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Abstract—Polyglutamine diseases are rare, inherited neurodegenerative pathologies that arise as a result of
expansion of trinucleotide CAG repeats in the coding segment of certain genes. This expansion leads to the
appearance of mRNA with abnormally long repetitive CAG triplets (mCAG-RNA) and proteins with poly-
glutamine (PolyQ) tracts in the cells, which is why these pathologies are commonly termed polyglutamine
diseases, or PolyQ diseases. To date, nine PolyQ diseases have been described: Huntington’s disease, denta-
torubral pallidoluysian atrophy (DRPLA), spinal and bulbar muscular atrophy (SBMA), and six different
types of spinocerebellar ataxia (SCA 1, 2, 3, 6, 7, and 17). PolyQ diseases lead to serious, constantly progress-
ing dysfunctions of the nervous and/or muscular systems, and there currently exists no efficacious therapy for
any of them. Recent studies have convincingly shown that mCAG-RNA can actively participate in the patho-
logical process during the development of PolyQ diseases. Mutant RNA is involved in a wide range of molec-
ular mechanisms, ultimately leading to disruption of the functions of transcription, splicing, translation,
cytosol structure, RNA transport from the nucleus to the cytoplasm, and, finally, to neurodegeneration. This
review discusses the involvement of mutant mCAG-RNA in neurodegenerative processes in PolyQ diseases.

Keywords: Huntington’s disease, polyglutamine diseases, expansion of trinucleotide repeats, RNA foci, neu-
rodegeneration
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INTRODUCTION

Polyglutamine (PolyQ) diseases exhibit a number
of common properties, such as neuron death, inverse
correlation between the number of CAG repeats and the
onset age, instability of the CAG repeat number in gen-
erations, and the tendency of protein products to form
large intracellular aggregates. All PolyQ diseases are
autosomal dominant disorders, except for X-linked spi-
nal and bulbar muscular atrophy (SBMA), which
affects only adult men. We note that, although PolyQ
diseases have similar properties, their neurological

presentation is different, since each of them causes
predominant degradation of different neuron types
(Table 1).

The molecular mechanisms that underlie the
pathogenesis of PolyQ diseases are still insufficiently
understood. We note the toxic effects of PolyQ pro-
teins, especially their intracellular aggregates, have
attracted the most attention. For instance, it is known
that, in Huntington’s disease, mutant HTT protein
(mHTT) impairs autophagy, vesicular transport, neu-
rotransmission, and the functioning of mitochondria.
At the same time, it has recently become clear that the
pathological process may also actively involve mCAG-
RNA (Fig. 1). Secondary RNA structures formed by
excessive sequence repeats affect transcription and
splicing, inducing global changes in the cell transcrip-
tome. They can interfere with translation, which gives
rise to nonfunctional or toxic protein products. Second-
ary structures and long repeats also trigger the formation
on intranuclear foci accumulating abnormal RNA.

In this review, we consider the issues related to the
role of mCAG-RNA in neurodegenerative processes
in PolyQ diseases. The interest to mCAG-RNA is due
not only to its potential involvement in the pathogen-

Abbreviations: GABA, gamma-aminobutyric acid; IPSC,
induced pluripotent stem cells; ASO, antisense oligonucleotide;
DM, myotonic dystrophy; DMPK, myotonic dystrophy protein
kinase; DRPA, dentatorubral-pallidoluysian atrophy; FDA,
Food and Drug Administration; FISH, fluorescence in situ
hybridization; HTT, huntingtin protein; MBNL1, muscleblind-
like splicing regulator 1; mCAG-RNA, mRNA with CAG repeat
expansion; mCUG-RNA, mRNA with CUG expansion;
mHTT, mutant huntingtin; MID1 (Midline 1), E3 ubiquitin-
protein ligase Midline-1; OMIM, Online Mendelian Inheri-
tance in Man; PolyQ, polyglutamine; PP2A, protein phospha-
tase 2A; RAN, repeat associated non-ATG; SBMA, spinal and
bulbar muscular atrophy; SCA, spinocerebellar ataxia; sCAG,
21 bp-long RNA duplexes composed of CAG repeats.
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Table 1. Characterization of PolyQ diseases

Disease
#OMIM

Gene
Number of CAG repeats 

in normal (wt) and 
pathological (m) alleles

CNS cells that degenerate
and pathomorphological signs

Other somatic
pathological signs

Huntington’s dis-
ease*
#143100

HTT
wtHTT: CAG11‒34
mHTT: CAG36‒121

Neuron loss in the corpus striatum, 
brain cortex, thalamus, and hypotha-
lamic nuclei; loss of up to 95% GAB-
Aergic neurons in the lentiform 
nucleus and substantia nigra

Cardiovascular insufficiency; 
osteoporosis, skeletal and mus-
cular atrophy, impaired glucose 
tolerance, hypothyreosis; in 
men, decreased testosterone 
level and testicular atrophy; 
body mass loss

DRPA**
#125370

ATN1
wtATN1: CAG7‒25
mATN1: CAG≥48

Atrophic changes in the cerebellum, 
brain stem, and brain hemispheres, 
demyelination foci in white matter of 
periventricular area and the ovale cen-
ter of the cerebrum

Extremely rare. The disease is 
population-specific and occurs 
nearly exclusively in Japan (only 
a few DRPA cases have been 
described in Europe and North 
America)

SBMA*
#313200

AR
wtAR: CAG11‒31
mAR: CAG40‒62

Loss of lower motor neurons in the 
anterior horn of the spinal cord, as 
well as in the motor nuclei of the brain 
stem and spinal ganglions

Muscular dystrophy due to 
impaired fiber formation, dys-
trophic lesions in the kidneys 
and male gonads

SCA1*
#164400

ATXN1
wtATXN1: CAG6‒39
mATNX1: CAG41‒81

Degeneration of the cerebellar cortex, 
primarily due to loss of Purkinje cells, 
demyelination of cerebellar white 
matter, degeneration of inferior olives, 
pontine nuclei and transverse fibers, 
nuclei of the caudal brain stem. The 
disease may also involve spinal cord 
conductors and the optic nerve.

