RACE and RT-

PCR to verify that repeat transcripts which were associated with the polysomes were not 

edited or spliced (Fig. 7C).  Fraction 6 mRNA (Fig. 7B, upper) was subjected to RT-PCR 

and 5ʹ RACE and the resulting PCR products were cloned and sequenced.  The analysis 

of more than 140 independently isolated clones uncovered that transcription initiated 

within a few bp of the predicted transcription start site, and that the RNA sequenced 

matched the DNA sequence, indicating that no RNA editing, splicing, or cryptic 

promoter activity had occurred (Fig. 7C).  Third, Dr. Melinda Moseley performed RNA 

transfection experiments with repeat transcripts.  Consistent with our results, in vitro 

transcribed RNA was also capable of undergoing RAN-translation of polyGln after it was 

transfected into HEK293T cells (Fig. 7D).  The RNA transfection result also indicates 

that RAN-translation can occur in the absence of an extrachromosomal plasmid. 

 

RAN-Translation in RRL Requires Alternative Start Codons 

 Previous results in our lab indicated that repeat associated non-ATG translation is 

more permissive in mammalian cells than in RRLs (Fig. 5) (3).  When constructs 

containing 20 bp of 5ʹ flanking sequence upstream of the CAG repeat from the 

Huntington‟s disease (HD), Huntingtin-like 2 (HDL2), spinocerebellar ataxia type 3 

(SCA3) or myotonic dystrophy type 1 (DM1) loci were tested in HEK293T cells, robust 
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translation of polyGln and polyAla as well as variable translation of polySer was 

observed.  In contrast, when these same constructs were tested in a cell free system 

(RRL), RAN-translation was limited.  None of the constructs generated detectable 

polyAla, only HDL2 produced polyGln without an ATG, and the highest levels of non-

ATG initiated polySer were from the HD and SCA3 constructs. 

To understand the translation differences between cells and cell-free systems, I 

compared the DNA sequences of the HD, HDL2, and SCA3 constructs which were 

shown to be capable of non-ATG translation in RRLs (Fig. 5).  I found that RAN-

translation in RRL only occurred when previously reported alternative initiation codons 

such as ATT and ATC were present.  To investigate whether these alternative start 

codons contribute to the observed non-ATG translation in RRL, I tested whether 

mutations in these codons could abolish RAN-translation.  ATT and ACT codons present 

in the HD, SCA3, ATT(CAG105)-3T, and HDL2 constructs were mutated to ACT and 

ACC respectively to generate HD-3T:[ACT], SCA3-3T:[ACT], ACT(CAG105)-3T, 

HDL2[ATT, ACC], HDL2[ACT, ATC], and HDL2[ACT, ACC] (Fig. 8B).  Mutating the 

ATT alternative start codon in the serine frame of the HD and SCA3 constructs 

completely eliminated polySer production in RRL (Fig. 8C).  Similarly, mutating 

alternative start codons in the polyGln frame of the ATT(CAG105)-3T and HDL2 

constructs nearly eliminated translation in RRL (Fig. 8D, upper panel).  In contrast, these 

mutations did not substantially affect RAN-translation in mammalian cells (Fig. 8D, 

lower panel).  Taken together, these results indicate that non-ATG translation requires 
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alternative start codons in RRL but not in cells.  This difference suggests that non-ATG 

translation in these two systems may be occurring by different mechanisms.    

To determine if further alterations could prevent RAN-translation in the polyGln 

frame in cells, the ATT in the ATT(CAG105)-3T construct was mutated to CCC (Fig. 

9A).  The CCC codon was chosen because it has no resemblance to the cognate ATG 

start codon.  While mutating ATT to CCC does not alter the Sfold (156) predicted 

secondary structure, this codon change completely abrogates polyGln production while 

leaving polyAla levels unchanged (Fig. 9B&C).  The CCC(CAG105)-3T construct is as 

effective at reducing polyGln as the TAG(CAG105)-3T construct which has a stop codon 

immediately upstream of the repeat in the polyGln frame.  This CCC(CAG105)-3T 

construct is one of the few CAG containing constructs in which translation of polyGln 

protein is prevented, and of these, it is the only one which does so without the use of a 

stop codon.  This result indicates that small sequence changes made near the 5ʹ end of the 

repeat can have dramatic effects on RAN-translation in the glutamine frame but no effect 

in the alanine frame.  

Methionine is Used to Initiate Non-ATG Translation in RRL 

To determine whether RAN-translated proteins are initiated with a methionine 

residue, I used a rabbit reticulocyte lysate (RRL) in vitro transcription/translation system 

in conjunction with 
35

S-methionine. In this system, radioactive methionine will be 

incorporated into proteins whenever initiator or downstream ATG codons are decoded.  

To specifically examine the decoding of initiator codons, constructs lacking all 
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downstream ATG codons were generated using site-directed mutagenesis.  The resulting 

HDL2[w/o 3ʹM], ATG(CAG105)[w/o 3ʹM], ATT(CAG105)[w/o 3ʹM], A8(*KMQ)[w/o 

3ʹM], and A8(*KKQ)[w/o 3ʹM] constructs were used in in vitro RRL reactions.  The 

A8(*KKQ)[w/o 3ʹM], pcDNA3.1, and ATT(CAG15) constructs were used as negative 

controls as they were not expected to produce protein in the RRL system (Fig. 4B, 5C).  

While the negative controls did not produce any signal, radioactive polyGln proteins 

generated from +/-ATG constructs were detected on a fluorograph and on the 

corresponding immunoblot (Fig. 10A).  This result strongly suggests that RAN-translated 

polyGln is initiated with a methionine residue in vitro.  To confirm that 
35

S –methionine 

was used to initiate protein synthesis, Dr. Tao Zu used N-formyl-[
35

S]methionyl-tRNAi
Met

 

-tRNAi
Met

, an initiator tRNA charged with S
35

-labelled methionine that can only be 

incorporated at the N-terminus.  Consistent with my result, the polyGln proteins produced 

by the ATG(CAG105)[w/o 3ʹM] and ATT(CAG105)[w/o 3ʹM] constructs incorporated 

an N-terminal methionine (Fig. 10B).  Taken together, these experiments indicate that 

non-ATG translation is initiated with methionine in cell free rabbit reticulocyte lysates. 

Additional experiments will be required to determine if initiation in cells also requires a 

tRNAi
Met

.   

RAN-Translation Can Occur in an Existing ATG-Initiated PolyGln ORF 

 Because most CAG repeat expansions reside within an existing ORF, determining 

whether RAN-translation can occur in this situation is important for understanding the 

potential impact of RAN-translation on disease.  To address this question, two 

experiments were performed.  In the first experiment, a V5 epitope tag was inserted 
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upstream of the CAG repeat in the ATT(CAG105)-3T vector to generate the ATG-

V5(CAG105)-3T construct (Fig. 11A, upper panel).  The ATC-V5(CAG105)-3T 

construct, which lacks an ATG-initiated ORF, was used as a control.  Immunoblots of 

lysates from cells transfected with the ATG-V5(CAG105)-3T show that RAN-translation 

in the polyAla and polySer frames occurs in the presence of an ATG initiated polyGln 

ORF (Fig. 11A, lower panel).  These data clearly indicate RAN-translation can take place 

within an existing ORF.  The faster migration of the larger ATG initiated V5-PolyGln 

protein is consistent with our observations that pure polyGln proteins run slower than 

expected (data not shown).  Surprisingly, the absence of the V5-tag on the polyGln 

protein initiated from ATC-V5(CAG105)-3T demonstrates that RAN-translation of this 

protein is initiated close to or within the repeat.   

The V5-constructs were also designed to test the hypothesis that RAN-translation 

could be partially explained by frame-shifting, which has been reported to occur across 

some CAG repeats (157-159).  If frame-shifting occurred from the ATG-V5(CAG105) 

construct, we would expect the frame-shifted fusion proteins to contain the N-terminal 

V5 epitope (polyGln frame) and either the HA (polyAla frame) or FLAG(polySer frame) 

C-terminal epitopes.  In contrast, no overlap was seen in the migration patterns of the V5-

tagged proteins with the polyAla (HA) smear or high molecular weight polySer (Flag) 

proteins (Fig. 11A).  A second immunoprecipitation experiment performed by Dr. Tao Zu 

extended these results.  In this experiment, proteins expressed from the V5 constructs 

were immunoprecipitated using the α-His(polyGln frame), α-HA(polyAla frame) and α-

FLAG(polySer frame) antibodies to the C-terminal epitope tags.  Immunoprecipitated 
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proteins were then probed with the α-V5 antibody which recognizes the N-terminal V5 

epitope in the polyGln frame.  Although a small amount of frameshifting from the ATG-

initiated V5-polyGln frame to the polyAla frame was observed, the expression of frame-

shifted products was relatively low compared with RAN products expressed without an 

ATG codon (Fig. 11B).  Taken together, these findings demonstrate that frame shifting is 

rare and that an out of frame ATG initiation codon is not required for polyAla or polySer 

expression (3).  

  

DISCUSSION 

 

The rules of translation are used to predict disease mechanisms and guide 

research.  With the discovery that RAN-translation can occur in multiple frames without 

an ATG codon, it became clear that alternative rules are needed to describe translation 

initiation across repeat RNAs.  The above experiments were designed to reveal the 

sequence and initiation requirements for RAN-translation in order to understand the 

underlying mechanism and predict whether RAN-translation might occur within specific 

sequence contexts. 

Unspliced/unedited Transcripts are Capable of RAN-Translation 

 Control experiments determined that repeat transcripts in the process of being 

translated had not been unexpectedly edited or spliced.  The sequence of these constructs 

matches that predicted by the DNA; no ATG start codons had been inserted.  This result 
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definitively shows that RAN-translation does not require an ATG start codon and sharply 

contrasts RAN-translation with canonical scanning and IRES mechanisms which 

typically require an ATG.   

RAN-Translation in RRL Requires Alternative Start Codons 

Regardless of whether or not RAN-translation initiates with methionine in cells, it 

must start from a non-ATG codon.  Experiments to alter known alternative initiation 

codons (ATT and ATC) indicated that they are required for RAN-translation in RRL but 

not in cells.  Surprisingly, changing the ATT to CCC in the ATT(CAG105)-3T construct 

prevented polyGln production without affecting polyAla, indicating that the sequence just 

5ʹ of the repeat is important for determining whether RAN-translation can occur in the 

glutamine frame.  Whether or not upstream sequences also play a role in controlling 

polyAla expression remains an open question.  Overall, these results suggest that RAN-

translation in cells likely occurs via a different mechanism involving cell-specific factors 

and/or processes that allow for initiation from previously undescribed non-ATG initiation 

codons.  Because translation in RRL does not recapitulate what happens in cells, in vitro 

systems do not appear to be an effective means of studying RAN-translation.   

The alternative start codon experiments raise the question as to why RAN-

translation does not occur in RRL.  If the failure of RAN-translation in RRL is due to the 

absence of a particular cellular factor, it may still occur in a different in vitro system.  

This possibility can be tested using a reconstituted system, where translation factors can 

be added independently, or a system using HEK293T cell lysate.  In vitro systems such as 
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these may help to identify key factors or conditions that are necessary for RAN-

translation to take place.  On the other hand, if RAN-translation requires particular 

cellular processes or compartments, these in vitro systems may fail to recapitulate RAN-

translation.   

Methionine is Used to Initiate Non-ATG Translation in RRL 

Experiments involving radiolabeled methionine show that non-ATG translation of 

polyGln initiates with Met-tRNAi
Met

 in RRL.  This result was expected because the Met-

tRNAi
Met 

is an integral part of the translation initiation machinery and is required for 

translation initiation of nearly all proteins. Further experiments are needed to determine 

whether RAN-translation also initiates with methionine in cells and in vivo.  Because the 

scanning mechanism of translation initiation is highly conserved, and because Met-

tRNAi
Met

 is intricately involved in this process, it is possible that at least some RAN-

translated proteins begin with an N-terminal methionine.  Translation initiation may also 

take place with non-methionine residues as proteins initiated with leucine have been 

previously reported (144, 160).  Mass-spec data on RAN-translated polyAla failed to 

detect an N-terminal methionine, suggesting that RAN-translation may start with 

alternative amino acids.  Several polyAla peptide fragments with different numbers of N-

terminal alanine residues were identified, suggesting that RAN-translation could possibly 

initiate from multiple sites within the repeat and begin with an alanine residue encoded 

by a GCA codon.  It is also possible that these fragments represent degradation products 

or proteins, which have been cleaved by methionine aminopeptidase.    
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RAN-Translation Can Occur in an Existing ATG-Initiated PolyGln ORF 

Experiments using V5-tagged constructs indicate that RAN-translation of polySer 

and polyAla can occur in the presence of an existing ATG-initiated polyGln ORF.  The 

finding underscores the possibility that RAN-translation may happen in polyglutamine 

diseases where CAG repeats reside within the context of a larger ORF.  Using these V5-

tagged constructs, we also demonstrated that frameshifting is rare and is not required for 

RAN-translation.  Although frameshifting in SCA3 and HD has previously been reported 

to result in hybrid polyGln-polyAla and polyGln-polySer proteins (157-159), my results 

suggest that RAN-translation rather than frameshifting produces the polyAla and polySer 

proteins observed in these disorders.   The finding that RAN-translation can occur within 

an existing polyGln ORF is surprising as translation within an existing ORF is thought to 

rarely occur in nature. One can envision two possible mechanisms through which RAN-

translation could happen within an ORF: leaky scanning and IRES-mediated translation.  

With leaky scanning, scanning ribosomes would sometimes miss the first potential 

initiation site and start at downstream sites via RAN-translation (161).  Alternatively, 

under the IRES-mediated mechanism, complex RNA secondary structure would facilitate 

the  recruitment of ribosomes and initiation factors to bind to internal sites within the 

mRNA (162).  Under this mechanism, internally binding ribosomes would completely 

bypass the 5ʹ UTR and any upstream ATG codons, allowing them to initiate at 

downstream sites.   

In conclusion the experiments presented in this chapter define a number of 

features of RAN-translation.  First, RAN-translation is not caused by RNA-editing, 
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unexpected splicing, or cryptic promoter activity.  Second, alternative start codons are not 

required for RAN-translation in mammalian cells but they are required for non-ATG 

translation in RRL.  Third, the addition of a CCC or TAG codon upstream of the repeat 

abolishes translation in the polyGln frame while leaving other frames unaffected 

suggesting that each frame is translated independently of the others.  Fourth, methionine 

is used to initiate non-ATG translated polyGln in cell free RRLs.  Fifth, RAN-translation 

can occur in multiple frames in the presence of an ATG-initiated polyGln ORF, 

suggesting that it may also occur in polyglutamine diseases.  While these results describe 

a number of surprising features of RAN-translation they also raise a number of important 

questions including: 1) What repeats can undergo RAN translation?  2) How does the 

secondary structure of the repeat and nearby flanking sequence affect RAN-translation? 

3) Can RAN-translation occur in a disease-relevant expanded cDNA context? 
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Figure 7.  Analysis of polysome associated transcripts and RNA transfections.  

