
M I N I - S Y M P O S I U M : H U N T I N G T O N ’ S D I S E A S E

RNA toxicity induced by expanded CAG repeats in
Huntington’s disease
Eul�alia Mart�ı1,2,3,4

1 Centre for Genomic Regulation (CRG), The Barcelona Institute for Science and Technology, Dr. Aiguader 88, Barcelona, 08003, Spain.
2 Universitat Pompeu Fabra (UPF), Barcelona, Spain.
3 Institut Hospital del Mar d’Investigacions Mediques (IMIM), Barcelona, 08003, Spain.
4 Centro de Investigacion Biomedica en Red (CIBERESP), Madrid, Spain.

Keywords

CAG repeats, polyglutamine disorders, RNA

toxicity, RNA binding proteins.

Corresponding author:

Eulalia Marti, Centre for Genomic Regulation

(CRG), The Barcelona Institute for Science

and Technology, Dr. Aiguader 88, 08003

Barcelona, Spain (E-mail: eulalia.marti@crg.eu)

Received 7 June 2016

Accepted 9 June 2016

The author has declared that no conflict of

interest exists.

doi:10.1111/bpa.12427

Abstract

Huntington’s disease (HD) belongs to the group of inherited polyglutamine (PolyQ) diseases
caused by an expanded CAG repeat in the coding region of the Huntingtin (HTT) gene that
results in an elongated polyQ stretch. Abnormal function and aggregation of the mutant
protein has been typically delineated as the main molecular cause underlying disease
development. However, the most recent advances have revealed novel pathogenic pathways
directly dependent on an RNA toxic gain-of-function. Expanded CAG repeats within exon 1
of the HTT mRNA induce toxicity through mechanisms involving, at least in part, gene
expression perturbations. This has important implications not only for basic and translational
research in HD, but also for other types of diseases carrying the expanded CAG in other
genes, which likely share pathogenic aspects. Here I will review the evidence and
mechanisms underlying RNA toxicity in CAG repeat expansions, with particular focus on
HD. These comprise abnormal subcellular localization of the transcripts containing the
expanded CAG repeats; sequestration of several types of proteins by the expanded CAG
repeat which results in defects of alternative splicing events and gene expression; and
aberrant biogenesis and detrimental activity of small CAG repeated RNAs (sCAG) that
produce altered gene silencing. Although these altered pathways have been detected in HD
models, their contribution to disease development and progress requires further study.

INTRODUCTION

Trinucleotide repeats (TNR), short tandem repeats and microsatel-
lites are frequent in the genome (14, 24, 59), with CAG-TNR being

among the most common type (30). CAG repeats (and other types
of CNG repeats, where N is any nucleotide) are overrepresented in

the exons, and the majority of them are present in the open reading

frame (ORF) (18, 24). The number of CAG repeats decreases expo-
nentially with length and the longest tracts are below 20 repeats,

suggesting their detrimental effect.
In normal individuals, TNRs are found with polymorphic varia-

tion in their number and with no apparent clinical or phenotypic
effects. However, abnormal TNR expansions in certain transcribed
genes that commonly present long and highly polymorphic repeats
underlie toxicity in more than 30 neurodegenerative and neuromus-
cular disorders (25, 32, 36).

In TNR expansion diseases (TREDs), expanded TNRs occur in
translated and untranslated regions (UTR) of the causative gene,
with pathogenesis typically involving mutant protein and/or RNA
toxic gain of function. In addition, the toxic effects of different
types of expanded TNR may co-exist, due to the recently described
bidirectional transcription in most TRED loci (4). For instance, in

myotonic dystrophy type 1, Huntington’s disease-like 2 and Spino-
cerebellar ataxia 8 caused by a CTG expansion in the non-coding
regions of DMPK, JPH3, and ATXN8 genes, respectively, antisense
transcription in these loci results in the production of an expanded
CAG transcript (38, 40, 67). Similarly, in the majority of CAG-
TREDs, including HD, antisense transcripts have been described
for most of the causative genes, resulting in CUG expanded tracks.
Although antisense transcripts are expressed at lower levels, their
contribution to the disease outcome should be specifically
addressed in each TRED.