Myodystrophy of skeletal and 
cardiac muscle; pelvic dysfunc-
tion

SCA2*
#183090

ATXN2
wtATXN2: CAG13‒31
mATXN2: CAG32‒79

Loss of Purkinje cells, cells of inferior 
olives, pontine nuclei and substantia 
nigra, degeneration of pontine fibers, 
posterior columns and, less signifi-
cantly, spinocerebellar fragments; 
sometimes the changes involve the 
anterior horn of the spinal cord, spinal 
roots, and frontal and temporal cortex

Myodystrophy of skeletal and 
oculomotor muscles, genitouri-
nary system (urinary inconti-
nence)

Machado‒Joseph 
disease* (SCA3)
#109150

ATXN3
wtATXN3: CAG12‒44
m ATXN3: CAG45‒86

Neuron degeneration in dentate 
nuclei, superior and middle cerebellar 
stalks, substantia nigra, red nucleus, 
subthalamic nuclei, nuclei of cranial 
nerves, anterior horns and spinocere-
bellar fragments of the spinal cord

Dysfunction of pelvic organs, 
myodystrophy of skeletal and 
oculomotor muscles

SCA6*
#183086

CACNA1A
wtCACNA1A: CAG4‒18
mCACNA1A:CAG19‒33

Loss of Purkinje cells in the cerebel-
lum, especially in superior and poste-
rior lobules of the vermis; typical is 
relative integrity of inferior olives and 
their secondary involvement in the 
process

Myodystrophy of skeletal and 
cardiac muscles, glossopharyn-
geal apparatus, gastrointestinal 
tract
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esis but also to the fact that one of the most promising
approaches to PolyQ diseases therapy is the use of
antisense oligonucleotides (ASO) complementary to
mCAG-RNA [1‒3]. Huntington’s disease, as the
most comprehensively studied PolyQ disease, will be
discussed in more detail.

HTT GENE AND ITS TRANSCRIPTION 
IN HUNTINGTON’S DISEASE

Huntington’s disease is caused by expansion of trinu-
cleotide CAG repeats in HTT exon 1. This gene located
in the short arm of chromosome 4 (4p16.3) comprises
67 exons and encodes a protein of approximately
350 kDa. HTT is expressed in all cell types at similar
levels [4], although brain cells contain slightly more
HTT. Expansion of CAG triplets in HTT exon 1 leads
to degeneration of the corpus striatum and manifests
as an autosomal dominant gain-of-function mutation.
If the number of CAG repeats in HTT exceeds 40, the
mutation is 100% penetrant. The longer the CAG
repeat stretch, the earlier the disease manifests. If the
number of repeats slightly exceeds 40, first clinical
signs are usually detected after the age of 40‒50 years.
Repeat numbers of over 70 lead to juvenile Hunting-
ton’s disease where first signs are diagnosed during
childhood [5]. Complete HTT deletion results in
embryo death at an early stage of development [6];
hemizygosity does not result in an anomalous pheno-
type, and the presentation of heterozygous and homo-
zygous CAG triplet expansion is identical [7, 8].
In the terminal form of Huntington’s disease, the
abundance of transcripts generated by the mutant
HTT allele in specimens of the frontal lobe brain tissue
was ~25% lower the level of normal transcripts. In
juvenile Huntington’s disease, fibroblasts also con-
tained lower levels of mutant transcripts [9]. No differ-
ence in the expression of normal and mutant HTT
alleles with a moderate number of CAG repeats was
detected in lymphocyte cultures or fibroblasts [10].

Under normal conditions, HTT is transcribed pro-
ducing two alternative transcripts (10.3 and 13.7 kb
long) that differ in the length of the 3'-untranslated
region (3'-UTR). Along with two full-size transcripts,
expression of mutant HTT can give rise to a truncated
polyadenylated transcript that comprises exon 1 and a
part of intron 1 [11]. This transcript of approximately
7.9 kb can be translated to produce a highly toxic trun-
cated PolyQ protein. The aberrant transcript is pro-
duced as a result of polyadenyation using a weak polyA
signal in intron 1, while the splicing of exons 1 and 2
does not occur. This signal works, if exon 1 contains an
elongated CAG repeat stretch, and there is a positive
correlation between the length of this fragment and the
level of abnormal polyadenylation. Presumably, sup-
pression of splicing between exons 1 and 2 is caused by
absorption of splicing factors, in particular SRSF6, on
the CAG repeats [12]. In addition, the weak polyA sig-
nal in intron 1 may become more available for polyad-
enylation, because CAG repeats decelerate RNA poly-
merase II during transcription [13].