(A) (CAGEXP)-3T constructs +/- an ATG used to transfect HEK293T cells. (B) 

Polyribosome profiles from transfected cells. Upper panels show O.D. 254 from cell 

lysates layered onto a sucrose gradient and fractionated using an ISCO density gradient 

fractionator; Lower panels show RNA blots with relative levels of CAG and GAPDH 

transcripts. (C) 5ʹ RACE and RT-PCR strategy used to characterize +/- AUG transcripts 

from polysome fraction #6 with table summarizing sequencing results from cloned RT-

PCR products.  Sequences of all primers used can be found in the methods section.  (D) 

RAN-translation following in vitro transcription and RNA transfection into HEK293T 

cells. Upper panel, non-ATG CAG expansion constructs used to produce capped, 

polyadenylated mRNAs that extend from the T7 promoter to the PvuII site (P) where the 

plasmid was linearized (22 bp beyond the polyadenylation site). Lower panel, 

immunoblots of HEK293T lysates following RNA transfections probed with 1C2 

antibody.  O.D., optical density; 40S & 60S, ribosomal subunits; 80S, complete ribosome 

composed of 40S and 60S subunits; Kb, kilobase pairs.  Refer to figure 3 for additional 

definitions of abbreviations.  Polysome fractionation was performed by Dr. Tao Zu.  5ʹ 

RACE and RT-PCR results were done by Dr. Tao Zu and Brian Gibbens.  RNA 

transfection was done by Dr. Melinda Moseley.  Figure used with permission from PNAS 

(3).            
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Figure 7. Analysis of polysome associated transcripts and RNA transfections. 
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Figure 8. Non-ATG translation in vitro is less permissive and requires alternative 

start codons. 

(A) Immunoblot of proteins prepared via an in vitro transcription-translation reaction in 

RRL. This panel was obtained by Dr. Tao Zu. (B) Schematic diagrams of repeat 

constructs with and without ATT and ATC alternative start codons in the polySer(Ser-f) 

or polyGln(Gln-f) frames.  (C)  Immunoblot of samples prepared using an in vitro RRL 

translation reaction with the DM1-3T, HD-3T and SCA3-3T constructs with or without 5ʹ 

alternative start codons in the polySer frame.  (D) Protein blots of ATT(CAG105)-3T, 

ATC(CAG105)-3T, and HDL2-3T samples prepared from an in vitro RRL reaction 

(upper panel) or from transfected HEK293T cells (lower panel). Protein was detected 

using 1C2, α-HA, and α-FLAG antibodies.  Refer to figure 3 for definitions of 

abbreviations.  Figure used with permission from PNAS (3).              
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Figure 8. Non-ATG translation in vitro is less permissive and requires alternative 

start codons. 
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Figure 9. RAN-translation of polyGln can be prevented with minor sequence 

alterations. 

 (A) Constructs containing an ATG, ATT, CCC, or TAG codon immediately upstream of 

the repeat.  Aside from this codon, these constructs are identical. (B) Schematic diagrams 

depicting minimal free energy (MFE) mRNA secondary structures of the constructs in A 

as predicted by Sfold (163).  The overall structure (upper panel) and a blow up of the 

boxed region showing the region around the altered codons (lower panel) are depicted.  

Green dots indicate base pairs present in all predicted secondary structures while blue 

dots indicate base pairs present only in the MFE structure. (C) Immunoblot showing 

protein production in the polyGln and polyAla frames for these constructs.  Protein was 

detected using 1C2, α-HA, and α-tubulin antibodies.  Refer to figure 3 for definitions of 

abbreviations.      
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Figure 9. RAN-translation of polyGln can be prevented with minor sequence 

alterations.  
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Figure 10. RAN-translation initiates with a methionine in vitro. 

(A)  Fluorograph (top panel) and immunoblot (lower panel) showing that in vitro 

translation products detectable with the 1C2 antibody incorporate [
35

S]-methionine. (B)  

Products of an in vitro translation reaction in the presence of N-formyl-[
35

S]methionyl-

tRNAi
Met

  are detectable by fluorograph (top panel) and immunoblot (lower panel). w/o 

3ʹM, without 3ʹ methionine codon.  Refer to figure 3 for additional definitions of 

abbreviations.  Panel B was obtained by Dr. Tao Zu.  Figure used with permission from 

PNAS (3).                   
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Figure 11. RAN-translation can occur within an existing ORF. 

(A) Constructs containing a 5ʹ V5 tag in the polyGln frame and 3ʹ epitope tags in each 

frame (upper panel).  Lower panel, protein blots of HEK293T cell lysates prepared from 

cells transfected with the above constructs and probed with α-V5 (polyGln), 1C2 

(polyGln), α-HA (polyAla), and α-Flag(polySer) antibodies. (B) Protein blots of 

HEK293T cell lysates immunoprecipitated with antibodies to each of the C-terminal 

epitope tags and probed for the N-terminal epitope tag (α-V5) (upper panel), or 3ʹ epitope 

tags (1C2, α-HA, or α-FLAG) (lower panel).  Refer to figure 3 for definitions of 

abbreviations.  Figure used with permission from PNAS (3).                        
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Figure 11. RAN-translation can occur within an existing ORF. 

  



 

 

53 

 

Table 2. Known alterative start codons in different organisms. 

Table summarizing some of the alternative start codons known to be utilized in viruses, 

bacteria, eukaryotic organelles, and mammals along with corresponding references. (131, 

135, 136, 138, 148-151, 164). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Organism/Organelle  Non-ATG Start Codon(s)  Reference(s)  

Picorna-like Virus  CAA, GCU  Sasaki, 1999  

Sendai Virus  ACG  Curran,1988  

Parainfluenza Virus 

Type 1  

GUG  Boeck, 1992  

Cricket Paralysis Virus  CCU, GCU  Wilson, 2000  

Plautia stali intestine 

virus  

CAA  Sasaki, 2000  

Rhopalosiphum padi 

virus  

GCA  Domier, 2000  

E. Coli  GUG, UUG, AUU, CUG  Blattner, 1997  

Mitochondria  AUA, AUU  Fearnly, 1987  

Mammals  CUG, GUG, UUG, AUA, 

ACG & AUU  

Peabody, 1989 

Wegrzyn, 2008  
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CHAPTER 3: EFFECT OF HAIRPIN SECONDARY 

STRUCURE ON RAN-TRANSLATION 

INTRODUCTION 

 

Hairpin Secondary Structure and RAN-Translation 

 

 RNA hairpins are found in almost all RNA molecules and represent the most 

common form of RNA secondary structure (165). RNA hairpins differ in length, 

complexity, stability, and sequence. These simple yet diverse structural elements often 

serve as protein binding sites and play fundamental roles in mRNA stability, mRNA 

localization, RNA editing, RNA silencing, and translation initiation (165).  Given that 

RNA hairpins, such as those formed by CAG and other disease-associated 

microsatellites, are known to affect RNA metabolism including translation initiation 

(165), it seems plausible that hairpin structures are involved in RAN-translation. 

 RNA hairpins have been shown to have both negative and positive effects on 

translation.  Hairpins found within the 5ʹ UTR of mRNAs often have a negative impact 

on translation, and hairpins with a ΔG exceeding -50 kcal/mol are stable enough to stall 

the 40S ribosomal subunit and prevent translation initiation at downstream ATGs (166).  

However, hairpins capable of stalling the ribosome can sometimes facilitate translation at 

alternative start codons (140).  In these cases, ribosomal stalling gives the initiator tRNA 

more time to base pair with non-cognate initiation codons, eventually culminating in the 

activation of eIF2‟s GTPase activity and the initiation of translation. 
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 RNA hairpins, including those made by CAG and CUG repeats (167, 168), can 

also negatively regulate translation by activating the PKR-mediated viral response (169). 

PKR kinase dimerizes and autophosphorylates itself in response to dsRNA (169).  

Activated PKR then can phosphorylate eIF2α, resulting in a general inhibition of global 

cap-dependent translation (169).  CTG and CAG repeats have previously been shown to 

activate PKR, suggesting that PKR activation may occur during RAN-translation (167, 

168).  

 RNA hairpins are also known to serve as binding sites for RNA binding proteins 

that can affect translation.  The iron response element (IRE) is a classic example of an 

RNA hairpin which can have a positive or negative impact on translation when bound by 

iron regulatory proteins (IRPs) (170).  In response to iron depletion, IRPs bind to IREs in 

the 5ʹ region of ferritin mRNA to prevent its translation.  In contrast, IRPs that bind to the 

3ʹ region of transferrin receptor (TfR) mRNA increase its stability and lead to increased 

translation.   

 Hairpins also serve as protein docking sites for RNAs that undergo translation via 

an IRES mechanism (Fig. 19B) (127).  In contrast to the typical scanning mechanism of 

translation, IRES translation involves direct ribosomal binding to an internal site within 

the mRNA.  IRES mediated translation is often referred to as cap-independent translation 

to contrast it with the cap-dependent scanning mechanism (Fig. 19A) of translation which 

requires a 5ʹ 7-methylguanosine cap.  IRES elements fold into secondary structures 

containing RNA hairpins, which function to recruit the ribosome and translation initiation 

machinery to the IRES element within the mRNA.  IRES trans-acting factors (ITAFs) are 
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often required to facilitate the formation and maintenance of the proper hairpin structure 

for translation initiation (171).  Type 4 IRES elements, such as those present in the 

cricket paralysis virus, can even initiate translation from the A site of the ribosome 

without eIFs or tRNAi
Met

 (172).  In this case, hairpin structures in the IRES element 

occupy the ribosomal P-site mimicking codon-anticodon base pairing in order to position 

the ribosome on the appropriate start site.  In summary, IRES hairpins increase 

translation by recruiting translation initiation machinery or by mimicking Met-tRNAi
Met

.   

 It is possible that yet to be identified RAN-translation associated factors (RAN-

TAFs) bind on or near repeat-containing hairpins and enhance translation through 

interactions with the translational machinery.  Two possible RAN-TAFs include the 

MBNL1 and CUGBP1 splicing factors.  MBNL1 is known to bind CAG dsRNA hairpins 

in a length dependent fashion (5).  CUGBP1, which has been shown to bind single 

stranded CUG and CAG repeats (96, 173), could bind near the base of the hairpin, near 

the single-stranded terminal loop, or it could bind ssRNA of unzipped hairpins which 

have undergone one round of translation.  CUGBP1 has also been shown to bind eIF2α, 

function as a translation factor,  and act as an ITAF to facilitate IRES-mediated 

translation of cytoplasmic serine hydroxymethyltransferase (cSHMT) mRNA (174, 175). 

Other possible RAN-TAFs include the CAG/CGG repeat binding proteins Purα and Purβ, 

which have been shown to have roles in both transcription and translation (176, 177).  

PKR may also function as a RAN-TAF, as it has been shown to bind to CAG and CUG 

RNA (167, 168).  Characterizing the role of RNA hairpins in RAN-translation may help 
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identify these RAN-TAFs and aid in understanding the underlying translational 

mechanism. 

Thesis Aims 

 Given that hairpins have been previously shown to facilitate translation initiation 

at non-ATG codons, this thesis chapter aims to determine whether hairpins play a role in 

RAN-translation.  Hairpin forming (CAG, CTG, GAC, GTC) and non-hairpin forming 

(CAA, TTC, GAA) repeat constructs were created to assess whether hairpin structures 

are necessary and sufficient for RAN-translation.  In addition, CAA/CAG constructs 

capable of intermediate hairpin formation were also created to determine whether RAN-

translation could occur across mixed CAG-CAA repeats that are present in SCA17 (178) 

and which are used to study Huntington‟s disease due to their increased stability in 

bacteria and BAC HD mice (179, 180).  To assess the importance of secondary structure 

at the base and the tip of the RNA hairpin, clamped constructs were created both with and 

without a natural SCA1 cDNA context.  Overall, understanding the role of secondary 

structure in RAN-translation will help elucidate the mechanism through which RAN-

translation occurs, and help predict which types of normal and disease associated 

repetitive sequences are likely to undergo RAN-translation.    

RESULTS 

 

RAN-Translation across Hairpin Forming and Non-Hairpin Forming Repeats 

To address the importance of hairpins in RAN-translation, I first created the CAA 

constructs.  CAA repeats are predicted to encode polyGln-like CAG repeats, but unlike 
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CAG repeats, they are not predicted to form hairpins (181).  CAA repeat constructs 

containing 125, 90, and 38 repeats with and without 5ʹ ATGs were transfected into 

HEK293T cells and the resulting protein lysates were assayed (Fig. 12A&B).  Figure 12B 

shows that robust polyGln production was only detected from CAA constructs containing 

a 5ʹ ATG, while hairpin forming CAG repeats produced polyGln with and without an 

ATG.  Similar transcript levels were detected from all constructs by semi-quantitative 

RT-PCR, indicating that the lack of protein was not due to insufficient mRNA (Fig. 12C).  

These results indicate that hairpins can positively affect production of RAN-translated 

polyGln and suggest that hairpin formation is required for RAN-translation. 

 To increase our understanding of the role of hairpins in RAN-translation, a larger 

panel of hairpin forming (CAG, CTG, GAC, and GTC) and non-hairpin forming (CAA, 

TTC, and GAA) constructs were tested.  CAG(182, 183), CTG (184, 185), GAC (186), 

and GTC (187) repeats have experimentally been shown to form hairpins via enzymatic 

digestion assays (181), and are predicted by Sfold to form hairpins (Fig. 13A).  In 

addition, because MBNL proteins only bind dsRNA (188), its observed colocalization 

with CAG and CUG repeats in patient samples strongly suggests these repeats also form 

hairpin structures in vivo (110, 189).  In contrast, CAA, TTC and GAA repeats have been 

experimentally shown to remain relatively unstructured (181), and are not predicted to 

form hairpins  by Sfold (Fig. 14A). 

 Each of the repeats tested gave a unique result.  CAG repeats present in the 

A8(*KKQ)-3T and ATT(CAG105)-3T constructs produced polyGln, polyAla, and 
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polySer in the absence of an ATG, as demonstrated previously (Fig. 13B).  The 

A8(*KKQ)-3T construct made more polyGln, and polySer but less polyAla than did the 

ATT(CAG105)-3T construct.  This difference is readily apparent in figure 13C, which 

shows an immunoblot of lysates from HEK293T cells transfected with A8(*KKQ)-3T  

and ATT(CAG105)-3T constructs designed to have an HA tag in each of the three 

frames.  This relative difference in protein levels between these constructs suggests that 

sequence immediately 5ʹ of the repeat can have a strong influence on the intensity of 

translation in each of the three frames.   

 GAC repeats are similar to CAG repeats but have reverse polarity.  They form 

nearly identical mRNA structures but have a different nucleotide sequence (Fig. 13A).  

GAC repeats made robust polythreonine (polyThr), which ran as a robust smear near the 

top of the gel (Fig. 13B).  Polyarginine (polyArg) was also observed from these 

constructs as a diffuse band near the top of the gel while no polyasparagine (polyAsp) 

was seen.  The ATGD-GAC113 construct, which was designed to force translation to 

occur in the polyAsp frame, was modified from the GAC101 construct by altering 5 bp to 

put an ATG codon in the polyAsp frame in an ideal Kozak consensus sequence.  These 

alterations did not add any stop codons or alternative start codons in any frame, but did 

result in altered predicted secondary structure near the base of the hairpin (Fig. 13A).  No 

polyAsp was seen despite the presence of an in frame ATG in an excellent Kozak 

consensus sequence.  This result could be explained if the hairpin stalled the ribosome, 

preventing it from reading the ATG codon until translation initiation occurred in another 

frame (see discussion).   Alternatively, polyAsp may be translated but expression may be 
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toxic to cells and selected against, so it would be undetectable with the methods I used.  