Another layer of complexity in TRED pathogenicity has recently
been uncovered. The repeat associated non-ATG (RAN) translation
(73) results in several types of homopolymeric proteins from differ-
ent expanded TNRs, including those embedded in non-coding tran-
scripts. Recently, the accumulation of four types of expanded
homopolymeric proteins (polyAla, polySer, polyLeu, and polyCys)
were described in HD human brains (2). However, the toxic activ-
ity and relevance of this process in disease evolution needs to be
examined in each TRED.

A total of nine CAG TREDs have been described so far, with
most of them presenting the expansion in a translated region of the
causative gene. The CAG expansion leads to an elongated
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glutamine fragment in the encoded protein, resulting in the group
of TREDs globally termed polyglutamine (polyQ) diseases (42).
Although rare, these diseases constitute the most common form of
inherited neurodegenerative disorders, with Huntington’s disease
(HD) being the most prevalent.

In polyQ diseases, pathogenesis has been traditionally linked to
abnormal function of the mutant protein which, through misfolding
and aggregation, promotes aberrant interactions with other proteins
(8, 33, 57). The systematic search for hits binding to the mutant
HTT protein has revealed preferential interaction with proteins
involved in cell stress, protein trafficking, RNA modification,
and cell death (47). Detrimental effects of the mutant HTT
protein include impairment of neurotransmitter release and mito-
chondrial function, altered transcriptional activity, and proteome
disruption (33).

Several lines of evidence indicate that expanded CAG repeats
show toxicity at the RNA level, including the cell degeneration and
dysfunction associated with in vivo models expressing untranslated
transcripts with expanded CAG repeats (23, 35, 65). In addition,
SCA12 is caused by a CAG expansion in 50UTR, suggesting that
RNA species with expanded CAG contribute to disease in the
absence of polyQ (22). Long CAG-TNRs form stable hairpin struc-
tures in transcripts (25), with the stem portion presenting protein-
binding properties (18, 32). These secondary RNA structures and
the mislocalization of the mutant transcript, produce abnormal
interactions with proteins that result in alterations of gene expres-
sion and alternative splicing. An important question that has not
been thoroughly addressed in PolyQ diseases is the relative contri-
bution of protein and RNA dependent mechanisms to pathogenesis.
The correct assessment of these questions has potentially important
translational implications.

Here, I will review the evidence accounting for expanded CAG
RNA toxicity, the mechanisms at play and the RNA structural
requirements for the deleterious effects of expanded CAG. Next, I
will summarize the known RNA toxic mechanisms (Figure 1),
including the transcriptional alterations linked to the sequestration
of RNA-binding proteins by expanded CAG repeats and the bio-
genesis and activity of small repeated CAG RNA molecules.

EVIDENCE FOR RNA TOXICITY
TRIGGERED BY CAG TRINUCLEOTIDE
REPEATS

The concept of “RNA toxicity” denotes the direct ability of the
mutant transcript to induce pathogenesis. This effect is straightfor-
ward in the cases where the expanded TNR is located in a non-
coding region of the gene and does not affect the protein structure.
However, RNA toxicity is more difficult to assess in PolyQ dis-
eases, where diverse protein and RNA toxic effects coexist.