HTT transcripts differ in their stability and polyA-
tail length, as well as in their location in the neuron
* Cited from Nóbrega C., Almeida L., Polyglutamine Disorders, Springer, 2018, p. 458.
** Data from https://medicalplanet.su/neurology/ataksii.html.

SCA7**
#164500

ATXN7
wtATXN7: CAG<35
mATXN7: CAG37‒300

Loss of Purkinje cells in the cerebel-
lum, loss of motor neurons of pontine 
nuclei, dentate nuclei and inferior 
olive nuclei, atrophy of spinocerebel-
lar and pyramidal fragments, atrophy 
of myelin in the cerebellar white mat-
ter and the optic nerve

Myodystrophy of skeletal mus-
cles, cone photoreceptors, mac-
ulodystrophy (vascular and 
pigment layers), Bruch’s mem-
brane damage, sphincter dam-
age, hepatomegaly and cardiac 
failure in childhood and severe 
forms

SCA17**
#607136

TBP
wtTBP: CAG25‒42
mTBP: CAG48‒66

Loss of Purkinje cells in the cerebel-
lum; atrophy of the cerebellum and, 
to a lesser extent, of the cerebrum; 
neuron death and gliosis in the cau-
date nucleus, putamen, thalamus, 
inferior olives, frontal and temporal 
cortex.

Accompanying organ patholo-
gies are similar to those observed 
in Huntington’s disease

Disease
#OMIM

Gene
Number of CAG repeats 

in normal (wt) and 
pathological (m) alleles

CNS cells that degenerate
and pathomorphological signs

Other somatic
pathological signs

Table 1.   (Contd.)
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
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Fig. 1. Molecular mechanisms of potential mutant RNA involvement in the pathogenesis of polyglutamine diseases.
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body or projections. They have different sites for
RNA-binding proteins and microRNAs [14, 15]. The
short transcript carries a polyA tail ~50 b long,
whereas the medium and the long HTT mRNAs have
polyA sequences of only 5 and 10 b. The short tran-
script has the longest half-life period, and the long
HTT-mRNA is the least stable. The medium and the
long transcripts have more miRNA binding sites than
the short, and miRNA-221 is selective for medium
and long mRNAs. Differences in cellular localization
of medium and long HTT-mRNAs, as well as in effec-
tiveness of their translation have been described [16].
Although the relative effectiveness of translation of
short HTT-mRNA has not been determined, it can be
expected that short mRNA, due to its higher stability and
lower number of regulation sites, would be translated
more effectively than normal full-size transcripts [13].

In some hereditary diseases caused via expansion
of microsatellite repeats, antisense transcripts includ-
ing the expansion fragment may be functional or have
an additional pathogenic effect [17, 18]. HTT occupies
a long fragment of chromosome 4, therefore it was not
a surprising finding to detect mRNAs transcribed
from its antisense strand. Some of them, in particular,
HTT-AS alternative transcripts, include the expansion
region; accordingly, these transcripts contain a CUG
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
repeat fragment. Investigation of these transcripts
showed that nearly all cells types express them at low
levels. In brain tissue specimens of patients with Hun-
tington’s disease, the HTT-AS promoter was signifi-
cantly less active than the standard HTT promoter,
and the length of triplet repeat fragment showed
inverse correlation with the level of antisense tran-
script expression [19]. Thus, it seem unlikely that HTT
antisense transcripts contribute significantly to the
pathogenesis of Huntington’s disease. However, it
cannot be ruled out that antisense transcripts of the
corresponding genes are somehow involved in other
PolyQ diseases. In particular, antisense transcripts
with CUG repeats were detected in SCA2. Expression
of the ATXN2-AS gene, which encodes these tran-
scripts, was detected in brain tissues of patients with
SCA2, as well as in different types of cells from these
patients, including induced pluripotent stem cells
(IPSC). Toxicity of mRNA transcribed from ATXN2-AS
with an elevated number of CTG repeats was demon-
strated in cell models [20].

Thus, when studying potential pathogenic effects
of mRNAs in PolyQ diseases, it is important to char-
acterize all alternative transcripts of the genes with
CAG repeat expansion, including illegitimate tran-
scripts from hidden promoters and polyadenylation
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sites. Furthermore, it is also necessary to assess the
possible contribution of transcription from the anti-
sense strand.

NUCLEAR FOCI OF mRNAs WITH LONG 
TRINUCLEOTIDE REPEAT REGIONS

The CAG repeat region in HTT mRNAs tran-
scribed from a wild-type or mutant gene can form
hairpins, the stability of which is maintained due to
adjacent short fragments of CCG triplets. The only
difference between mCAG-RNA and normal HTT
mRNA is a longer hairpin stem composed of CAG
repeats only. Nevertheless, this suffices to cause
mCAG-RNA accumulation in the nucleus with for-
mation of foci that can be visualized using f luorescent
in situ hybridization (RNA-FISH) [21, 22]. In Hun-
tington’s disease, these RNA foci were detected in dif-
ferent types of cells, including fibroblasts, lympho-
cytes, and neuronal precursors [23].

We note that the phenomenon of nuclear RNA foci
has been studied best in type 1 myotonic dystrophy
(DM1), a disease that is also caused by trinucleotide
(CTG) repeat expansion in 3'-UTR of DMPK gene.
The first description of nuclear foci in cells and tissues
of patients with DM1 dates back to 1995 [24]. Many
studies of nuclear RNA foci in Huntington’s disease
were inspired by earlier research in DM; therefore, we
will discuss its principal results.