Changes in protein production between the GAC101 and ATGD-GAC113 constructs can 

likely be attributed to sequence or repeat length differences or the slightly changed RNA 

secondary structure.  In summary, the GAC construct produced polyThr and polyArg but 

no polyAsp was observed, even when driven with an ATG in a good Kozak consensus 

sequence.  

 Polyleucine (polyLeu), polyAla, and polycysteine (polyCys) were observed from 

the CTG construct (Fig. 13B).  While these results were expected from previous studies 

using singly tagged CTG constructs (3), this is the first time all three proteins have been 

observed within a single transfection.  PolyLeu has a migration pattern near the top of the 

gel, while polyCys runs as a broad smear.  Robust levels of polySer and polyVal were 

observed for GTC constructs, but no polyArg was produced (Fig. 13B).  In addition to the 

polyVal and polySer observed in the GTC construct, the ATGR-GTC116 construct, which 

was designed to force expression in the polyArg frame using an ATG in a strong Kozak 

consensus sequence, produced only a very faint polyArg band which ran near the top of 

the gel.  The fact that polyVal and polySer were still robustly made from the ATGR-

GTC1116 construct was somewhat surprising as the predicted secondary structures of 

ATGR-GTC116 and GTC120 are predicted to be quite different near the base of the 

hairpin. The beginning of the repeat is at the base of the hairpin in the ATGR-GTC116 

construct but is within the hairpin in the GTC120 construct.  In the later case, pairing 

between non-repeat sequences is predicted to result in an overall longer hairpin.   
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 Every hairpin forming repeat tested was able to undergo RAN-translation, 

suggesting that the hairpin is sufficient for RAN-translation.  To determine if RAN-

translation could also occur from constructs lacking this hairpin structure, CAA90, 

TTC106 and GAA116 constructs were tested (Fig. 14A).  The CAA90 construct was 

previously shown not to make protein in the polyGln frame in HEK293T cells (Fig. 12B) 

and in all frames in N2a cells (Fig. 14B) so no protein was expected (3).  The GAA and 

TTC repeats were selected as they are present in Friedrich‟s ataxia mRNAs and therefore 

may have disease relevance (190).  Surprisingly when the CAA90 construct was tested in 

HEK293T cells, it was found to be capable of translation in the ACA (HA) frame in the 

absence of an ATG start codon and known alternative start codons (Fig. 14C).  The 

CAA90 construct produced robust polyThr which ran near the top of the gel (Fig. 14C).  

A separate experiment was performed to confirm the differences in protein production 

from the CAA construct in HEK293T and N2a cells (Fig. 14E).  These results clearly 

indicate that polyThr from the CAA construct can be made in HEK293T cells but not 

N2a cells, suggesting that cell-type specific factors affect protein expression.  The 

TTC106 construct reproducibly produced a faint but detectable amount of polyPhe which 

migrated as a distinct band near the top of the gel (Fig. 14C).  No detectable protein was 

observed from the GAA116 construct.  RT-PCR was used to confirm that all of these 

transcripts are expressed at the RNA level (Fig. 14D).  Together these results suggest that 

hairpins favor robust RAN-translation, but that RAN-translation also rarely occurs across 

repeats not predicted to form hairpin structures. 
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RAN-Translation across a CAG/CAA Hybrid Repeat 

 Constructs containing a CAG/CAA hybrid hairpin were predicted to form a 

complex hairpin structure containing many loops and bulges (Fig. 15A).  The altered 

mRNA structure of these constructs, which contain numerous CAA interruptions, is 

experimentally supported by the fact that even 1-3 CAA interruptions in a CAG repeat 

tract can have large consequences on mRNA secondary structure of the SCA2 transcript 

(191).  The ATG(CAA/CAG97)-3T  construct produced a very robust 55 kD ATG-

initiated polyGln protein and a less intense 50 kD band (Fig. 15B).  The 

ATT(CAA/CAG97)-3T construct produced a similar banding pattern except that both the 

55 and 50 kD protein, accumulated at low levels (Fig. 15B).  The ACT(CAA/CAG97)-3T  

construct, which lacks upstream ATG and ATT codons, only produced the lower 50 kD 

band (Fig. 15B).  These data suggest that the 55 kDa protein produced by the 

ATT(CAA/CAG97)-3T construct is initiated by the alternative ATT start codon.  

Additionally, all three mixed repeat constructs produced a ~200 kD band in the 

polySer/Asn frame.  Together these results suggest that RAN-translation can occur across 

mixed CAA/CAG repeats with or without an ATG or alternative start codons but that 

these proteins accumulate at much lower levels than the robust accumulation seen from 

proteins expressed across pure CAG repeat motifs.     

RAN-Translation across Clamped Constructs 

 In addition to understanding the role of sequence and secondary structure within 

the repeat tract, I was interested in testing the effects of secondary structure present 

outside of the repeat-containing hairpin.  A stable perfectly base-paired sequence at the 
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base of a hairpin sequence is called a „clamp‟ because it can hold the hairpin in a 

particular conformation (192).  Unclamped hairpins are free to adopt a range of meta-

stable secondary structures in which the repeat can base pair with different regions of 

flanking sequence to form „slipped‟ variants (184).  In contrast, clamped hairpins force 

the hairpin into a particular register (182, 192).  In order to determine whether „slipped‟ 

hairpin variants could be responsible for protein production in multiple frames, I tested 

whether RAN-translation could occur in the presence of a stable RNA clamp.   

 To investigate whether RAN-translation could occur across clamped constructs, 

Clamp(CAG81) and Clamp(CAG82) constructs, which contain the clamp and minimal 

flanking sequence from the SCA1 repeat, were assayed.  The ATXN1 transcript produced 

in SCA1 is known to contain a natural stable clamp (H3) at the base of the repeat 

containing hairpin, which is further stabilized by coaxial stacking with a short 

downstream H5 hairpin (Fig. 16B) (182).  Because the clamp in the Clamp(CAG81) and 

Clamp(CAG82) constructs forces the hairpin into a particular register, these constructs 

are predicted to have a 4 bp or 7 bp terminal loop respectively (Fig. 16B) (182).  The 

clamped and non-clamped constructs tested in this assay were comparable in overall 

secondary structure and stability (Fig. 16A).   

 Both the Clamp(CAG81) and Clamp(CAG82) constructs produced robust levels 

of polySer and polyAla and a relatively low amount of polyQ when compared with 

A8(*KKQ)-3T and ATT(CAG105)-3T (Fig. 16C).  These results indicate that RAN-

translation can occur in the presence of an RNA clamp and that secondary structure near 
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the base of the hairpin can alter RAN-translation.  The fact that no apparent differences 

were observed between the Clamp(CAG81) and Clamp(CAG82)  constructs suggests that 

the size of the terminal loop and whether the repeat number is even or odd is irrelevant 

for RAN-translation. 

RAN-Translation across SCA1 Constructs 

 To determine if RAN-translation could occur across a repeat contained within the 

context of a disease relevant cDNA, SCA1(ATXN1) cDNA constructs were created.  

These constructs contained the complete human ataxin-1 coding region.  All the SCA1 

constructs also contained 85 CAG repeats followed by three epitope tags to monitor 

protein expression in all three frames.  Because the SCA1 ATXN1 transcripts naturally 

contain two ATG codons in the polyGln frame, these codons were altered to assess the 

amount of non-ATG translation in this frame.  RNA secondary structure diagrams 

predicted by Sfold show that SCA1 construct transcripts are much larger and more stable 

than the A8(*KKQ)-3T and ATT(CAG105)-3T controls (Fig. 17A).  Cells transfected 

with the SCA1 cDNA construct containing both ATGs produced multiple robust polyGln 

bands, which could represent degradation products or proteins produced from different 

initiation sites.  Translation from ATG1, the natural start site for the SCA1 cDNA, to the 

stop codon following the HIS tag is predicted to produce a 39.8 kD protein, while 

translation from ATG2 is predicted to generate a 20.8 kD protein.  Instead, bands at 58, 

48, and 44 kD were observed, which is consistent with our observations that polyGln 

containing proteins run slower than predicted.  No polyAla or polySer protein was 

detected from this construct.  Eliminating the natural ATXN1 initiation codon, ATG1, 
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greatly reduced the 58 kD polyGln band, but multiple polyGln bands were still present 

(Fig. 17B).  Altering the second in-frame ATG did not affect polyGln production when 

compared with the unmodified SCA1 construct.  The SCA1(-ATGs) construct, which 

lacked both ATG1 and ATG2, produced trace amounts of polyGln and polyAla via RAN-

translation at levels near the detection limit (Fig. 17B).  No polySer protein was observed 

for any of the SCA1 constructs.  These results show only minor amounts of RAN-

translation are expressed from this SCA1 cDNA construct, and indicate that sequence 

context or transcript size can drastically alter the expression levels of RAN-translated 

proteins.   

 

DISCUSSION 

 

RAN-Translation across Hairpin Forming and Non-Hairpin Forming Repeats 

 

The above results indicate that CAG, CTG, GAC, and GTC repeats in a variety of 

constructs can undergo RAN-translation at relatively robust levels.  The CAG repeat is 

unique in that it can sometimes produce relatively high levels of protein in all three 

frames (See A8(*KKQ)CAG107 in Fig. 13B).  The CTG repeat also produces protein in 

all three frames but at substantially lower levels than CAG repeats (Fig. 13B, Table 3).  

Surprisingly, even though the GAC and GTC repeats have a reverse repeat polarity with 

respect to the CAG and CTG repeats, they were also able to produce high levels of RAN-

translated protein (Fig. 13B).  In particular, the GTC constructs produced very high levels 
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of polySer and polyVal when compared to the levels of polyGln and polyAla produced 

by CAG constructs.   

In contrast to the CAG and CTG repeats which produce protein in three frames, the 

GAC and GTC repeats were each only able to produce protein in two frames.  These 

results could be explained if the repeat-containing hairpin was responsible for positioning 

the ribosome on the appropriate start site.  It has been shown that stable hairpins can stall 

scanning ribosomes to facilitate translation initiation at ATG and non-ATG sites which 

differ from ATG by a single nucleotide (141).  In these cases, translation initiation 

usually occurs 12-15 nt upstream from the base of the hairpin (140).  Examining Sfold 

predicted secondary structure of the GAC and GTC constructs reveals that this position is 

located near the 3′ end of the 6X stop cassette, suggesting that translation could begin in 

this region.  Ribosomes positioned 12-15 nt from the base of the hairpin could allow 

translation to begin in three frames, but it would abruptly be stopped in one frame when 

the ribosome reaches the last stop codon of the 6X stop cassette.  Examination of the 

GAC and GTC constructs reveals that the last stop codon of the 6X stop cassette is in the 

frame that is not made, supporting the idea that hairpin-mediated ribosome stalling may 

contribute to RAN-translation.  This theory could also explain why the ATGs present 

immediately upstream of the repeat in ATGD-GAC113 and ATGR-GTC116 constructs 

fail to drive protein production in the polyAsp and polyArg frames respectively.  In this 

case, scanning ribosomes would presumably be stalled upstream of the hairpin before 

they are able to read the ATG start codons.  The stable hairpins in these constructs would 

stall the scanning 40S ribosomal subunit upstream of these ATGs until the 60S ribosomal 
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subunit binds and translation begins.  This theory could be tested by changing the frame 

of the last stop codon in the 6X stop cassette and determining if polyAsp or polyArg are 

produced. 

 The experiment with non-hairpin forming repeats revealed three key findings.  

First, this experiment suggests that low levels of RAN-translation can occur in the 

absence of a predicted hairpin.   Second, in contrast to hairpin forming repeats, non-

hairpin forming repeats were unable to make protein in multiple frames.  The CAA 

construct produced a relatively robust polyThr band, the TTC repeat produced a 

reproducible but barely detectable amount of polyPhe, and the GAA construct produced 

no protein.  Third, experiments with different cell types show that RAN-translation can 

occur across the CAA repeat in HEK293T cells but not N2a cells, suggesting that cell-

type specific factors may play a role in RAN-translation. 

Results from the CAA and TTC constructs suggest that hairpin formation is not 

required for RAN-translation.  How could RAN-translation occur across hairpin and non-

hairpin forming repeats which have a different sequence and secondary structure? There 

are three distinct possibilities.  First, because the secondary structure of these CAA and 

TTC constructs has not yet been experimentally determined, it is still formally possible 

that these repeats do form unexpected secondary structures within the repeat, possibly 

through non-Watson and Crick base-pairing.  While this possibility may seem unlikely, it 

is not impossible as C-A, and U-C RNA base-pairs have been reported (193).  In 

addition, the TTC repeat has been reported to form a single stranded DNA hairpin during 

DNA replication (194).  Future experiments involving enzymatic structure probing 
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should be carried out on the CAA, TTC and GAA containing RNAs to rule out this 

possibility.  Second, an alternative explanation is that RAN-translation may require a 

repetitive sequence that is common to all constructs which are capable of RAN-

translation.  RAN-translation has occurred across every type of repeat tested except the 

GAA repeat, suggesting that these other constructs contain some commonality which 

GAA lacks.  Every construct that has been studied to date which is capable of RAN-

translation contains a CNN repeat motif, where N represents any nucleotide, suggesting 

that this motif may somehow be critical for RAN-translation.  Finally, the distinct lack of 

similarity between the hairpin forming and non-hairpin forming constructs in terms of 

sequence and secondary structure suggest that translation across hairpin forming and non-

hairpin forming repeats may occur by different mechanisms. 

RAN-Translation across a CAA/CAG Hybrid Repeat 

The finding that RAN-translation can occur at low levels across mixed CAA/CAG 

repeats maybe relevant to SCA17, as it is caused by a mixed CAA/CAG repeat tract in 

the TATA-box binding protein gene (178, 195).  In addition RAN-translation may also 

take place in disease models where mixed repeat sequences are used to stabilize the 

repeat tract.  In particular, RAN-translation may occur across the mixed CAA/CAG 

repeat constructs and HDBAC mice used to study Huntington‟s disease as they contain 

mixed repeats that are identical to the ones tested here (179, 180).   



 

 

69 

 

RAN-Translation across Clamped Constructs 

Experiments with the Clamp(CAG81) and Clamp(CAG82) constructs demonstrate 

that RAN-translation can occur across clamped hairpins.  This result is important because 

hairpins which are locked into a particular register are naturally seen in the transcripts 

responsible for FXTAS, FRAXE, SBMA, SCA1, SCA6 and SCA12 (182, 192).  Clamp 

constructs produced much less polyGln and more polyAla than unclamped constructs, 

suggesting that RNA secondary structure near the base of the hairpin can have a profound 

effect on the efficiency of RAN-translation in each frame.  The fact that no differences 

were observed between the Clamp(CAG81) and Clamp(CAG82) constructs, which have 

minor differences in their terminal loop, suggests terminal loop size is not critically 

important for RAN-translation, although additional experiments will be required to more 

fully explore this issue. 