The toxicity triggered by expanded CAG repeats at the RNA
level has been demonstrated by expressing several CAG repeat
lengths in different model systems. Neurodegeneration was first
observed in Drosophila melanogaster expressing an elongated
track of translated and untranslated CAG repeats (35). Drosophila
expressing CAG repeats interrupted with CAA showed a clearly
less pronounced effect. While both CAG and CAA encode for glu-
tamine, the secondary RNA structures linked to each TNR differ.
Whereas expanded CAG repeats produce a hairpin-like structure,

CAA tracks or CAG stretches interrupted with CAA do not fold
into a hairpin (55). Therefore, differences in toxicity are not due to
the expanded polyQ track and may in fact depend on the formation
of an expanded CAG repeat hairpin-like structure that is toxic at
the RNA level. A similar result was found in human neuronal cells
expressing translated and untranslated versions of the HTT exon-1
harboring expanded CAG repeats (3, 56). While these constructs
decreased cell viability, the effect of expanded CAA was clearly
milder. In these studies, no RAN translation was detected in the
SH-SY5Y neuronal cells expressing untranslated HTT exon 1 with
expanded CAG repeats, suggesting a pure RNA toxic mechanism.
In addition, the toxic effect of untranslated, long CAG repeats has
recently been shown in in vivo worm (65) and mouse (23) models,
with extended CAG repeats being expressed in the 30UTR of a
marker protein. Caenorhabditis elegans expressing untranslated
CAG repeats presented a shortened life span and motility difficul-
ties in direct correlation with the extent of the CAG repeat (65). In
mice, transgenic expression of extended CAG repeats in the muscle
was associated with profound histological and functional defects of
muscle cell as well as behavioral abnormalities (23). In these mod-
els, however, possible pathogenesis associated with RAN-
translation should be specifically addressed.

INSIGHTS INTO THE STRUCTURE AND
SUBCELLULAR LOCALIZATION OF
RNAS CONTAINING EXPANDED CAG
REPEATS

Biochemical and biophysical approaches have revealed the ability
of TNR to form complex structures (18, 55). CNG repeats, where
N is any nucleotide (A, C, G, or U), form semi-stable hairpins (30),
with this structure having the potential to interact with different
RNA-binding proteins that generally modulate gene expression.
Depending on the subcellular localization of the RNA, different
functions for the TNR have been proposed, including splicing mod-
ulation in the nuclear compartment and regulation of translation in
the cytoplasm (15, 46, 48). Although the normal function of non-
pathogenic TNR has not been resolved, expanded TNRs have
effects in both the subcellular localization of the transcript carrying
the repeat and the binding dynamics of specific protein having
affinity for the TNR.

It has been shown that most of the variants in the normal gene
contain base interruptions within the CAG repeat that are not pres-
ent in the expanded gene (18). Differing from the non-interrupted
expanded CAG repeat that forms a long hairpin, interruptions in
the normal gene destabilize the smaller hairpin structure (53, 54).
These data and functional in vivo approaches (see below) suggest a
relevant role for the RNA structure in inducing a toxic effect. In
addition, RNA structures are context-dependent and may vary in
each host transcript carrying the TNR (18). In the HTT gene,
another nearby CCG polymorphic TNR provides extra stability to
the CAG hairpin structure (13). However, this stability is not strong
enough, as the RNAi machinery is able to efficiently target the
double-stranded stem within the hairpin (13).

A characteristic feature of TREDs is the presence of nuclear
RNA inclusions or nuclear foci that typically sequester several pro-
teins having affinity for the TNR hairpin (69). The type of TNR
sequence, its secondary structure and the host cell protein
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environment have all been proposed as modulators of nuclear foci

morphology (69). Presumably, RNA repeat inclusions are trapped

in the nucleus as a consequence of RNA overloading with proteins.

However, the precise mechanisms leading to the formation of

nuclear foci have been only partially tackled. Recent studies have

shown that the dosage of the RNA-binding proteins MBNL1 and

U2AF65 contribute to the abnormal subcellular localization of the

mutant HTT transcripts (29, 56, 62).
Nuclear RNA foci have been extensively studied in myotonic

dystrophy type 1 (MD-1) caused by a CUG expansion in the

30UTR of the DMPK gene (12, 58). The number of foci per cell

and the fraction of cells carrying foci depend on the CUG repeat

length and the expression levels of the mutant transcript (69). In

PolyQ diseases, analogous inclusions have recently been described

in HTT and ATX3 mutant transcripts and in diverse models

ectopically expressing long CAG repeats (13, 21, 23, 35, 56). Simi-
larly to expanded CUG repeat, the number of foci per nucleus cor-
relates with CAG repeat expansion (23).