Similarly to PolyQ diseases, DM1 is characterized
with a pathogenicity threshold of CTG repeat number
(>50) and exhibits an inverse correlation between the
number of triplets and the age of disease onset [25]. In
contrast to PolyQ diseases, in which CAG expansion
leads to production of abnormal protein and abnormal
mRNA, pathogenesis of DM1 does not involve the
protein encoded by mutant DMPK. It is assumed that
DM1 is induced by toxic mRNA containing a large
number of CUG repeats (mCUG-RNA). CUG
repeats form a hairpin structure where GC pairs are
opposed by complementary GC pairs (GC‒CG) in
antiparallel RNA chains, whereas uracyls oppose ura-
cyls (U‒U). The resulting CUG hairpin represents an
RNA helix with a conformation that is very close to the
A form. In the minor groove of this RNA helix, alter-
nating positive and negative charges form a character-
istic pattern recognized by certain RNA-binding pro-
teins [26]. The toxic effect of mCUG-RNA results
from the fact that the CUG repeat hairpin promotes
formation of intranuclear mCUG-RNA aggregates
(foci) that capture RNA-binding proteins, in particu-
lar, MBNL1 and other splicing-regulating proteins of
the MBNL family.

It is known that MBNL1 forms a ring-shaped
structure that binds to the RNA helix composed of
CUG repeats. More specifically, the N-terminal frag-
ment of MBNL1 binds to RNA, while its C-end is
involved in homotypic interactions, which can stabi-
lize contacts within or between the rings [27]. The
capturing of MBNL in nuclear RNA foci and the
resulting MBNL deficit impairs splicing, which leads
to deficiency of essential transcripts and simultane-
ously to the appearance of alternative fetal transcripts
that do not correspond to the state of terminal muscle
cell differentiation [28]. Among the targets of MBNL-
mediated splicing, there are transcripts such as those
of troponin, insulin receptor, and one of the chloride
channel proteins that are important for muscle cells
[29, 30]. Thus, the leading pathogenic factor in DM1
is mutant RNA, and RNA-binding proteins act as
intermediate agents.

Dynamical observations showed that nuclear foci
of mCUG-RNA in DM1 are unstable structures that
constantly disaggregate and stochastically reassemble
again. Nuclear mCUG-RNA foci can fall apart, recom-
bine, and fuse with neighboring foci, exhibiting dynamics
that is rather that of a viscous liquid than of a solid body
[31]. The number of nuclear mCUG-RNA foci in the
cells of DM1 patients can be diminished by decreasing
MBNL1 levels, which implicates this protein as a key fac-
tor of RNA foci formation [32]. Formation of toxic RNA
foci can be suppressed by decreasing mCUG-RNA
abundance using RNA interference [33] or ASO [34].
A possible alternative approach to suppressing the for-
mation of RNA foci is interaction of small molecules
with the secondary structure of mCUG-RNA formed
by the CUG expansion region [35, 36]. Suppression of
mCUG-RNA foci formation in the nucleus normal-
izes the cellular transcriptome, decreasing the fre-
quency of abnormal splicing events.

As it has already been mentioned, CAG repeats
also form an RNA hairpin. Moreover, MBNL1 has
nearly the same affinity to CUG and CAG hairpins,
because it interacts mainly with the GC element of the
repeat sequence [37]. However, there is also a number
of fine molecular differences between CUG and CAG
repeats. For instance, parameters of the dsRNA helix
formed by a CAG hairpin are intermediate between A
and B conformations [38]. The thermodynamic stabil-
ity of a hairpin formed by 20 CAG triplet repeats is
approximately 1.5 times lower than that of a similar
CUG oligonucleotide. In contrast to CUG structures,
CAG oligonucleotides are highly sensitive to RNases,
since they contain a large number of CpA phosphodi-
ester bonds [39]. In addition to minor molecular dif-
ferences in the secondary structures of RNA contain-
ing CUG and CAG repeats, it is necessary to mention
a significant difference in repeat numbers. In Hun-
tington’s disease, the number of repeats rarely exceeds
100, whereas patients with the classical DM1 form
usually inherit alleles with several hundreds CTG
repeats. In DM1, expansion of CTG repeats continues
in somatic cells, reaching several thousands in skeletal
and cardiac muscle tissue. Nuclear RNA foci formed
by mCAG-RNA are significantly more difficult to
visualize through FISH [23]. CAG foci also have some
morphological differences from RNA foci in DM1:
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
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they are relatively loose and occupy a larger area [40].
Interestingly, nontranslated mCUG-RNA exoge-
nously expressed in HeLa cells formed more foci than
mCAG-RNA with the same number of repeats [41].

It was found that the number and morphology of
RNA foci in fibroblasts of patients with different
PolyQ diseases (e.g., HD, DRPA, SCA1, SCA3,
SCA7) are similar, although the cells of DRPA
patients had the largest RNA foci with the greatest
total area. The number of RNA foci depended on the
length of CAG repeats, however not on the level of
mCAG-RNA expression. In PolyQ fibroblasts, there
were no focal aggregates of mRNA transcribed from
CTG repeats of the antisense strand. In contrast to
RNA foci in DM1, RNA foci in the nuclei of fibro-
blasts from patients with PolyQ diseases exhibited only
partial colocalization with MBNL1. At the same time,
in all analyzed PolyQ fibroblasts, RNA foci colocal-
ized with SC35, a splicing speckle marker SC35 [39].
This is another difference between PolyQ diseases and
DM1, where the pattern of colocalization between
RNA foci and SC35 speckle marker was random [24].