RAN-Translation across SCA1 Constructs 

When CAG repeats were tested in a natural SCA1 cDNA context in the presence 

of the two upstream ATGs, several polyGln bands were produced.  When ATG1 was 

removed either singly, or together with ATG2, it did not prevent expression of the 58 kD 

band indicating that this band is likely being made by RAN-translation. The intensity of 

the two lower bands appears to be proportional to the intensity of the 58 kD band 

suggesting that these represent degradation products.   

It is curious why RAN-translation is much more robust in the Clamp(CAG81) and 

Clamp(CAG82) constructs than the SCA1 construct from which they were derived (Fig. 
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16C, 17B).  The same clamp and repeat are present in the Clamp(CAG81), 

Clamp(CAG82), and the SCA1 constructs.  One difference between these constructs is 

the overall size of the transcripts produced.  The Clamp(CAG82) transcript, which 

contains the repeat and minimal SCA1 flanking sequence, is predicted to be 684 nt, while 

the SCA-ATGs transcript is predicted to be around 3 kb.  Longer regions upstream of the 

repeat have a higher potential to form complex secondary structures, which may stall the 

ribosome before it reaches the repeat.  This hypothesis could be tested using mRNAs 

with longer 5ʹ regions to examine whether longer upstream sequence length generally 

inhibits RAN-translation.  An alternative possibility is that upstream open reading frames 

(uORFs) are drawing away ribosomes before they can reach the repeat. Within the 

primary polyGln ORF initiated at the first ATG, there are other ATG initiated ORFs that 

could be read if the ribosome bypassed the first ATG codon though leaky scanning.  

Ribosomes could translate these uORFs, encounter a stop codon, and dissociate from the 

mRNA before ever reaching the repeat.  Therefore, uORFs would theoretically reduce or 

eliminate RAN-translation.  If uORFs or RNA secondary structure 5ʹ of the repeat is 

responsible for the reduced levels of RAN-translation from the SCA1 constructs, then 

ribosome scanning is likely involved in RAN-translation.   

General Findings and Conclusions 

 The fact that RAN-translation can occur across a number of different repeat motifs 

suggests that any involved RAN-TAFs must be capable of binding diverse repeat 

mRNAs.  As mentioned above, MBNL1 and CUGBP1 can both bind CAG and CUG 

repeats, suggesting they may be RAN-TAFs involved in RAN-translation (96, 173).  
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However, it seems unlikely that the same proteins could also bind to GAC and GUC 

repeats, which are also capable of RAN-translation.  MBNL1 is not likely to be an 

essential RAN-TAF as it has been shown not to bind GUC repeats which are capable of 

robust RAN-translation (196).  It is also known that CUGBP1 prefers to bind to UG rich 

RNAs, suggesting it would not bind to GAC with high affinity (197).  While the above 

results don‟t preclude roles for MBNL1 and CUGBP1 in RAN-translation, they suggest 

that these factors are not critical components of the RAN-translation machinery. 

Hairpin forming constructs were generally more permissive for robust RAN-

translation in multiple frames (Table 3).  These data suggest that hairpins may affect start 

site selection or may increase the likelihood of RAN-translation.  There are at least five 

possible ways in which hairpins could facilitate RAN translation.  First, hairpins might 

increase translation at alternative start codons.  Hairpins involved in RAN-translation 

may be stable enough to stall the ribosome for a sufficient time such that it initiates at 

non-standard alternative start codons, which differ from the ATG start codon by more 

than one nucleotide.  Second, hairpins may also facilitate translation in part by bringing 

the 5ʹ and 3ʹ ends of the RNA in close proximity.  This may help to circularize the mRNA 

to facilitate reinitiation events.  Third, long hairpins may serve as docking sites for one or 

more RNA binding proteins which could impact RAN-translation.  The fact that several 

different repeats appear capable of RAN-translation suggests that any potential RAN-

TAFs would have to generally recognize repeat RNA. Fourth, a closely related possibility 

is that the hairpin may act like an IRES element to recruit the ribosome and translation 

initiation factors.  Type 4 IRESs do not require an initiator tRNA and therefore can 
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initiate at non-methionine residues (172).  If RAN-translation occurred by a similar 

mechanism, it could explain the mass-spec results which suggest that RAN-translation in 

the polyAla frame initiates with an alanine residue.  Fifth, hairpin structures may 

facilitate RAN-translation by inducing a stress response.  Both CAG and CTG hairpins 

have previously been shown to activate PKR, a kinase which reduces global translation 

within the cell through its inhibition of eIF2α.  While most translation is decreased during 

times of cellular stress, it has been shown that IRES-mediated translation can increase 

during these times (129).  If the repeat-containing hairpins function as IRES-like 

elements, they could also facilitate their own IRES-mediated translation via the activation 

of PKR. 

In summary, while the above results suggest that RAN-translation can occur across a 

variety of repeats, they also indicate that it most permissive and robust across hairpin 

forming repeats (Table 3).  CAG, CTG, GAC, and GTC hairpin forming constructs 

underwent robust RAN-translation in two or more frames.  In contrast the non-hairpin 

forming CAA construct only produced protein in one frame and the TTC and GAA 

constructs produced little to no protein.  Mixed CAA/CAG repeat constructs which 

contained some hairpin structure underwent low levels of RAN-translation in two frames 

suggesting that RAN-translation may occur across naturally mixed or interrupted repeats.  

Clamped CAG constructs exhibited altered protein production when compared with 

unclamped constructs suggesting that the stability of the base of the hairpin may affect 

the frame of the initiation codon.  These clamped constructs also suggested that RNA-

structure at the hairpin tip is not critical for RAN-translation.  Hairpins could possibly 
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contribute to RAN-translation by stalling the ribosome and allowing it to initiate at non-

ATG codons, bringing the 5ʹ and 3ʹ ends of the RNA together, recruiting hairpin binding 

proteins, acting as an IRES element or activating the PKR-mediated dsRNA response.   
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Figure 12. CAA repeats do not make polyGln by RAN-translation. 

(A) Sfold predicted MFE mRNA secondary structure diagrams of triple-tagged CAG and 

CAA constructs +/- ATG.  CAG constructs form hairpins while CAA constructs do not.  

Because the CAA repeat is predicted to remain unstructured, the ΔG values are 

unchanged by repeat length.  (B) Western blot of constructs shown in A and probed with 

the α-myc and α-tubulin antibodies.  (C) Semi-quantitative RT-PCR strategy (upper 

panel) and results (lower panel).  The Myc RT primer was used for the reverse 

transcription reaction, while the 336 F and 336 R primers were used for subsequent 

amplification.  β-Actin loading control is shown below.  Sequences of all primers used in 

this figure are available in the methods section.  Refer to figure 3 for definitions of 

abbreviations.  Figure used with permission from PNAS (3).                        
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Figure 12. CAA repeats do not make polyGln by RAN-translation. 
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Figure 13. Hairpin forming repeats undergo RAN-translation. 

(A) Predicted MFE mRNA secondary structures of CAG, GAC, CTG, and GTC repeat 

containing constructs.  (B) Left panel, immunoblot of lysates from HEK293T cells 

transfected with the constructs in A and probed with α-HIS, α-HA, α-FLAG, and α-

GAPDH antibodies.  Letters under each lane in the immunoblot correspond to which 

amino acid makes up the predicted homopolymer in that frame.  Right panel, table 

showing predicted RAN-translated amino acids and the repeat construct codons they are 

translated from.  (C) Upper panel, schematic diagram showing A8(*KKQ) and 

ATT(CAG) constructs with HA tags in each of the three frames (f1, f2, and f3).  Lower 

panel, immunoblot of lysates form 293T cells transfected with A8(*KKQ)-3T and 

ATT(CAG105)-3T containing HA tags in each of the three frames.  The lower bands in 

the A8(*KKQ) f1 lane are caused by size heterogeneity.  MFE, minimal free energy. 

Refer to figure 3 for additional definitions of abbreviations.      
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Figure 13. Hairpin forming repeats undergo RAN-translation.
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Figure 14. Testing the effects of non-hairpin forming repeats on RAN-translation. 

(A) Sfold predicted MFE secondary structures of non-hairpin forming CAA, TTC, and 

GAA constructs alongside A8(*KKQ) and ATT(CAG105) controls.  (B) Upper panel, 

western blot of CAA and CAG constructs +/-ATG in N2a cells probed with 

1C2(polyGln), α-HA(polyAla), and α-Flag(polySer) antibodies.  This panel was obtained 

by Melissa Ingram and used with permission from PNAS (3).  Lower panel, table 

showing amino acids predicted to make up RAN-translated homopolymers and the repeat 

construct codons they are translated from.  (C) Immunoblot of lysates from HEK293T 

cells transfected with constructs shown in A probed with His(polyGln), α-HA(polyAla), 

and α-Flag(polySer), and α-GAPDH antibodies. Letters under each lane in the western 

blot correspond to which amino acid makes up the predicted homopolymer in that frame.  

(D) Semi-quantitative RT-PCR showing transcripts are produced from all constructs 

shown in A.  β-Actin loading control is shown below.  (E)  Immunoblot comparison of 

proteins produced from the +/-ATG CAA90 constructs in HEK293T and N2a cells.  Blot 

was probed with α-HA, α-His, and α-GAPDH antibodies. 
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Figure 14. Testing the effects of non-hairpin forming repeats on RAN-translation. 
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Figure 15. CAA-CAG hybrid hairpins make polyGln without an ATG. 

(A) Sfold predicted MFE mRNA secondary structures of A8(*KKQ)-3T, 

ATT(CAG105)-3T and CAA/CAG97 constructs  +/-ATG.  (B) Left panel, immunoblot 

showing lysates from cells transfected with the constructs in A probed with 

HIS(polyGln), α-HA(polyAla, polyAla/Thr), α-Flag(polySer, polySer/Asn) and α-

GAPDH.  Right panel, table showing amino acids in proteins produced by CAG and 

CAA/CAG repeat constructs and the codons that encode them. 

 



 

 

81 

 

 

Figure 15. CAA-CAG hybrid hairpins make polyGln without an ATG. 
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Figure 16. Clamped hairpins alter RAN-translation. 

(A) Sfold predicted mRNA secondary structure of A8(*KKQ)-3T, ATT(CAG105)-3T, 

Clamp(CAG81) and Clamp(CAG82) constructs. (B) Detailed schematic diagram of 

secondary structure of the clamp at the base of the hairpin and the hairpin tips present in 

the Clamp(CAG81) and Clamp(CAG82) constructs. (C) Immunoblot of lysates from 

HEK293T cells transfected with the constructs shown in A and probed with α-HIS, α-

HA, α-FLAG, and α-GAPDH antibodies. 
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Figure 17. RAN-translation from SCA1 constructs. 

(A) Sfold predicted MFE RNA secondary structures of A8(*KKQ)CAG107, 

ATT(CAG105), and SCA1 constructs.  (B) Immunoblot of HEK293T cell lysates probed 

with α-His(polyGln), α-HA(polyAla), α-Flag(polySer) antibodies shown above a 

GAPDH loading control.  The largest molecular weight band in the SCA1 constructs is 

initiated from ATG1, the natural initiation codon for ATXN1.  
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Table 3. Relative homopolymer levels produced by repeat constructs. 

Homopolymers and codons which code for them are listed for each construct.  „ATG‟ 

denotes an in frame ATG codon.  Relative Levels: ++++ extremely high; +++ high; ++ 

intermediate; + low; +/- extremely low; - undetectable. 

Construct His/Myc HA FLAG 
A8(*KKQ) Gln(Q) 

CAG 

+++ 

Ala(A) 

GCA 

+++ 

Ser(S) 

AGC 

+++ 

ATT(CAG105) Gln(Q) 

CAG 

++ 

Ala(A) 

GCA 

++++ 

Ser(S) 

AGC 

+ 

ATGD-GAC113 Thr(T) 

ACG 

++++ 

Asp(D), ATG 

GAC 

- 

Arg(R) 

CGA 

+ 

GAC101 Thr(T) 

ACG 

+++ 

Asp(D) 

GAC 

- 

Arg(R) 

CGA 

- 

CTG105 Leu(L) 

CTG 

+ 

Ala(A) 

GCT 

++ 

Cys(C) 

TGC 

+ 

ATGR-GTC116 Ser(S) 

TCG 

+++ 

Val(V) 

GTC 

+++ 

Arg(R), ATG 

CGT 

+/- 

GTC120 Ser(S) 

TCG 

+++ 

Val(V) 

GTC 

+++ 

Arg(R) 

CGT 

- 

ATG(CAA90) Gln(Q), ATG 

CAG 

+++ 

Thr(T) 

ACA 

+++ 

Asn(N) 

AAC 

- 

ATT(CAA90) Gln(Q) 

CAG 

- 

Thr(T) 

ACA 

+++ 

Asn(N) 

AAC 

- 

TTC106 Ser(S) 

TCT 

- 

Phe(F) 

TTC 

+/- 

Leu(L) 

CTT 

- 

GAA116 Lys(K) 

AAG 

- 

Glu(E) 

GAA 

- 

Arg(R) 

AGA 

- 

ATG(CAA/CAG97) Gln(Q), ATG 

CAG/CAA 

++++ 

Ala/Thr 

GCA/ACA 

- 

Ser/Asn 

AGC/AAC 

+/- 

ATT(CAA/CAG97) Gln(Q) 

CAG/CAA 

+/- 

Ala/Thr 

GCA/ACA 

- 

Ser/Asn 

AGC/AAC 

+/- 

ACT(CAA/CAG97) Gln(Q) 

CAG/CAA 

+/- 

Ala/Thr 

GCA/ACA 

- 

Ser/Asn 

AGC/AAC 

+/- 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

RESULTS SUMMARY AND CONCLUSIONS  

 

 RAN-translation represents a novel and previously unrecognized form of 

translation which provides new opportunities for understanding the basic mechanisms of 

gene expression and the pathogenesis of microsatellite repeat disorders.  My hypothesis 

was that RNA sequence and secondary structure within and outside of the repeat are 

important for RAN-translation.  My experiments on the effects of sequence, secondary 

structure, and initiation requirements of RAN-translation have provided some basic 

information about the conditions and specific sequences that permit basal and robust 

levels of RAN-translation.    

 The experiments discussed in Chapter 2 describe some general trends about the 

sequence and initiation requirements of RAN-translation across CAG expansion 

transcripts in RRLs and in transfected cells.  First, the high levels of RAN-translation 

seen in cells, which occur across CAG repeat expansions in three frames, are not caused 

by the introduction of an ATG initiation codon through splicing or RNA editing.  Second, 

I found that non-ATG translation in an in vitro RRL system occurs less frequently than in 

cells and requires previously described alterative start codons.  In contrast, RAN-

translation in cells occurs in a much broader range of sequence contexts and appears to be 

substantially enhanced by specific cellular factors or processes.  Third, in HEK293T 

cells, altering the sequence by changing ATT to CCC or TAG in the ATT(CAG105)-3T 
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construct prevented polyGln production, but had no effect on polyAla and polySer 

production.  These results show that upstream sequences can affect the expression of 

specific homopolymeric proteins in individual frames without blocking expression in all 

frames.  Because the CCC and TAG changes do not grossly alter the predicted secondary 

structure, this result also suggests that sequence and not secondary structure is 

responsible for this difference.  Fourth, the results of the V5 construct experiment (Fig. 