Although nuclear foci formation is linked to pathology develop-
ment in TREDs and contributes to the functional disruption of
TNR-binding proteins, it is still a matter of debate whether nuclear
accumulation of the mutant transcript is pathogenic or is an epiphe-
nomenon running in parallel with clinical and pathological features.

FUNCTIONAL PERTURBATION OF
PROTEINS BINDING TO RNAS WITH
CAG REPEATS

More than 50% of the multifunctional RNA-binding proteins are
expressed in the brain, where they modulate a plethora of essential

Figure 1. Expanded CAG pathogenic mechanisms.
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biological processes including alternative splicing, transport, local-
ization, stability, and translation of RNAs (7). It is not surprising
that functional perturbation of RNA-protein complexes underlies
neurological and neurodegenerative conditions, including TREDs.
This section will summarize current knowledge about the proteins
whose binding to expanded CAG repeats results in alterations of
their normal function.

Sequestration of the muscleblind-like 1
(MBNL1) disrupts alternative splicing

MBNL1 regulates the alternative splicing of target mRNAs, thus
modulating the expression of specific protein isoforms (21, 64).
MBNL1 binding to the target mRNAs acts both as an activator and
an inhibitor of splicing. This diverse activity is exemplified in the
target gene insulin receptor (IR) and cardiac Tropin-T (TNNT2):
while MBNL1 induces IR pre-mRNA exon inclusion, it inhibits
exon inclusion in the TNNT2 mRNA.

In addition to modulating the splicing of target genes, MBNL1
has comparable affinity for TNR, especially CUG and CAG repeats
(71). Binding affinity to TNR increases with repeat length, and
the decreased stability of double-stranded structures in TNR
below a certain threshold (<20 repeats) results in a loss of MBNL1
binding (71).

Abnormal localization or sequestration of MBNL1 to nuclear
foci was first observed in MD1 muscle cells (16, 39). Sequestration
linked to MBNL1 loss of function was demonstrated by defects in
the alternative splicing of developmentally regulated MBNL1 tar-
gets, including insulin receptor, the chloride channel, sarcoplasmic/
endoplasmic reticulum Ca21 ATPase cardiac troponin T and Tau
(9, 26, 28, 45, 52). Perturbed expression of these splicing isoforms
has been linked to several clinical symptoms in DM1.

MBNL1 sequestration by expanded CAG repeats was first dem-
onstrated in a monkey cell line expressing a long CAG repeat
stretch (21). Nuclear RNA foci co-localizing MBNL1 were found
in fibroblasts of patients with HD and SCA3 (41). Furthermore,
alternative splicing defects of MBNL1 target genes were detected
in HD and SCA3 fibrobalsts and other human cell lines expressing
expanded CAG repeats (41).

Studies in non-human model organisms argue for a role for
MBNL1 sequestration and alternative splicing defects in polyQ dis-
eases. In the muscle of R6/2 HD transgenic mice, an altered splic-
ing pattern of the MBNL1 target Clcn1 potassium channel results
in skeletal muscle hyperexcitability (66). In addition, in Drosoph-
ila, Mbnl increases the neurodegeneration induced by expanded
CAG in a SCA3 model (35). These model organisms show long
CAG repeat expansions. However, alternative splicing defects were
detected in human cells expressing 70 CAG repeats but not 45
CAG repeats (41), which calls into question the contribution of
altered MBNL1 function in this low range of pathogenic CAG
repeats.