Thus, there exists a number of differences between
RNA foci observed in DM1 and in PolyQ diseases;
that is, the role of focal nuclear accumulation of
mCAG-RNA in the pathogenesis of PolyQ diseases is
still to be determined. Moreover, we note that the
presence of numerous and pronounced RNA foci in
the nucleus does not necessarily lead to cell death. At
any rate, this is suggested by the results of a study of
RNA toxicity in amyotrophic lateral sclerosis with
frontal-temporal dementia, in which pathological
changes are caused by expansion of GGGGCC
repeats in C9orf72 intron 1. In particular, it was shown
that the ability of RNA containing GGGGCC repeats
to aggregate into nuclear foci in neural cells did not
correlate with enhanced neurodegeneration [42].

EFFECTS OF mCAG-RNA 
ON THE TRANSCRIPTOME

Early stages of Huntington’s disease are character-
ized with abnormal expression of numerous genes in
those brain areas that are most susceptible to degener-
ation [43]. Some researchers suppose that these
abnormalities are related to the ability of mCAG-RNA
to induce illegitimate RNA interference that affects a
number of intracellular transcripts. It was shown that
mCAG-RNA that contains long CAG hairpins is a
target of Dicer ribonuclease, the principal component
of RNA interference [44]. Basically, all sufficiently
long CNG hairpins (>17 b) can be Dicer substrates.
Dicer interacts with the stem of the RNA-hairpin,
because this double-stranded structure resembles a
perfect RNA duplex, in spite of incomplete strand
complementarity. In vitro experiments showed that
Dicer cleaves a CAG hairpin producing short RNA
duplexes (sCAG) 21 bp long. Most probably, this pro-
cess can also occur in vivo, because sCAG fragments
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
of similar length were detected in post mortem brain
specimens of patients with Huntington’s disease. Pre-
sumably, Dicer ribonuclease activity may be responsi-
ble for the already mentioned fact that the levels of
mutant HTT transcripts are decreased in comparison
to normal HTT-mRNA [44]. After a CAG hairpin is
cleaved, one sCAG fragment binds to the RISC com-
plex, which cleaves target RNA due to nuclease activ-
ity of Argonaute protein (Ago1). Potential mRNA tar-
gets of the RISC complex are transcripts containing
CTG repeats in the coding region or in 3'-UTR. How-
ever, we note that in vitro experiments performed in
SH-SY5Y neuroblastoma cells detected only a slight
(~10%) decrease in the expression of these transcripts
after the cells were transfected with mHTT-RNA con-
taining 80 CAG repeats [45]. Similarly, sCAG were
not found in a Drosophila line that serves as a model of
PolyQ diseases [46]. In other words, the sCAG phe-
nomenon appears controversial, and the contribution
of sCAG in the pathogenesis of PolyQ diseases
requires further investigation.

Interesting results unrelated to sCAG involvement
in neurodegeneration were reported recently by Mur-
mann et al. [47], who claim that sCAG is highly toxic
for tumor cells in vitro and in vivo, however not for
nontransformed cells. According to the authors, this
may explain the established fact of decreased inci-
dence of malignancies in patients with Huntington’s
disease [48].

mCAG-RNA EFFECTS ON SPLICING

As it has already been mentioned, mCAG-RNA
binds the splicing factor MBNL1. As a consequence,
the splicing patterns of known mRNA targets of
MBNL1 are altered in Huntington’s disease. This was
also confirmed in cell models of Huntington’s disease
and SCA3 [41].

The role of mutant RNA in damaging splicing
mechanisms was studied in detail by J. Schilling et al.
[49]. Mass-spectrometry of proteins that predomi-
nantly bind mutant HTT-RNA showed that these
were mainly spliceosome proteins, in particular,
PRPF8, SF3B2, SNRNP40, and SON. PRPF8 and
SNRNP40 are components of small spliceosome sub-
unit U5, and SF3B3 makes part of U2, another small
spliceosome subunit. Apparently, SON facilitates the
interaction between spliceosome protein SRSF2 and
RNA polymerase II. This interaction is required for
the assembly of the pre-early ATP-dependent splicing
complex and for interaction of U1 and U2 spliceo-
some subunits with-mRNA.

It was found that expression of mCAG-RNA
caused abnormal splicing in a cell model based on
SHSY5Y neuroblastoma cells, while overexpression of
Prp8, a homolog of PRPF8 splicing factor, alleviated
the Huntington’s disease phenotype in Drosophila
melanogaster [49]. Finally, to find out whether abnor-
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mal splicing occurred in brain cells in Huntington’s
disease, quantitative RT‒PCR was used to compare
CREB1 transcripts in brain tissue specimens from
patients and control subjects. It was shown that, in
mRNA specimens from the patients, CREB1 intron
was retained at significantly higher levels [49].

We noted that involvement of mCAG-RNA in
splicing abnormalities and the binding of splicing pro-
teins was demonstrated only in Huntington’s disease
and SCA3, however, to date, has not been observed in
other PolyQ diseases.