11) demonstrate that RAN-translation can occur within an existing ORF, that translation 

in the polyGln frame begins near the 5′ end of the repeat, and that RAN-translation does 

not require frameshifting.  Finally, studies performed in RRLs that show non-ATG 

initiation in this cell free system likely depends on codons similar to an ATG were 

extended and corroborated by showing methionine incorporation and that an initiator 

Met-tRNAi
Met

 is required.  Additional studies will be needed to determine if a Met-

tRNAi
Met

 is also used in cells and, if so, how the Met-tRNAi
Met

 is able to use such widely 

divergent non-ATG sites.  

Experiments presented in Chapter 3 were designed to extend studies of hairpin 

secondary structure on RAN-translation.  First, I showed that RAN-translation is affected 

by repeat motif and flanking sequence.  The CAG expansion motif appears to be the most 

permissive for RAN-translation, but several other repeat motifs undergo RAN-translation 

to various degrees.  Even within the CAG repeat the relative levels of the polyGln, 

polyAla and polySer are also affected by changes in flanking sequences.  For example, in 

HEK293T cells polyGln levels are higher for the A8(*KKQ)-3T than the ATT(CAG)-3T  

construct while polyAla levels appear more robust for the ATT(CAG)-3T  construct (Fig. 
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13B&C).  Second, all hairpin forming repeats tested were found to express protein in one 

or more frames, but only the CAG and CTG repeat motifs consistently showed 

expression in all three frames.  In general, hairpin forming repeats showed more robust 

and more permissive expression than non-hairpin forming repeats with the exception that 

CAA repeat constructs express protein in a single frame and in HEK293T but not N2a 

cells.  These data provide additional support that cell-type specific factors affect RAN-

translation and suggest cellular factors which favor RAN-translation across CAG repeats 

differ from those required for RAN-translation across CAA repeat motifs.  Third, non-

ATG translation can occur across two frames of a mixed CAA/CAG repeat but only at 

very low levels.  This hybrid repeat construct is similar to the one found in BAC-HD 

mice (179, 180).  Fourth, experiments with clamped CAG constructs (Fig. 16) show 

sequence near the base of the hairpin affects the relative levels of RAN-translation in the 

three frames.  Fifth, results from the SCA1 experiment show only very low levels of 

polyGln expression when both ATG codons are mutated and almost no detectable protein 

in the polyAla or polySer frames (Fig. 17B).   These results again reinforce the important 

contribution that sequence context has on RAN-translation and the need for further 

exploration on both the types of repeat expansion transcripts expressed at microsatellite 

expansion loci (198), and whether or not unexpected homopolymeric proteins are 

expressed and contribute to microsatellite expansion disorders.    
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POSSIBLE MECHANISMS OF RAN-TRANSLATION 

 

Repeat associated non-ATG translation occurs by a mechanism that does not 

appear to follow the normal rules of canonical translation initiation.  Any proposed 

mechanisms must be able to account for the observed non-ATG initiation, sequence 

permissiveness, translation in multiple frames, and its dependence on repeat length.  It is 

likely that RAN-translation makes use of factors or mechanistic aspects required for 

scanning or IRES initiated translation, but the degree of overlap between these 

mechanisms is currently unknown (Fig. 18, 19).  It is also possible that RAN-translation 

may encompass more than one mechanism, as several experimental modifications have 

been shown to selectively alter the expression of one homopolymer without affecting the 

others (see below).  Currently, two possible mechanisms that could explain RAN-

translation in multiple frames have been developed, and both rely on the ability of the 

repeat to form a hairpin.   

The Stalling Mechanism of RAN-Translation 

The stalling mechanism of RAN-translation is based on early translation studies 

which indicated that 1) hairpins of sufficient stability will stall the preinitiation complex 

and 2) hairpins that stall the ribosome sometimes facilitate translation initiation at non-

ATG codons (141, 166).  In the stalling mechanism, the ribosome binds the 5ʹ mRNA 

cap, scans the mRNA until it reaches the repeat, stalls upon contact with the hairpin, and 

then initiates translation at a site primarily determined by the location of the hairpin (Fig. 

19C).  The intrinsic stability of repeat containing hairpins supports the idea that RAN-
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translation could potentially employ the stalling mechanism.  For example, the CAG105 

hairpin has a ΔG = -116 kcal/mol which is much greater than the -50 kcal/mol required to 

stall the ribosome (166).   Because shorter repeats would produce less stable hairpins, 

which may be incapable of stalling the ribosome long enough for translation initiation to 

occur, this provides a possible explanation for the length dependence of RAN-translation. 

The ability of RAN-translation to initiate in multiple frames and at multiple sites 

within the repeat can also be explained by the stalling mechanism.  Once the ribosome is 

stalled, it is positioned over the translation initiation site.  Normally this site would have 

to be an AUG or a near cognate codon for translation to occur, but in RAN-translation 

initiation codon selection is much more permissive.  The position of the translation 

initiation site is determined by the distance from the leading edge of the ribosome (which 

is in contact with the hairpin) to the AUG-recognition center of the ribosome.  This is 

typically about 14 nt, but it can be 12-15 nt away (141).  This variability in start site 

position could account for the observed translation in three frames.  The state of the 

hairpin also determines which start sites are possible.  For instance, ribosomes that 

encounter a completely folded hairpin will initiate translation at different sites than 

ribosomes encountering a partially unfolded hairpin.  Many ribosomes or polysomes 

often exist on a single RNA and data from our lab suggests that repeat containing RNA is 

associated with multiple ribosomes (Fig. 7B) (3).  Because the hairpin is completely 

unwound with every round of translation, scanning ribosomes will often encounter the 

hairpin during different stages of refolding.  Under these conditions, multiple initiation 

sites are possible and some of these will be located within the repeat.   
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The biggest question surrounding the stalling mechanism is what instigates 

translation initiation?  Canonical translation initiation begins when Met-tRNAi
Met

 base 

pairs with an AUG codon, causing eIF2 to undergo a conformational change that results 

in GTP-hydrolysis (127).  If Met-tRNAi
Met

 is used, RAN-translation could occur when 

factors that normally ensure proper start site selection, such as eIF1 and eIF1A, are 

unable to function properly.  This hypothesis is supported by the fact that yeast harboring 

mutant versions of eIF1 and eIF1A are able to initiate translation from non-ATG codons 

(199-201).   Because eIF1 dissociation from the ribosome is known to trigger translation 

initiation (199), it is intriguing to speculate that premature eIF1 release could lead to 

translation initiation at non-AUG codons.  An alternative explanation is that the function 

of Met-tRNAi
Met

 is bypassed and GTP-hydrolysis is initiated by an alternative means 

involving the RNA hairpin or yet to be identified RAN-translation associated factors 

(RAN-TAFs).  One promising candidate for CAG and CUG repeats is CUGBP1, as it has 

been shown to bind to both CUG•CAG repeats and eIF2 (96, 173).  If it could activate 

eIF2 GTP-hydrolysis, it could be responsible for the observed non-canonical translation 

initiation.  Alternatively, because the ribosome is largely made up of rRNA, and because 

rRNA and mRNA interactions are important for translation initiation, it is conceivable 

that RAN-translation may require hairpin/ribosome interactions.  In support of this idea, 

rRNA-mRNA interactions in prokaryotes are routinely used to properly position the 

ribosome upstream of the initiation codon (see Appendix A).    

In summary, the stalling model could explain several aspects of RAN-translation.  

First, the requirement for a stable hairpin to stall the ribosome explains the length 
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dependence of RAN-translation.  Second, the fact that the start site is determined by 

hairpin position could explain why RAN-translation can initiate in multiple frames close 

to or within the repeat.  Finally, non-ATG initiation could be a consequence of GTP-

hydrolysis caused by interactions between the hairpin, RAN-TAFs, the ribosome, and 

canonical translation initiation factors.   

The IRES-Like Mechanism of RAN-Translation 

Internal ribosome entry site (IRES) elements are regions of mRNA molecules that 

form complex secondary structures that are capable of recruiting ribosomes and 

translation factors to specific sites to direct translation initiation in the absence of 

ribosomal scanning (Fig. 19B) (202).  Because they do not require cap-dependent 

scanning, IRES elements can be used to direct translation during mitosis, virus infection, 

amino-acid starvation, hypoxia and other times when global cap-dependent translation is 

downregulated  (129).  Studies have shown that certain IRES elements can facilitate 

translation initiation from non-ATG codons including the GCA codon that is prevalent in 

CAG repeat constructs (151).  Also, while most IRES elements use canonical eukaryotic 

initiation factors (eIFs), type 4 IRES elements can initiate without eIFs or Met-tRNAi
Met  

(Fig. 19B) (127).  Because eIFs and Met-tRNAi
Met

 are normally responsible for proper 

start codon selection, translation initiation directed by a type 4 IRES element could 

theoretically occur at any codon that the IRES hairpins specify.  This could potentially 

explain why translation in the polyAla(GCA) frame appears to initiate at multiple sites 

within the repeat.  These studies raise the possibility that the hairpin structures present in 
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hairpin forming repeat constructs may act as IRES-like elements to direct translation 

initiation at non-AUG codons.   

The IRES-like mechanism proposes that repeat-containing hairpins act like a type 

4 IRES element to recruit ribosomes and IRES translation associated factors (ITAFs) to 

the initiation site.  This mechanism is supported by the fact that CUGBP1, which has 

recently been reported to function as an ITAF (174), can bind both CAG and CUG 

repeats (96, 173).  If repeat containing hairpins can function as IRES-like elements, it 

could explain their ability to initiate translation in multiple frames from non-ATG sites.  

Type 4 IRES elements can initiate at non-ATG codons by placing an IRES derived 

hairpin in the ribosomal P site to mimic the Met-tRNA
Met

i and position the ribosome (Fig. 

19B) (152).  If the repeat containing hairpins operate in a similar manner, they could 

select translation initiation sites by base-pairing with other regions of the mRNA.  

Translation could therefore theoretically begin in any frame depending on what 

nucleotides reside at the tip of the hairpin and what codons are present in the 5ʹ region of 

the repeat containing mRNA.  Also, because shorter hairpins would not be long enough 

to enter the ribosomal P site, this mechanism could explain the length dependence of 

RAN-translation.  In short, the IRES-like mechanism proposes that the repeat containing 

hairpin acts as an IRES element to direct translation in multiple frames from non-ATG 

sites.   
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The Combined Mechanism of RAN-Translation 

Because alterations to repeat constructs can sometimes specifically affect 

translation in one frame but not the others, it is possible that different frames are 

translated by different mechanisms.  Under this „combined model‟, RAN-translation 

employs the stalling mechanism in some frames and the IRES-like mechanism in others. 

This combined model could reconcile several unusual results which are difficult to 

explain by either mechanism alone.  First, polyGln and polyAla appear to have different 

numbers of translation initiation sites.  Mass-spec data suggests that polyAla initiates 

from multiple sites within the repeat, but translation of polyGln likely begins from one or 

two sites near the 5ʹ end of the repeat.  Second, polyGln, polySer, and polyAla have 

different repeat length requirements for their translation.  The length threshold at which 

substantive levels of polyGln, polySer, and polyAla accumulate is approximately 42, 58, 

and 73 repeats respectively (Fig. 4).  Third, translation of some homopolymers can be 

reduced or prevented by sequence alterations at the 5‟ end of the repeat, without affecting 

the expression of homopolymers expressed in other frames.  Expression of polyGln and 

polySer is variable between different constructs with disease relevant sequence while the 

amount of polyAla made in these constructs remains relatively comparable (Fig. 5B). 

Adding a CCC or a TAG codon immediately upstream of a CAG repeat prevented 

translation of polyGln, but it had no effect on the translation of polyAla (Fig. 9C).   

Together, these findings suggest that different homopolymers are likely produced via 

different mechanisms. 
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Summary 

 In summary there are currently two distinct mechanisms proposed for RAN-

translation: the stalling mechanism and the IRES-like mechanism.  The stalling 

mechanism postulates that the hairpin stalls the scanning preinitiation complex until 

translation initiation occurs by premature eIF1 release or by RAN-TAF/hairpin activated 

GTP-hydrolysis.  The IRES-like mechanism states that the repeat hairpin acts like type 4 

IRES hairpins to recruit the ribosome to initiate at non-AUG sites in multiple frames.  

Numerous experiments hint that translation of the different homopolymers occurs by 

different mechanisms, suggesting that both stalling/IRES mechanisms may be at work.  

The above mechanisms provide an explanation for numerous aspects of RAN-translation, 

including its length dependence and its ability to undergo non-ATG translation in 

multiple frames. While these proposed mechanisms serve as good model to direct future 

experiments, none of these models is sufficiently advanced to predict precisely where and 

when RAN-translation will occur, so more research on the mechanism of RAN-

translation will be an important direction for the future.   
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Figure 18. Factors involved in cap-dependent, IRES, and RAN translation. 

(A) Schematic diagram of factors required for cap-dependent translation initiation. (B) 

Schematic diagram of factors required for IRES translation initiation. (C) Schematic 

diagram depicting factors which may be required for RAN-translation.  Several factors 

including the polyA binding protein (PABP), MBNL1, CUGBP1, eIFs, and RAN-TAFs 

are shaded in gray to indicate that their possible roles in RAN-translation are still 

unknown.  Translation initiation sites are depicted by arrows which indicate that RAN-

translation can initiate at multiple sites in different frames including some sites within the 

repeat.  Panels A and B in this figure were adapted with permission from Nature (203). 
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Figure 19. Comparison of Scanning, IRES, and RAN translation mechanisms. 

Schematic diagram comparing three mechanisms of translation: the scanning (cap-

dependent) mechanism, the IRES (cap-independent) mechanism, and the putative stalling 

mechanism for RAN-translation.  The position of the ribosome is indicated during the 

ribosome binding, initiation site selection, elongation/termination, and re-initiation steps.  

(A) In the scanning mechanism of translation, the ribosome binds the 5ʹ 7-

methylguanosine cap and scans until it finds the first AUG in a good Kozak consensus 

sequence.  Start codon recognition triggers GTP-hydrolysis, ribosome joining, and 

elongation.  Elongation proceeds until the 80S ribosome finds a stop codon.  The 

circularization of the mRNA allows some ribosome recycling to occur.  (B) A type 4 

IRES element from a dicistrovirus can recruit the ribosome to internal sites with the help 

of ITAFs (not shown).  It can initiate translation at non-AUG sites by using its domain-3 

hairpin to mimic the Met-tRNA
Met

i.  This mechanism is very similar to the proposed 

IRES-like mechanism of RAN-translation.  (C) The stalling mechanism of RAN-

translation postulates that the ribosome binds the 5ʹ cap, scans until it reaches the hairpin, 

and then initiates translation through premature eIF1 dissociation or by RAN-

TAF/hairpin activated GTP-hydrolysis.  The hairpin unwinds during translation and must 

refold before translation can begin again.  Re-initiation can occur at different sites 

depending on how much the hairpin has refolded when it is encountered by the next 

ribosome. 
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CHAPTER 5: MATERIALS AND METHODS 

REPEAT CONSTRUCT CREATION 

 

 Many of the constructs presented in this thesis were created by myself and Dr. 