Binding of SRSF6 by CAG repeats alters HTT
alternative splicing

The serine/arginine-rich (SR) protein SRSF6 (SRp55) belongs to a
family of highly conserved RNA-binding splicing-factor proteins.
Perturbed alternative splicing of the HTT gene has been described
in HD depending on alterations of SRSF6 activity (19, 50). SRSF6

binding to the CAG repeats underlies the CAG repeat length-
dependent aberrant splicing of the HTT exon-1, resulting in a short
polyadenylated mRNA that is translated into an exon 1 HTT pro-
tein. This may be relevant to understanding of the pathogenesis in
HD, since HTT exon 1 alone is highly toxic in diverse model sys-
tems. However, in these models it remains to be determined what
the specific contribution of the aberrantly spliced HTT-exon 1
RNA and/or protein toxic mechanisms is.

Similarly to MBNL1, SRSF6 binding to the CAG repeats could
lead to SRSF6 loss of function and subsequent splicing defects in
specific targets. Although this mechanism has not been specifically
addressed, pathogenic tau isoforms produced by the abnormal
expression and function of SRSF6 have recently been described in
HD (17). An imbalance in the relative amount of tau isoforms con-
taining either three or four microtubule-binding repeats (3R and
4R, respectively) in favor of the 4R isoform is observed in the stria-
tum and cortex of HD patients. Altered expression of the 3R/4R
isoforms could underlie pathophysiological aspects of HD. It may
be produced by increased abundance and or phosphorylation of
SRSF6. However, further studies are needed to link SRSF6 seques-
tration by CAG repeats and alternative splicing defects in tau, and
other targets.

Sequestration of nucleolin by expanded CAG
repeats induces nucleolar stress

Nucleolin (NCL) is a multifunctional protein that is mainly local-
ized in the nucleolus. It is involved in various steps of ribosome
biogenesis, including rRNA transcription, rRNA maturation, and
ribosome assembly (61). Perturbations of these processes lead to
nucleolar stress, a signaling pathway producing apoptosis that has
been linked to neurodegeneration (27, 44, 49, 63).

NCL normally binds to an upstream control element of the
rRNA promoter, thus protecting this region from CpG hypermethyl-
ation. Recently, it has been shown that expanded CAG repeats
compete with rRNA promoter for NCL binding, leading to
decreased association with rRNA promoter and subsequent hyper-
methylation and reduction of rRNA expression (60, 63). Expanded
CAG repeat-mediated rRNA decrease in transgenic animal models
and PolyQ patients induces nucleolar stress and apoptosis via p53
stabilization and activation.

Levels of P53 modulate the detrimental effects of expanded
HTT, since P53 silencing or inhibition is neuroprotective in models
of HD (1, 20). In addition, P53 is consistently upregulated in sev-
eral cell and animal models of HD, as well as in human lympho-
blasts and brain (6). Increased levels of p53 imply its increased
activity, since genes downstream of P53 signaling are upregulated
in both cell and mouse models of HD. Overall, these data highlight
how pathways activated by p53 play a role in HD pathogenesis,
with NCL sequestration by expanded CAG representing an
upstream factor that contributes to increased p53 levels.

U2AF65 binds directly to CAG repeats and
perturbs nuclear export

U2 small nuclear ribonucleoprotein auxiliary factor 65 (U2AF65)
protein is involved in both splicing (43) and nuclear export of
RNAs (5, 72). It facilitates the formation of a messenger
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ribonucleoprotein export complex that contains both the NXF1
receptor and the RNA substrate (5, 72).

The NXF1/U2AF65 RNA export pathway is linked to expanded
CAG RNA-mediated toxicity (62). In a Drosophila model of
Machado-Joseph disease (MJD), an MDJ transcript carrying 78
CAG repeats (MJD78CAG) induced nuclear localization of the
expanded transcript and eye degeneration, with both phenomena
being enhanced by U2AF65 knockdown. The authors proved that
expanded MJDCAG78 RNA directly interacts with U2AF65 pro-
tein, which depends on the expanded and continuous nature of
CAG repeats in the RNA. U2AF65 serves as an adaptor to couple
expanded CAG RNA to NXF1 for its export (62).