NUCLEOLAR DYSFUNCTION
IN PolyQ DISEASES

In neurons of model mice and in cells of patients
with Huntington’s disease, a repeated finding is a sig-
nificant decrease in rRNA expression, which may lead
to nucleolar stress with subsequent apoptosis [50]. A
research group from the Chinese University of Hong
Kong was able to unfold the chain of events linking
mCAG-RNA to apoptosis induced by nucleolar stress
[51]. It was shown that mCAG-RNA is associated with
nucleolin: a multifunctional protein that plays a criti-
cal role in the transcription and processing of pre-
rRNA and in pre-ribosome assembly. Interaction with
mCAG-RNA prevents nucleolin from binding to a
regulatory element of rRNA. This, in turn, causes
hypermethylation of the regulatory element and
downregulation of rRNA transcription. Due to a
decrease in rRNA levels, there appear free ribosomal
proteins (RpL5, RpL11, and RpL23), which associate
with E3 ubiquitin ligase MDM2 involved in proteaso-
mal degradation of p53. Interaction of ribosomal pro-
teins with MDM2 impairs p53 degradation; as a result,
the level of p53 in mCAG-RNA-expressing cells
increases, the protein is transported to mitochondria
and activates apoptosis [51].

Subsequently, the same research group designed a
peptide termed BIND (beta-structured inhibitor for
neurodegenerative diseases) that can block nucleolin
binding to mCAG-RNA [52]. BIND was fused to the
translocation peptide TAT to enable its intracellular
delivery, and it was shown that TAT-BIND signifi-
cantly decreased the death of HEK293 cells expressing
exogenous mCAG-RNA. Moreover, TAT-BIND
diminished structural abnormalities of the nucleoli
typical for cells under nucleolar stress. The decreased
level of 45S rRNA expression, another characteristic
sign of nucleolar stress, was also reversed to normal.
Experiments in mice and Drosophila confirmed the
results from cell models. Furthermore, they demon-
strated specificity of the corrective effect of TAT-BIND
in PolyQ diseases.

It is currently unclear, what place nucleolar stress
has in the chain of pathogenetic events in PolyQ dis-
eases. Nevertheless, it has been established that nucle-
olar abnormalities caused by interaction with mutant
mRNA are promising targets for development of ther-
apeutic agents.

ABNORMAL mCAG-RNA TRANSLATION
IN PolyQ DISEASES

mCAG-RNA can interfere not only with those
processes that take place in the nucleus, but also with
extranuclear, and, first of all, translation. One abnor-
mality is atypical repeat-associated non-ATG transla-
tion (RAN), which produces nonfunctional peptides
and proteins, sometimes with toxic properties. RAN
translation occurs because the hairpin formed by the
CAG expansion region in mRNA can initiate transla-
tion without a canonical ATG triplet. In this case,
RAN translation can begin from a noncanonical initi-
ation site, or from the repeat region. In 2015, it was
first shown that brain tissues of patients with Hunting-
ton’s disease accumulate four protein homopolymers:
polyalanine, polyserine, polyleucine, and polycyste-
ine [53]. This suggests that Huntington’s disease
involves RAN translation from the sense and the anti-
sense HTT strand. The abundance of these proteins
was the highest in the brain areas that exhibited neu-
ron loss, microglial activation, and apoptosis, in par-
ticular, the caudate nucleus, the white matter, and the
cerebellum (in the juvenile form). Homotypic proteins
generated by RAN translation were also detected in
the mouse model of Huntington’s disease [53]. Thus,
in Huntington’s disease, in addition to mHTT, cells
synthesize nonfunctional and potentially toxic pro-
teins, which is caused by abnormal secondary struc-
ture of mCAG-RNA. In more detail, the phenome-
non of RAN translation in PolyQ diseases was dis-
cussed in [54].

It has repeatedly been noticed mCAG-RNA is
translated more efficiently than normal mRNA. One
of the translation-enhancing mechanisms is triggered
by association of the expanded CAG repeat to RNA-
binding protein MID1, which, in turn, recruits protein
phosphatase 2A (PP2A) and 40S ribosome kinase
S6K. MID1 is an E3 ubiquitin ligase, S6K is a transla-
tional regulator, and PP2A phosphatase suppresses
phosphate-dependent activity of S6K. Upon binding to
PP2A, MID1 catalyzes its ubiquitin-dependent degrada-
tion, and acts as a negative regulator of its phosphatase
activity. Without phosphatase activity of PP2A, S6K,
which is recruited by MID1 to mCAG-RNA, stimu-
lates enhanced translation of mutant RNA [55].

Subsequently, it was shown that the binding of
MID1 to mCAG-RNAs encoded by ATXN2, ATXN3,
and ATXN7 upregulated translation of mutant proteins
in cultures of transgenic mouse neurons, as well as in
fibroblasts of patients with the corresponding PolyQ
diseases [56]. Thus, it has been established that MID1
is a promising target for development of PolyQ disease
therapy aimed at decreasing the amount of mutant
proteins in neurons.
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
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WHY DO POLYQ DISEASES DEVELOP 
AFTER A THRESHOLD REPEAT NUMBER?