Tao Zu as previously described (3).  These constructs include A8(*KMQEXP)-endo, 

A8(*KKQEXP)-endo,  A8(*KMQEXP)-3Tf1, A8(*KKQEXP)-3Tf1 (including 42, 58, 73, 

and 107 repeat variants and frame-altered variants), A8(*KKQEXP)-3Tf2, A8(*KKQEXP)-

3Tf3, TAGAG(CAGEXP)-3T, ATG(CAG105)-3T, ATT(CAG105)-3T, ATT(CAG52)-3T, 

ATT(CAG15)-3T, ACT(CAGEXP)-3T, HD-3T (AKA HD-3T:[ATT]), HD-3T:[ACT], 

HDL2-3T (AKA HDL2-3T:[ATT, ATC]), HDL2-3T:[ATT, ACC], HDL2-3T:[ACT, 

ATC] , HDL2-3T:[ACT, ACC], SCA3-3T (AKA SCA3-3T:[ATT]), SCA3-3T:[ACT],  

DM1-3T (AKA DM1-3T:[ATG]), CAGEXP-DM1-3ʹ, HDL2[w/o 3ʹM], 

ATG(CAG105)[w/o 3ʹM], ATT(CAG105)[w/o 3ʹM], A8(*KMQ)[w/o 3ʹM], 

A8(*KKQ)[w/o 3ʹM], ATG-V5(CAG105)-3T, ATC-V5(CAG105)-3T, CAA125+ATG, 

CAA125, CAA90+ATG, CAA90, CAA38+ATG, and CAA38.  

With the exception of the A8(*KMQEXP)-endo, A8(*KKQEXP)-endo, and  

CAGEXP-DM1-3ʹ constructs, all repeat containing constructs were subcloned into a 

modified pcDNA3.1 vector, pcDNA3.1/6Stops-3T, which contains six upstream stop 

codons, two in each frame, and downstream FLAG, HA and Myc/His tags.  All 

constructs were confirmed with sequencing using the Pre-T7, BGH, and 3.1(281)-3T 

primers.  The sequence of all primers, oligos and minigenes used for construct creation 

and sequencing can be found in Tables 4, 5, and 7 at the end of the methods section. 



 

 

99 

 

The ATG-V5(CAG105)-3T construct was created by inserting the V5 oligo 

containing the V5 tag just upstream of the repeat in the ATT(CAG105)-3T construct.  

The ATC-V5-(CAG105)-3T construct, which contains no ORFs, was generated using the 

Quikchange II Site-Directed Mutagenesis Kit (Stratagene, TX) in conjunction with the 

V5-ATG F and V5-ATG R primers. 

To generate the CAAEXP constructs, PCR with the ACA13 and TTG15 primers 

was performed to amplify a CAA repeat.  PCR products were run out on a 1% agarose 

gel and a gel slice containing 200-550 bp fragments (67-183 repeats) was purified.  The 

resulting fragments were cloned into the pSC-A-amp/kan vector using the Strataclone
TM

 

PCR Cloning Kit (Stratagene).  The CAA125(-ATG), CAA90(-ATG), and CAA38(-

ATG) constructs were obtained by subcloning CAA repeats of various lengths into the 

pcDNA3.1/6Stops-3T vector.  Site directed mutagenesis (Stratagene) using the 

CAA+ATG F and CAA+ATG R primers was performed on these constructs to generate 

CAA125 +ATG, CAA90+ATG, and CAA38+ATG constructs which contain an ATG in 

the polyGln frame. 

PCR mutagenesis was used to create several constructs in which ATT and ATC 

alternative start codons were altered to ACT and ACC respectively.  These constructs 

were all produced using a unique 5ʹ primer in conjunction with the BGH3-1 3ʹ primer.  

The ACT(CAG105)-3T construct was generated from the ATT(CAG105)-3T template 

and the ACT(CAG105)-3T primer.  The HDL2-3T:[ATT,ACC], HDL2-3T:[ACT,ATC] , 

and HDL2-3T:[ACT,ACC] constructs were created with the  HDL2-3T:[ATT, ATC] 
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template and the HDL2:[ATT,ACC], HDL2:[ACT,ATC], and HDL2:[ACT,ACC] 

primers respectively.  The SCA3-3T template was likewise used to generate the 

SCA3:[ACT] construct using the SCA3:[ACT] primer.  The HD-3T:[ACT]  primer was 

used to generate the HD-3T:[ACT] construct from the HD-3T:[ATT] template. 

 The CCC(CAGEXP)-3T and TAG(CAGEXP)-3T constructs were derived from the 

ATT(CAG105)-3T constructs using site-directed mutagenesis (Stratagene, TX).  The 

CCC(CAGEXP)-3T construct was produced using the CCC F and CCC R primers, while 

the TAG(CAGEXP)-3T construct was produced using the TAG F and TAG R primers.   

 The ATT(CAG105)-3T constructs with HA tags in the S(AGC) and Q(CAG) 

frames were derived from the ATT(CAG105)-3T construct with the HA tag in the 

A(GCA) frame.  The ATT(CAG105)-3T was first cleaved with XhoI which resides 

between the 3ʹ end of the repeat and the downstream tags.  Cleaved ATT(CAG105)-3T 

was then treated with Mung bean nuclease or T4 DNA polymerase, and then it was 

religated to generate constructs with the HA tag in the S(AGC) and Q(CAG) frames. 

The SCA1 cDNA clone in the pBSII/E3 vector provided by Dr. Tao Zu was used 

as a starting point to generate the SCA1(CAG85) construct.  The SCA1 insert was 

excised from the pBSII/E3 vector in a three step process.  First, the pBSII/E3 vector was 

cut with HindIII downstream of the SCA1 clone.  Second, this cut vector was then treated 

with T4 DNA polymerase to generate a blunt end.  Third, the cut vector was cleaved 

again using EcoRI to generate an insert containing one sticky EcoRI end and a blunt 

HindIII end.  The pcDNA3.1/6Stops-3T destination vector was cut in parallel with EcoRI 
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and PmeI so that it also contained one sticky end.  The SCA1 insert was ligated to the cut 

pcDNA3.1/6Stops-3T vector to generate an SCA1 intermediate construct.  This 

intermediate vector was further modified to include the FLAG, HA, and Myc/His tags 

downstream of the CAG85 repeat.  The tags were obtained from the SCA1 TAG custom 

minigene construct (IDT, IA) which is identical to the 3ʹ tag containing region of 

ATT(CAG105)-3T except that the tags are flanked by EagI sites for easy insertion into 

the SCA1 intermediate vector.  SCA1 TAG insert was prepared by digesting the 

minigene vector with EagI and gel purifying the resulting 148 bp fragment.  The SCA1 

intermediate vector contains three EagI sites including one just downstream of the CAG 

repeat.  A partial digest of the SCA1 intermediate was performed by digesting 1 µg DNA 

with 0.1 U EagI for 5 min.  Singly cut vectors were gel purified and ligated to the SCA1 

TAG minigene insert.  The resulting SCA1(CAG85) clone contained FLAG, HA, and 

Myc/His tags downstream of the repeat in the polySer, polyAla, and polyGln frames 

respectively.  Because the normal sequencing primers are far from the CAG repeat in this 

construct, SCA1 Repeat F and SCA1 Repeat R primers were used to obtain good 

sequencing across the repeat.  The SCA1 construct naturally contains two upstream 

ATGs in the polyGln frame.  These ATGs were removed using the Quikchange® II Site-

Directed Mutagenesis Kit according to the manufacturer‟s instructions to obtain the 

SCA1(CAG85)-ATG1, SCA1(CAG85)-ATG2, and SCA1(CAG85)-ATGs constructs.  

The SCA1(CAG85)-ATG1 construct was created using the SCA1-ATG1 F and SCA1-

ATG1 R primers, while the SCA1(CAG85)-ATG2 construct was created with the SCA1-
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ATG2 F and SCA1-ATG2 R primers.  The SCA1(-ATGs) construct was created by using 

the SCA1-ATG2 F and SCA1-ATG2 R primers on the SCA1-ATG1 construct. 

 The SCA1(CAG85) construct was also used to generate the Clamp(CAG81) and 

Clamp(CAG82) constructs.  A fragment containing the SCA1 repeat and minimal 

flanking sequence which included the clamp was amplified by tailed-PCR using the 

SCA1 Tailed F and SCA1 Tailed R primers with SCA1(CAG85) template.  The resulting 

PCR product was digested with EcoRI and XhoI in parallel with pcDNA3.1/6Stops-3T.  

Vector and insert fragments were gel purified, ligated, and transformed into HB101 E. 

coli.   Several colonies were chosen and multiple repeat sizes were obtained. 

 The CTG construct was derived from a previously described SCA8 exon A 

construct (119).  The SCA8 exon A construct and pcDNA3.1/6Stops-3T were both 

digested with EcoRI and XhoI, gel purified, and ligated together.  The resulting clone had 

the FLAG, HA, and Myc/His tags in the polyLeu, polyCys, and polyAla frames 

respectively.  This intermediate construct was digested with NotI, treated with T4 DNA 

polymerase and re-ligated to create the CTG105-3T construct with FLAG, HA, and 

Myc/His tags in the polyCys, polyAla, and polyLeu frames respectively. 

 Alternate repeat constructs including GAC, GTC, GAA, and TTC were created 

using PCR with short phosphorylated repeat primers.  All PCR reactions to generate these 

alternative repeat constructs contained 1.5 mM MgCl2 and 10% DMSO.  The GAC, GTC 

constructs were created using CGA9, and GTC15, while the GAA and TTC constructs 

were obtained using AGA9 and TTC15 primers.  PCR products containing repeats of 
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variable size were produced.  Ten separate PCR reactions were pooled and concentrated 

using an Amicon Ultra 0.5 Spin Column (Millipore).  Concentrated PCR products were 

treated with T4 DNA polymerase to remove the 3ʹ overhang left by Taq.  The resulting 

DNA was run on a 2% agarose gel and a gel slice containing 250-450 bp PCR products 

(~83-150 repeats) was purified using the Wizard SV Gel and PCR Clean-Up System 

(Promega, WI).  Purified fragments were blunt end ligated into pcDNA3.1/6Stops-3T 

which had been previously cut with EcoRI and XhoI and treated with T4 DNA 

polymerase (NEB) and calf intestinal phosphatase (NEB).  Because this was a blunt 

ligation, both orientations of the repeats were obtained.  Many colonies were screened 

using colony PCR and the GAC101, GTC120, GAA116, and TTC106 constructs were 

obtained.  The Quikchange® II Site-Directed Mutagenesis Kit (Stratagene) was used on 

the GAC101 and GTC120 constructs to put an ATG codon at the beginning of the repeat 

in the polyAsp or polyArg frames to generate ATGD-(GAC98)-3T and ATGR-(GTC108)-

3T respectively.   The ATGD-(GAC98)-3T was produced with the ATG-GAC F and 

ATG-GAC R primers, while the ATGR-(GTC108)-3T was made using the ATG-CGT F 

and ATG-CGT R primers. 

 The ATT(CAA/CAG97)-3T construct was derived from the HD-eGFP-Q103 

construct, which was a kind gift from the Dubinsky lab.  This HD-eGFP-Q103 construct 

contains exon1 of Htt fused to eGFP.  The repeat has alternating CAA/CAG repeats 

(CAA CAG CAG CAA CAG CAA)n and is essentially identical to the one used in HD 

constructs and  BAC HD mice (179, 180).  To create the ATT(CAA/CAG97)-3T repeat 

construct, the HD-eGFP-Q103 was first digested with HindIII, and the 
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pcDNA3.1/6Stops-3T destination vector was digested with EcoRI-HF.  Both vectors 

were then treated with T4 DNA polymerase to generate blunt ends and subsequently 

digested with BamHI-HF.  The resulting 488 bp CAA/CAG insert and 5,477 bp 

pcDNA3.1/6Stops-3T vector were gel purified, ligated, and transformed into DH5α E. 

coli.  Intermediate CAA/CAG constructs were generated which contained an unwanted 3ʹ 

TGA stop codon between the repeat and the downstream tags.  This stop codon was 

removed by digesting with EcoNI and BamHI, treating the vector with T4 DNA 

polymerase, and religating the vector to generate ATT(CAA/CAG97)-3T.  Site directed 

mutagenesis (Stratagene) was used on this construct to alter the codon immediately 

preceding the CAA/CAG repeat to an ATG using the CAA/CAG+ATG F and 

CAA/CAG+ATG R primers.  Site directed mutagenesis with the CAACAG-ATT F and 

CAACAG-ATT R primers was also used to generate the ACT(CAA/CAG97)-3T.   

 

CELL CULTURE 

Passaging Cells 

 HEK293T and N2a cells were cultured in DMEM medium supplemented with 

10% fetal bovine serum and incubated at 37°C in a humid atmosphere
 
containing 5% 

CO2.  Cells were subcloned 1:10 after washing with 1X DPBS (Invitrogen, CA) and 

trypsinizing with 0.05% trypsin for 2 min at room temperature. 



 

 

105 

 

Transfection 

 DNA transfections were
 

performed using Lipofectamine 2000 Reagent 

(Invitrogen) according
 
to the manufacturer's instructions.  Briefly, 4 µg of DNA from 

each construct were aliquoted to separate 1.5 ml Eppendorf tubes and mixed with 250 µl 

OPTI-MEM serum-free media (Invitrogen).  For each construct, 10 µl of Lipofectamine 

2000 was mixed with 250 µl OPTI-MEM and allowed to incubate for 5 min at room 

temperature.  After 5 minutes the DNA and Lipofectamine were mixed gently and 

incubated for 20 min at room temperature.  This DNA/Lipofectamine mixture was added 

to one well of a 6-well plate ~60% confluent with HEK293T or N2a cells.  The medium 

was changed the next morning, and cells were split if they were >90% confluent. Cells 

were allowed to incubate at 37°C in a 5% CO2 incubator for a total of two days before 

they were harvested. 

RNA and Protein Harvest 

 Protein was typically harvested using RIPA buffer.  One mini-complete protease 

inhibitor tablet was dissolved in 10 ml RIPA buffer before each harvest.  DMEM media 

was aspirated from each well, and cells were washed with D-PBS.  Three-hundred 

microliters of RIPA buffer with protease inhibitors was added to each well, and cells 

were detached using a cell scrapper.  Cell lysates were immediately transferred to a 1.5 

ml Eppendorf tube on ice and were run through a 20 gauge syringe approximately ten 

times to shear the DNA.  Cell lysates were then spun down for 20 min at 16,000 X g at 4 

C.  The supernatant was transferred to a new 1.5 ml tube and used immediately or stored 

at -80°C for future use.   
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 For experiments involving non-hairpin forming constructs, both protein and RNA 

were harvested using Trizol reagent (Invitrogen) according to the manufacturer‟s 

instructions.  Total RNA was resuspended in 50 µl diethylpyrocarbonate (DEPC) water 

and immediately stored at -80°C.  Total protein was resuspended in 100 µl 1% SDS, 37.9 

µl 4X LDS sample buffer (Invitrogen), and 15 µl reducing agent (Invitrogen), then boiled 

at 95ºC for 5 minutes and stored at -80°C. 