U2AF65 dosage modulates the nuclear export of MJDCAG78

RNA and other types of transcripts carrying expanded CAG
repeats, including mutant ATX3 and HTT (56, 62). The physiologi-
cal drop of U2AF65 expression in symptomatic adult R6/2 mouse
was coupled with the nuclear accumulation of the mutant HTT-
exon1 transcript, suggesting that U2AF65 dosage is also relevant in
CAG expanded-HTT transcript nuclear export in vivo (62). The
relevance of U2AF65 dosage in mutant HTT export was also dem-
onstrated in human neuroblastoma cell lines expressing pathogenic
CAG repeat expansions (56).

While these studies explicitly demonstrate that U2AF65 dosage
correlates with nuclear accumulation of TREDS transcripts, a paral-
lel readout with the toxicity driven by expanded CAG RNAs has
not been totally demonstrated. Downregulation of U2AF65 results
in increased toxicity (62), but the expected protective effect of its
upregulation coupled with expanded CAG transcript export has not
been evaluated. The effect of U2AF65 dosage in the toxicity driven
by expanded CAG repeats may not be straightforward, since
U2AF65 modulation of alternative splicing of specific transcripts
may provide an additional source of toxicity.

Dicer binds to expanded CAG repeats, inducing
the formation of small RNAs containing CAG
repeats with toxic activity

Dicer is a type III endonuclease that cleaves an miRNA precursor
hairpin-like structure (pre-miRNA) or long double-stranded RNAs
to produce miRNAs and small interfering RNAs (siRNA), respec-
tively. The resulting products are double-stranded short RNAs
(20-25 nucleotides) that incorporate into the RNA-induced silenc-
ing complex (RISC) and induce gene silencing (68).

Uninterrupted CNG repeats (above 17 CNG repeats) forming
hairpin-like structures are an appropriate substrate of recombinant
Dicer (31) that cleaves them to form short double-stranded CNG
repeated RNAs of 21 nucleotides. Furthermore, these short prod-
ucts are increased in fibroblasts of patients with TREDs (31), and
their abundance is dependent on the activity of endogenous Dicer.
A possible additional source of small repeated TNR RNAs may be
provided by Dicer activity on long double-stranded RNAs that
result from the interaction of sense and anti-sense transcripts with
expanded CNG repeats. Bi-directional transcription producing anti-
sense transcripts is a widespread phenomenon (10) that has been
observed in many TRED loci, including HD (11). However, the
contribution of bi-directional transcription to increased production
of short TNR-RNAs may be limited, since anti-sense transcripts are
normally expressed at low rates.

Several studies have shown that short RNAs composed of TNR
are neurotoxic. Dicer-2 dependent neurodegeneration is detected in
flies co-expressing long CAG and CUG tracks (34, 70). The long
double-stranded transcripts are cleaved to 21 nt CAG/CUG siRNAs
that are toxic in Drosophila. In addition, CAG/CUG siRNAs
impair the viability of diverse human cell lines (3). However, stud-
ies that force the overexpression of CAG/CUG siRNAs do not
address their real pathogenic relevance in CAG or CUG TREDs.

Sequencing of the short 21 nt RNAs produced in the Drosophila
models co-expressing long CAG and CUG tracks demonstrated
that the CAG strand of the hybrid short RNA was preferentially sta-
bilized and loaded into RISC (34). Increased levels of short
repeated CAG (sCAG) are also detected in fibroblasts of patients
with HD and SCA1 (31) and in the frontal cortex and striatum of
patients with HD (3). sCAG biogenesis is length dependent, with
increased amounts being observed in cells expressing HTT-exon-1
with larger CAG repeats (3).

Transfection of small RNAs (sRNA) isolated from cells express-
ing mutant HTT-exon-1 and from the brain of patients with HD is
neurotoxic (3). This toxicity is abolished if sRNAs are co-
transfected with an oligonlucleotide complementary to the CAG
repeat, suggesting that the detrimental effect is caused by sCAG.
Furthermore, deleterious effects of sCAG depend on Ago2, indicat-
ing participation of gene-silencing pathways. Interestingly, toxicity
driven by sCAG differs depending on the cell type, with special
involvement of differentiated neuronal cells (3). A cell-type specific
transcriptomic profile may provide diverse scenarios for deleterious
sCAG gene silencing that could explain differential tissue vulner-
ability in HD and other CAG-TREDs.