In all currently known diseases associated with
expansion of short nucleotide repeats, their symptoms
manifest only if the number of repeats exceeds a cer-
tain critical limit; that is, RNA acquires pathological
properties after reaching a specific threshold length
[57, 58]. Several hypotheses have been proposed to
explain this phenomenon [59]. In our opinion, the
most convincing one holds that the triggering of the
pathological process depends on the ability of mutant
mRNA to form additional or more stable secondary
structures (mainly hairpins), in contrast to mRNA
containing a normal number of repeats. These sec-
ondary structures can engage in illegitimate interac-
tions with RNA-binding proteins, such as splicing
proteins, Dicer ribonuclease, or other proteins of
RNA metabolism, thus impairing normal functions.

Another hypothesis concerning the threshold
repeat number effect assumes that the pathological
condition develops because of structural abnormali-
ties caused by the presence of mutant RNA. These
abnormalities may be because extended repeat regions
in mRNA are capable of intermolecular self-associa-
tion, which leads to phase separation, in other words,
to intracellular structural segregation of molecules.
For instance, intramolecular interactions among
mutant mRNAs can produce complex branched
supramolecular RNA complexes, which may grow to
form colloidal particles capable of fusing into hydro-
gel. Subsequently, these amorphous particles can
acquire a thermodynamically optimal ordered solid
structure. The structural hypothesis is supported by
the results of a study published in 2017, which showed
that (CNG)n-RNA solutions undergo phase transition
in vitro [60], as observed by droplet aggregation of
(CNG)n-RNA. This process depends on the number
of repeats in the RNA and on their sequence. For
instance, clusterization of RNA containing (CAG)n
and (CUG)n repeats was recorded at n ≥ 31, while
RNA with (CCGGG)n clusterized at n > 5. The num-
ber of repeats determines the ability of RNA to inter-
molecular association via complementary and/or
Hoogsteen interactions of heterocycles. The forma-
tion of micron-sized RNA gel particles is facilitated by
known factors of polynucleotide compaction, such as
the presence of bivalent metal ions, RNA concentra-
tion, and molecular crowding.

We note that RNA may facilitate phase separation
not only due to RNA‒RNA interactions but also via
RNA‒protein contacts. Some researchers think that
absorption of specific RNA-binding proteins on
RNA-repeats may promote phase separation by gener-
ating nuclear RNA foci and contributing to nucleop-
lasm structuring [61].

Phase separation is involved in formation of mem-
braneless organelles, such as the nucleolus, Cajal bod-
ies, stress granules, etc. [62]. Furthermore, it has
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recently been shown that intracellular structural segre-
gation via phase separation also occurs during interac-
tions of molecular complexes on superenhancers [63],
heterochromatin formation [64], DNA repair [65],
and response to oxidative stress [66]. Cell structures
and processes of this type may be disrupted in the
presence of mCAG-RNA, for instance, because of
competition for compaction factors.

Thus, the pathological effects caused by mutant
mRNA where the number of CAG repeats exceeds the
threshold limit may be due to their interference with
intracellular processes and structures. Obviously,
structural and functional abnormalities are not mutu-
ally exclusive phenomena, however their quantitative
and qualitative contribution to the development of the
pathological phenotype in PolyQ diseases are still to
be determined.

MUTANT mRNA AS A THERAPEUTIC TARGET

The fact that mCAG-RNA is a promising target for
therapeutic intervention was demonstrated as long ago
as in 2005, when a decrease in mCAG-RNA levels
achieved using RNA interference was shown to alleviate
pathological signs in HD-N171-82Q mice that serve as a
model of Huntington’s disease [67]. A construct based
on the adeno-associated virus that expressed a short hair-
pin RNA was injected into different brain regions, and
this approach was proven safe.

Currently, several companies are conducting clini-
cal trials of drugs designed to inhibit the expression of
mCAG-RNA in Huntington’s disease.

Voyager Therapeutics and uniQure are developing
a therapeutic approach based on miRNA. They have
constructed modified virus vectors that are delivered
directly into the brain. More specifically, the AMT-130
vector designed by uniQure based on the adeno-associ-
ated virus (AAV5) constantly expresses RNA that selec-
tively blocks mCAG-RNA. The miRNA-expressing
АMT-130 is administered by injection directly into
affected brain tissues, causing selective knockdown of
the mutant gene. In April 2018, uniQure presented a
review of preclinical data that demonstrated the effi-
cacy of the AMT-130 concept. The results of preclini-
cal animal trials suggest that a single-time AMT-130
injection led to a consistent dose-dependent decrease
in mHTT content in the cortex and in deep brain
structures. A study in primates showed that, six
months after AMT-130 administration, mHTT
amounts decreased by 68% in the striatum and by 47%
in the frontal cortex. Preclinical trials in rodents
showed that a decrease in mHTT content resulted in a
significant improvement of the neuronal function of
the striatum and motor coordination, diminished
body weight loss, and increased median survival by
24% in comparison to the control group. In April
2019, the FDA approved phase I/II clinical trials of
AMT-130 by uniQure [68].
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Another approach is being developed by Ionis
Pharmaceuticals: mCAG-RNA expression should be
suppressed by means of ASO delivered intrathecally.
Compound RG6042 proposed by this company is a
synthetic oligonucleotide with a phosphate backbone
that contains phosphorothioate bonds instead of
phosphodiester. The end nucleotides of this ASO are
modified with 2'-O-methoxyethyl groups. This com-
bination of modifications affects ASO distribution in
brain tissues, its half-life, cellular assimilation, and
RNase activity [69]. It was supposed that RG6042
might decrease not only mHTT levels but also the
amount of wild-type protein. In vitro experiments per-
formed in fibroblasts from patients with Huntington’s
disease showed that the therapeutic ASO decreased
the levels of mutant and normal HTT mRNA by 83
and 43%.