IN VITRO TRANSLATION 

 

Protein Labeling with [
35

S]-methionine 

 In vitro translation assays were performed using a coupled rabbit reticulocyte 

lysate (RRL) system (Promega).  In addition to 1 µg of plasmid DNA, each coupled 

transcription/translation reaction (50 µl) contained 50% lysate, 1 µl of T7 RNA 

polymerase, 20 µM amino acid mixture, [
35

S]-methionine (MP Biomedical, OH), and 1 

µl (40 units) RNasin ribonuclease inhibitor (Promega).  The incubation was performed at 

30°C for 90 min.  Ten percent of each reaction was analyzed on two separate gels.  One 

gel was transferred onto a nitrocellulose membrane and was used for a western blot.  The 

other gel was dried for 1.5 hours at 70
o
C and was subsequently used to generate a 

fluorograph. 

Fluorography 

 Protein was run on a gel using SDS-PAGE as described above.  The gel was 

washed two times in DMSO for 15 min.  Next the gel was soaked in a PPO/DMSO 

solution (add 55 gm PPO to 250 ml of DMSO) on a rocker for 60 min at room 
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temperature.  The PPO/DMSO solution was poured off and the gel was washed with 

constantly flowing deionized water for 60 minutes to precipitate the fluor and eliminate 

the DMSO.  The gel was dried for 1.5 hr on a gel dryer at 70°C.  Dried gels were exposed 

to films acquire the fluorographs. 

 

Preparation of N-Formyl-[
35

S]Methionyl-tRNAi
Met 

  
         Isolation of aminoacyl-tRNA synthetases and Met-tRNAi

Met
 transformylase from 

E. coli MRE 600 (ATCC) was performed as described by Stanley (204).  To generate N-

Formyl-[
35

S]Methionyl-tRNAi
Met

, an aminoacylation reaction containing E. coli MRE600 

fraction (1.5 mg/ml), 0.1 mM each of 19 unlabeled amino acids (minus methionine), L-

[
35

S]methionine (2 mCi/ml), 0.2 mM calcium leucovorin, unfractionated bovine liver 

tRNA (2 mg/ml), 10 mM ATP, 1 mM CTP, 15 mM MgCl2, and 50 mM sodium 

cacodylate (pH 7.4) was carried out at 37ºC for 30 minutes.  Reactions were then 

extracted with phenol, precipitated with ethanol, lyophilized, and suspended in water.  N-

Formyl-[
35

S]Methionyl-tRNAi
Met 

was added to in vitro translation reactions using a T7-

coupled transcription/translation kit (Promega) to a final concentration of 100 µg/ml.  

The reaction products were analyzed as described above. 

IMMUNOBLOTTING 

 

 Protein dye assay reagent (Bio-Rad) was used to determine the protein 

concentration in the cell lysate.   Equal amounts of protein were separated on 4-12% 

NuPAGE Bis-Tris gels (Invitrogen).  All experiments used MES running buffer 
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(Invitrogen) except for the CAA-CAG experiment (Fig. 15) which used MOPS buffer 

(Invitrogen).  All blots were transferred to a nitrocellulose membrane (Amersham, NJ).  

Membranes were briefly rinsed with PBS containing 0.05% Tween-20 (PBST) and 

blocked in 5% dehydrated milk/PBST for 1 hr.  After blocking, blots were probed at 4°C  

overnight with α-HISCTERM antibody (1:500) (Invitrogen), 1C2 antibody (1:3,000) 

(Millipore), FLAG(1:1000) (Sigma), HA(1:50,000) (Sigma), or GAPDH (1:1,000) (Santa 

Cruz) antibodies  in blocking solution.  Blots were incubated for 2 hr at RT, rinsed three 

times in PBST for 5 min each time, and then probed with anti-mouse HRP conjugated 

secondary antibody (Amersham).  Blots were rinsed 5 more times with PBST for 5 min 

each time.  Bands were visualized using the ECL plus Western Blotting Detection System 

(Amersham). 

RT-PCR AND 5ʹ RACE 

 

RNA Preparation 

 RNA was prepared using Trizol (Invitrogen) according to the manufacturer‟s 

instructions, and then ~45 µg of RNA was resuspended in 50 µl DEPC water and stored 

at -80°C.  Contaminating DNA was removed using the RNase-Free DNase Set (Qiagen, 

CA) and the RNeasy Plus Mini Kit (Qiagen).  The initial DNase I treatment was 

performed for 35 min instead of the recommended 5 min using the RNase-Free DNase 

Set.  The optional on-column DNase I digestion was also performed with the RNeasy 

Plus Mini Kit to ensure no contaminating DNA.   
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RT-PCR and 5ʹ RACE Conditions for RNA from Polysome Fractions 

 A Superscript II Reverse Transcriptase System (Invitrogen) and the Myc Tag GSP 

primer were used to reverse transcribe the RNA.  Two separate reactions were performed.  

PCR was performed using the 336 F and 336 R primers at 95°C for 2 min, then 35 cycles 

of 94°C for 45 sec, 59.5°C for 30 sec, 72°C for 45 sec, and a 6-min extension at 72°C.  

Control reactions were performed using the β-actin forward and β-actin reverse primers.  

PCR conditions were 95°C for 2 min, then 35 cycles of 94°C for 45 sec, 59.5°C for 30 

sec, 72°C for 45 sec, followed by a 6-min final extension at 72°C.  RACE was performed 

in duplicate using the GeneRacer
TM

 Kit (Invitrogen) and the accompanying GeneRacer
TM

 

oligo and primers (Table 6) according to the manufacturer‟s instructions.  PCR products 

were ligated into the pCR4-TOPO vector using the TOPO-TA Cloning Kit (Invitrogen), 

transformed into HB101 E. coli, and the resulting clones were sequenced.     

RT-PCR Conditions for Non-Hairpin Forming Constructs 

 Two micrograms of RNA samples were reverse transcribed using the Myc Tag 

GSP primer or random hexamers along with the Superscript II Reverse Transcriptase 

System (Invitrogen).  Samples with and without reverse transcriptase were prepared 

according the instructions for „First Strand Synthesis of Transcripts with a High GC 

Content‟.  The only departure from this protocol was that RNA/primer mixtures were 

incubated at 70°C for 10 min instead of 65°C for 5 min.  PCR of repeat containing cDNA 

was performed using the 336 F and 3.1 Reverse primers.  These reactions were prepared 

with 2 µl template cDNA, 1.0 mM MgCl2, and 10% DMSO.  The PCR program was as 

follows: 95°C for 2 min, then 20 cycles of 94°C for 45 sec, 51.7°C for 30 sec, 72°C for 
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45 sec, and a 6 min extension at 72°C. Control reactions were performed using the β-

actin F and β-actin R primers and the following  PCR conditions: 95°C for 2 min, then 20 

cycles of 94°C for 45 sec, 51.6°C for 30 sec, 72°C for 45 sec, followed by a 6 min final 

extension at 72°C.  PCR products were separated on a 1% agarose gel.  The β-actin 

control reaction did not include DMSO.  Sequences of primers used in this section can be 

found in Table 6.  

POLYSOME PROFILING 

 

 Transfected HEK293T cells in 150-mm dishes were treated with cycloheximide 

(100 μg/mL) for 5 min and harvested by trypsinization.  The cell pellet was resuspended 

in 375 µl of low-salt buffer [10 mM NaCl, 20 mM Tris (pH 7.5), 3 mM MgCl2, 1 mM 

DTT, and 200 units RNase inhibitor) and allowed to swell for 2 min.  Then 125 µl lysis 

buffer (0.2 M sucrose, 1.2% Triton X-100 in low-salt buffer) was added, and the cells 

were homogenized using 15 strokes in a Dounce homogenizer using a tight-fitting pestle.  

Lysate was centrifuged at 16,000 × g for 1 min, and the nuclear pellet was removed.  

Cytoplasmic extract (1.5 mg measured at A260) was layered onto a 5-mL, 0.5–1.5 M 

sucrose gradient and centrifuged at 200,000 × g in a Beckman SW50 rotor for 80 min at 

4°C.  The gradients were fractionated using an ISCO density gradient fractionator 

monitoring absorbance at 254 nm.  Ten fractions from each sample were collected into 

tubes containing 50 µl of 10% SDS.  This procedure was performed in the Bitterman lab 

by Dr. Tao Zu. 
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Table 4. Primers for sequencing. 

Primer Sequence(5ʹ-3ʹ) 

Pre-T7 CGGTGGGAGGTCTATATAAGCA 

BGH TAGAAGGCACAGTCGAGG 

3.1(281) F TACATCAATGGGCGTGGATA 

BGH3-1 TAGAAGGCACAGTCGAGGCTGATCAGCGGGTTT 

SCA1 Repeat F TGGAGGCCTATTCCACTCTG 

SCA1 Repeat R TGGACGTACTGGTTCTGCTG 

 

  



 

 

112 

 

Table 5. Primers for construct generation. 

Primer Sequence(5ʹ-3ʹ) 

V5-ATG F GCTTAGCTAGGTAACTAAGTAACTAGAATTACTGGTAAGCCTATCCCT 

V5-ATG R TAGGGATAGGCTTACCAGTAATTCTAGTTACTTAGTTACCTAGCTAAGC 

CAA+ATG F AGCTAGGTAACTAAGTAACTAGAATGCAACAACAACAACAACAACAA 

CAA+ATG R TTGTTGTTGTTGTTGTTGTTGCATTCTAGTTACTTAGTTACCTAGCT 

ACT(CAG105)-3T  AGTTAAGCTTAGCTAGGTAACTAAGTAACTAGAACTCAGCA 

HDL2:[ATT,ACC] AGTTAAGCTTAGCTAGGTAACTAAGTAACTAGAATTTCCTGCACAGAA

AC CACCTT 

HDL2:[ACT,ATC] AGTTAAGCTTAGCTAGGTAACTAAGTAACTAGAACTTCCT 

HDL2:[ACT,ACC] AGTTAAGCTTAGCTAGG 

TAACTAAGTAACTAGAACTTCCTGCACAGAAACCACCTT 

SCA3:[ACT] AGTTAAGCTTAGCTAGGTAACTAAGTAACTAGAAC TAACA 

HD-3T:[ACT] AGTTAAGCTTAGCTAGGT AACTAAGTAACTAGAACTTCGA 

ACA13 ACAACAACAACAACAACAACAACAACAACAACAACAACA 

TTG15 TTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTGTTG 

SCA1-ATG1 F CTAGGTAACTAAGTAACTAGAATTCACTAAATCCAACCAAGAGCGGAG 

SCA1-ATG1 R GCTCCGCTCTTGGTTGGATTTAGTGAATTCTAGTTACTTAGTTACCTAG 

SCA1-ATG2 F TCCACTCTGCTGGCCAACACTGGCAGTCTGAGC 

SCA1-ATG2 R GCTCAGACTGCCAGTGTTGGCCAGCAGAGTGGA 

SCA1 Tailed F CGGAGAATTCACAAGGCTGAGCAGCAGCA 

SCA1 Tailed R GCGACTCGAGTGGACGTACTGGTTCTGCTG 

CAA/CAG+ATG 

F 

AAGCTTAGCTAGGTAACTAAGTAACTAGAATTATGGTCCAACAGCAGC

AACAG 

CAA/CAG+ATG 

R 

CTGTTGCTGCTGTTGGACCATAATTCTAGTTACTTAGTTACCTAGCTAA

GCTT 

CAACAG-ATT F GCTTAGCTAGGTAACTAAGTAACTAGAACTAGCTTCCAACAGCA 

CAACAG-ATT R TGCTGTTGGAAGCTAGTTCTAGTTACTTAGTTACCTAGCTAAGC 

CGA9 CGACGACGACGACGACGACGACGACGA 

GTC15 GTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC 

AGA9 AGAAGAAGAAGAAGAAGAAGAAGAAGA 

TTC15 TTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTC 

ATG-GAC F CTAGTTAAGCTTAGCTAGGTAACTAAGTAACAACATGGACGACGACGA

CGACGACGAC 

ATG-GAC R GTCGTCGTCGTCGTCGTCGTCCATGTTGTTACTTAGTTACCTAGCTAAG

CTTAACTAG 

ATG-CGT F CTAGTTAAGCTTAGCTAGGTAACTAAGTAACAACATGGGTCGTCGTCG

TCGTAGTAGTCG 

ATG-CGT R CGACTACTACGACGACGACGACCCATGTTGTTACTTAGTTACCTAGCT

AAGCTTAACTAG 

CCC F TTAGCTAGGTAACTAAGTAACTAGACCCCAGCAGCAGCAGCAGCAGC 

CCC R GCTGCTGCTGCTGCTGCTGGGGTCTAGTTACTTAGTTACCTAGCTAA 

TAG F TTAGCTAGGTAACTAAGTAACTAGATAGCAGCAGCAGCAGCAGCAGC 

TAG R GCTGCTGCTGCTGCTGCTGCTATCTAGTTACTTAGTTACCTAGCTAA 
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Table 6. Primers for 5ʹ RACE and RT-PCR. 

Primer Sequence(5ʹ-3ʹ) 

Gene Racer
TM

 5‟ 

primer 

CGACUGGAGCACGAGGACACUGA 

Gene Racer
TM

 5‟ 

nested primer 

GGACACUGACAUGGACUGAAGGAGUA 

Gene Racer
TM

 3‟ 

primer 

GCAATGCATCGCATAGCAACTGTCG 

Gene Racer
TM

 3‟ 

nested primer 

GTGACAGTACGGCAATGCATCGC 

Myc Tag GSP CAGATCCTCTTCTGAGATGAGTTTTTGTTC 

336 F ACCCAAGCTGGCTAGTTAAGC 

336 R TGTCGTCGTCGTCCTTGTAA 

3.1 Reverse CGGGTTTAAACTCAATGGTGA 

β-actin F TCGTGCGTGACATTAAGGAG 

β-actin R GATCTTCATTGTGCTGGGTG 
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Table 7. Oligos and minigenes. 

Primer Sequence(5ʹ-3ʹ) 

V5 Oligo F GAATTATGGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACG

GGA 

V5 Oligo R ATTCCCGTAGAATCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCC

AT 

SCA1 TAG 

minigene  

CGGCCGCTCGAGATTACAAGGACGACGACGACAAGTAGCTACCCATAC

GACGTTCCAGATTACGCTTAACGAACAAAAACTCATCTCAGAAGAGGA

TCTGAATATGCATACCGGTCATCATCACCATCACCATTGAGTTTAAACC

GGCCG 

GeneRacer RNA 

Oligo 

CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA 
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 APPENDIX A: TRANSLATION INITIATION 

MECHANISMS 

Translation is the process through which mRNAs are decoded to produce 

polypeptides.  Among the core processes of the Central Dogma of Biology, translation is 

one of the most conserved, because it so complex that even small changes could result in 

severe disruption (126).  This tightly regulated, high fidelity process typically generates 

only one error per 10,000 peptides synthesized (125).  Such accuracy is achieved with the 

help of at least nineteen translation factors and auxiliary factors which each have their 

own important and distinct roles.   

To understand the novelty of RAN-translation, it is important to understand the 

canonical process of translation initiation.  Four different mechanisms of translation have 

been proposed: 1) The Shine-Delgarno mechanism, 2) the cumulative specificity 

mechanism, 3) the internal ribosome entry site (IRES) mechanism, and 4) the scanning 

mechanism (126).   