However, the rules governing sCAG-mediated gene silencing
and how this is linked to cell dysfunction remain poorly under-
stood. In cell models expressing expanded HTT-exon 1, downregu-
lation of transcripts containing complementary CUG repeats was
mild (3), and general evaluation of brain HD transcriptomic profiles
has not revealed enrichment in the downregulation of targets con-
taining complementary CUG or CAG target sites (unpublished
observations). This is in line with studies in Drosophila showing a
neurodegeneration phenotype depending on CAG/CUG siRNAs,
as no changes in the expression of targets containing repeated CAG
or CUG tracks were detected (34). This differs from an analogous
study in Drosophila (70), showing strong downregulation of two
endogenous targets containing CAG repeats but no involvement of
genes containing CUG repeats.

A possible explanation for the detrimental effect of sCAG is
competition of the expanded CAG repeat or double-stranded CAG/
CUG repeat for the biogenesis machinery, which could result in an
impairment of both endogeneous Dicer activity and downstream
pathways. Supporting the decreased function of Dicer-2, most
deregulated miRNAs in Drosophila showing CAG/CUG siRNA-
dependent neurodegeneration were downregulated (34). However,
in another analogous study in flies, the RNA interference pathways
were largely intact (70).

Similar amounts of up- and downregulated miRNAs are detected
in HD brains (37), suggesting little involvement of Dicer activity
and indicating that diverse mechanisms are involved in miRNA
deregulation. An additional layer of complexity is observed in HD,
since impaired gene silencing is detected, resulting from abnormal
interaction of mutant HTT protein with Ago2 (51). Overall these
data indicate that perturbed gene silencing in HD may occur
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through diverse mechanisms, involving at least altered miRNA
expression and abnormal activity of mutant HTT protein.

CONCLUDING REMARKS

The evidence summarized in this review unequivocally shows that
pathogenic mechanisms in HD and other polyQ diseases are more
complex than anticipated. Altered function of the mutant protein
carrying the expanded glutamine track coexists with detrimental
effects of expanded CAG RNA. Major future challenges include
increasing our understanding of pathogenesis driven by each of
these processes, of how they crosstalk, and, more importantly, how
they explain specific pathologic and clinical outcomes.

A number of model organisms expressing untranslated expanded
CAG repeats have provided a proof of concept for RNA toxicity.
However, these models do not reflect the real situation in polyQ
diseases, in which both mutant transcripts and proteins co-exist. In
addition, the pathogenic bases in polyQ model organisms that
express the translated version of the expanded gene should be re-
examined. While these models have traditionally been used to
explain mutant protein-based mechanisms, the possible contribu-
tion of expanded RNA to pathogenesis calls for further
examination.

In HD, RNA pathogenic mechanisms include perturbation of
alternative splicing, altered gene silencing, aberrant subcellular
localization of transcripts, and nucleolar stress. Future proteomic
studies to fully characterize the proteins directly or indirectly bind-
ing to expanded CAG will likely provide additional pathogenic
insights. While the RNA alterations discovered so far have been
detected in models expressing mutant HTT protein, their real rele-
vance in disease evolution is far from being understood.

Unraveling of the deleterious mechanisms of RNA vs. protein is
not a trivial task. It requires novel strategies to specifically target
each effect. These approaches may shed light on the extent to
which both the inhibition of mutant protein synthesis and the block-
age or degradation of mutant transcript will be required to over-
come or block disease evolution. Therefore, understanding of the
relevance of RNA and/or protein mechanisms may provide both
mechanistic insights into polyQ disease development and progres-
sion, and novel scenarios for therapeutic approaches.
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