Large-scale preclininical studies conducted in
YAC128 and BACHD mice that model slowly pro-
gressing forms of Huntington’s disease, as well as in
R6/2 mice as a model of rapidly progressing disease,
demonstrated the safety and efficacy of RG6042. The
drug has already completed several stages of clinical
trials. A phase I/II clinical trial of RG6042 safety and
tolerability (NCT02519036) included 46 adult patients
with early-stage Huntington’s disease and was con-
ducted in 2015–2017 [70]. It was found that intrathe-
cal administration of RG6042 repeated four times
with four-week intervals decreased mHTT levels in the
cerebrospinal f luid by up to 60%. This corresponded
to a decrease in mHTT levels in the brain cortex and
the spinal cord by 55‒85% and 20‒50%. The drug was
distributed in all brain tissues: neurons and the glia.
The results using cognitive tests and encephalographic
evaluation were also positive.

Phase III of multicenter clinical trials on the safety
and efficacy of RO7234292 (RG6042) administration
began in December 2018. This study is conducted by
Ionis Pharmaceuticals in collaboration with the phar-
maceutical giant Roche; it will involve 46 medical
centers and 660 patients with manifest chorea. The
study should be completed in 2022. Two treatment
regimens are to be tested: the drug will be adminis-
tered every four or eight weeks intrathecally (either by
subarachnoidal or by epidural intralumbar injection
on the level of lumbar vertebrae L4‒L5). The princi-
pal goal of the study is to demonstrate that the drug
can efficaciously alter the dynamics of motor dysfunc-
tion. The efficacy will also be evaluated using 17 neu-
rological parameters (motor, cognitive, and psycho-
motor functions), as well as biomarkers that character-
ize the effects of the drug, in particular, the
concentration of the mutant protein.

Along with Ionis Pharmaceuticals, an ASO-based
approach to therapy is being developed by Wave Life
Sciences. Currently, this company is testing two oligo-
nucleotide preparations that block mCAG-RNA
expression, WVE-120101 and WVE-120102. The
mutant allele is identified by the presence of a linked sin-
gle-nucleotide polymorphism (SNP). WVE-120101 and
WVE-120102 are designed for patients with two differ-
ent SNP types. Currently, Wave Life Sciences are con-
ducting phase I/II clinical trials (NCT03225833 and
NCT03225846) to evaluate safety and tolerability of
these agents in patients with early stage of the disease.
The drug is designed to be administered into the spinal
canal.

There also exist other approaches to decreasing
mHTT levels by affecting the mRNA target. For
instance, studies on the possibility to employ small
molecules with high bioavailability for oral adminis-
tration have been in progress since 2014 [71, 72].

CONCLUSIONS

Investigation of mechanisms that underlie chronic
neurodegenerative diseases and the search for new
ways of compensating the damage and protecting neu-
rons in these patients is a topical issue of modern med-
ical science. It is especially important to elucidate the
causes of neurodegeneration and to study changes that
occur during the development of PolyQ diseases,
because of their severity and because there are no effi-
cacious therapeutic agents that could be used to treat
these nosological forms. The functions of mutant and
normal genes in most PolyQ diseases remain insuffi-
ciently studied; it has not been determined whether
most toxicity is induced by mutant protein or mutant
RNA. It is unknown why PolyQ diseases selectively
affect the nervous system, although mutant genes and
the proteins they encode are widely present in all tis-
sues. It is also unclear what cellular organelles and sig-
naling pathways are most susceptible to toxic damage,
which triggering mechanisms are common for all dis-
eases of this groups, and which are specific for each
mutant gene.

Recently, the role of mutant RNA in the pathogen-
esis of PolyQ diseases has become a subject of exten-
sive discussion. A number of studies have convincingly
demonstrated that, in Huntington’s disease, mCAG-
RNA is involved in abnormalities of transcription,
splicing, translation, cytosol structure, and RNA
transportation from the nucleus into cytosol. Never-
theless, it is possible that the contribution of mecha-
nisms associated with PolyQ proteins or mCAG-RNA
is different for each PolyQ disease. For instance, a
recent study showed that the complex of mutant ataxin
1 with its protein partner CIC has a critical toxic effect
in SCA1. Mice with a mutation that prevented the
binding of ataxin 1 to CIC did not exhibit degeneration
of Purkinje cells, although they expressed mCAG-
mRNA with a long stretch of CAG repeats [73].

Until recently, investigation of PolyQ diseases was
limited to post-mortem specimens of human neurons,
transformed cell lines, and transgenic animals. Thanks
to a relatively novel technique of obtaining [74] and
MOLECULAR BIOLOGY  Vol. 53  No. 6  2019
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differentiating IPSC into neural cells, the range of
neurodegenerative disease models can be extended.
The use of IPSC-based models is now recognized as a
promising approach to investigation of RNA involve-
ment in the pathogenesis of neurodegenerative dis-
eases [75]. It is also of interest to perform comparative
studies of PolyQ diseases to reveal their general and
specific mechanisms.
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