The Shine-Delgarno mechanism of translation typically occurs in prokaryotes.  In 

this mechanism, a sequence on the mRNA called the Shine-Delgarno sequence binds to 

the 30S ribosomal RNA and facilitates selection of the proper initiation site (205).  

Although the Shine-Delgarno sequence is usually used, it is not required as many 

prokaryotic mRNAs are translated without this sequence.  Prokaryotes therefore must 

have an alternative means of translation initiation in addition to the Shine-Delgarno 

mechanism.   
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The cumulative specificity mechanism was proposed as an alternative method of 

start codon selection in prokaryotes (126).  This mechanism is similar to the Shine-

Delgarno mechanism in that the ribosome binds directly to an internal site within the 

mRNA, but unlike the Shine-Delgarno mechanism, it does not rely exclusively on a 

particular RNA sequence.  The cumulative specificity mechanism proposes that the 

ribosome is a multi-substrate enzyme, which combines input from RNA sequence and 

secondary structure to decide whether to initiate translation at a particular site.  Under 

this mechanism, the ribosome binds and initiates translation near single stranded AUG 

codons with desirable flanking sequence.  Flanking bases can have a positive or negative 

effect on selection of a particular AUG codon, and they can act cooperatively to influence 

the likelihood of translation initiation from a particular site.  In addition, RNA secondary 

structure and translation initiation factors prevent access to non-initiator codons while 

allowing access to the true start codon.   

The IRES mechanism is a type of eukaryotic translation initiation which 

resembles the aforementioned prokaryotic mechanisms in that it allows the ribosome to 

be recruited to defined sites within the mRNA (Fig. 19B).  Although multiple types of 

IRES elements have been identified in both viral and cellular mRNAs, an underlying 

similarity is that all require complex mRNA secondary structures to recruit ribosome and 

other factors needed for initiation translation (127, 206, 207).  Hairpins within these 

secondary structures are formed and stabilized with the help of IRES translation 

associated factors (ITAFs).  Intriguingly, type 4 IRES elements, such as the one in the 

cricket paralysis virus, can undergo translation initiation from non-ATG start codons 
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without eIFs or Met-tRNAi
Met

 (127).  In these cases an IRES hairpin mimics the Met-

tRNAi
Met

.  This hairpin enters the ribosomal P site and interacts with other parts of the 

mRNA via codon/anticodon interactions to position the ribosome near the translation 

initiation site (152).  Translation initiation occurs when a charged tRNA enters the A site 

of the ribosome (172, 202).  This tRNA is then shifted to the ribosomal P site when the 

ribosome undergoes a pseudotranslocation event along the mRNA.  Pseudotranslocation 

is similar to the translocation that occurs during the elongation stage of translation, except 

there is no peptide bond formation.  Translation elongation then proceeds as normal from 

the ribosomal P site.  Because this mechanism does not require the 5ʹ cap, IRES 

translation is often referred to as cap-independent translation.  IRES translation is most 

efficient during  mitosis, virus infection, amino-acid starvation, hypoxia, and other times 

when global cap-dependent translation is downregulated  (129).           

In contrast to the IRES (cap-independent) mechanism, which is only favored 

during times of stress, most eukaryotic mRNAs undergo translation via the cap-

dependent scanning mechanism (Fig. 19A) (127).  This mechanism is unique in that it 

proposes that the ribosome binds the 5ʹ 7-methylguanosine cap and then proceeds along 

the mRNA in the 5ʹ to 3ʹ direction until an acceptable start codon is found.  Acceptable 

start codons typically reside in the 5ʹ end of the mRNA and are flanked by a strong 

Kozak consensus sequence.  The Kozak consensus sequence, GCCGCC(A/G)CCAUGG, 

was elucidated through comparative analysis of 699 leader sequences from eukaryotic 

mRNAs (128).  If the A of the AUG start codon is considered to be in position +1 then, 

an A or G at the -3 position and a G at the +4 position are considered favorable.  G-
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nucleotides at positions -3, -6, and -9 have also been shown to be favorable (208).  This 

repetitive G/C rich trinucleotide sequence is similar to repeats capable of RAN-

translation.  Although the -3 and +4 sequences are the most important, all nucleotides in 

the Kozak sequence contribute; the likelihood of translation initiation at a given site is 

proportional to the degree of similarity it shows with the Kozak sequence (209).  

Intriguingly, it was recently shown that non-ATG initiation sites have different flanking 

sequence requirements (131).  In these cases a G or a C in the -6 position and a C in the -

7 position are believed to be important for translation to occur.    

In addition to the sequence requirements of translation initiation, the selection of 

the initiation site is also thought to depend on its position within the mRNA.  The 5ʹ to 3ʹ 

direction of scanning usually ensures that possible start codons near the 5ʹ end of the 

mRNA will be read and evaluated before downstream start codons.  Because of this, 

upstream ATG start codons in a good consensus sequence will frequently inhibit 

initiation at downstream start sites (161).  However, translation at downstream sites can 

sometimes still occur via leaky scanning if the scanning pre-initiation complex fails to 

recognize an acceptable upstream start site (161).  Once a proper ATG start codon is 

selected, this codon will be used as the translation initiation site and will act to limit 

translation to one particular frame.  The fact that RAN-translation can initiate in three 

frames from three different codons does not appear to be compatible with the canonical 

scanning mechanism.   
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SCANNING MECHANISM OF TRANSLATION INITIATION 

 

The scanning mechanism of translation initiation is well characterized, and is 

believed to be the most common form of translation initiation in eukaryotes.  This 

mechanism has been studied for decades, and much information has been gained (for an 

excellent review see Jackson et. al., 2010).  A thorough understanding of the cap-

dependent scanning mechanism of translation initiation and its associated factors 

provides background on how most eukaryotic translation is thought to occur.      

The scanning mechanism of translation initiation begins when GTP-bound eIF2 

binds met-tRNAi
Met 

to form the ternary complex. The eIF2 protein is a multimeric G-

protein whose activity is regulated by GTP.  The Met-tRNAi
Met 

within this complex is 

one of the principle factors involved start codon selection.  Several factors including 

eIF1, eIF1A, and eIF3 bind the 40S ribosomal subunit and facilitate its binding to the 

ternary complex to form the 43S preinitiation complex (127).  

While the 43S preinitiation complex is being formed, eIF4F functions to 

“activate” mRNAs.  The eIF4F complex consists of several factors including eIF4E, 

eIF4A, and eIF4G, which each have a specialized role in translation initiation.  The 

eIF4E cap binding protein allows the eIF4F complex (and the 40S ribosome) to associate 

with mRNAs through an interaction with the 7-methylguanosine cap.  The eIF4A protein 

is an ATP-dependent RNA helicase which along with its eIF4B and eIF4H accessory 

proteins helps to unwind the 5ʹ portion of the mRNA to prepare it for translation.  This 

unwinding occurs repeatedly until the 43S ribosome binds.  The eIF4G protein functions 
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as a scaffold to hold eIF4E, eIF4A, eIF3, and PABP in close proximity to circularize the 

mRNA to increase its stability and to allow re-initiation events to occur.  EIF4G also 

enhances the helicase activity of eIF4A.  Although eIF4G is usually considered to be a 

single protein, it is worth noting that there are actually two eIF4G paralogues encoded by 

different genes which are functionally similar, but which also show some selectivity for 

particular mRNAs (127).  In addition the p97 protein, which resembles the C-terminal 2/3 

of eIF4G, can help facilitate translation of uncapped mRNAs via an IRES mechanism, 

and it may promote initiation in an mRNA specific manner (203).   

After the 43S complex has formed and the mRNAs have been activated by eIF4F, 

eIF3 facilitates the binding of the 43S preinitiation complex to the activated mRNA.  The 

preinitiation complex then begins scanning in the 5ʹ to 3ʹ direction.  This scanning 

process is facilitated by eIF3, eIF1, and eIF1A eukaryotic initiation factors.  DHX29 and 

Ded1 also function as auxiliary scanning factors which promote scanning on mRNAs 

with long, highly structured 5ʹ UTRs.  In addition to their role in scanning, eIF1 and 

eIF1A help ensure the fidelity of initiation codon selection and prevent premature 

hydrolysis of eIF2 bound GTP (127).  

The 43S preinitiation complex is thought to stop scanning as soon as it finds an 

AUG codon in a good Kozak consensus sequence.  When this happens, eIF2-bound GTP 

is hydrolyzed to GDP and Pi is released.  This GTP-hydrolysis is likely promoted by eIF5 

and eIF5B which act as GTPase-activating-proteins (GAPs) for eIF2.  Because The Met-

tRNAi
Met 

is an integral part of the translation initiation machinery, essentially all proteins 
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are initiated with a methionine residue.  After GTP-hydrolysis, eIF5B joins the newly 

formed 48S initiation complex to the 60S ribosome.  The binding of the 60S subunit to 

the 40S subunit triggers the displacement of eIF2-GDP, eIF5, eIF3, and eIF1, which 

removes them from the complex.  The eIF5B-bound GTP is then hydrolyzed, and eIF5B 

and eIF1A are released.  This release creates the 80S initiation complex which remains 

bound to the mRNA throughout the elongation stage.  

When UAG(amber), UAA(ochre), or UGA(opal) stop codons are reached, 

eukaryotic release factors eRF1 and eRF3 enter the A site of the ribosome.  These factors 

are polypeptide mimics of tRNA which facilitate the disjoining of the 80S ribosome and 

signal the end of one round of translation.  At this point eIF3 helps the ribosomes 

dissociate and prevents them from re-associating.  The eIF6 and ABCE1 auxiliary factors 

also prevent ribosomal subunit re-association.  If the cell is healthy and not experiencing 

stress, the eIF2 protein is recharged with GTP with the help of eIF2B, its guanosine 

nucleotide exchange factor (GEF).  

After one round of translation has finished, ribosomes can be quickly recruited for 

a second round of translation through the use of ribosome recycling or reinitiation.  

Ribosome recycling is the process through which ribosomes are quickly recruited back to 

the mRNA from which they were released via a poorly understood mechanism (210).  

Ribosome recycling is facilitated by eIF1, eIF1A, eIF3, eIF4G, and ABCE1 (211, 212).   

The eIF3 and ABCE1 proteins may help ribosomes reattach to the mRNA after they are 

dissociated, while eIF4G helps to circularize the mRNA.  In addition to ribosome 
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recycling, another round of translation using the same ribosomes on the same mRNA can 

also occur by „translation reinitiation‟.  This mechanism is most likely to occur after short 

upstream ORFs (127).  In these cases the 60S subunit is released as normal while the 40S 

subunit keeps scanning until a new initiation site is found.  It requires a ternary complex 

before it can initiate again however, so how far it scans depends on the availability of this 

complex. 

 

EVIDENCE FOR OTHER UNUSUAL TRANSLATION MECHANISMS 

 

 RAN-translation does not appear to be the only case of unusual translation.  There 

are at least three other reported cases where the standard rules of translation do not hold, 

and translation initiation occurs by a novel mechanism.  First, ORF2 of the mammalian 

LINE-1 retrotransposon appears to be initiated via an unconventional translation-

termination/re-initiation mechanism (213).  In this case, the natural ATG start codon can 

be mutated to almost any other codon with only minor effects on translational efficiency.  

Translation across this retrotransposon rivals RAN-translation in its ability to start from 

several different non-ATG start codons. Second, alphaviruses such as the Sindbis virus 

and the Semliki Forest virus have their own unique translation mechanism (214).  In this 

mechanism, a long RNA hairpin stalls the ribosome at the proper start codon, while eIF-

2A (instead of eIF2) delivers the Met-tRNAi
Met

 to the ribosome to initiate translation in 

cells in which global cap-dependent translation has been downregulated.  The long 

hairpin required for this mechanism of translation is reminiscent of those present in 
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RAN-translated repeats.  Third, some proteins such as trypsinogen 4 (144) and MHC 

molecules (145) appear to be initiated with leucine instead of methionine.  In these cases, 

a CUG alternative start codon is decoded as leucine which is used to initiate the 

polypeptide chain.  Mass-spec evidence from our lab suggests that RAN-translation of 

polyAla can initiate with alanine, another non-methionine residue.  Together the above 

examples show that several novel translation mechanisms are possible.  Furthermore, 

their similarities to RAN-translation may provide clues about the nature of the RAN-

translation initiation mechanism. 

 Another instance of unusual translation was seen in the 1960‟s during the process 

of deciphering the genetic code.  Specific codons were often identified or confirmed by 

synthetically generating polyribonucleotides of known sequence and then determining 

what proteins could be translated in an in vitro system (215).  A synthetic polyU mRNA 

was capable of producing poly-phenylalanine even though no ATG start codon was 

present.  Synthetic triplet repeat RNAs were shown to be translated in three frames 

without an ATG start codon.   For example, an AAG repeat RNA containing 

approximately 50-67 repeats was translated to produce polylysine, polyarginine, and 

polyglutamate (216, 217).  This non-AUG translation in three frames from a repeat 

mRNA is very similar to RAN-translation.  Initiation of similar synthetic RNAs occurred 

from both the 5ʹ end of the RNA and from multiple internal sites in the absence of ATG 

codons (218, 219).  Although translation initiation factors were thought to be important 

for start codon selection in vivo, these factors were not required for translation of 

synthetic RNAs, suggesting a non-canonical mechanism was at work (220).  When ATG 
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codons were later added, they were found to serve as an initiation site, set the frame of 

translation, and increase the amount of protein produced in one frame at the expense of 

other frames (221).   While the reaction kinetics of non-ATG transcripts were quite slow, 

the addition of an ATG codon made translation extremely rapid (221).   

 It remains unclear how non-ATG transcripts were able to produce protein, but the 

answer likely involves the fact that high Mg
2+

 levels were used in these reaction 

mixtures.  The optimum Mg
2+

 level for natural ATG containing mRNAs is about half the 

concentration required to produce synthetic RNAs such as polyU (222).  Several studies 

have found that increased Mg
2+

 levels can stimulate protein synthesis (223), decrease the 

ability of ATG to set the frame, and increase initiation at non-ATG start codons (140, 

215, 221, 224).  While magnesium‟s affect on translation is not well understood, 

increased magnesium levels have been shown to alter the conformation of ribosomes in 

both bacteria and mammals (225-229).  This could be in part due to the fact that 

ribosomal RNA folding can be directed by magnesium ions in conserved regions called 

magnesium microclusters (Mg
2+

-µc) (230).  One known effect of elevated magnesium is 

to increase association between the ribosomal subunits (231-233).  Because subunit 

joining normally occurs during the final steps of translation initiation, increased subunit 

association could theoretically lead to inappropriate translation initiation.  If the hairpin 

or RAN-TAFs could similarly alter ribosome structure during RAN-translation, it could 

explain the observed non-ATG translation in multiple frames across repeat containing 

mRNAs.    
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SUMMARY 

 

 In summary, although several mechanisms of translation are possible RAN-

translation occurs by a mechanism unlike any other.  The cap-dependent scanning 

mechanism and the cap-independent IRES mechanism are the most widely accepted 

types of translation reported in eukaryotic cells, but other translation mechanisms are also 

used.  These mechanisms can recapitulate individual aspects of RAN-translation, but 

none can fully explain repeat associated non-ATG translation in multiple frames.  While 

the above translation mechanisms demonstrate what is possible, they also hint that there 

are still many exciting things to explore in the future. 

 


